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THE COVER-This view through a 200-inch optical telescope re-
veals a spiral nebula, containing about 100 billion stars, and a 
satellite nebula below it, six million light years from Earth. The 
seemingly solid center is in reality a vast collection of stars, while 
the curving arms consist of stars plus glowing clouds of hydrogen. 
Hydrogen clouds such as these are a major source of cosmic radia-
tion at radio frequencies. The sketch below shows an 85-foot radio 
telescope now being built at the National Radio Astronomy Ob-
servatory, Green Bank, W. Va., to study microwave radiations 
from hydrogen clouds and other radio sources in our galaxy and 
other galaxies. 

Spiral Nebula photo-Mount Wilson and Palomar Observatories 
Radio Telescope sketch-Blaw-Knox Co. 
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Star Noise. This special issue brings together fifty pa-
pers on radio astronomy. It is the first publication to 
deal comprehensively with the engineering and equip-
ment phases of this. subject and it also presents new 
findings in astrophysics, for example, in connection with 
radio sources among the planets. Contributions have 
come from Australia, Japan, Canada, England, France, 
Belgium, Alaska, Hawaii, and the United States, and the 
list of authors includes a majority of the leading workers 
in this field. The Institute is highly honored that its 
PROCEEDINGS has been chosen as the vehicle for this 
massive report on the current state of this science. 
Radio astronomy is 25 years old, to the month. The 

PROCEEDINGS in December, 1932 carried a report by the 
late Karl G. Jansky that he had observed for several 
months mysterious atmospheric noise at the Bell Labo-
ratories station at Holmdel, N. J. Less than a year later, 
he identified the source as extraterrestrial, coming from 
the direction of the Milky Way, and in October, 1935 
he reported that the local galaxy was in fact the source. 
It is seldom that credit for the discovery of a new branch 
of radio science can be narrowed down to one man, but 
there is no room for doubt that Jansky was the first to 
show that radio emissions from the stars could be cer-
tainly identified from among all the other random noises 
in the spectrum. His work is commemorated in this issue 
by his brother, IRE Past President C. M. Jansky, Jr. 
Following this early work, research in this field was car-
ried out almost single-handedly for a decade by Grote 
Reber, whose recollections of his early experiments are 
also presented herein. 

This issue has been 21 months in preparation. It was 
initially suggested independently by Editor Emeritus 
A. N. Goldsmith and D. C. Ports of the Professional 
Group on Antennas and Propagation. Special thanks go 
to Professor F. T. Haddock, head of the radio astron-
omy activities at the University of Michigan and a mem-
ber of the PGAP Administrative Committee, who or-
ganized the issue and did yeoman service in procuring, 
reviewing and selecting the material. Delmer Ports and 
J. D. Kraus did much of the early planning and were 
most helpful to the staff in coordinating the project. Be-
hind these men stands, of course, the PGAP itself. This 
issue is a monument to the vitality of the Professional 

Group system and sets a high mark among all the spe-
cial issues thus far published. 

Readers will find big numbers to cope with in the 
pages that follow. The spread in power, for example, is 
a staggering le, from the 10-16 watt to which a typical 
radio-astronomy receiver will respond, to the 1036 watts 
radiated by the largest of the galactic transmitters with-
in 300 million light years, which is roughly the distance 
to the farthest galaxies from which radio energy has been 
detected to date. 

A and R. Among the miscellaneous inquiries which have 
recently confronted us is this: In the 12 postwar years to 
date, how many technical papers have been published 
throughout the world in the fields of electronics and the 
allied arts? Answer: Not less than 44,000. The authority 
for this staggering statistic lies in the back pages of each 
issue of the PROCEEDINGS, where we reprint the Abstracts 
and References compiled by the Radio Research Organi-
zation of the British Department of Scientific and In-
dustrial Research. This organization 1) pores over some 
200 technical journals in ten languages, 2) selects there-
from each month the titles and authors of over 300 pa-
pers and reviews, and 3) prepares definitive abstracts of 
the majority of the listed papers. Each listing is assigned 
its proper number in the Universal Decimal Classifica-
tion and the whole collection is arranged in 19 parts, 
ranging from Acoustics and Audio Frequencies to Tubes 
and Thermionics. Once each year, the references are in-
dexed alphabetically by author and subject; the index 
is reprinted as a separate part of the PROCEEDINGS in 
the May or June issue. 
The record number of listings occurred in 1947, when 

the pent-up record of the war years was released in a 
flood of over 4,000 listed papers and reviews. Since 1951, 
when a low point was reached for some unaccountable 
reason, the list has grown each year, reaching 3,902 in 
1956 and bidding fair to break the old record in the year 
just ended. Keeping track of such an outpouring is no 
mean task, and we are particularly indebted to the 
DSIR and the British publication, Electronic and Radio 
Engineer (which oldsters will recognize as the Wireless 
Engineer), for making possible republication of the ab-
stracts in these pages.—D.G.F. 
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Introduction to Radio Astronomy* 
F. T. HADDOCKt, MEMBER, IRE 

In lieu of the usual "Scanning the Issue" page, the organizer of this special issue 
presents below, for the benefit of the general reader, a discussion of the contents of t his 
issue. He has preceded the discussion by an excellent introduction which will orient the 
reader and will interpret for him the importance of radio astronomy to both astronomers 
and radio engineers.—The Editor 

Summary—A general description of the nature of radio astron-
omy, its differences from optical astronomy, a review of the earliest 
beginnings of galactic and solar radio astronomy, and a listing of 
other important observational discoveries is given. A nearly complete 
bibliography of these early publications and of the principal review 
books and papers on Radio Astronomy is given. 

Some practical aspects and instrumental developments of possible 
interest to radio engineers are pointed out. The papers in this issue of 
the PROCEEDINGS on Radio Astronomy are discussed generally and 
individually. A brief description of some new results on solar-burst 
spectra obtained at the Radio Astronomy Observatory at the Uni-
versity of Michigan is presented. 

INTRODUCTION 

OUR CONCEPT of the Universe has been appreciably 
enlarged by radio observations in recent years. It has 
been found that radio waves are emitted from the 

Moon, Venus, Mars, Jupiter, and Saturn, from the Sun's 
gaseous atmosphere, from the debris of exploded stars, from 
neighboring galaxies of stars, from clusters of distant galaxies, 
from clouds of gas in the spiral arms of our Milky Way galaxy, 
from very distant Island Universes in collision, and from hun-
dreds of invisible and unsuspected heavenly objects, popularly 
miscalled radio stars. Radio studies have taken the lead in 
mapping the structure of our own galaxy, and have revealed 
the fact that the Milky Way is a rather tightly wound spiral 
galaxy. The solar system is traveling along the inner edge of 
a spiral arm at a distance of 30,000 light years from the center 
of rotation of this disk of stars and gas. Many astronomers 
believe that some of the fainter radio sources are at distances 
beyond the range of present optical telescopes and that with 
the recent attainment of Doppler shift measurements on the 
radio hydrogen-line radiation from distant galaxies, cosmolo-
gists may soon be given a fresh and penetrating view into the 
depths of time and space. 

Although cosmic ray and meteor studies have made valu-
able contributions, most of our knowledge of the Universe 
has been gained from electromagnetic light waves, falling on 
the earth through a window in the atmosphere about five 
octaves wide. Radio astronomy is now exploiting the existence 
of a second window through the atmosphere 12 octaves wide. 
Radio waves shorter than a few millimeters are absorbed by 
atmospheric oxygen and water vapor; whereas the ionospheric 
layers turn back radio waves longer than several decameters 
[1]. Thus radio astronomy observations are made at frequen-
cies used in television, fm radio, microwave relay links, rocket 
and satellite telemetering and control, and radar. 

Light and radio waves are fundamentally the same except 
for their length. Radio waves are thousands of times longer 
than light waves; this large difference has two consequences of 
great importance to astronomy. First, the interaction of radio 
waves with interstellar gas, solar and planetary atmospheres, 

* Original manuscript received by the IRE, December 10, 1957. 
I* University of Michigan, Ann Arbor, Mich. 

and cosmic dust clouds complements that of light waves. 
Large regions of the Universe are forever inaccessible to opti-
cal study because of heavy obscuration by interstellar dust 
which, however, is transparent to radio waves. On the other 
hand, tenuous ionized gas-regions such as exist around the Sun 
as its corona, and surrounding super-giant blue stars as bright 
gaseous nebulas, and even enveloping all the stars in spiral 
galaxies, are transparent to light waves, but reflect, absorb, or 
emit radio waves. Thus radio methods offer new and powerful 
means of studying these gaseous regions and, at the same time, 
penetrating the obscuration due to cosmic dust without the 
least detectable effect. Second, the value of radio to astronomy 
is limited somewhat by the difficulty of obtaining high angular 
resolving power. Wave diffraction sets this instrumental limit 
as it does for optical telescopes, and since its blurring effect is 
proportional to wavelength, radio waves are very much harder 
to "focus sharply." For example, the most precise radio tele-
scopes of today, operating on microwaves, are capable of pro-
ducing angular resolution which is not quite as good as the 
unaided human eye with light waves. To compare with an 
optical telescope in resolution a radio antenna would need to be 
hundreds of miles in extent. However, position location is not 
the same as resolving power; if a radio source is much brighter 
than its surrounding background emission and its shape is 
assumed to be known, then its position can be located to a 
much smaller angular uncertainty than is indicated by the 
resolving power of the antenna. 
With the largest optical telescopes it is practically impossi-

dle to obtain the ultimate instrumental resolution given by 
wave diffraction theory because of the inhomogeneities in the 
refractive index of the earth's atmosphere. When the atmos-
phere is very stable at the proper heights and stellar images 
are steady and sharp, the astronomer says that the "seeing" is 
good. Pronounced twinkling, or scintillation, and "dancing" of 
stellar images is poor "seeing." This "seeing" problem also 
exists in radio astronomy, with the additional complication, 
at the longer wavelengths, of ionospheric effects, including the 
Faraday rotation of the radio wave polarization, and occa-
sional large absorption at decameter wavelengths. Undoubt-
edly, "radio seeing" will also set a practical limit to the angular 
resolution obtainable at all wavelengths used in terrestrial 
radio astronomy. 

For the above reasons and for the fact that stars are rela-
tively poor radio emitters, the radio telescope presents to us a 
dustless and starless universe, populated largely by turbulent 
gas clouds. 

THE BEGINNINGS 

It is very likely that the first attempt to measure the emis-
sion of radio waves from an extraterrestrial source was that of 
Sir Oliver Lodge [2], well-known radio pioneer, who in a lec-
ture before the Royal Institution of Great Britain on June I, 
1894, only six years after Hertz discovered radio waves, 
stated, "I hope to try for long-wave radiation from the sun, 
filtering out the ordinary well-known waves by a blackboard 
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certain fraction, which is relatively more intense in the micro-
wave region, arises thermally from free electron collisions with 
positive ions in interstellar gas clouds [12, 13]. 
The first documented recognition of the reception of radio 

waves from the Sun was made in 1942 by Hey [14] in England 
and independently by Southworth [15] in New Jersey. Both 
wrote reports which had restricted circulation because of the 
war and were not published until later. Reber [16] in Wheaton, 
Ill., independently discovered and identified solar radiation at 
160 mc in the following year and was the first to publish the 
evidence. He devoted only a few lines to the Sun in this paper 
on galactic radiation. 
Southworth used radar receivers and paraboloids in a de-

liberate attempt to detect radio emission from the Sun. He 
was successful on June 29, at 10,000 mc and at 3000 mc a 
week or two later. He correctly attributed this emission to 
thermally generated radiation. He has recently given a good 
detailed account of this work [17] and of his early association 
with Jansky at the Bell Telephone Laboratories in New 
Jersey. These measurements initiated the study of the radio 
undisturbed or "quiet" Sun. Now we will describe the dis-
covery of radio bursts, the second main class of solar radio 
emission. 

Undoubtedly there have been many unpublished observa-
tions of high hissing noise levels arising before or after radio 
fadeouts, but the first publication was in 1936 when Arakawa 
[18] noted that, "High noise accompanied these sudden fadings 
(4-20-mc band), especially on local circuits. The effect must 
be related to solar activities, since they occur only on daylight 
routes." And two years later Heightman [19] wrote, "At such 
times (when fadeouts occur) the writer has often observed the 
reception of a peculiar radiation, mostly on frequencies over 
20 mc, which on a receiver takes the form of a smooth though 
loud hissing sound. This is presumably caused by the arrival 
of charged particles from the Sun on the aerial." 

During this period scientists [20] were studying the associa-
tion of short-wave radio fadeouts with solar flares (chromo-
spheric eruptions), terrestrial magnetic pulses, enhanced at-
mospheric static, and sudden increases in noise level men-
tioned above. It appears that the question of the origin of this 
enhanced noise attracted the least attention. In 1939 one 
paper appeared in Japan by Nakagami and Miya [21] which 
described an experiment made near 15 mc to measure the 
angle of arrival of noise "like that from a grinder" attaining a 
level of 40 db above the background just before and shortly 
after a fadeout. They found that this noise occurred only dur-
ing the day and that its direction of arrival was from high 
elevations, but they did not note the significance of the corre-
sponding elevation of the Sun. They concluded that this noise 
probably originated in or near the E layer. 
On February 26-28, 1942, a number of British Army radars, 

operating at frequencies between 55 and 80 mc, suffered 
severe interference. This was investigated by Hey and was 
described in restricted reports in 1942 and 1945. He had found 
that the direction of arrival of the interference was from the 
Sun and that during this period there was a large sunspot 
group on the disk of the Sun. Hey concluded that it was diffi-
cult to imagine any other explanation than that the radiation 
originated at the Sun in association with the sunspot activity. 

In January, 1946, Hey [22] published a letter in Nature, 
briefly describing the 1942 event and, in a postscript, F. J. M. 
Stratton described the solar flares and geomagnetic effects 
associated with the solar event. Appleton and Hey [22, 23] 
pointed out that the previously reported noise from the Sun 
was many times greater than that to be expected from the Sun 
as a black-body radiator. The relationship between the intense 
solar radio noise and sunspot activity was substantiated in 
Sydney by Pawsey, Payne-Scott, and McCready [24] in 1946. 

Ryle and Vonberg [25] in England first published inter-
ferometric measurements made to obtain the size of a radio 

emitting region. They used two antennas spaced 140 wave-
lengths apart to give a multilobed pattern analogous to 
Michelson's method for measuring stellar diameters. An 
emitting source on the Sun during July, 1946, was found to be 
less than 10 minutes arc, less than 4 the diameter of the Sun. 
In 1947, McCready, Pawsey, and Payne-Scott [26] published 
results obtained earlier in February, 1946, giving similar re-
sults on the source size but using a cliff interferometer which 
consists of only one antenna 250 feet above the ocean and 
utilizing the reflected ray to produce a multilobed pattern 
at low angles of elevation, analogous to Lloyd's mirror in-
terferometer. 
The polarization of the intense radio emission from sunspot 

regions was first detected and found to be circularly polarized 
during July, 1946. Observations were conducted by three in-
dependent groups [25, 27, 28] in England and Australia. 

Since then both the basic thermal component from the 
"quiet" Sun and the nonthermal intense bursts from the active 
Sun have been subjected to detailed study at various fre-
quencies from a few mc to a few 100,000 mc. 

HIGHLIGHTS or OTHER OBSERVATIONAL DISCOVERIES 

In 1946 and 1947, Hey and Stewart [28] in England first 
used radar equipment to study meteors. They gave the first 
definite proof that most transient echoes from the E-layer re-
gion were from meteors. With Parsons [29] they made the first 
radar measurement of meteor velocities. 

Dicke and Beringer [30] in 1945 made the first measurement 
of the thermal radio emission of the Moon. They used the 
chopper-type microwave radiometer, at 24,000 mc, which 
Dicke [31] had developed at the M.I.T. Radiation Laboratory 
in order to measure thermal microwaves from atmospheric 
oxygen and water vapor. Piddington and Minnett [32] in 
Sydney made the first extended series of observations of the 
lunar emission at various phases in 1949. 
Radar echoes from the Moon were first obtained in 1946 by 

scientists at the U. S. Army Signal Corps Laboratory [33] 
at 111.5 mc, and a little later by Bay [34] in Hungary at 120 
mc using a novel electrochemical integrator. 
An outstanding discovery was made in 1951 by Ewen and 

Purcell [35] at Harvard University by the detection of the 
1420-mc line radiation from the ground state of atomic hydro-
gen, which occurs as gas largely in the spiral arms of the Milky 
Way. The detection was shortly confirmed by Muller and 
Oort [36] in Leiden and by Christiansen and Hindman [37] 
in Sydney. 
The possibility that this radio spectral line might be de-

tected from the galaxy was first pointed out by van de Hulst 
in a Leiden Observatory talk in April, 1944, and was published 
the following year [38]. His talk was stimulated by a recent 
paper in the Astrophysical Journal by Reber on "Cosmic 
Static." The importance of this line is realized when it is 
pointed out that atomic hydrogen in the ground state con-
stitutes the major fraction of interstellar matter and is un-
detectable by optical methods. It has also made possible the 
radio measurement of velocities by means of the Doppler shift. 
This has been extremely valuable. In 1955, Lilley and McClain 
[39] at the U. S. Naval Research Laboratory reported the 
"red-shift" of a distant radio source by observing in absorp-
tion the 1420-mc hydrogen line Doppler-shifted to 1340 mc. 
This indicated a line-of-sight recession of 16,830 km in good 
agreement with the optical determination. 
An unexpected discovery was made in 1955, by Burke and 

Franklin [40] at the Department of Terrestrial Magnetism in 
Washington, D. C. when they detected bursts of radio emis-
sion from the planet Jupiter at 22 mc. When Shain [41] in 
Sydney was notified of this, he was able to identify Jovian 
bursts on his galactic radiation records at 18 mc back to 1950, 
and found that a source of emission was localized on Jupiter. 

In 1956 and 1957, Mayer, McCullough and Sloanaker [42] 
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at the U. S. Naval Research Laboratory detected for the first 
time microwave emission, at 10,000 mc, from Venus, Jupiter, 
and Mars and the partial polarization of radiation from the 
Crab Nebula [43]. In 1956, Kraus [44] at Ohio State University 
reported the detection of Jupiter-type bursts from Venus at 
27 mc. To date, attempts by others to confirm this have not 
been successful. In 1957, Drake and Ewen [45] at Harvard at 
8000 mc confirmed the detection of the thermal emission from 
Jupiter and detected for the first time radio emission from the 
planet Saturn. In the spring of 1957 there appeared a bright 
naked-eye comet denoted Arend-Roland, 1956h. Many radio 
astronomers attempted to detect radio emission from it; most 
were unsuccessful. However, scientists in Belgium at 600 
mc, and in Bonn, Germany, at 1420 mc claimed possible 
success [46]. 
No attempt has been made above to cover all the important 

observational results nor any of the theoretical work. Little 
has been mentioned of solar-terrestrial relationships, and, as 
with this entire issue, next to nothing has been given on 
meteors, principally because the meteor work warrants sepa-
rate treatment and has been studied by people not otherwise 
engaged in radio astronomy, with the important exceptions of 
the Manchester group under Lovell, and, in the past, by the 
group under Hey. For an adequate survey of radio astronomy, 
including the neglected topics, the reader is referred to the fol-
lowing selected bibliography of books and monographs [47-54], 
technical review papers [55-73] and popular articles, which are 
usually well-illustrated [74-86]. A nearly complete bibliog-
raphy of radio astronomy has been compiled by Martha Stahr 
Carpenter [87] of Cornell University. The research staff of the 
Radiophysics Laboratory [88] in Sydney has compiled a bib-
liography with short abstracts for the period 1954-1956. 

THE IMPORTANCE OF RADIO ASTRONOMY 
TO ENGINEERING 

The history of technology shows clearly that our engineer-
ing and technical progress depends more and more on the re-
sults of research that has been motivated by curiosity about 
the nature of our physical world. A popularly cited example is 
the technology of nuclear power which is based on the results 
of over fifty years of research in pure physics. It is not possible 
to predict if a new field of engineering will arise from results 
of radio astronomy investigations, but we already have several 
applications. 

In 1943, Southworth [89] applied for a patent, which was 
later granted, claiming a method of artificial vision for scan-
ning a terrain in overcast weather for object location, for scene 
identification, etc., using reflected radio waves emitted by the 
Sun, 
The direct use of radio waves from the Sun for all-weather 

navigation [90] is an attractive application for ships. The 
Collins Radio Company [91] has developed, under a U. S. 
Navy Contract, a radio sextant for tracking the Sun all day. 
It utilizes the radiation from the Sun near a wavelength of one 
centimeter and a fire-control radar-type scanning antenna 
with a modified Dicke-type receiver. An experimental version 
[92] was tested by the U. S. Navy a number of years ago. It 
works through heavy overcast with an accuracy somewhat 
better than can be obtained in clear weather with the standard 
optical sextant. With improved sensitivity, it should be prac-
tical to track radio "stars" 24 hours a day under overcast skies, 
as predicted by the writer [93] shortly after the detection of 
centimeter wave radio sources. 
With the advent of large gain antennas and sensitive low-

noise receivers, the use of radio sources for antenna and re-
ceiver calibrations will become both more practical and neces-
sary. Specially designed antennas of modest size at micro-
wavelengths can provide matched transmission line termina-
tions with equivalent noise temperatures near absolute zero. 

These may be useful in making noise level measurements of 
low-noise receivers, masers, etc. With larger antennas of 
known gain, the brighter radio sources can potentially provide 
absolute noise level increments for international standardiza-
tion. Conversely, absolute antenna gain can be measured by 
using a calibrated receiver, or by using a standard gain an-
tenna and a calibrated attenuator with an uncalibrated re-
ceiver. At present, the absolute flux density at the earth from 
the brighter radio sources is known to accuracy of about 20 
to 50 per cent, but some effort and much importance is being 
given to the determination of the absolute energy spectrum 
of radio sources. The Sun and radio sources have been widely 
used by radio astronomers to measure relative antenna pat-
terns. At meter wavelengths the energy from the Sun is fre-
quently variable and the galactic background emission level 
is well above absolute zero. Therefore the above remarks 
apply principally to centimeter wavelengths; at millimeter 
wavelengths the signal-to-noise ratio on radio sources is small 
and atmospheric absorption is troublesome, although the Sun 
and the Moon are relatively easy to detect. 
The directional pointing of antenna beams of sensitive 

radars can be calibrated on extraterrestrial radio sources, after 
due correction for total refraction through the earth's at-
mosphere. Perhaps more important is the determination of 
this total refraction of waves from a radio source or moon 
echo. This can be determined with the use of a calibrated an-
tenna system or interferometer. Knowledge of total refraction 
and its vagaries at different frequencies is important in radio 
guidance, detections, and tracking systems involving high fly-
ing objects, satellites, etc. 
The present results of radio astronomy provide us with a 

fairly good estimate of the minimum radio noise levels that 
can be expected on earth and in outer space over the radio 
astronomy frequency spectrum. Depending on the frequency 
band, naturally generated noise originates principally from 
the Earth, its atmosphere, the Sun, the Milky Way, or various 
discrete radio sources. Less accurate estimates can be made of 
occasional large increases in noise level caused by radio bursts 
from the Sun, Jupiter, and, perhaps, Venus and Saturn. With 
the large antennas and low-noise receivers now being built or 
planned for various applications, it is becoming increasingly 
valuable to know the probability of radio noise outbursts and 
the level of the steady background emission from the various 
astronomical objects. 
The study of solar radio radiation is becoming increasingly 

important in the prediction of radio propagation conditions 
involving the ionosphere. As noted in the introduction there is 
an association between increased radio noise from the Sun and 
sudden ionospheric disturbances, or radio communication 
fadeouts. At present it is not possible to predict the occurrence 
of a solar flare or a fadeout, but recent evidence [94] suggests 
that the characteristics and timing of radio solar bursts with 
respect to solar flares make it possible to predict whether or 
not a geomagnetic storm will follow within a few days. These 
storms are associated with [95] earth current changes, auroras, 
and anomalous ionospheric phenomena, called ionospheric 
storms, which can seriously disrupt radio communications, 
especially in high latitudes. Since these radio "blackouts" can 
last several days their prediction is greatly desired by com-
munication people. 
The day-to-day variations in solar activity affect the ion 

density of all layers in the ionosphere, and hence the choice 
for optimum frequency for communications that involve the 
ionosphere. The sunspot number, or area, is the most com-
monly used index of solar activity, although the daily level of 
radio flux around 3000 mc is very closely correlated with sun-
spot area and appears to be a better solar index for some ap-
plications. For instance, it can be measured precisely and con-
tinuously in any weather. In 1957, Denisse and Kundu [96] 
found a close and linear relation between 3000-mc solar flux 
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and the ionizing flux of the E layer. The correlation is better 
than when using sunspots in place of the radio solar flux. 

THE CONTRIBUTION OF RADIO ASTRONOMY 
TO INSTRUMENTATION 

On the instrumental side, radio astronomers have developed 
to a high state certain specialized antenna and receiving sys-
tems. An outstanding innovation by Hanbury Brown and 
Twiss [97] is the conception, development, and use of a new 
type of radio and optical interferometer for measuring the 
diameter of radio sources or, in an optical analog, optical 
stars. Their instrument detects the signals from two spaced 
antennas, or telescopes, independently, and then correlates 
the low-frequency detector outputs. The system has proved 
to be largely free of the effects of atmospheric and ionospheric 
seeing. This is expected since the relative phases are lost and 
only the correlation in their intensity fluctuations is measured. 
This is radically different from the familiar Michelson in-
terferometer. It can be used with a very great separation be-
tween antennas. They have measured the optical diameter of 
the star Sirius [98] to be 0.0068 + 0.0005 second of arc, in good 
agreement with an astronomical estimate. This post-detection 
interferometer has two weaknesses however. It requires a good 
signal-to-noise ratio and, consequently, it can only be used on 
the brighter objects, and since phase information is lost it 
cannot be used to determine an unsymmetrical component in 
the brightness distribution across the object, as can be ac-
complished with a predetection radio interferometer. 
Many different and effective techniques have been developed 

to measure the size, position, brightness, radio spectrum, dis-
tribution, and polarization of radio sources in the sky and on 
the Sun. They have been well described in the literature and 
several outstanding developments are represented in this 
issue of the PROCEEDINGS [99]. Radio astronomy has stimu-
lated the conception, the design, and the construction of many 
large, high-gain reflector-type antennas [100]. One of the first 
high-gain antennas is the 50-foot precision paraboloid at the 
U. S. Naval Research Laboratory. It was used in three in-
vestigations described in this issue [101]. The largest steerable 
antenna known in the world is the 250-foot paraboloid [102] 
in Manchester, England. 

Although low-noise receivers are being developed for many 
applications, it is in radio astronomy that high stability of the 
receiver gain, pass band, and noise figure can be exploited 
because of the frequent possibility of long-time integration of 
the receiver output to obtain greater sensitivity. An example 
of good radiometer stability has recently been announced by 
Drake and Ewen [45]. Their 8000-mc receiver has an hourly 
drift rate in noise level equivalent to 0.1°K antenna tempera-
ture change. 

Trexler [103], at the U. S. Naval Research Laboratory, has 
reported the transmission and reception of voice modulated 
200-mc signals reflected from the Moon, without appreciable 
change in fidelity. The writer can attest that he could not de-
tect any change in quality of the voice transmissions after 
their flight to the Moon and back, as recorded on magnetic 
tape. However, the background noise level during recording 
was high and fidelity was not easy to judge. In any case, it 
appears that the Moon offers unusual broadcast possibilities. 
This prospect is not particularly appreciated by radio astron-
omers since the Sun and man-made interference already pre-
clude daytime observing for certain programs, and the exclu-
sion of moon-lighted nights would leave them not much better 
off, for observing time, than the optical astronomers. 

After this attempt to point up some practical aspects of 
radio astronomy and its potential importance to technology, 
it is well to mention that astronomers, and many other "non-
applied" scientists, feel that the principal value of engineering 
is its ability to contribute to man's quest for knowledge of his 
surroundings. 

COMMENTS ON PAPERS IN THIS ISSUE 

Among the papers selected for this issue are a number de-
scribing antennas and receivers of advanced or novel design, 
a number giving recent observational results of astronomical 
or geophysical interest, and a few of more direct practical 
value; three or four papers on theoretical aspects of radio 
generation, and two papers describing the newly established 
U. S. National Radio Astronomical Observatory in Green 
Bank, W. Va. Since about 80 per cent of the contents of this 
issue are from U. S. scientists with the balance from groups in 
Australia, Belgium, Canada, England, France, and Japan, the 
issue does not give a representative view of the over-all field. 
There is nothing from the two large and active groups in 
England at Cambridge and Manchester Universities, the in-
fluential Leiden Observatory group in Holland, nor from the 
rapidly growing centers in Germany and the U.S.S.R. On the 
other hand there are several papers of outstanding instru-
mental interest from the large group in Australia (papers by 
Mills, et al., Shain, Christiansen and Mathewson, and Wild 
and Sheridan) and two papers from Japan on their speciality 
(by Suzuki and Tsuchiya, and Akabane) of radio polarimeters 
for solar burst analysis. There is a review paper from the large 
and growing center in Paris (by Blum, Denisse, and Steinberg) 
which may serve to introduce many U. S. readers to a pioneer-
ing group in radio astronomy which is not so well known here 
as are the groups in English-speaking countries. 
The emphasis in this issue on the U. S. effort is natural 

partly because there has been an awakening interest here in 
radio astronomy. Many U. S. universities are now in the 
process of planning or setting up programs in this field. The 
stimulation of such activity was an important motive behind 
the creation of the National Radio Astronomy Observatory 
which will make available large radio telescopes and isolated 
sites to universities which would not otherwise go in for radio 
astronomy. It is believed that this country has begun to con-
tribute its share to the development of basic discoveries, many 
of which were made here, but followed up principally in Eng-
land and Australia. 
The papers by C. M. Jansky, Jr., on his brother's discovery 

of extraterrestrial radio waves, and by Reber, describing his 
lonely follow-up of Jansky's work, bring out the fact that 
radio astronomy research began here and remained here for a 
decade. But after World War II, England and Australia 
largely took it over and developed it to the point where optical 
astronomers could no longer ignore its potential value. Reber's 
paper is a gem. In down-to-earth language he presents a vivid 
picture of his persistent, and often frustrating, efforts to de-
tect radio waves from the Milky Way at frequencies where 
techniques were still in an experimental state of development. 
Emberson and Ashton describe the activities and plans of 

Associated Universities, Inc. in setting up and operating the 
U. S. National Radio Astronomy Observatory, with National 
Science Foundation support. Ashton is the design engineer 
for their 140-foot steerable precision reflector which is now 
planned to be in operation in 2 or 3 years. Although it is not 
as large as the 250-foot paraboloid in Manchester, England, 
it should be usable at wavelengths which are 5 or 10 times 
shorter. In the following paper, Findlay describes the un-
wanted noise levels in Green Bank, W. Va., the location of the 
National Radio Astronomy Observatory. 
Drake and Ewen describe the development of an outstand-

ing broad-band microwave radiometer and observations made 
with it. They have detected radio emission from the planet 
Saturn and from planetary nebulas for the first time, using a 
28-foot reflector. Strum presents the design considerations 
that arose in the development of this radiometer which can 
detect input noise level changes of a few hundredths of a de-
gree Kelvin. McCoy considers the possibility of developing 
low-noise crystal mixers for millimeter wavelengths. He con-
cludes that it will be possible to obtain low receiver noise 
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figures which do not increase noticeably with frequency from 
10 kmc to 50 or 100 kmc. This is an exciting prospect Nr hich 
in practice may compete for some time with masers in fu-
ture millimeter-wave astronomy. 

Mills, et al., present the design and performance details of 
their large synthetic pencil-beam antenna at 3.5 meters, com-
monly called a "Mills Cross." This antenna-receiver system 
has an effective beam width of less than one degree and is 
being used to complete the largest catalog of radio sources 
extant. Many interesting results have been found with this 
instrument. Shain, of the same laboratory, describes a similar 
installation at 15 meters wavelength with which he has ob-
tained a map of galactic background emission which shows 
clearly the regions where the background is reduced by ab-
sorption due to interstellar ionized clouds of hydrogen in the 
spiral arms of the Milky Way. 

Kraus writes about a very large fixed reflector antenna 
of novel design now under construction by his radio 
astronomy group at Ohio State University. He plans to con-
duct surveys of the sky for radio sources in the depths of space 
at several frequencies simultaneously. The antenna beam will 
be reflected by a flat, tiltable sheet in order to cover a wide 
range of elevation angles. 
The next two papers, by Bracewell, apply information 

theory analysis to the efficient reduction of data and planning 
of the observing programs. The first paper considers the in-
formation content of interferometer records, and the second 
evaluates the loss of data due to noise and to the finite antenna 
beamwidth. 
The next fourteen papers all pertain to the Sun. The papers 

by Medd and Covington and by Hey and Hughes deal with the 
calibration of absolute solar radio flux at 10 cm. The valuable 
feature here is that both have obtained the same absolute flux 
value from the Sun on June 30, 1954. On this date the Sun 
was eclipsed by the Moon and it was in a very undisturbed 
state. The N.R.L. eclipse expedition to Sweden also obtained 
excellent solar measurements on this day at the same wave-
length and have deduced the relative brightness distribution 
across the solar disk from the measured eclipse curve [104]. 
The paper by Coates is the first detailed report in radio 

astronomy of observations at a wavelength less than 8 mm. 
The technique, the atmospheric measurements, and the solar 
results are all of interest. He gives evidence of excess radiation 
from sunspot regions. Christiansen and Mathewsen describe 
the evolution of an instrument for obtaining high angular 
resolution for solar studies. They are principally interested in 
measuring the size, shape, and intensity of sunspot radiation 
near 20-cm wavelength [105]. 
The next three papers describe the receiver, the antenna 

system, and some observational results of dynamic spectra of 
solar bursts over the frequency range of 100 to 600 mc. This 
type of solar investigation was initiated and developed by 
Wild and his colleagues in Australia at frequencies from 40-
240 mc, and was a major advance over that of recording solar 
radiation at a number of single frequencies. Goodman and 
Lebenbaum describe the three mechanically tuned super-
heterodyne receivers and the output display. Jasik developed 
the antenna feed system for use with a 28-foot paraboloid 
reflector. The feed consists of four confocal broad-band an-
tennas for simultaneous operation at the reflector focus. This 
development is an advance in the utilization of a paraboloidal 
reflector. Maxwell and Goldstein describe their site, equip-
ment, and operation. They show photographs of their records, 
illustrating several types of solar bursts. 
The Sun has been observed at the University of Michigan 

with similar equipment since August 28, 1957. As each receiver 
sweeps almost over an octave, giving complete coverage of 
the 100- to 580-mc frequency band every 0.3 second, the out-
put is displayed as an intensity modulated line on a precision 
cathode-ray tube. This is photographed on a slowly moving 

(1 cm/min) 35-mm film, producing a frequency-time record 
with solar intensity appearing as variations in photographic 
density. The combination of the film characteristic and the 
logarithmic response of the receiver permits the recording of a 
wide range of signal intensities in considerable detail. On 
September 3, at about 12:15:10 U.T., three simultaneous 
bursts were recorded with "U-Type" spectra (as found by 
Maxwell), having a duration of a few seconds, with their low-
frequency "reversing" points at 130 mc, 250 mc, and 375 mc. 
Between 130 mc and 125 mc there existed a continuous in-
terfering signal which could have masked a few megacycles of 
the low-frequency limit of the "fundamental" frequency burst; 
the lowest frequencies could also have been attenuated in the 
Sun, as suggested by Wild, Murry, and Rowe when they pre-
sented evidence of the second harmonic. Maxwell has reported 
evidence of two simultaneous "U-Type" bursts in a 2 to 3 
frequency ratio but without evidence of a "fundamental" fre-
quency. Classical Type III burst groups (fast drift bursts) 
associated with flare onsets have been recorded, however, with 
an unexpected broad-band, burst-free, continuum emission 
beginning 3 to 4 minutes after the Type III event and lasting 
from 14 to 24- hours, with a pronounced low frequency cut-off 
(above 300 mc), but showing a tendency to drift to somewhat 
lower frequencies. It is believed that this continuum emission 
is distinct from that associated with Type I noise storms ob-
served at lower frequencies. It is similar in character, and in 
following a Type III event, and in duration to the emission 
found by Boischot and called Type IV. Denisse has suggested 
that Type IV emission is due to synchrotron radiation, on the 
basis of its source being large and greatly elevated in the solar 
corona (4 or 5 R,). This spectral type has also been noted by 
Maxwell, et at., in their paper in this issue. Fig. 3 is a photo-
graphic record of the outstanding event of September 12, 
1957. It shows a typical Wild Type III fast burst group be-
ginning at 15:15 U.T. at all frequencies. Then one minute 
later there begins a Type II slow drift from high to low fre-
quencies. The fine detail showing its composition as many fast 
bursts similar to the Type III bursts has not been reported 
before. After this burst there appears a general brightening of 
the entire high-frequency band, entirely free of detailed struc-
ture, lasting 150 minutes. The September 13, 1957, record 
shows also a Type III burst group again preceding a high 
frequency "smooth" emission, this time lasting 90 minutes. 
Dodson reviews some results of attempting to correlate op-

tical flares on the Sun with radio bursts, ionospheric dis-
turbances, and geomagnetic storms. A valuable finding is a 
description of a radio event associated with optical flares 
which indicates the probable occurrence of a geomagnetic 
storm within a few days, described earlier in this paper. 
Wild and Sheridan describe the recent development of a 

sweep-frequency interferometer for studying meter-wave solar 
bursts and noise storms. This instrument measures the size 
and position of the emitting region on the Sun and its dynamic 
spectrum simultaneously, or it can measure the burst polariza-
tion characteristics and spectrum. The output records are 
complex but contain much information. It appears that ap-
preciable effort is required to reduce the data completely. 
The next four papers deal with the measurement of the 

polarization characteristics of solar radio emission. Cohen 
presents a general review of the problem and then describes 
the Cornell University meter wave equipment. Suzuki and 
Tsuchiya, and Akabane describe meter wave and microwave 
polarimeters, which have been developed in Japan. The short 
paper by Bracewell and Stableford is a theoretical one which 
will be of value in interpreting records of solar radio emission. 
The three papers by Roman and Yaplee, by Wells, and by 

Ko report measurements and discussions of spectra of radio 
sources and cosmic background radiation. Marshall presents a 
theory of galactic radio emission involving synchrotron emis-
sion from high energy interstellar electrons being deviated by 
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Fig. 3—A log-intensity modulated display, recorded at the University of Michigan, of dynamic spectra of an unusual solar radio burst complex 

at the time of a solar flare. Frequency increases vertically downwards and time increases to the right. The horizontal bright lines, both 
solid and broken, are man-made signals. The broad horizontal banded structure is due to receiver gain and noise level variations, and to 
the combining of three different receiver outputs. The fine uniform vertical lines are the individual scan lines. The vertical columns of 
dashes are the frequency and time markers. The Type III, fast drift, bursts begin on all frequencies near 15:15 U.T.; the Type II, slow 
drift, burst begins shortly afterwards on the higher frequencies and drifts downward in frequency. The detailed structure of this slow 
drift event appears to be composed of individual fast drift bursts of restricted frequency range. The broad-band, featureless, brightening 
at the higher frequencies following the Type II burst lasted 150 minutes. This is believed to be the new Type IV burst. 

galactic magnetic field. 
The next five papers deal with radio spectral line radiation, 

in contrast with the continuum radiation which we have been 
considering; the first four are concerned with the 21-cm line 
from atomic hydrogen. The paper by Barrett is a tutorial 
paper on radio spectroscopy for the radio astronomer; he de-
scribes some radio spectral lines that warrant future investiga-
tion. Lilley and McClain review the techniques of measure-
ment of the 21-cm line in absorption when viewed against a 
background of bright continuum emission from a radio source 
or sources, and discuss the potentialities of this technique. 
Menon has reported a very interesting astronomical study, 
using the 21-cm radiation from gaseous regions surrounding 
clusters and associations of stars within our galaxy. Heeschen 
and Dieter describe some results and many fascinating pos-
sibilities of measuring the 21-cm line radiation from external 
galaxies and clusters of galaxies. The theoretical paper by 
Field discusses the various mechanisms in outer space which 
can affect the excitation temperature of the hydrogen line. 
He has been interested in the possibility of detecting very 
dilute hydrogen gas in the regions between external galaxies, 
an important cosmological problem. Since there is nothing in 
this issue on the spiral arm structure of our galaxy as revealed 
by the 21-cm line studies, the reader is referred to a recent 
publication [106] on this topic which shows a map of the spiral 
arms. 

Mayer, McCullough, and Sloanaker give an account of their 
recent detection and measurement of microwave emission 
from the planets Venus, Mars, and Jupiter. Drake and Ewen, 
as mentioned earlier, confirmed these detections and also de-
tected Saturn. It is believed that this emission is thermal 
planetary radiation. This work has opened up a new approach 
to the study of planetary surfaces. At the other end of the 

radio astronomy spectrum, Kraus reports the measurements 
of nonthermal bursts of radiation on 11 meters from Jupiter 
and the first detection of bursts from Venus. This type of 
emission is not the same as that observed at microwaves and 
is probably generated in the atmosphere or ionosphere of the 
planet. although the physical cause of excitation may reside in 
or on the solid part of the planet. The report of radio bursts 
from Venus has not yet been confirmed by other observers. 

Coutrez, Hunaerts, and Koeckelenbergh present evidence 
of the detection of 600-inc radiation from the recent naked-eye 
comet, Arend-Roland, visible in the spring of 1957. A few 
observers have claimed the possible detection of this cometary 
radiation on different radio frequencies. However, a greater 
number have tried without success to detect this comet. 
The next three papers deal with the Moon. Gibson has made 

a careful series of measurements of the thermal radiation from 
the moon at 8.5-mm wavelength. Observations like these shed 
light on the thermal and radio characteristics of the outer few 
feet or inches of the Moon's crust. Trexler reports the radar 
detection of the Moon using a 220-foot paraboloid scooped 
out of the ground and paved. His results show clearly that the 
lunar echo is from a small localized region at the center of the 
lunar disk, less than 200 miles in diameter. As mentioned 
earlier, Trexler demonstrated the potentialities of using the 
Moon in a radio communications link to obtain hemispherical 
coverage of the earth at high frequencies. Yaplee, et al., also 
find that lunar echoes are returned from a localized central 
region, but at a wavelength of 10 cm, in contrast to the 150 
cm used by Trexler. Yaplee, et al., have made an effort toward 
measuring the precise distance to the Moon. They use a 
Cesium clock to get sufficient frequency control, and expect 
to obtain a distance measurement with an uncertainty of 
500-1000 feet. 
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Booker has reviewed the work on radio source scintillations 
made at meter wavelengths and gives a theoretical discussion 
of the observations. Lawrence and Penfield, in separate 
papers, describe an observational investigation of phase and 
amplitude scintillations of radio sources due to the ionosphere, 
and the two-element interferometer and receivers developed 
for these measurements. Aarons, Barron, and Castelli describe 
vhf and microwave scintillations of radio sources. The latter 

study has received little attention outside of France and 
should be of interest to both radio engineers and astronomers. 

Little and Leinbach report the first detailed account of high 
latitude ionospheric absorption using radio sources. This re-

port is the fruit of several years of investigation. 
Piddington has written an interesting theoretical paper on 

various processes possibly involved in cosmic radio genera-
tion. 
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The Discovery and Identification by Karl Guthe 
Jansky of Electromagnetic Radiation of Extra-

terrestrial Origin in the Radio Spectrum* 
C. M. JANSKY, JR. t, FELLOW, IRE 

Karl Jansky's discovery of 25 years ago was a remarkable scientific achievement, not only because it signalled the 
birth of radio astronomy, but because it was one of the relatively few instances where a new branch of radio science 
was founded by one man alone. We are privileged to present in the following pages a unique account of this work 
written by Jansky's brother, who is himself an eminent radio engineer.—The Editor. 

Summary—December, 1957, marks the 25th anniversary of the 
completion of Karl Guthe Jansky's field studies which proved that 
electromagnetic waves in the radio spectrum of extraterrestrial ori-
gin were reaching the earth. April, 1958 will mark the 25th anniver-
sary of the date on which this basic discovery was disclosed in full 
to the scientific world. This paper describes briefly the steps which 
led to Jansky's basic discovery, some of the important results of 
later studies in radio astronomy, and the relationship between pure 
and applied science illustrated by the basic discovery and subse-
quent work in this field. 

/T IS well known that light waves and radio waves are one and the same thing except for a difference 
  in wavelength. Both types of waves travel at a ve-
locity of 186,000 miles per second (approximately 
300,000 km per second). The wavelengths to which the 
human eye is sensitive extend from approximately 4 
ten/millionths of a meter for violet light to 7.2 ten/mil-
lionths of a meter for red light. In contrast, the range of 
radio wavelengths may be defined very roughly as ex-
tending from 0.25 centimeter to 20,000 meters. The 
entire range of wavelengths having the property of light 
and radio waves is referred to as the electromagnetic 
spectrum. Its boundaries lie below the radio band in one 
direction and above the visible light band in the other. 

Associated with each wavelength is the frequency of 
the source which generates it. This relationship is ap-
proximately: frequency in kilocycles per second equals 
300,000 divided by wavelength in meters. Thus 300-
meters wavelength in the radio band equals approxi-
mately 1000 kc (a frequency and wavelength in the 
standard broadcast band), and 3 meters correspond to 
a frequency of 100,000 kc, that is, 100 mc (a frequency 
in the fm broadcast band). Light waves are usually 
referred to by their wavelength rather than the fre-
quency of the source. 

Until 1932, man's study of the stars, planets, sun, 
moon, and, in fact, all objects and space removed more 
than a relatively few miles from the earth—that is, the 
study of astronomy—was limited to what could be seen 
or photographed in the visible spectrum (except that 

• Original manuscript received by the IRE, November 8, 1957. 
t Chairman of the Board, Jansky & Bailey, Inc., Washington, 

D. C. 

special techniques and devices extended this study 
slightly below and slightly above the visible spectrum). 
Up to 1932 it was not known that electromagnetic 
waves in the radio portion of the electromagnetic spec-
trum were reaching the earth from outer stellar space. 
The first man to detect and identify such radio waves 
was Karl Guthe Jansky. Utilizing data accumulated 
over a period of time in excess of one year, he determined 
that the electromagnetic waves he was receiving on 14.6 
meters (20.53 mc) at Holmdel, N. J. came from a direc-
tion corresponding to the center of the galaxy of which 
our solar system is a part. This discovery opened a whole 
new window for studying the stars and the space between 
them. Today this radio window extending from about 
0.25 centimeter to 20 meters is 50 to 100 times as wide 
as the visible spectrum window. 

Distances in the universe are so great that earth-
bound units of measurement are of little value. Astron-
omers use as a unit of distance the "light year." Since 
light travels 186,000 miles per second, a light year in 
miles is 186,000 X 60 X 60 X 24 X365, or very nearly 5.9 
trillion miles. 
The United States federal debt (1957) is approxi-

mately 279 billion dollars. To state that this debt has 
reached "astronomical" figures is literally true, as the 
federal debt expressed in cents is approximately 5 times 
the number of miles in the astronomical unit of distance, 
namely the "light year." The distance from the center 
of the Milky Way, that is, the center of our galaxy, to 
the earth is approximately 30,000 light years. 
Today radio astronomers are studying radio waves 

from the sun and from certain of the planets. Radio 
maps or pictures of the heavens as they look at specific 
radio wavelengths have been prepared. There are many 
concentrated sources of radio waves in the sky at points 
where optical telescopes cannot detect the presence of 
stars. Some of these may be so distant as to be beyond 
the range of optical telescopes. There are huge masses 
of hydrogen in outer stellar space. The study of these 
by radio telescopes is yielding information on the rate of 
rotation of our own and other galaxies around their 

Centers, 
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A very strong radio source is the apparent collision of 
two galaxies estimated distant from the earth 300,000,-
000 light years. This is a reasonably distant radio trans-
mitter. The radio waves now reaching the earth from 
this source were generated 300 million years ago at a 
time when, according to geologists, dinosaurs roamed 
the planet. 
The story of Karl Jansky's work from 1928 to 1932, 

which led to the discovery that furnished the founda-
tion for the Science of Radio Astronomy, contains many 
lessons for those whose life work is in the field of either 
pure or applied science, and particularly for students 
and young people who hope to become scientists. After 

• receiving his degree at the University of Wisconsin in 
1927, Karl Jansky joined the staff of Bell Telephone 
Laboratories. He was stationed at the company's field 
laboratory in New Jersey. Here he was assigned a proj-
ect involving the study of static and interfering noises 
which were affecting the operation of Bell System trans-
oceanic radiotelephone circuits. While some of his work 
was done on long wavelengths of the order of 4000 
meters, of particular concern to radio astronomy are his 
studies on 14.6 meters (20.53 mc). These required in-
strumentation and it is important to note that in the 
late 1920's and early 1930's adequate instrumentation 
for his project, and particularly for wavelengths as 
short as 14.6 meters, involved many new and unsolved 
problems. 
About March, 1929, Karl Jansky began the design 

and construction of a 14.6-meter rotatable, directional 
antenna system and the development of the associated 
receiving apparatus. Due to interruptions, it was not 
until the fall of 1930 that this installation with its re-
cording equipment was in good working order. Next 
came the long period of time devoted to the unimpres-
sive, prosaic and laborious taking of data, that is, data 
on the characteristics and intensity of static received on 
14.6 meters as a function of two variables: 1) time and 
2) direction. 

In his paper' Karl Jansky described his equipment 
and classified into three distinct groups the types of 
static he was receiving on 14.6 meters. The first group 
he described as static from local thunderstorms and the 
second as static from thunderstorms some distance 
away. Then he stated, "The third group is composed of 
a very steady hiss static, the origin of which is not yet 
known." While he speculated on the possible source of 
this new type of static, it is important to note his com-
ment that "the data as yet only cover observations 
taken over a few months and more observations are 
necessary before any hard and fast deductions can be 
drawn." 
By the end of December, 1932, Karl Jansky had avail-

able data taken throughout an entire calendar year on 
the hiss static described in the paper referred to above. 

' K. Jansky, "Directional studies of atmospherics at high fre-
quencies," presented at International Scientific Radio Union, Wash-
ington, D. C.; April, 1933. 

In his paper on this data2 he set forth with reasonable 
accuracy, considering the limitations of his antenna, the 
point of origin of the extraterrestrial hiss static he was 
receiving: 

"In conclusion, data have been presented which show the exist-
ence of electromagnetic waves in the earth's atmosphere which ap-
parently come from a direction that is fixed in space. The data 
obtained give for the coordinates of this direction a right ascension 
of 18 hours and a declination of —10 degrees." 

It is difficult to overestimate the importance of Karl 
Jansky's deductions and the attendant circumstances. 
A very practical scientific project having as its objective 
the improvement of transoceanic radiotelephone service 
had brought forth a major fundamental discovery in the 
field of pure science. 
There exists no definitive boundary between pure 

and applied science. The discovery of extraterrestrial 
noise came as a result of a research program originally 
directed to a very practical end. Today (1957) radio 
astronomy is making possible the development of radio 
sextants which will enable the navigators of ships and 
aircraft to take celestial bearings without regard to 
visibility conditions. This is an excellent illustration of 
the fact that a practical scientific study may lead to dis-
coveries in the field of pure science; conversely, research 
in pure science may yield highly practical results. 

Karl Jansky was only twenty-seven years of age when 
he delivered his classic paper.2 Unfortunately, he did not 
live to see the remarkable developments which have 
taken place in recent years in the science built upon his 
discovery. 
Today, the frontiers of radio astronomy are being 

pushed back by the efforts of workers in many nations 
—Great Britain, The Netherlands, Australia, the 
United States, Canada, Russia, France, Japan, Norway, 
Sweden, and others. As workers in one country develop 
new instrumentation and acquire new knowledge, that 
information is conveyed to fellow workers in other 
countries. Meetings held in one nation are attended by 
scientists from others. The emphasis is not primarily on 
competition but upon mutual understanding and co-
operative effort directed toward a common objective— 
the acquisition of more and more knowledge of the uni-
verse in which we live. 

December, 1957 marks the 25th anniversary of the 
completion of the field studies which proved that elec-
trogmagnetic waves in the radio spectrum of extrater-
restrial origin were reaching the earth. April, 1958 will 
mark the 25th anniversary of the date on which this 
basic discovery was disclosed in full to the scientific 
world. The man who made this discovery was a United 
States scientist. 
Some time after Karl Jansky presented his paper in 

1932, his superiors transferred his activities to other 
fields. He would have preferred to continue his work in 
radio astronomy. 

2 K. Jansky, "Electrical disturbances apparently of extrater-
restrial origin," presented at the International Scientific Radio Union, 
Washington, D. C.; April, 1933. 
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Except for the interest and work of a second United 
States scientist, Grote Reber, for approximately ten 
years little attention was paid to Karl Jansky's dis-
covery. Then, it was not primarily in the United States 
that major activity in the field of radio astronomy de-
veloped. Therefore, while there are many competent 
scientists in the United States doing outstanding work 

in this field, unfortunately this nation has been rela-
tively slow in developing radio astronomy facilities 
comparable to those in other nations. Also, while with-
out question the importance of Karl Jansky's work is 
recognized by many United States scientists, there is 
even greater appreciation of his work abroad than at 
home. 

Early Radio Astronomy 
at Wheaton, Illinois* 

GROTE REBERt 

Although Karl Jansky discovered the existence of radio emissions from outer space as 
early as 1932, a decade passed before the scientific world began to take interest in it. During 
that barren period one man, and one man alone, compelled by a great love of science and 
research, carried forward Jansky's initial work. That same man now recounts for us in his 
own words the pioneering experiments he conducted during his lonely vigil of the heavens.— 
The Editor. 

Summary—A history is given of radio astronomy experiments 
conducted by the author from 1936 through 1947. A description of 
the parabolic reflector and equipment design is presented along with 
reasons for the choice of successive operating frequencies of 3300, 
910, 160, and 480 mc. The results are reviewed in light of more recent 
knowledge. Published articles covering the scientific details will be 
found in the footnotes. 

INTRODUCTION 

Y INTEREST in radio astronomy began after 1\1 

reading the original articles by Karl Jansky.1.2 
For some years previous I had been an ardent 

radio amateur and considerable of a DX addict, holding 
the call sign W9GFZ. After contacting over sixty coun-
tries and making WAC,3 there did not appear to be any 
more worlds to conquer. 

It is interesting to see how the mystifying peculiari-
ties of short-wave communications of 1930 gradually 
have been resolved into an orderly whole. The solar ac-
tivity minimum of the early thirties must have brought 
with it abnormally low-critical frequencies. Many a 
winter night was spent fishing for DX at 7 mc when 
nothing could be heard between midnight and dawn. It 
is now clear that the MUF over all of North America 
was well below 7 mc for several hours. An hour after 

• Original manuscript received by the IRE, November 5, 1957. 
j• Wailuku, Maui, Hawaii. 
1 K. G. Jansky, "Directional studies of atmospherics at high fre-

quencies," PROC. IRE, vol. 20, pp. 1920-1932; December, 1932. 
2 K. G. Jansky, "Electrical disturbances apparently of extra-

terrestrial origin," PROC. IRE, vol. 21, pp. 1387-1398; October, 1933. 
3 Worked all continents. 

sunset when the west coast stations disappeared 14 mc 
went dead. These years would have been a very fine 
time for low-frequency radio astronomy. The now ap-
preciated long quiesence of the sun during the latter 
half of the seventeenth century* would have been even 
better! 
One further recollection is that on these quiet nights 

it was always possible to make the receiver quieter by 
taking off the antenna. This receiver uses a regenerative 
detector and one rf stage. The detector and rf stage are 
tuned separately so that the latter may be gradually 
tuned across the former. When this was done with the 
antenna off, no appreciable change could be heard in the 
sound of rushing water. When the same thing was done 
with the antenna on, the rushing sound increased sev-
eral times in loudness at the resonant frequency of the 
rf stage. Whether or not this difference was due to cos-
mic static or merely to some vaguery of the receiver is 
not readily resolved at present. Near the next solar ac-
tivity minimum it might be interesting to try the old 
receiver out again with a similar antenna, which was an 
inverted "L" 40 feet high and 200 feet long. The above 
experiences were at 225 West Wesley Street, about 70 
yards from 212 West Seminary Avenue where the rest 
of the observations were conducted. All this property 
now belongs to the Illinois Bell Telephone Company. 

4 D. J. Schove, "The sunspot cycle 649 BC to AD 2000," J. Geo-
phys. Res., vol. 60, pp. 127-146; June, 1955. 
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ORGANIZED EXPERIMENTS 

In my estimation it was obvious that K. G. Jansky 
had made a fundamental and very important discovery. 
Furthermore, he had exploited it to the limit of his 
equipment facilities. If greater progress were to be made, 
it would be necessary to construct new and different 
equipment especially designed to measure the cosmic 
static. Two fundamental problems presented them-
selves. These were, are, and will continue to be: How 
does the cosmic static, at any given frequency, change 
in intensity with position in the sky; and how does 
cosmic static, at any given position in the sky, change 
in intensity with frequency? To solve these problems 
would require an antenna which could be tuned over a 
wide frequency range, provide a narrow acceptance 
pattern in mutually perpendicular planes, and be capa-
ble of pointing to all visible places in the sky. 
About this time I had completed a modicum of aca-

demic learning. Two features stood out as pertinent. 
First, geometrical optics demonstrates that the angular 
resolving power of a device is proportional to its aper-
ture in wavelengths. Consequently, for a given physical 
size aperture, the angular resolving power is propor-
tional to frequency. Obviously a high frequency was 
indicated. Secondly, Planck's black body radiation law 
shows that for radio frequencies at any probable tem-
perature, the intensity per unit frequency bandwidth of 
radiant energy is proportional to the square of the fre-
quency. Again, a high frequency was indicated. Thus, on 
the face of the prevailing ignorance, a very high fre-
quency should be used since much better resolution 
would be secured and very much more energy would be 
available for measurement. Some frequency in the deci-
meter region was indicated. 

RADIO TELESCOPE 

Consideration of the antenna problem showed that 
any type of wire network would be exceedingly com-
plicated since several hundred minute dipoles would be 
needed. The only feasible antenna would be a parabolic 
reflector or mirror. By changing the simple focal device 
it would be possible to tune the mirror over a very wide 
frequency range. About this time Barrow' published 
some experiments on circular waveguides. The patterns 
of these apertures seemed just the thing for looking into 
a mirror. Thus I conceived the idea of using a single 
dipole inside a short length of waveguide at the focus of 
the mirror. It turned out to be a very satisfactory, sim-
ple arrangement providing good shielding against radia-
tion other than from the desired direction. The focal 
point of the mirror was placed in the aperture plane of 
the waveguide. 

If optical practice were to be followed, the mirror 
should be on an equatorial mounting. This would have 

6 W. L. Barrow, "Transmission of electromagnetic waves in hol-
low tubes of metal," PROC. IRE, vol. 24, pp. 1298-1328; October, 
1936. 

been very complicated and exceedingly expensive. Even 
an alt-azimuth mounting would be prohibitive in cost 
and could not have been used profitably in the confined 
location available. Therefore, a meridian transit mount 
was decided upon. The mirror was to be as large as pos-
sible consistent with available funds. One inquiry was 
made for a purchased framework of steel. The American 
Bridge Company offered a design which consisted of a 
circular billboard 50 feet in diameter and 10 feet thick 
with a horizontal axis through the center mounted 
upon two vertical pillars 30 feet high. The billboard was 
to have a four leg parapet 35 feet high on one side with 
counterweights and locking mechanism on the other 
side. Since the mirror skin and supports plus turning 
motors were extras, I adjudged their offering price of 
7000 dollars, erected, to be excessive! This was in 1936. 
Not many years later I wished I had been more of a 
speculator. In any case, I decided to design the mirror 
and do the job myself. 
The mounting had been decided upon. Only one more 

problem remained, distortion of the surface by bend-
ing. This could be reduced greatly by using a deep 
framework. Various materials were considered. From 
an academic point of view, the best material for pre-
venting bending is the one with the highest ratio of 
modulus of elasticity to density and not the highest 
ratio of strength to weight. Of the common materials, 
steel and aluminum are about equal. However, al-
though much inferior, wood was decided upon because 
of cheapness and ease of working. Even with wood, the 
bending on a mirror 30 feet in diameter could be made 
negligible by using a deep framework. Most of the 
wooden members were 2 inches X4 inches cross section 
and from 6 to 20 feet long. All joints were fastened by 
steel gusset plates of various widths and inch thick. 
The bolts were I inch in diameter. All pieces were given 
two coats of paint before assembly and two coats after-
wards. The framework was given added coats every 
couple of years. When disassembled in 1947, all pieces 
were found to be dry, solid, and as good as when put 
together. With reasonable care, it could have lasted 
indefinitely. The skin was 26-gauge galvanized iron in 
45 pieces of pie; nine on the inside and 36 on the out-
side. These were supported on 72 radial wooden rafters 
cut to a parabolic curve. The sheet metal was not pre-
formed but was allowed to drape snugly over the 
rafters and was fastened with a flat head brass wood 
screw at every lineal foot. The joints were overlapped 
about 2 inches and fastened with bolts every foot of 
lineal joint. All joints were spaced half way between 
rafters. The over-all diameter of skin was 31 feet 5 
inches. Since the focal length was 20 feet, a relatively 
flat mirror was required. This, in conjunction with the 
multiple joint skin, allowed a good smooth surface to 
be secured. The major roughness was due to the bolt 
heads. The exact accuracy was unknown. However, 
the mirror platform was flat to plus or minus an eighth 
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of an inch in all positions as found by measurement, so 
the skin had a commensurate parabolic accuracy. All 
the wooden pieces, including the lattice parapet, were 
cut, drilled, and painted by me personally. Part time 
assistance of two men was secured on the foundations, 
metal parts, and erecting the structure, with the excep-
tion of the skin which I personally put together piece 
by piece. The entire job was completed in four months; 
from June to September, 1937. The over-all weight was 
less than two tons. This mirror usually emitted snap-
ping, popping, and banging sounds every morning and 
evening. The rising and setting sun caused unequal 
expansion in the skin and the various pieces would slip 
over one another until equilibrium was attained, no 
matter how tightly the joining bolts were pulled up. 
When parked in a vertical position, great volumes of 
water poured through the center hole during a rain 
storm. This caused rumors among the local inhabitants 
that the machine was for collecting water and for con-
trolling the weather. The center hole, 2 feet in diameter, 
was included, just in case it would be desirable to use 
the mirror for centimeter waves with an elliptical second-
ary mirror at prime focus. A similar opening was built 
into the carriage, so that a very long focal length could 
be secured if the receiver were placed below the bottom 
of the carriage. This Gregorian scheme was never used. 
The lower parts of the machine provided an enticing 
structure for all the children of the neighborhood to 
climb upon. However, they were prevented from getting 
on top by the overhanging nature of the skin. 
When working at the focal point, the mirror was 

tipped far south to an elevation of about 10°. The struc-
ture had a peculiar attraction for private flyers who 
would examine it from many directions and distances 
in their putt-putt airplanes. More than once, when one 
of these flyers would approach down the beam from the 
south, I had the sensation that a motorcycle was coming 
up out of the ground right through the center back of 
the mirror. Obviously, the mirror also had good acousti-
cal properties. 

This radio telescope was acquired by the National 
Bureau of Standards in 1947 and was erected on a 
turntable at their field station near Sterling, Va. About 
1952, it was disassembled and the parts sent to Boulder, 
Colorado. Recently, the National Bureau of Standards 
has made the antenna available to the National Radio 
Astronomy Observatory on an indefinite loan basis for 
exhibition and demonstration purposes. 

ELECTRONIC APPARATUS AND TESTS AT 9 CM 

The shortest possible wavelength in the middle 
1930's was on the order of 10 cm. An RCA type 103A 
end plate magnetron was acquired for general testing. 
This tube could be operated from 2500 to 5000 mc, 
depending upon the electrode voltages and magnetic 
field applied. The frequency limits really were due to 
the resonance of the internal anode structure which 

had a natural period of about 3300 mc. At optimum, 
nearly I w could be put into a small lamp bulb. Audio 
modulation was applied in the end plate circuit. 

Quite a variety of crystal detectors were experi-
mented with. All could be made to work, more or less. 
However, a clear amber piece of zinc sulfide, known as 
sphalerite, was by far the best since it was sensitive 
all over, no matter where the cat whisker was placed. 
The rest of the receiver consisted of a four-stage audio 
amplifier using 6F5 triodes giving a gain of the order 
of 100 db. It was peculiarly free from microphonics and 
was very reliable. Using this equipment, a variety of 
experimente7 were conducted on cavity resonators, etc. 
For close work, a 0-200 microammeter was used directly 
in the crystal circuit. The magnetron was tried as a 
detector in place of the crystal, but was found to be 
worthless because of very great shot noise voltage. Two 
other attempts were made to improve upon the crystal 
detector. 
One was a special small diode entirely made of tung-

sten and pyrex. The spacing from anode to cathode was 
carefully adjusted to about 0.005 inch and the physical 
structure so arranged that the anode became part of a 
tunable line or cavity. Energy was fed into a cavity 
by a small dipole and hairpin loop. In spite of all efforts, 
this device was markedly poorer than the crystal. The 
significance of electron transit time was only beginning 
to be appreciated. 

Next, an elaborate Barkhausen tubes was constructed 
on the theory that the virtual cathode beyond the grid 
could be made to come as close as desired to the anode 
and thus cut down on the electron transit time loss. The 
tunable system consisted of lecher wires three half-
waves long. Sliding shorting-bars at each end provided 
outside adjustment. The tube seals were at the voltage 
nodes at third points and thus reduced capacity effects. 
A glass bellows allowed for unequal expansion between 
the glass envelope and the tungsten lecher bars. The 
anodes were small semicylinders at the voltage peak in 
the center of the system. The Barkhausen grid and the 
internal filament were placed in the exact center of the 
two anodes. Considerable effort was expended in getting 
this device, with all the minute parts, put together 
properly. Unfortunately, it was all for naught since the 
sensitivity was no better than the diode. Considerable 
shot-noise voltage, produced by stray electrons finding 
their way to the anodes, created a terrific racket and 
it was necessary to fall back on the crystal detector. 
This vacuum tube construction work was done by the 
glass experts at the University of Chicago. 

During the spring and summer of 1938, a consider-
able number of observations were made at 3300 mc 

6 Grote Reber, "Electric resonance chambers," Communications, 
vol. 18, pp. 5-25; December, 1938. 

7 Grote Reber, "Electromagnetic horns," Communications, vol. 
19, pp. 13-15; February, 1939. 

H. E. Hollmann, "The retarding-field tube as a detector for any 
carrier frequency," PRoc. IRE, vol. 22, pp. 630-656; May, 1934. 
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mostly during the day. The crystal detector in its 
cavity, a short length of waveguide horn, and the audio 
amplifier were mounted just behind the mirror focal 
point. The antenna was parallel to the celestial equator. 
Various parts of the Milky Way, Sun, Moon, Jupiter, 
Venus, Mars, and several of the bright stars, such as 
Sirius, Vega, Antares, etc., were all examined. The out-
put of the audio amplifier was passed through a copper-
oxide rectifier and displayed on a microammeter. Ob-
servations were made visually of the meter indication 
and were tabulated, sometimes at minute intervals, 
sometimes at longer intervals, such as an hour. Some 
small irregular fluctuations were encountered, but no 
repeatable results were secured which might be con-
strued to be of celestial origin. All this was rather damp-
ening to the enthusiasm. Admittedly, the sensitivity of 
the system was quite poor. However, the frequency was 
160 times as great as Jansky used and the presumed 
black body radiation intensity should be 26,000 times 
as great. If anything could be deduced from these ef-
forts, it seemed to be that the relation between celestial 
radiation intensity and frequency did not conform to 
Planck's law. 

ELECTRONIC APPARATUS AND TESTS AT 33 CM 

Consideration showed that it would be best to lower 
frequency a bit and build more conventional electronic 
apparatus using triode tubes with the aim of greatly 
increasing the sensitivity. A couple of years prior to 
this, RCA had brought out the type 955 acorn triode. 
These commercial tubes were of different internal con-
struction and of considerably inferior performance to the 
experimental tubes described by Thompson and Rose.° 
The early 955's also were better than the later versions. 
These early type tubes had a smaller diameter cylinder 
and a hemispherical top, compared to the flat top of the 
later tubes. A pair of tubes were connected in a push-
pull arrangement with the grid pins soldered together, 
since this circuit determined the highest operating fre-
quency. The plate and cathode leads were tuned by 
lecher systems. The former determined the frequency 
and the latter the strength of oscillation. A pair of the 
early tubes could be made to oscillate up to nearly 
1000 mc. In 1938, these early tubes were still abundant 
and several oscillators were made for testing receivers, 
etc. Only about fifty volts were required on the anodes. 
About this time, RCA brought out the type 953 acorn 

diode with the anode lead coming out of the top. An 
adjustable cylindrical resonator was constructed which 
could be used with either the 953 or the above described 
tungsten diode. These diodes and crystals were all tested 
for sensitivity and were found to be about equal at 910 
mc and some two orders of magnitude poorer than the 
regenerative detector. Also, it was now observed that 

9 B. J. Thompson, "Vacuum tubes of small dimensions for use at 
extremely high frequencies," Pxoc. IRE, vol. 21, pp. 1707-1721; 
December, 1933. 

the tungsten diode had a faint rattle sound associated 
with it which increased in strength as the filament 
temperature was increased. This rattle was not present 
in the 953 with its low-temperature cathode. Apparently, 
the rattle was due to minute bits of tungsten boiling 
off the white hot filament. This is typical of the kind 
of thing which may be overlooked when no comparative 
observations are possible. 
A new cavity resonator with an iris was constructed, 

for use at the focal point of the mirror, out of a steel 
drum container for 100 pounds of white lead. The dimen-
sions of this drum determined the operating frequency 
of 910 mc. A half-wave dipole was placed a quarter-
wave length from the back of the cavity. A half-wave 
lecher wire went from the center of dipole through a 
hole in the rear of cavity and was coupled by a small 
loop to the filament tuner of the push-pull detector. 
Thus, the entire antenna system resonated in a three 
half-wave mode. The detector and audio amplifier were 
placed in a small drum attached to rear of cavity. The 
entire arrangement was supported in circular bands, so 
the drum could be turned on its axis to change the plane 
of polarization received, since it was thought that there 
might be some variation with the plane of polarization 
of the still to be found celestial energy. 

During the autumn of 1938 and during the following 
winter, a variety of observations, both by day and by 
night and with various polarizations, were made at 910 
mc. All the same objects were examined again without 
any positive results. In a measure, it was disappointing. 
However, since I am a rather stubborn Dutchman, this 
had the effect of whetting my appetite for more. Here 
was a circumstance where the frequency had dropped 
nearly two octaves and the sensitivity had improved 
by two orders of magnitude and still nothing resulted. 
Perhaps the actual relation between intensity of the 
celestial radiation and frequency was opposite from 
Planck's law. 

All this old equipment is still in existence and it might 
be interesting to set it up again and measure just what 
absolute sensitivity was achieved, both at 3300 and at 
910 mc. 

ELECTRONIC APPARATUS AND TESTS AT 187 CM 

By then, autumn 1938, it was perfectly clear that a 
further great increase in sensitivity was necessary and 
that attempting to operate at exceedingly high fre-
quencies was wrong. The resolution would have to be 
whatever it came out, for better or for worse. Concur-
rent with these experiences, I had been following in the 
literature various articles on the input resistance of 
triodes by Ferris, wide-band amplifiers by Percival, and 
trying to understand a rather deep book about random 
fluctuations by Moullin. Also I had been gaining experi-
ence in the radio receiver industry. It was clear that a 
big jump in sensitivity could be made by changing from 
a crystal to a regenerative detector. Another big jump 
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would be to a superheterodyne receiver. Also, a super-
het with an rf stage was much better and two rf stages 
still better. The tunable feature of a superhet seemed 
of little value. What was important was the rf stages. 
Also, it seemed that a wide bandwidth should be used, 
which again ruled against a superhet. Finally, I decided 
upon a multistage tuned radio-frequency amplifier with 
as wide a bandwidth and as high a frequency as feasible. 
RCA brought out the 954 acorn pentode in 1935; the 

first ones were exceedingly poor, having many internal 
shorts. However, by purchasing new tubes from the 
autumn 1938 production, instead of dealer stock, some 
respectable samples were secured. About this time a 
small bulletin" was issued by the National Bureau of 
Standards which described a multistage amplifier using 
954 tubes with coaxial line resonators. It was tunable 
from about 100 to 300 mc and over-all gain data was 
included. This bulletin was of much assistance in deter-
mining a suitable design. The wide range tunable feature 
seemed of no particular value and tended to introduce 
feedback. Also, the gain dropped rapidly above 200 mc. 
A frequency somewhere near 150 mc appeared suitable 
since it already was clear that a low-internal random 
fluctuation voltage only could be secured if the first-
stage gain was fairly high, such as eight or more. 
The idea of a cavity resonator at the focus of a mirror 

still seemed good compared to an open dipole, and I 
decided to continue using a cavity. This relatively low 
frequency would require a large but light cavity, which 
should be cheap and with as little welding as possible. 
Inquiry disclosed that aluminum sheet 1/16 inch thick 
could be secured in pieces 6 feet wide and 12 feet long. 
One piece could be formed into a cylinder about 4 feet 
in diameter and 6 feet long. ALCOA fabricated this 
resonator, including various size irises for the aperture, 
at a very nominal price. In essence, the operating fre-
quency of 162 mc was determined by the size of a drum 
which could easily be made from a standard size sheet 
of aluminum. 
The NBS design was revised" to provide capacity 

tuning over a range of 150 to 170 mc and the whole 
assembly of copper water pipe and copper plate was 
brazed into one piece by the local blacksmith. After 
fitting the by-pass capacitors and connections, an over-
all trial was made and the entire five stages worked im-
mediately. Furthermore, the, by then, well-known ther-
mal fluctuation voltage easily could be found when the 
first tuned circuit was tuned through resonance; this 
was very encouraging. No signal generator was available 
to measure the sensitivity, but obviously it was good. 
This amplifier was then attached to the back of the 
large aluminum drum. The antenna was quite similar 

F. W. J. Dunmore, "A unicontrol radio receiver for ultra-high 
frequencies," Paoc. IRE, vol. 24, pp. 837-849; June, 1936; and 
J. Res. NBS, vol. 15, Res. Paper RP856; 1935. 
" G. Reber W9GFZ and E. H. Conklin, "UHF receivers," 

Radio, no. 225, pp. 112-161; January, 1938; no. 235, pp. 17-177; 
January, 1939; no. 236, front cover; February, 1939. 

to that used at 910 mc but with additional fine-tuning 
adjustments. 

Before hoisting this cumbersome assembly atop the 
parapet of the mirror, some ground tests were made. 
These provided quite a shock, since all kinds of man-
made electrical disturbances now could be heard which 
before were not known to exist. The main one was caused 
by automobile ignition sparking. However, this trouble 
mostly disappeared after 10:00 P.M.; this was reassur-
ing. Thus on the first Saturday when help could be ob-
tained, the whole assembly was placed atop the mirror 
and trials were started. This was in the early spring of 
1939. 
During the day, no worthwhile results could be se-

cured because of the multitude of automobiles in con-
tinual operation. This disturbance leaked into the drum 
from the back around the edge of the mirror. Cars at 
the front side and in front of the mirror could hardly 
be detected. Thus, the shielding action of drum really 
was effective. The output of the receiver came down 
a coaxial microphone cable as a small dc voltage. 
About three-quarters of this voltage was bucked out by 
a battery and the remainder was fed into a dc amplifier. 
The display was a microammeter. About two hours 
were required for equipment warmup. After 10:00 P.M., 
disturbances quieted down and observations were made 
in earnest. Data were taken by manually recording the 
meter indication every minute. Continual aural moni-
toring was employed to delete those times when inter-
ference was present. This data was then plotted as meter 
reading vs time. 

During the night, good smooth flat reproducible 
plots were secured, but nothing could be found which 
moved along in sidereal time. In early March, the plane 
of the galaxy to the south still crossed the meridian 
after sunrise. While the auto disturbances did not be-
come really bad until about 10:00 A.M., the amplifier 
was subject to gain variations when the sun came up. 
This was found to be due to unequal thermal expansions 
which caused some of the resonators on the interstage 
couplers to become out of tune compared to the others. 
On cloudy mornings the trouble was absent and some 
plots were secured which seemed to show excess energy 
when the plane of the galaxy crossed the meridian. 
These occasions were few since the cloudy morning had 
to appear on a weekend when I was not at work in the 
city. By early April, the plane of the galaxy was crossing 
the meridian during hours of darkness and good repro-
ducible plots were secured every night when observa-
tions were made. It was now apparent that cosmic static 
from the Milky Way had really been found and that it 
was of substantial strength, especially to the south. As 
the months went by, the more northerly parts of the 
galaxy became available. However, the cosmic static 
became weaker and dropped nearly to the limit of the 
system sensitivity at a declination of 20° north. These 
results confirmed Jansky in a general way. 
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During the summer of 1939, a variety of celestial 
objects were examined but nothing convincing could 
be found, except from the Milky Way. Particular effort 
was made to find the sun but it was lost under compound 
equipment difficulties. Only thickly clouded days were 
possible for observation since thermal effects were in-
duced by scattered clouds. Also, it developed that the 
953 diode had another internal trouble. The velocity 
potential of the diode was in series with the signal volt-
age. This velocity potential is dependent upon cathode 
temperature and effective spacing between anode and 
cathode. During quiet periods, the velocity potential 
was stable. However, when a strong auto ignition dis-
turbance was imposed, there was a small internal rear-
rangement of active areas on the cathode. Thus, the 
diode velocity potential would be different after, com-
pared to before, a strong burst of ignition sparking. Con-
sequently, a shift in the dc zero level occurred irregularly 
up and down after each objectionable vehicle went by. 
Several 953's and 955's were tried but to no avail. A 
200,000-ohm diode load resistor was used at the time. 
The solution seemed to be to move everything out to the 
country, which then was not feasible. These prelimi-
nary results"." were published in 1940. The intensity 
was guessed at by noting the effect of resistance shunts 
across the first tuned circuit; no calibrated signal genera-
tor was available then. In any case, the observed inten-
sity was far below that encountered by Jansky. Obvious-
ly, the source of cosmic static was so me new and un-
known phenomenon. 
The above success further whetted my appetite on 

the basis of, "If a little is good, more is better." A sur-
vey of the sky was contemplated; this would mean 
collecting a lot of data. Obviously, an automatic re-
corder was a primary necessity. Thus, a General Radio 
dc amplifier and Esterline Angus 5-ma recorder were 
purchased early in 1940. Also, new power supplies with 
entire ac operation and automatic regulation were built 
to replace the old dc system with its manual voltage 
adjustments. The new steady power supply had a great 
effect on receiver stability and resulted in effective long-
term sensitivity. A few all night vigils were made with 
this automatic apparatus to gain confidence in its opera-
tion and to gain experience in how interference mani-
fested itself. 

In addition, a decent signal generator was imperative, 
if any quantitative measures were to be secured. Since 
one could not be purchased, I built my own signal 
generator rather as a copy of a Hazeltine machine de-
signed for the old low-frequency television band. My 
design uses a WE 316A tube, with a tuning range of 
140 to 200 mc, a reference output level of 1 y across 10 
ohms, and an inductive attenuator to 120 db. No detect-

12 Grote Reber, "Cosmic static," PROC. IRE, vol. 28, pp. 68-71; 
February, 1940. 
" Grote Reber, "Cosmic static," Astrophys. .I., vol. 91, pp. 621-

632; June, 1940. 

able leakage could be found. The case is all brazed 
copper pipe and plate by the same blacksmith men-
tioned above and the cover is sealed water tight using 
lead foil gaskets. 

Finally by 1941, things seemed to be in order for 
starting a survey of the sky. Preliminary results were 
published the following year" with an analysis of the 
theoretical conditions governing receiver sensitivity. 
Later studies merely have confirmed these early investi-
gations. Even today, explorers of the Milky Way at 
wavelengths less than a few meters do not receive any 
net celestial energy, but in fact merely measure changes 
in the net rate at which their equipment dissipates en-
ergy into the sidereal universe via the antenna beam. 
Further efforts to detect the sun failed, as mentioned 

above. 
Returning now to the theory, it is worth mentioning 

that a significant improvement in signal to ripple ratio 
of 3 db may be secured by using a push-pull full-wave 
rectifier instead of the common half-wave type which 
loses half of the random fluctuation peaks. This is not 
particularly important on wide bandwidths, but I have 
found it to be worthwhile at low frequencies, where only 
a few kilocycles of bandwidth may be secured due to 
crowded channels. 

IMPROVED APPARATUS AND TESTS AT 187 CM 

Before much data had been accumulated, a greatly 
improved receiver was designed on the basis of the 
above and other" equipment studies. The type 954 tube 
was still the best tube available in 1941. Improvement 
in sensitivity only seemed possible by increasing the 

bandwidth or lengthening the integration time. Since 
auto ignition disturbance was so severe, it was desirable 
that the integration time should remain short, in order 
that the auto disturbance might quickly clear when an 
offending car had passed. Thus I decided to widen the 
bandwidth to the maximum feasible. Wide-band cou-
plers of the Y type were designed using coaxial elements. 
The load resistance turned out to be about 7000 ohms 
for an 8-mc bandwidth, with some impedance step down 
from plate to grid. Again the whole affair was brazed 
into one piece. Because of the circuit complexity, con-
siderable time was required to align everything. It 
would have been nearly impossible without the signal 
generator. Finally, a five-stage receiver emerged having 
a gain of about 90 db over the frequency band of 156 to 
164 mc, compared to only 0.16-mc bandwidth of the 
earlier design. To maintain bandwidth, the diode load 
resistor was reduced to 15,000 ohms. This had the effect 
of reducing and stabilizing the velocity potential. The 
wide bandwidth eliminated the detuning caused by the 
temperature effects and the resistor on each grid did 

14 Grote Reber, "Cosmic static," PROC. IRE, vol. 30, pp. 367-378; 
August, 1942. 

16 Grote Reber, "Filter networks for uhf amplifiers," Electronic 
Indus., vol. 3, pp. 86-198; April, 1944. 



1958 Reber: Early Radio Astronomy at Wheaton, Ill. 21 

wonders for holding the stage gain constant. This re-
ceiver is nearly impervious to mechanical and electrical 
shock. The traces became sharp and clear; sensitivity 
and stability were sufficient to read to 0.001 of total 
output voltage during a run of several hours. It was 
operated for several thousand hours, merely by re-
placing a 954 from time to time. The antenna system 
was broad-banded by removing the front iris, so that the 
drum had full aperture toward the mirror, and by re-
placing the wire dipole inside with two aluminum cones, 
also made by ALCOA, having a 15° angle of rotation. 
Now that really worthwhile electronic equipment 

was at hand, a complete survey of the sky was under-
taken early in 1943. Data also could be secured during 
the day, except that the traces were quite rough due to 
auto disturbances. For some reason, the sun was not 
tried until September. A relatively high-gain setting 
was used, corresponding to the weaker parts of the 
galaxy then under observation. On the very first try the 
quiet sun put the pen hard against the pin at full scale 
for half an hour near meridian transit. Two further day's 
tries were required before proper on scale readings were 
obtained. The observations continued daily up to the 
middle of 1944 before a complete coverage of the avail-
able Milky Way was secured. During these years, the 
sun was at low activity and the solar traces were all 
very much alike and uninteresting. The results" were 
published in 1944 and included a polar diagram of the 
antenna pattern taken on the strong source in Cas-
siopeia. At the time, it was not realized that at the 
center of these contour circles there was actually a 
minute object of very high surface brightness. If the 
solar data reported should change into units of tempera-
ture, then the sun could be represented by a disk one-
half a degree in diameter at a temperature of slightly 
less than a million degrees. This had no meaning at the 

time. 
The first man-made electronic interference appeared 

during this survey. It was caused by badly adjusted iff 
transceivers in aeroplanes. The squitter could be heard 
for many miles when the plane crossed the antenna 
acceptance pattern. The ignition systems in commer-
cial planes were shielded sufficiently well so that no 
sparking could be detected. A few small private planes 
were heard, but these rarely operated at night. 

APPARATUS AND TESTS AT 621 CM 

When it became apparent, toward the end of 1943, 
that the situation was fairly well in hand at 160 mc, I 
cast about to see what could be done at higher frequen-
cies to improve the resolution. An increase of two to one 
would be the least acceptable and three to one would be 
more interesting and significant. Cosmic static, clearly 
now, had an inverse intensity vs frequency relation. 

16 Grote Reber, "Cosmic static," Astrophys. J., vol. 100, pp. 279-
287; November, 1944. 

Consequently, the effective sensitivity should be at least 
equal to, and preferably surpass, that achieved at 
160 mc. The use of a rather anemic commercial signal 
generator covering a frequency range from 400 to 
550 mc also became available. Therefore, I decided on a 
new operating frequency of 480 mc. 
The only tube offering any hope as an rf amplifier, to 

which I had access, was the RCA orbital beam type 
A5588A. A four-stage amplifier providing a gain of over 
100 db on a bandwidth of 10 mc was constructed in 
1944. These tubes certainly would amplify but that is 
all that can be said for them. The secondary emitter had 
a life of only 50 hours or so and the internal fluctuation 
voltage was exceedingly high. 
A re-examination of the antenna focal apparatus was 

made to improve its efficiency" and broad-band char-
acteristics. The drum had desirable properties of shield-
ing which should be retained, but it was cumbersome 
and tended to be rather sharply resonant. The concept 
of its operation was that the field radiated from a 
virtual image point in the aperture plane which was 
made coincident with the focal point of the mirror. The 
drum acted more or less like an ellipse which trans-
formed this virtual image point back to the antenna. 
I decided it would be best to do away with this image 
transformation and place the tips of a cone antenna di-
rectly at the focal point of mirror. Since the field from a 
cone antenna is nominally radial, a hemispherical shield 
should be provided over the back half of cones with a 
radius of about one-half wavelength. Several models 
were built and tested." 
A couple of months observations were made during 

the spring of 1945 using the four-stage amplifier and the 
new focal point apparatus. The results were very poor 
since the Milky Way could not be detected, nor even 
the quiet sun. On one day only the sun was detected 
when it was radiating in a steady but enhanced manner. 
The significance of this was not realized at the time. 
Just how poor this equipment was, could easily be 
guessed by the fact that auto ignition disturbance 
rarely was detected. Since these electron multiplier 
tubes cost thirty dollars each and could be seen to 
rapidly die in a few hours, the cost of observation 
averaged several dollars an hour. In fact, the best part 
of the life of a new tube was used up in getting the set 
aligned. Thus, not only were the results practically nil, 
but operation was very uneconomical. 

IMPROVED APPARATUS AND NEW TESTS AT 62¡ CM 

Even before the four-stage amplifier was finished, it 
was clear that it would be rather ineffective. By using 
special dispensation, I secured some GE 446B light-
house tubes in the summer of 1945. These had markedly 

17 Grote Reber, "Reflector efficiency," Electronic Indus., vol. 3, 
pp. 101-216; July, 1944. 
" Grote Reber, "Antenna focal devices for parabolic mirrors," 

PROC. IRE, vol. 35, pp. 731-734; July, 1947. 
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less gain but were an immense improvement in life, sta-
bility, simplicity, and particularly low-internal fluctua-
tion voltage. A new six-stage amplifier with a 6-mc 
bandwidth was built using these high grade triodes. 

Observations commenced in the summer of 1946. Suc-
cess was immediate on both the Milky Way and the 
sun. Also, automobile ignition sparking now was very 
objectionable during the day. The galactic radiation 
was markedly weaker than at 160 mc, as was expected. 
However, the quiet sun was much stronger. Again the 
gain was set much higher than need be, so that the quiet 
sun held the pen at full scale for a quarter-hour on the 
initial try. There seems to be no way of guessing these 
matters in advance, especially with such an unknown 
phenomenon. In fact, it seemed that perhaps the sun 
was a black body radiator but the temperature would 
have had to be nearer a million degrees than the optical 
value of six thousand degrees. 
Most daytime observations were still unattended 

since I continued to work in the city. Examination of 
the solar records showed several cases where automobile 
ignition interference was abnormally strong and per-
sistent during a half hour or so near solar transit. Why 
the cars should pick this time to be particularly objec-
tionable seemed quite mysterious. In time, a similar 
circumstance occurred on a weekend when I was pres-
ent. Listening observations and pointing the antenna 
beam away from and towards the sun quickly unravelled 
the situation. The sun was, in fact, emitting hiss-type 
transients which rose to great amplitude and fell again 
in a second or less. These occurred repeatedly and in an 
overlapping manner, so that for a couple of minutes at 
a time the pen would remain hard at full scale. Ap-
parently there were many small independent sources of 
intense transient solar radio waves such as I had never 
encountered before." The phenomenon became more 
frequent by the spring of 1947. Also the background 
intensity rose and fell with irregular periods of a week 
or more." Obviously, circumstances in the sun were far 
different now than in 1943 and 1944. Also, as expected, 
much more detail was found in the structure of the 
Milky Way.2' The Cygnus region was divided into two 
loops. One of these turned out to be the now well-known 
colliding galaxies source of minute dimensions, as was 
previously suspected.22 The other is known as Cygnus-X 
and seems to be behind a dust cloud. One of the loops 
in Taurus later was identified as the Crab Nebula. A 
long slender source in Virgo now is suspected to be the 
resultant of local galactic clustering, that is, clustering 
of galaxies in the neighborhood of the Milky Way. 
These were the last set of observations completed at 
Wheaton, Ill. 

" Grote Reber, "Solar radiation at 480 mc," Nature, vol. 158, p. 
945; December, 1946. 

2° Grote Reber, "Solar intensity at 480 mc," PROC. IRE, vol. 36, 
p. 88; January, 1948. 
" Grote Reber, "Cosmic static," PROC. IRE, vol. 36, pp. 1215-

1218; October, 1948. 
22 G. Reber and J. L. Greenstein, "Radio frequency investigations 

of astronomical interest," Observatory, February, 1947. 

EQUIPMENT FOR USE AT 21 CM 

During the autumn of 1945, I met H. C. van de 
Hulst. He explained his theoretical work on neutral 
hydrogen and asked for my estimate of the possibility 
of detecting it. Since I did not know anything about the 
matter, I could not guess. Neither could he guess 
whether or not the line would appear in emission or in 
absorption. At the time I had only the unsatisfactory 
experience with A5588A tubes at 480 mc. If the line were 
to be observed in absorption, the matter would be prac-
tically hopeless; if in emission, then there might be some 
possibility. In any case, before trying more microwave 
experiments, it seemed best to have the lighthouse tubes 
going at 480 mc. By the autumn of 1946, this had been 
accomplished. 

Consideration was then possible for work at 1420 mc. 
First, there was no test equipment. To remedy this, I 
built another signal generator covering the range of 
1200 to 1600 mc. The oscillator was modified from the 
transmitter section of an AB J type iff equipment and 
it uses a 2C43 tube with an inductive attenuator. Ex-
periment quickly showed that none of the GE light-
house tubes would be satisfactory amplifiers at 1420 mc. 
About this time Sylvania brought out a better version 
known as the 5768 rocket tube which was similar to 
some European tubes. A prototype stage was tested and 
found satisfactory. The necessary movable selectivity 
was to be obtained by an echo box bought on the surplus 
market; it has a bandwidth of about 50 kc. It was in-
tended to construct a multistage amplifier using the 
Sylvania tubes and insert the echo box in the chain. 
Provided that the amplifier was good enough to detect 
the continuum, it seemed likely that a fairly strong ab-
sorption line might be detected. If the line were to ap-
pear in emission, then so much the better. The entire 
setup was never completed because operations were 
closed at Wheaton, Ill., during the early summer of 
1947. In view of present day knowledge, it seems likely 
that the experiment would have been successful. 

ADDENDA 

The above was written in Australia during August 
and September, 1957 from memory and without re-
course to log books, etc., located in Wheaton and 
Hawaii. Thus, there may be some slight error in minor 
facts, for example, the date when certain tubes became 
available, etc. 
Two errors are worth correcting. The data" purport-

ing to show results from Andromeda Nebula were really 
chance drifts in the early equipment. Selected charts 
secured much later can be used to prove its existence. 
Equally good charts are available to deny it. The de-
tectability of this object was on the edge of equipment 
capabilities as already explained.2' If all the data had 
been combined statistically, as is common practice to-
day, the Andromeda Nebula certainly would have ap-
peared. This process is really one of greatly lengthening 
the integration time. 
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Using fluctuation voltage it is possible" to deduce the 
size of the elementary charges causing this voltage. 
When the result was published, a value corresponding 
to three electrons was given. This was an error caused 
by an incorrect and much too low value of capacity. 
Afterwards, the mistake was found and the proper value 
of electron charge secured in agreement with other 
methods. 

These old experiments at Wheaton were quite thrill-
ing at the time. My present experiments 23 at the other 
end of the spectrum in Tasmania using cosmic static at 
kilometer wavelengths fully equal the old in the realm 
of the unexpected. 
Much remains to be done. 

" Grote Reber, "Between the atmospherics," J. Geophys. Res. (in 
press). 

The Telescope Program for the National Radio 
Astronomy Observatory at Green Bank, 

West Virginia* 
R. M . EMBERSONt, SENIOR MEMBER, IRE, AND N. L. ASHTON$ 

Summary—A brief account is given of the initiation of the feasi-
bility study on the establishment and operation of the National 
Radio Astronomy Observatory at Green Bank, West Virginia. The 
principal research facilities will be the radio telescopes, and a series 

of such telescopes have been proposed. The desired performance 
characteristics are reviewed. A 140-foot steerable paraboloid on an 
equatorial mount has been designed. The steps leading to this de-
sign are described, as well as the general features of the designed 
and the expected operating performance. The National Radio Astron-
omy Observatory is being sponsored by the National Science Foun-

dation. 

INTRODUCTION 

I
N January, 1954, a conference' on radio astronomy 
was held in Washington, D. C., jointly sponsored 
by the National Science Foundation, the California 

Institute of Technology, and the Department of Ter-
restrial Magnetism of the Carnegie Institution of Wash-
ington. Participants included both United States scien-
tists and engineers, as well as numerous distinguished 
foreign visitors. The conference made clear to the US 
participants that the lead in radio astronomy had been 
taken by other countries, this despite such noteworthy 
contributions as Karl Jansky's initial discovery,' G. Reb-
er's pioneering work,' the tremendous advances in our 

Original manuscript received by the IRE, November 8, 1957. 
This work was supported by the National Science Foundation. 
t Associated Universities, Inc., New York, N. Y. 
University of Iowa, Iowa City, Iowa. 

1 "Proceedings of conference on radio astronomy, January 4-6, 
1954," J. Geophys. Res , vol. 59, p. 140; March, 1954. See also "Radio 
Astronomy Conference," Science, vol. 119, p. 588; April 30, 1954. 

2 K. Jansky, "Directional studies of atmospherics at high fre-
quencies," PROC. IRE, vol. 20, pp. 1920-1932; December, 1932. 

—, "Electrical disturbances apparently of extraterrestrial origin," 
PROC. IRE, vol. 21, pp. 1387-1398; October, 1933. 

3 G. Reber, "Cosmic static," PROC. IRE, vol. 28, pp. 68-70; 
February, 1940. 
- Astrophys. J., vol. 91, pp. 621-632; June, 1940. 

electronics techniques, particularly those related to ra-
dar and radio communications, and the first observation 
of the 1420-mc radiation of interstellar hydrogen by 
Ewen and Purcell.* The conference also indicated that 
US radio astronomy would fall behind further and 
further if steps were not taken to provide observing fa-
cilities comparable to those planned or being built in 
other countries. 
The equipment requirements of radio astronomers 

are of three general classes: the antenna system; the re-
ceiver and data processing equipment; and the ancillary 
power supplies, time and frequency standards and 
similar items. In most instances, the antenna is, by far, 
the most costly part of the observing equipment. Be-
cause of the cost and other factors most US radio 
astronomers have been working with antennas that are 
smaller and less effective than those of foreign scientists, 
who, soon after World War II, gained support of their 
respective governments for the construction of large 
radio astronomy equipment. The smaller size, or gain of 
an antenna, can be compensated for in part through 
better electronics—a receiver with a better noise figure 
and extreme stability to permit integration of the very 
weak celestial signals over longer periods of time; but 
for angular resolution and th.e avoidance of confusion, 
which is important to astronomers, there is no substi-
tute for aperture size. Hence, the conclusion from the 
January, 1954, conference was that larger and more ef-
fective antennas were needed in the United States. How 
to obtain them was another question. The suggestion 
was made that several institutions might join together 

4 H. I. Ewen and E. M. Purcell, Nature, vol. 168, p. 356; 1951. 
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in the construction of a large antenna, larger than any 
single institution could afford. In the spring of 1954, 
there were conversations between representatives of 
Harvard, Massachusetts Institute of Technology, and 
the Naval Research Laboratory on a proposal to con-
struct a large steerable paraboloid. This would be a gen-
eral purpose research tool, applicable to astronomical 
problems as well as to more immediately utilitarian 
studies, such as scatter propagation. The enthusiasm of 
the scientists and engineers was dampened by the high 
estimated cost of a large paraboloid. But the conversa-
tions continued, and a parallel was found in the research 
reactor and large accelerators at the Brookhaven Na-
tional Laboratory. This laboratory was established and 
is operated by Associated Universities, Inc.' under a 
contract with the Atomic Energy Commission. The 
research facilities there are enjoyed by visiting scientists 
as well as by those on the permanent staff. Why not 
establish a radio astronomy observatory along the same 
general pattern? 

After further conferences, the National Science Foun-
dation made a grant to Associated Universities, Inc. for 
a study on the feasibility of establishing and operating a 
radio astronomy observatory. The study included a 
search for a suitable site, plans for the site development, 
several investigations contributing to the design and 
construction of large antennas, and a plan for the or-
ganization and operation of the proposed observatory.' 
More recently, the National Science Foundation has 
contracted with Associated Universities, Inc. to estab-
lish and operate a National Radio Astronomy Observa-
tory at Green Bank, West Virginia. 

In the remainder of this article, the portion of the 
feasibility study and of subsequent contract activities 
related to large antennas will be discussed. To help in 
understanding decisions that have been made, it is de-
sirable to recognize that what an engineer regards as an 
antenna system is a telescope to the astronomer, and 
the astronomer routinely deals with signals that the 
communication engineer would regard as a small 
amount of noise. The term "telescope" will be employed 
in deference to the nomenclature of the astronomers, 
and we will regard it as an instrument for research, even 
though the tonnage of materials involved are about the 
same as for a destroyer. 
The nature of the signals studied by radio astrono-

mers is described in other articles in this issue of the 
PROCEEDINGS.7 Let us note briefly here that the signals 
are weak as judged by radio communications or radar 

• 

6 Associated Universities, Inc. is a nonprofit corporation chartered 
by the Board of Regents of the State of New York; the corporation 
is sponsored by nine universities: Columbia, Cornell, Harvard, Johns 
Hopkins, Massachusetts Institute of Technology, Pennsylvania, 
Princeton, Rochester, and Yale. 

B. J. Bok, "A national radio observatory," Sci. Amer., vol. 195, 
pp. 56-64; October, 1956. 

L. V. Berkner, "National radio observatory site," Sky and Tele-
scope, vol. 15, p. 398; July, 1956. 

J. W. Findlay, "Noise levels at a radio astronomy observatory," 
this issue, p. 35. 

standards. All wavelengths transmitted by the earth's 
atmosphere are represented (e.g., from less than 1-cm 
wavelength to more than 10 meters). There are some 
frequencies of particular astronomical importance be-
cause of relatively strong bright-line radiations associ-
ated with natural atomic and molecular processes, (e.g., 
the 21-cm radiation of the hydrogen atom). The typical 
celestial radiation is unmodulated white noise, and 
in some cases may be polarized. The signals come from 
many sources—from the sun, from the center of our 
Milky Way system or galaxy, from unique objects such 
as the Crab Nebula, from external galaxies, and from 
sources of such low visual luminosity that no optical 
identification has been possible. All that precedes is con-
cerned with radio astronomy in the passive or receiving-
only phase, wherein the transmitters are natural phe-
nomena and not under the control of the experimenter. 
The active or radar phase of radio astronomy is limited 
to the solar system, and there is no sharp line of de-
marcation between these studies and those of the upper 
atmosphere that stem from geophysical and radio com-
munications interests. Throughout this paper the dis-
cussion will generally be directed to the passive phase of 
radio astronomy, but most of what is said is equally ap-
plicable to the active phase. 

GENERAL DISCUSSION 

At the outset, the Advisory Committee' for the 
feasibility study pointed out that the observing require-
ments in the microwave region required a telescope with 
both high gain and high resolution. At meter wave-
lengths and longer, high resolution was the dominant 
requirement because of the more satisfactory status of 
the receiver art for such radiations. It was also noted 
that resolution at the longer wavelengths was a linear 
affair, e.g., a simple array or Mills Cross,' whereas the 
high-gain, high-resolution telescope for microwaves 
would involve a paraboloid, or something equivalent, 
and the cost would vary as the square or some higher 
power of the aperture. Thus a concept for the telescopes 
at Green Bank was formed early, namely, that the rela-
tively expensive paraboloids would be part of the perma-
nent equipment, whereas arrays would be regarded as 
expendable equipment and tailored to fit the particular 
needs of each observing program. This concept recog-
nizes that a paraboloid is inherently a broad-band de-

The feasibility study started early in 1955, with an Advisory 
Committee under the chairmanship of J. P. Hagen, Naval Research 
Laboratory, and composed of B. J. Bok, Harvard College Observa-
tory; A. J. Deutsch, Mt. Wilson and Palomar Observatories; H. I. 
Ewen, Harvard College Observatory; L. Goldberg, University of 
Michigan; W. E. Gordon, Cornell University; F. T. Haddock, Uni-
versity of Michigan; J. D. Kraus, Ohio State University; A. B. 
Meinel, University of Chicago; M. A. Tuve, Carnegie Institution of 
Washington; H. E. Wells, Carnegie Institution of Washington; and 
J. B. Weisner, Massachusetts Institute of Technology. When Dr. 
Hagen was made the head of Vanguard, he resigned his position on 
the Advisory Committee, and Dr. Bok served as chairman until he 
left to become the director of the Australian National Observatory. 

B. Y. Mills, A. G. Little, K. V. Sheridan, and O. B. Slee, "A high 
resolution radio telescope for use at 3.5 cm," this issue, p. 67. 
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vice, limited at one extreme when the aperture is the 
same order of magnitude as the longest wavelength to 
be observed, and at the other extreme when the irregu-
larities of the paraboloid surface (openings, if a mesh; 
deviation from the best-fitting true paraboloid) are a 
significant fraction of the shortest wavelength. 

There have been numerous theoretical studies on the 
short-wavelength limitations of paraboloid surfaces.n 
Experimental evidence and the theoretical predictions 
are in general agreement, Friis" and his colleagues hav-
ing shown with the Homdel 60-foot paraboloid that sur-
face deviations of 1/16th the observed wavelength have 
signifcance if utmost gain is the objective. From the 
experimental point of view, the radio astronomer does 
not have a free choice of what wavelength will be ob-
served. There are practical factors of interference from 
man-made sources. If these devices are intentional 
transmitters, they generally radiate in fixed bands 
which the radio astronomer will try to avoid. The as-
tronomers are also limited by the transparency of the 
earth's atmosphere. And, finally, the celestial radiations 
have a continuum plus certain bright lines (sometimes 
these may be observed as absorption lines,i2 similar to 
the Fraunhofer lines in the solar spectrum). As previ-
ously mentioned, one of the most important of these 
"bright lines" is the 21-cm radiation from atomic hydro-
gen, because hydrogen is a fundamental building block 
of the universe and the most abundant element found 
not only throughout our Milky Way system, but in 
other galaxies as well. Because of the great importance 
of this hydrogen radiation, any general purpose radio 
telescope must be capable of working effectively at 21 
cm." Thus it is seen that, independent of the diameter, 
a paraboloid for a radio astronomy telescope must meet 
a surface tolerance of + -} inch to be ideal for 21-cm 
work; of course, the paraboloid would have value if the 
surface irregularities were greater than 1/16th the wave-
length, but the over-all antenna gain would suffer. Fur-
thermore, if the irregularities were systematic in char-
acter because of the manufacturing process, curious 

10 S. Silver, Ed., "Microwave Antenna Theory and Design," 
Mass. Inst. Tech. Rad. Lab. Ser., vol. 12, McGraw-Hill Book Co., 
Inc., New York, N. Y.; 1949. 

R. C. Spencer, "Multiple Feed High-Gain Antennas for Radio 
Astronomy," paper presented at IAU conference; May 27, 1955. 

D. J. Cheng, "Study of Phase Error and Tolerance Effects in 
Microwave Reflectors," Syracuse Univ. Res. Inst., Syracuse, N. Y., 
Contract No. AF 30(602)-924; December 31, 1955. 

11 J. Robieux, "Influence of the Manufacturing Precision of an 
Antenna on its Performance," Compagnie Generale de T.S.F., Paris, 
France, Contract No. AF 61(514)-737C; May 27, 1955. 

A. B. Crawford, H. T. Friis, and W. C. Jahes, Jr., "A 60-foot di-
ameter parabolic antenna for propagation studies," Bell Sys. Tech. 
J., vol. 35, pp. 1199-1205; September, 1956. 

J. Ruze, "Physical Limitations on Antennas," Mass. Inst. Tech., 
Res. Lab. Electronics, Cambridge, Mass., Tech. Rep. No. 248; 
1952. 

12 A. E. Lilley, "The absorption of radio waves in space," Sci. 
Amer., vol. 197, pp. 48-55; July, 1957. 

12 The giant 250-foot telescope of the University of Manchester, 
nearing completion at Jodrell Bank, was conceived by Prof. Lovell 
before the hydrogen radiation had been observed: a redesign of the 
reflector has been accomplished while the telescope was being con-
structed in order that 21-cm observations might be undertaken. 

effects might be introduced into some experiments, such 
as polarization measurements. 
With the minimum acceptable specification for the 

surface tolerance essentially predetermined, there re-
mains for selection only the diameter and focal length 
(or f/d ratio). Of these, the f/d ratio is the easier to fix. 
The choice depends primarily on the rf feed that will be 
placed at the focus to "illuminate"" the paraboloid. 
Here some compromises are necessary, although there 
is general agreement that the f/d ratio should be less 
than 0.5 and greater than 0.25. A ratio of 0.5 would 
have certain advantages if multiple feeds or clusters are 
employed at the focus. But the consensus is that an f/d 
ratio of 0.40 to 0.45 is best for horn-type feeds, which 
will be employed for work at 21-cm and shorter wave-
lengths. 
The diameter of the paraboloid may not be freely 

chosen. As already mentioned, the cost of a radio tele-
scope varies as some power, greater than two, of the di-
ameter; and because of the predetermined surface spec-
ification, the structural problems of the telescope are 
important factors. Early in the feasibility study for the 
radio astronomy observatory, structural engineers were 
asked to estimate at what size a conventional steerable 
paraboloid, such as the Jodrell Bank telescope, would be 
limited by the strength of the materials available for its 
construction. The answer to this question is not unique, 
depending on what assumptions are made. To illustrate, 
consider a simpler structure, namely, a tower. It is per-
haps technically feasible to construct a tower 29,000 
feet tall and meeting quite strict specifications for rigid-
ity. The completed structure might closely resemble 
Mount Everest and would be fantastically costly. If an 
equally extreme design were adopted for a telescope, a 
truely enormous aperture might be obtained; but if 
more or less conventional designs are visualized, aper-
tures of two to three thousand feet should be possible 
before the physical characteristics of the structural ma-
terials would be limiting. There was unanimous agree-
ment that the cost of such a telescope would be beyond 
the budget available for the initial establishment of the 
observatory. 
The above considerations gave rise to numerous sug-

gestions for unconventional or exotic designs—huge 
bowls carved in the surface of the earth; a floating 
sphere with the paraboloid set into the upper portion; 
phased panels arranged to be equivalent to an optical 
zone or Fresnel lens. These suggestions were rejected 
as being unproven and, hence, too great a gamble for 
inclusion in the early planning stages for the observa-
tory or as being limited in applicability to general re-
search problems. Even the so-called conventional ap-
proach offers very many solutions, depending on the de-
tailed choices made by the designer. As the studies pro-

14 In the discussion of antenna patterns, the usual custom is 
adopted for a transmitting system rather than for a passive receiving-
only system. 
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ceeded, it became evident that there was no uniquely 
best design for a radio telescope, even if the problem 
were narrowed by closely specifying the diameter and 
other performance characteristics. 
At the same time that the preceding studies were 

undertaken, an investigation was made of the feasi-
bility of housing very large telescopes in a radome, 
thereby relieving the telescope of most climatic dis-
turbances, particularly winds and solar heating. Two 
types of radomes were considered: those made of flexible 
material and supported by air;" and those made of 
rigid, self-supporting surface panels." Both types have 
been employed to house military radars. In theory, the 
air supported type is more attractive, because the ab-
sence of any thick struts or braces would eliminate 
many possible secondary sources that might introduce 
spurious signals or distorted polarization effects. It is 
important to note here that a military radar operates at 
essentially a fixed wavelength and the characteristics of 
a rigid radome may be selected so as to minimize the 
possible diffraction and interference effects; radio as-
tronomy, on the other hand, is interested in wave-
lengths from 1 cm to 10 m and it is not possible to 
"broad band" the structural radome design for this large 
portion of the spectrum. On the other hand, the air sup-
ported fabric for a radome could be kept thin, compared 
even to a 3-cm wavelength and could be made very 
homogeneous; acceptable dielectric and absorption con-
stants were predicted from measurements made on the 
materials used in the military radornes." A tentative 
design was made for a radome large enough to house a 
500- or 600-foot telescope. In order that the radome 
would not burst when the barometric pressure fell (or 
that the fabric would not droop on the telescope when 
the barometric pressure rose), automatic fans or blowers 
would be necessary to move air in or out of the radome. 
These and related technical problems could be solved, 
but no assurance could be obtained on the life of the 
radome fabric exposed continuously to climatic factors. 
Five or ten years is a long time by military standards: 
many equipments are obsolete in shorter times. But by 
astronomical standards, a radome life of 25 years seemed 
to be minimal. The presently available radome ma-
terials cannot promise such durability, even with careful 
annual maintenance at a considerable cost. The combi-
nation of maintenance cost and capital outlay amortized 
over a few years is prohibitive. Accordingly, a funda-
mental decision was made to design all telescopes to 

16 W. Bird, "Design and Fabrication of Experimental Radome 
and Associated Equipment," Cornell Aeronaut. Lab., Ithaca, N. Y., 
1954. See also Lee, May 9, 1949 and January 4, 1954. 
" R. B. Fuller, "Industrial logistics and design strategy," Penn. 

Triangle, Army-Navy-Air Force J., vol. 2, October, 1954. See also 
private communications and presentations, IAU conference; March 
25, 1955. 

17 L. C. Van Atta, private communication: 

Material 

S-82D Fiberglass 
S-84D Nylon 

Dielectric 
Constant 
4.57 
3.50 

Loss 
(at 3000 mc) 

0.039 
0.041. 

stand in the open. This decision was made with full 
recognition that observations requiring the utmost per-
formance of the telescope would have to wait for favor-
able observing conditions, e.g., little or no wind, over-
cast sky or at night, to minimize thermal effects. 
The 250-foot telescope at Jodrell Bank, which was 

well started in 1955, elicited the suggestion that a larger 
telescope be considered for the observatory at Green 
Bank. Accordingly, a study was undertaken," not for 
the immediate purpose of designing and constructing 
the larger telescope, but primarily to learn what struc-
tural problems would be involved. A diameter of 600 
feet was assumed for the paraboloid, with the added 
stipulations that the telescope be effective for 21-cm 
work and that structural materials be employed eco-
nomically, in the hope that the cost might be held down. 
The results of the study were that the cost would exceed 
$10 million and that the performance specifications 
could not be met unless either enormous quantities of 
materials were employed (the Mount Everest solution), 
or compensating devices were incorporated. The latter 
solution appeared more feasible and was explored to de-
termine the nature of the compensation that would be 
needed. An altazimuth mount, similar to that of the 
Jodrell Bank telescope, had been adopted for the 600-
foot study, and this proved to be an advantage when 
compensations were added because gravity deforma-
tions were single-valued functions of the altitude angle. 
By this point in the feasibility study for the radio as-

tronomy observatory, a telescope program had been 
formulated, as follows: 

1) A small telescope (10- or 20-foot aperture) mounted 
on the roof of the laboratory building to be avail-
able for testing electronic components undergoing 
alignment or repair, and otherwise to be available 
for observation; 

2) An intermediate telescope, perhaps similar to the 
60-foot telescope at Harvard's Agassiz Station ;19 

3) A 140-foot telescope, to be a precision instrument, 
comparable in precision at its size to the 50-foot 
telescope at the Naval Research Laboratory; 

4) A 300-foot telescope, to be a precursor for a larger 
telescope; 

5) A 600-foot telescope, perhaps the largest com-
pletely steerable paraboloid to be built; 

6) Provision for arrays and for mobile equipment 
brought by visiting astronomers. 

More recently, the telescope program has been modified 
to include more than one of the intermediate telescopes, 
item 2). Some consideration is being given to abandon-
ing the fourth and fifth items in favor of a very much 
larger telescope, increased gain and resolution being 

" J. Feld, "Feasibility Study of 600-foot Diameter Radio As-
tronomy Reflector," private communication; July 20, 1955. 
" D. S. Heeschen, "Harvard's new radio telescope," Sky and 

Telescope, vol. 15, pp. 388-389; July, 1956. 
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bought at the expense of steerability or sky coverage. 
The 140-foot telescope is the most challenging prob-

lem of the present program. The specifications for this 
instrument were drafted in 1955 and are reproduced as 
follows, along with revisions that seemed desirable as 
the design studies proceeded. 

1) Focal length/diameter ratio, 0.35 to 0.5, with the 
larger value preferred; 

2) Surface tolerance, +1 inch over the entire aperture 

and + I- inch over the inner half aperture; 
3) Surface material, to be electrically equivalent to a 

continuous sheet with the largest dimension of any 
opening not more than I inch; 

4) RF feed support, capable of a 500-pound load held 
to inch of correct position; 

5) Rigidity and drive and control system to be capable 
of an accuracy of 5 per cent of the beamwidth at 
half power for 10-cm radiation, or about 30" of 
arc. Design for normal use in winds to 30 mph and 
with slight reduction of accuracy in winds to 45 
mph. In addition to a polar axis tracking rate, both 

axes will have a variable scanning rate, from 10' to 
4° per minute of time, and a maximum slew rate 
of 30° per minute of time. 

By the fall of 1955, it seemed desirable to amend the 
specifications, the paraboloid tolerance over the entire 
surface being reduced to + I inch and the angular pre-
cision of the instrument set at 5 per cent of the half-
power beamwidth for 3-cm radiation or 10" of arc. 
About a year later, further revisions were made. The 
precision desired for the paraboloid surface was rede-
fined, as follows: For wind speeds up to 16 mph, the 
root-mean-square deviation from the best paraboloid 
shall be no more than + I inch for all positions of the 
paraboloid. Under a no-wind condition and for zenith 
distances of less than 60°, the surface accuracy should 
be as much better than +1 inch as can be obtained 
without appreciably increasing the cost of the reflector. 
The paraboloid surface shall be adjustable by means 
of rear-mounted studs or other means. The number of 
rigid panels that make up the surface shall be kept as 
small as is consistent with the surface tolerances de-
manded of the panels. The specifications for the rigidity 
of the mount and for the drive and control system were 
modified to include conditions of no wind and of 16 mph; 
it appeared that at Green Bank the winds would be less 
than 16 mph for at least 80 per cent of the time. 

Wind Condition Zero Wind 16-mph Wind 

Absolute pointing accuracy 
Relative pointing accuracy* 
Tracking accuracy over 15 min-

ute time 
Tracking accuracy over 1 hour 

or more 

±30" 
+10" 

±10" 

±20 

+40" 
+20" 

± 20" 

± 40' 

* Relative pointing accuracy is defined as the accuracy with which the telescope 
can be moved from one point to another point, assuming the subtended angle be-
t ween points is under 30* and that both points are 30 or more above the horizon . 

Concerning over-all rigidity, it was specified that the 
entire structure be designed to act as a simple elastic 
body for all expected gravity or wind loads, in addition 
to the general understanding that such deflections or 
deformations be kept as small as might be consistent 
with an economical employment of structural members. 
The specifications for the support of the rf feed were 

modified to accommodate anticipated requirements for 
more complex and, hence, more bulky and heavier 

equipment to be held at or behind the focus; to provide 
for a load of 1000 pounds; and to be supported by a 
tripod or tetrapod mount, the mounting base or plate to 
be not less than 4 feet behind the focus. Deflections due 

to gravity, as the telescope is moved about the sky, 
should be not more than I. inch laterally from the axis 
of the paraboloid. A tolerance of 1/16 inch is desirable 
if it can be achieved at no great additional expense. The 
focal length shall be 60 feet, making the f/d ratio 
about 0.43. 

After some preliminary exercises that proved that no 
one had had experience in building anything similar to 
the proposed telescope but that were, perhaps of educa-
tional value, a decision was made for AUI to develop a 
design for the telescope in which we had confidence. 
Three independent design studies were initiated. The 
first was undertaken by Husband, the man primarily 
responsible for the construction of the 250-foot telescope 
at Jodrell Bank. The second was undertaken by D. S. 
Kennedy & Co. of Cohasset, Mass., the firm with the 
most large-reflector experience in the United States. A 
third study was undertaken by Feld. It is important to 
note that his design development was on a different ba-
sis than the first two. They were free to choose any com-
bination of features that would produce an efficient de-
sign promising the desired performance. The Feld 140-
foot study was to develop further some of the concepts 
of the 600-foot study, thereby providing experience with 

essentially a quarter-scale model and all to be competi-
tive, dollar-wise, with the two other designs. 
The main features of the Husband design are shown 

in Fig. 1. This design was independently conceived but, 
nevertheless, strongly resembles a design for a 220-foot 
telescope proposed by Grote Reber in 1948, Fig. 2 (p. 29). 
Reber was too far ahead of US science and technology. 
In his own words, ". . . for the most part the attitude 
was that I was harmless and if no interest was shown in 
what I was saying, I would go away quietly." The 
Reber-Husband concept supports each point of the re-
flector by structural elements that carry the load di-
rectly to the ground. The large horizontal cylinder, 
which rotates on rollers as well as on axial bearings, 
gives great depth and, hence, rigidity to the reflector. 
Rotation from horizon-to-horizon through the zenith is 
possible. The cylinder is mounted on a huge bridge or 

carriage that can rotate about a vertical axis; a small 
part of the load is carried on a central bearing and the 
remainder is carried by wheels rolling on circular rails 
or tracks. This altazimuth mount permits complete 
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Fig. 1—Drawing by Husband & Company of Sheffield, Eng. for the proposed 140-foot altazimuth telescope design. The two end elevations 
show the reflector pointed to the zenith and horizon. The front elevation again shows the reflector pointing to the zenith. The plan view 
shows the quadraple support for the antenna feed. 

coverage of the sky. In order to track a celestial object, 
i.e., to point the telescope constantly in one direction 
in space by compensating for the rotation of the earth, 
it is necessary that there be simultaneous motions about 
both the altitude and azimuth axes. This coordinate 
conversion from altitude and azimuth (or elevation and 
bearing, for those trained in other services) to the as-
tronomers' hour angle and declination (most easily un-
derstood as the celestial counterparts of terrestrial longi-
tude and latitude) will be discussed in more detail later. 

Fig. 3 and Fig. 4 show the principal features of the 
Kennedy design. The base of the telescope is a vertical 
cylinder or silo. A huge D-shaped turret rotates on top 
of the silo, thereby providing azimuth motion. The re-
flector may rotate about an axis that approximately 

coincides with the upper straight edge of the D-shaped 
turret. This altitude motion is limited to about 90°, 
from horizon to zenith. But the D turret may be rotated 
through 360° and, hence, complete sky coverage is avail-
able. 
The Feld design is novel, as shown in Fig. 5, in that 

the parabolic reflector is a thin shell, so thin compared 
to the diameter as to be similar to an egg shell. The re-
flector is supported by a massive ring girder. The tend-
ency of the shell to turn the ring inside out is counter-
acted by stressed cables from the lower edge of the ring 
to a central work station where adjustment of the ten-
sion in each cable would be possible. The ring girder is 
supported on two diametrically opposed shafts, and a 
cross truss, quite independent of the parabolic shell, ties 
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Fig. 2. Revolutionary concept of 220-foot radio telescope 
designed by Grote Reber. 

Fig. 3—General side elevation of 140-foot altazinitith telescope 
proposed by D. S. Kennedy Company of Coha.sset, Mass. 

these shafts together. Rotation through 360° on these 
shafts permits the reflector to point from horizon to 
horizon and also, when the reflector is in the inverted 
position, brings the paraboloid focus down for easy 
access, a desirable feature if frequent changes or adjust-
ment of the rf feed and other focal region components 
are necessary. A bridge and tower system, similar in 
appearance to the 250-foot telescope, provides azimuth 
rotation through 360°. In this instance, most of the 
gravity load is carried on the central bearing and the 
wheels and circular tracks are to take care of wind loads. 

These three designs, dissimilar as they appear, have 

Fig. 4—Rear elevation of Kennedy design, showing 
truss structure of the reflector. 
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Fig. 5—General view of the 140-foot altazimuth radio telescope 
design proposed by Dr. Jacob Feld of New York, N. Y. 

one thing in common: all are altazimuth mounts. In 
retrospect, this coincidence is not surprising. The de-
signers were given desired performance specifications 
and asked to provide a telescope to give that perform-
ance. Each approached the problem from a structural 
point of view and each adopted the altazimuth mount 
as the simplest and most economical structure. Whether 
or not the altazimuth concept for a telescope is the 
cheapest when drive and control as well as structure are 
considered is another matter. Numerous factors are in-
volved. Reference has already been made to the fact 
that astronomers usually employ a celestial coordinate 
system of hour angle and declination. Hour angle is 
measured east or west of the local meridian plane, just 
as longitude on the earth is measured east or west of the 
Greenwich meridian. Declination is measured north or 
south of the equator plane. Most astronomical optical 
telescopes are equatorially mounted: there is a polar 
axis parallel to the earth about which hour angle is 
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generated, and there is a declination axis perpendicular 
to the polar axis about which declination is generated. 
The preference for an equatorial mount is dictated by 
the observational requirement that the telescope be 
capable of pointing continuously and precisely at any 
chosen celestial object. 

If only approximate celestial tracking is required, the 
equatorial mount is simplicity itself. If great precision 
is desired, the drive and control for an equatorial mount 
becomes more complicated. The sidereal rate is correct 
only for a star or other very distant celestial object. If 
observations are being made of some member of the 
solar system, a corrected rate is necessary for the polar 
axis rotation; the correction is very large for the moon 
because it makes one revolution around the earth in 
about a month; the correction for the sun is smaller be-
cause its apparent movement through the sky requires 
one year. During the course of several hours of observa-
tion of a member of the solar system, the corrected 
polar axis rate may be regarded as constant, but it will, 
of course, vary appreciably from date to date. All mem-
bers of the solar system revolve in planes that usually 
are close to but not coincident with the earth's equator 
plane. Hence, there are northward and southward mo-
tions that require small positive or negative declination 
rates for the telescope. Any refractive effects of the 
earth's atmosphere will introduce small deviations be-
tween the apparent rates of a celestial object and those 
predicted from an ephemeris. These atmospheric devia-
tions are largest for celestial objects near the horizon 
and become smaller the closer an object approaches the 
zenith. Hence, small variable corrections may be neces-
sary for both the polar and declination rates. Finally, 
any systematic errors of the telescope—errors in the 
drive gears or bending of the telescope due to gravity 
loads—will enter into the most precise angular measure-
ments. Of course, an observer may carefully calibrate 
the telescope deflections and then apply any necessary 
corrections to the polar and declination drives. It is also 
important to note that all of the relatively small correc-
tions discussed above need be applied to the drives of 
the equatorial telescope only when utmost precision is 
desired. It is equally important to observe that this pre-
cision can be obtained only if the basic drives are in-
herently stable and repeatable and, hence, within the 
precision tolerances given, free of large random errors. 

All that has been said concerning the drives for an 
equatorial mount applies to an altazimuth mount. In 
addition, the altazimuth mount requires some means of 
conversion from azimuth and altitude to hour angle and 
declination. A moment of consideration of the path of a 
celestial object as it rises in the east, passes across the 
meridian, and sets in the west, makes it clear that the 
corresponding azimuth motion is always in one direction 
but the rate varies slowly, being a maximum as the ob-
ject crosses the meridian and being symmetrical with 
respect to the meridian. The maximum value is not the 
same for all celestial objects but depends on the zenith 

distance at the moment of crossing the meridian. If the 
object should pass through the zenith, a momentary in-
finite azimuth rate would be required of the telescope. 
This mechanical impossibility is avoided by the estab-
lishment of a small zone about the zenith of 3° or 5° 
radius, through which the telescope is not expected to 
track automatically. The altitude motion of a celestial 
object that traverses the sky also changes slowly, de-
pending on the zenith distance of the object. The alti-
tude rate has its maximum upward value when the ob-
ject is on the eastern horizon; the rate becomes zero as 
the object crosses the meridian; the rate is maximum 
downward when the object is at the western horizon. 

Provided zenith passage difficulty is avoided, azimuth 
and altitude rates are slowly and smoothly varying func-
tions of hour angle and declination. But in order that the 
instantaneous position of the telescope as well as the 
azimuth and altitude rates be determined with the pre-
cision given in the telescope specifications, it is necessary 
that the coordinate conversion device, whether electri-
cal, mechanical, or a combination, be inherently stable 
and repeatable within the specific tolerances. 
A basic study" was made of the drive and control 

system for a 140-foot radio telescope. Various firms that 
manufacture drive and control equipment were con-
sulted on many aspects of the problem. These explora-
tions were not exhaustive, but it became clear that at 
least one technically feasible solution existed for each 
part of an altazimuth drive and control system. These 
solutions automatically include an equatorial system. 
A cost study" on a uniform basis was made of equa-

torial and altazimuth telescopes. From this it became 
evident that the cost of coordinate conversion, by itself, 
was a function of the precision desired and not directly 
controlled by the size and other design details of the 
telescope. It also became clear that an equatorial mount 
was structurally quite easy for a small reflector. But as 
the reflector size increased, the equatorial mount be-
came relatively difficult and more expensive, compared 
to an altazimuth mount, because of the large counter-
weights or equivalent devices required that, in turn, de-
manded larger and stronger bearings and other parts of 
the structure. This study could not demonstrate that for 
a 140-foot reflector one type of telescope would be much 
cheaper than the other. It was summarized by Rod-
erick" that the 140-foot size was unfortunate because 
it was in the middle of the "gray" area and thus not 
determinate. From Tasmania, G. Reber" wrote: "The 

20 J O. Silvey and D. V. Stallard, "A Study of Position Measure-
ment and Control System for a Proposed 140-Foot Radio Telescope," 
M.I.T. Servomech. Lab., Cambridge, Mass., private communication; 
May 1. 1956. 
" T. C. Kavanagh, private communication; January 4, 1957. 

Background information and estimates were kindly provided by 
J. Feld, H. C. Husband, D. S. Kennedy, and others. 
" J. W. Roderick, private communication; Prof. Roderick is a 

consultant to the radio telescope design study that is being'conducted 
by the CSIRO, Sydney, Australia. Thanks are due to Dr. E. G. 
Bowen and his colleagues for a profitable exchange of information. 

28 G. Reber, private letter; October 7, 1956. 
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140-foot figure seems to have been arrived at as some 
kind of compromise. It is a peculiarly unfortunate one. 
Over the years I have been investigating various as-
pects of large mirror design. It is quite clear that every-
thing up to about 100 feet should be made equatorial. 
At 200 feet this is impossible. Only an altazimuth mount 
is feasible. Within this range 100 to 200 feet the prob-
lem is indeterminate and much time and effort may be 
expended trying to find a best solution. . . . " 

Other factors should be considered in deciding be-
tween an equatorial or altazimuth mount for a radio 
telescope. With an altazimuth telescope, one edge of the 
reflector is always up (except for the unique situation 
when the reflector is pointing to the zenith). This single 
aspect with respect to gravity will simplify any correc-
tions that might be necessary due to gravity deforma-
tions, e.g., bending of the support of the rf feed at the 
focus, sagging of the reflector, or bending of the support-
ing structure, because the compensating devices will 
need be controlled by the altitude angle only. On the 
other hand, if a reflector is equatorially mounted, the 
reflector essentially rolls on its rim in the course of 
tracking a celestial object from the eastern horizon 
across the meridian to the western horizon. Thus any 
compensating devices for an equatorial telescope must 
be controlled by two coordinates, hour angle and decli-
nation. Similarly, if observing corrections are necessary 
for atmospheric refraction, for spurious signals scattered 
by the ground, or for any other cause dependent on the 
altitude angle, such corrections are simpler for an altazi-
muth instrument. On the other hand, because an equa-
torially mounted reflector rolls on its rim, the reflector 
does maintain a fixed position with respect to directions 
in the sky. This characteristic could be observationally 
important if polarization or similar phenomena were 
being studied that are characterized by fixed position 
angles in the sky. Admittedly, this latter factor would 
vanish if both the rf feed at the focus and the surface of 
the paraboloid were symmetrical in all directions with 
respect to the axis of the paraboloid, but seldom would 
this be true. 

Finally, in addition to the factors already enumer-
ated, it was necessary to recognize the bias of the astron-
omers in favor of an equatorial mount. It is only fair to 
say that in some instances the bias is intuitive, whereas 
for others it results from unhappy experiences with 
electronic and electrical equipment; whatever the rea-
son, the consequence is that these astronomers prefer 
structural complexity to electronic or electrical com-
plexity. The merits of these arguments will be disputed 
by many readers of the PROCEEDINGS; but because 
astronomers will be using the telescope, a decision was 
made in the late fall of 1956, to table further considera-
tion of altazimuth mounts and to concentrate on an 
equatorial telescope. 

D. S. Kennedy & Co. completed the equatorial 60-
foot telescope at the Agassiz Station of the Harvard 
College Observatory and equatorial proposals were 

made by both Feld and Husband. In all cases, the as-
tronomers and engineers advising AUI were not satis-
fied. Accordingly, at the time the decision was made to 
concentrate on an equatorial telescope, a decision was 
also made to start a new design. Also, it was decided to 
develop this design with the ad hoc group of scientists 
and engineers reviewing the work at frequent steps 
rather than upon completion, thereby insuring that the 
best suggestions from a large group could be considered 
for incorporation. Ashton" agreed to undertake the de-
sign work under the unusual condition of almost contin-
uous review by an official advisory group." The remain-
der of this article will be concerned with the equatorial 
design for a 140-foot radio telescope that is the result of 
this joint effort. 
The decision for an equatorial telescope placed a 

major share of the design problems on the structure. 
These will be discussed in detail elsewhere." The read-
ers of the PROCEEDINGS will be interested in the broader 
aspects of the structural concepts and of their relation 
to the drive and control and other problems. The specifi-
cations given earlier apply. In addition, a solid surface 
for the reflector was specified in order to minimize 
difficulties at short wavelengths and with phenomena 
involving polarization. 
The general features of the design are shown in Fig. 6— 

Fig. 9, which are photographs of a model constructed for 
test purposes. The foundation will be made of concrete. 
The polar shaft rotates on two bearings that are adjust-
able to permit alignment of the polar axis of the tele-
scope with the axis of the earth. A yoke and a drive gear 
of 42-foot radius are attached to the north, or upper, 
end of the polar shaft. At the upper ends of the yoke are 
two bearings for the declination shaft; these are movable 
to permit adjustment of the declination axis to be per-
pendicular to the polar axis. Steel is contemplated for all 
metal up to the declination axis. The reflector, support-
ing structure and 35-foot radius wheel for the declina-
tion gear, are made of aluminum. 
The foundation stands about 40 feet high, not includ-

ing the subsurface portion that extends down to the 
rock strata 30 feet below the existing ground level. The 
large volume inside the foundation will be utilized for 
the control and observing station and for housing trans-
formers, motors, pumps and similar ancillary equip-
ment. The telescope proper will weigh approximately 
2000 tons. In addition, for the survival condition of a 

24 N. L. Ashton, 820 Park Road, Iowa City, Iowa; Prof. Ashton 
designed the 50-foot parabolic reflector that was built for the Naval 
Research Laboratory by the Collins Radio Company. 

25 This ad hoc advising group consists of T. C. Kavanagh, chair-
man, P. P. Bijlaard, N. A. Christensen, A. M. Freudenthal, J. O. 
Silvey, D. Lindorff, E. J. Poitras, B. H. Rule, F. T. Haddock, E. F. 
McClain, and H. E. Tatel. J. G. Bolton, who was serving on the ad 
hoc group and also on the IAU Advisory Committee for the entire 
project, resigned early in 1957, because of the press of his own radio 
astronomy affairs. Although there have been sharp differences of 
opinion on many points, resolution has been possible and the group 
has worked effectively and efficiently with Ashton. 

28 N. L. Ashton, in preparation. 
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Fig. 6—Photograph of a model (about 1:60) of the 140- foot 
telescope, built for wind tunnel tests. 

Fig. 7—Another photograph of the model; note the tilted (side view) 
polar shaft, which will be adjusted to be parallel to the axis of 
the earth. 

Fig. 8—The end view shows the general configuration of 
the yoke, declination axis, and reflector. 
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120-knot wind, the overturning moment in the east-
west direction is 16,670-foot kip" and in the north-
south direction, is 17,880-foot kip. The foundation has 
been conservatively designed to withstand these forces 
and torques. The foundation tower has a 51 X 52-foot 
cross section at ground level that decreases to 45 X34 
feet just beneath the gussets that support the top plat-
form, which measures 95 X39 feet. A nominal wall 
thickness of 3 feet has been adopted throughout. Ap-
proximately 2850 cubic yards of concrete will be needed. 
The polar shaft is mounted on two oil pad bearings ,28 

similar in concept to those employed successfully on the 
200-inch Palomar telescope. The bearing on the upper, 
or north, end of the polar shaft is formed around a seg-
ment of a sphere of 11-foot radius. The center of gravity 
of the telescope can be kept near the center of the 
sphere. The bearing at the lower, or south, end of the 
polar shaft is only 5 feet in diameter. This lower or tail 
bearing can be adjusted in position, thereby moving the 
polar axis about the center of the upper bearing and 
thus permitting the alignment of the polar axis. The tail 
bearing will also counteract wind torques. These bear-
ings present some difficult fabrication and erection 
problems because the surfaces must be smooth and ac-
curate to within a few thousandths of an inch. 
The yoke at the north end of the polar shaft is not set 

perpendicular to the shaft. In a preliminary design for 
the telescope the yoke was slightly longer than in the 
present design and the angle between the yoke and 
polar shaft was 51°, the complement of the latitude of 
the observatory site. With this arrangement, when the 
telescope was in the meridian, the yoke arms would be 
vertical and the reflector could be turned from the south 
horizon through the zenith to the north horizon, thereby 
providing complete coverage of the sky. Persuasive 
arguments were made by some members of the advisory 
group that significant savings in the cost of the telescope 
could be achieved if the complete sky coverage was 
sacrificed. Insofar as purely celestial objects are con-
cerned, any object below the pole can be observed 
above the pole twelve hours later. Thus the subpolar re-
gion of the sky would be of interest only in association 
with transitory phenomena and geophysical phenomena, 
such as the aurora, that never complete a circumpolar 
circuit. After much deliberation, the sky coverage was 
reduced, corresponding approximately to that of the 
200-inch Palomar telescope. In retrospect, this reduc-
tion in sky coverage will result in only a small saving, 
perhaps of the order of one per cent of the total cost of 
the telescope; really large savings could be made only if 
the sky coverage were drastically reduced, which is, of 
course, unacceptable for a general purpose instrument. 
The yoke consists of two arms, 64 feet long and with 

a cross section in the shape of a simple Greek cross that 

27 One kip =1000 pounds. 
28 These bearings have been designed by the Friction and Lubrica-

tion Section of the Research Laboratory of the Franklin Institute, 
Philadelphia, Pa. 

measures 12 X12 feet 6 inches at the base and tapers 
to 8X9 feet at the top. The lower end of the yoke is 
appropriately cross-braced. Concrete counterweights 
are placed in the lower part of the yoke and also in the 
central portion of the polar shaft. 

Attached to the yoke and set perpendicular to the 
polar shaft is a segment of a wheel of 42-foot radius. The 
decision to adopt a large radius wheel is in sharp con-
trast to the designs for the Harvard 60-foot telescope 
and the 25-m telescopes at Dwingeloo, the Netherlands, 
and at Bonn, Germany. Large radius wheels were 
adopted in design studies made independently by Feld, 
Husband, Kennedy, Reber, Tuve, and Tatel. While it is 
true that precision gears are routinely made with smaller 
radii, the consensus was that comparable angular pre-
cision could be obtained with a large radius and by this 
solution problems of gear tooth loading could be much 
simplified. The main polar axis gear will have 618 teeth 
of 3k-inch circular pitch and with a 12-inch face. Safety 
brakes will be applied to the rim of the wheel, thereby 
further reducing the loading on the gear teeth when the 
telescope is subjected to very high winds or other un-
usual conditions. 
The declination bearings are standard Torrington 

self-aligning spherical roller bearings. These bearings 
are designed to take both radial and end thrust. Either 
bearing alone can carry the entire load of the reflector 
and back-up structure under the most severe conditions 
envisioned. The telescope will be stowed with the tele-
scope pointing in the meridian plane and fairly close to 
the zenith and, in use, the telescope may be frequently 
scanned across a few preferred regions of the sky. As a 
consequence, the loading and use of the bearings will be 
anything but uniform. No difficulties are anticipated, 
however, in view of the conservative loads incorporated 
in the design. 
The thermal differential between the steel yoke and 

the aluminum reflector is accommodated at the declina-
tion axis. A steel tube connects the bearings at the top 
of the yoke arms. Exterior to and concentric with this 
steel tube is an aluminum tube. The midpoints of these 
tubes are fastened together by a suitable coupling. The 
ends of the aluminum tubes are radially adjustable with 
respect to the steel tube. This adjustability is desired 
because the reflector is fastened to the aluminum tube 
and it is necessary that the reflector be aligned so that 
its axis is perpendicular to the declination axis. 
The reflector is rotated about the declination axis by 

means of a 35-foot radius gear. There was some doubt 
about the long-term suitability of any available alumi-
num alloys for the gear teeth, so inserts of bronze have 
been specified. Bronze has a thermal expansion co-
efficient sufficiently close to that of aluminum so that no 
difficulties are anticipated. The declination main gear 
will have 360 teeth of 3k-inch circular pitch and with a 
9-inch face. 
The reflector surface is made of i-inch aluminum 

plate made up in 72 panels. These panels, roughly 20 
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feet long and 10 feet wide, are in three groups of 36, 24, 
and 12, all in any one group being identical. The panels 
are designed with a sufficient depth of structure behind 
the surface plate so as to be inherently stiff or rigid to 
within less than I inch, even for loads (such as from 
winds) in excess of those due to gravity. Each panel is 
supported at only four points. Two, at the innermost 
end of the panel, are matched with cantilevered mounts 
at the end of the panel on the next inner ring. The other 
two support points are located at about two thirds the 
length of the panel, measured from the inner end. This 
support method was adopted to insure that the ends of 
the panels would meet in a truly tangential manner and 
without cusps or other discontinuities in the surface. It 
is thus seen that the actual reflector surface is supported 
by the heavy back structure, which fastens to the decli-
nation shaft and gear, at only 148 places, including 4 for 
a special circular panel at the vertex. These 148 connec-
tions have been made manually adjustable. Thus the 
panels may be made to conform to a paraboloid with a 
precision limited only by the accuracy of the individual 
panels, the precision of the surface testing procedure, 
and the patience of the operators. The entire reflector, 
including back structure and gear wheel, will weigh 
about 516,000 pounds. The back structure without the 
panels will weigh 407,000 pounds. An erection procedure 
similar to that employed by Hooghoudt29 for the 
Dwingeloo 25-m telescope is therefore feasible. The 
back structure will be assembled on the ground, pointing 
to the zenith and supported at the two declination 
bearing journals. Standard techniques, requiring tran-
sits, tapes, and stadia rods, may be employed to adjust 
the 148 shoes, where the panels will be fastened, to the 
predicted paraboloid with a tolerance of perhaps 1/16 
inch. If the structure is then lifted and placed on the 
telescope without mishap, the panels can be raised and 
placed in position and the reflector should be correct to 
within the 1/16-inch tolerance of the mounting shoes 
and the deviations of the individual panels. 

Several techniques have been suggested for surveying 
the surface of the paraboloid. If the telescope is pointed 
to the zenith, standard transit and tape methods may 
be employed. Standard surveying techniques are not 
easily applied for other aspects away from the zenith 
and become impossible when the telescope is turned to 
point near the horizon. Whatever method is adopted 
should, of course, have an intrinsic precision better 
than the tolerance set for the paraboloid surface; a pre-
cision of inch or less is therefore desired for the survey 
procedure. Modified survey techniques have been sug-
gested, including some requiring the use of invar wires 
and strain gauges; such methods perhaps could be made 
to be satisfactory if sufficient development efforts were 
devoted to them. Stereophotography, which has been 
used with great success for mapping and more recently 
for studying the instantaneous reaction of bridges and 

" G. B. Hooghoudt, private communication. 

similar structures to moving loads, could be made to 
work. The desired precision of I. inch would require, 
however, the use of the very finest cameras mounted on 
fixed 70-foot piers, the very careful measurement of the 
plates in a comparator, and the lengthy and tedious re-
duction of these data that could, of course, be speeded 
up if the reduction were programmed for a high-speed 
computer. The consensus was that this would not be an 
ideal solution for the survey problem, both because of 
the limitations imposed by the fixed piers and because of 
the large effort (and, hence, time) required to obtain the 
result. 
An ideal survey method, in addition to providing the 

desired precision, should be applicable for any position 
of the reflector and should give results quickly in order 
to facilitate on-the-spot adjustment of the surface 
panels. Also, the survey method should interfere as little 
as possible with the normal observational use of the 
telescope. Various optical schemes have been suggested. 
Some would check on a finite number of fiducial points, 
e.g., a point at each of the 148 attachment shoes; these 
usually depend upon the precise measurement of angles 
with the assumption that the radial distance from the 
vertex has not changed significantly. Such techniques 
would be acceptable for a survey of the inner portion of 
the reflector but are marginal for the outer ring. Another 
optical technique involves distance measurement, e.g., 
from a position near the focus to a mirror located in the 
reflector surface. The method employs a light beam that 
is modulated at a frequency that can be handled with 
routine electronic techniques and the distance measure-
ment, or differential measurement which involves the 
equivalent of a phase shift determination. An interesting 
development of this principle is commercially available 
in the "geodimeter."3° The models now on the market 
were designed for precision surveys over longer distances 
than the focal length of the paraboloid and, while the 
percentage accuracy is very good, the absolute accuracy 
does not meet our requirements. A new model now under 
development may have the necessary precision, but the 
time required to check only 148 points on the paraboloid 
would probably be excessive. 

Various sonar schemes have been suggested, but upon 
more careful investigation none have been promising. 
Various radar schemes have been considered, including 
those employing pulse techniques as well as phase sensi-
tive schemes essentially equivalent to the geodimeter. 
Of these, several suggestions by Pedersen" have much 
merit and promise. 
The support of the rf feed is not a structural part of 

the reflector. Divergent views were obtained on the best 
type of support. A central mast with suitable guys would 
have certain advantages and could be employed for 

as Svenska Aktiebolaget Gasaccumulator, "AGA Geodimeter," 
Stockholm, Sweden; 1956. U. S. representative: Berg, Hedstrom & 
Co., Inc., 1170 Broadway, New York, N. Y. 

81 Norman Pedersen, private communication, Russell Sage Lab-
oratory, Rensselaer Polytechnic Inst., Troy, N. Y. 
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supporting dipole feeds and special types of inverted 
horns. Bipods with guys, tripods, and quadripods ap-
pear generally to offer more flexibility. A quadripod will 
be built for the 140-foot telescope; this decision was 
based on consideration of stability, symmetry, and 
adaptability to a variety of feeds and receiver compo-
nents. If desired at a later date, another type of feed 
support may be easily substituted. 
A great deal of thought was given to the side-lobe and 

back-lobe effects of the feed support. In general practice, 
side lobes may be 20 db down from the central beam and 
back lobes may be 30 to 40 db down. For many installa-
tions, e.g., in an aircraft or part way up the mast of a 
ship, there are so many other nearby objects to increase 
spurious side lobes that attempts to refine the feed sup-
port and reduce the inherent side lobes and back lobes 

are not warranted. This situation does not pertain to 
large radio astronomy telescopes. If the 140-foot tele-
scope will have 20-db side lobes, these will have ap-
preciable directive gain. It is therefore desirable to re-
duce the side lobes and back lobes to levels below those 
usually accepted. Studies of this problem have been 
planned, the results of which will be reported later. 
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Noise Levels at the National Radio 
Astronomy Observatory* 

J. W. FINDLAYt 

Summary—The measurements which have been made of the 
field strengths of radio signals received at the Green Bank site of the 

National Radio Astronomy Observatory are described. The site is 
relatively free from interference and the measures which are being 
adopted to preserve its radio quietness are discussed. 

INTRODUCTION 

HE PURPOSE of this paper is to discuss briefly 
the levels of man-made noise which exist at the 
location which has been chosen as the site of the 

National Radio Astronomy Observatory. 
The smallest radio signals which can be detected in 

radio astronomy are at present determined mainly by 
the noise figures, stability, and bandwidths of receivers 
and by the sizes of the antenna systems used. In the 
future, however, it is reasonable to foresee that the use 
in receivers of low noise crystals, traveling wave tubes, 
or masers, and the development of larger antennas, will 
bring about the state of affairs in which the limit of use-
fulness of a radio telescope will be set by the noise at the 
observing site. Part of this noise comes from man-made 
sources. A part which will also become more important 
as better receivers are developed, comes from radiation 
from the ground and surrounding objects entering the 
receiving system of the radio telescope. This latter 
source of noise is not considered in the present paper, 

* Original manuscript received by the IRE, November 11, 1957. 
t Associated Universities, Inc., New York, N. Y. 

since current receiver techniques are not yet so good as 
to make it a limiting factor in the performance of a 
radio telescope. However, fairly soon it will be an im-
portant factor to consider in the design of future radio 
telescopes. The present paper discusses first, the approx-
imate levels of the smallest signals which have been de-
tected so far in radio astronomy, next, the levels of noise 
at the site of the National Radio Astronomy Observa-
tory are described , and last, the measures which have been 
taken to reduce to a minimum any future deterioration 
of the site are discussed. 

THE SIGNALS RECEIVED IN RADIO ASTRONOMY 

A survey of the results of various observers over a 
wide range of frequencies allows of an order of magni-
tude to be stated for the lower limit of the flux density 
which is detectable with present day techniques and in-
struments. This minimum detectable flux is about 10-26 
watts per square meter in 1 cps bandwidth. This is, of 
course, a figure which is right only to an order of magni-
tude, but it generally describes the results for frequen-
cies from about 50 mc up to 10 kmc. Improvements of 
an order of magnitude at least are to be expected when 
results from larger antennas and from new receiver tech-
niques are available. 
However, the present figure illustrates the magnitude 

of the problem of avoiding interference from man-made 
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sources. A transmitter which radiates isotropically 1 p.w 
per cycle per second of bandwidth gives this minimum 
detectable flux at a free space range of nearly 1,000,000 
km. 
Every available technique for shielding the radio 

astronomy antennas by suitable choice of site and for 
reducing the side lobes and back lobes of the antennas 
must be employed. Sources of interference which are 
acceptable in communication systems may require much 
further screening and suppression if they exist near a 
radio astronomy site. 

LEVELS OF MAN-MADE NOISE AT GREEN BANK 

The choice of Green Bank, W. Va., as the site of the 
National Radio Astronomy Observatory was made part-
ly as a result of the low levels of radio signals received in 
that area. During the site selection process, measure-
ments of field strengths of radio signals were made at a 
number of possible sites. These measurements were 
made by Jansky and Bailey, Inc., of Washington, D. C., 
using the equipment outlined in Table I. The results of 

TABLE I 

EQUIPMENT USED FOR FIELD STRENGTH SURVEYS 

Frequency 
range 

Equipment 
used 

Antenna 
used 

Minimum 
detectable field 

strengths 

120 kc-18 mc 

20 mc-400 mc 

375 mc-1000 mc 

1.0 kmc-10.75 kmc 

RCA 308A 
Field Intensity 
Meter 

AN/URM-47 

Stoddart Field 
Intensity Meter 
NM50A 

AN/URM-42 

3 loop 
antennas 

Resonant 
dipole 

Resonant 
dipole 

Cone 
antenna 

20 ,w/meter 

1 pv/meter to 
10 iv/meter 

40 eiv/meter to 
200 mv/meter 

400 pv/meter to 
2000 i.tv/meter 

these measurements for Green Bank, in October, 1955, 
in the frequency range from 20 mc to 10 kmc are shown 
in Fig. 1. 

It will be realized readily that the signals recorded in 
Fig. 1 are very large compared with the low levels at 
which radio astronomy measurements are made. Never-
theless, the primary purpose of the survey, which was to 
insure that the site chosen suffered a minimum of inter-
ference from signals generated at a considerable distance 
from the observatory, was very adequately fulfilled. 

Other measurements have been made at Green Bank 
since the site has been occupied. Locke and Argyll from 
the Dominion Observatory of Canada, made measure-
ments at Green Bank in March, 1957. The results of their 
survey are given in Fig. 2. These measurements were 
made with equipment which was capable of detecting a 
signal level approximately 20 db lower than the earlier 
survey. This increase in sensitivity was acquired by us-
ing an antenna of about 10 db gain and since this gain 

was not very accurately known the incl.-eased sensitivity 
of the equipment was achieved at some loss of absolute 
accuracy in the results. 
An attempt was made in June, 1957, to detect radia-

tion from the overhead power lines in the neighborhood 

of the radio telescope sites. A group of engineers from 
the Westinghouse Electric Corp., Baltimore, joined with 
representatives of the Monongahela Power Co. in mak-
ing measurement near various typical overhead lines. 
The lines tested were carrying either 7200-v single-phase 
or 13,200-v three-phase current on wooden poles about 
25 feet from the ground. Receiving equipment covering 
the frequency ranges 950 mc-2040 mc and 7.3 kmc-
11.26 kmc was operated about 5 feet above the ground 
below the lines with a directional antenna pointed to-
ward the lines. The minimum detectable field strengths 
were about 50 microvolts per meter at 1200 mc and 500 
microvolts per meter at 11 kmc. No noise above these 
limiting fields was detected, except in the special case 
when an arc was intentionally drawn from a 7200-volt 
line to earth. This produced a small signal, just audible 
in the receiver noise, at frequencies near 1150 mc. 
The results of the. foregoing experiments cannot, of 

course, determine the limiting noise levels at the Green 
Bank site. However, all the evidence so far goes to sup-
port the view that the site chosen is very free from elec-
trical noise. Now that the site is occupied, more meas-
urements will be made using the techniques of radio as-
tronomy to study more closely the noise levels and to 
determine, if possible, the sources of any noise that is 
found. 

THE PROTECTION OF GREEN BANK 
FROM FUTURE INTERFERENCE 

A number of steps have been taken to insure that the 
observatory site will be protected as far as possible 
against any future increase in the levels of radio noise. 
Indeed, it is hoped that a continued program of inter-
ference reduction will result in the site becoming more 
quiet to match the probable improvements of radio 
astronomical techniques. 
A total area of land of about 2700 acres is being ac-

quired for the observatory site. This quite large area 
will give very adequate facilities for large antenna sys-
tems, and it has the additional advantage of allowing 
particularly sensitive instruments to be located well 
within the perimeter of land under the control of the ob-
servatory, and thus be isolated from local noise. 

Starting from the perimeter, and working outwards, 
restrictive covenants are being acquired on the land of 
adjacent land owners. These covenants are an agree-
ment that no electrical equipment will be operated on 
the land that causes interference to the instruments at 
the observatory. The actual land area which will be 
covered by these covenants is not yet determined, but 
it is certain that very valuable additional protection 
against interference will be obtained in this way. 
An important factor in deciding on the site for the ob-
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Fig. 1—Measured field strengths of radio signals received at Green Bank on a weekday in October, 1955. 
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servatory was that the State of West Virginia was pre-
pared to introduce legislation for the protection of the 
site from interference. A bill, known by short title as the 
"Radio Astronomy Zoning Act," was passed on August 
9,1956, by the State of West Virginia. This bill restricts 
the operation, within 10 miles from the observatory, of 
any unlicensed electrical equipment which generates in-
terfering field strengths greater than certain prescribed 
limits. 
The site of the observatory lies in a flat valley, at an 

elevation of about 2700 feet, surrounded by ranges of 
mountains rising about 2000 feet above the level valley 
floor. This topography was chosen since it provides the 
best possible screening of the antennas from radiation 
which might reach them from distant radio transmit-
ters. Although some such radiation does exist, as is evi-
denced by Fig. 1 and Fig. 2, its effect in obscuring con-
siderable parts of the frequency spectrum is not serious. 
However, to insure that the present situation should not 
deteriorate in the future, specific measures to limit the 
increase of licensed radio radiation into the valley are 
essential. Submissions, therefore, have been made to the 
Federal Communications Commission for the limitation 
of radiation from licensed radio transmitters. These sub-
missions, which were presented by Dr. Lloyd V. Berk-
ner, President of Associated Universities, Inc., and by 
Dr. Alan T. Waterman, Director of the National Science 
Foundation, were based on the primary importance to 
the United States of good fundamental research in 
radio astronomy. Protection of two kinds was requested. 
First, the existence of the radiation from neutral hydro-
gen at a frequency of 1420 mc provides the only pres-
ently known line radiation in radio astronomy. This 
radiation may be observed directly, or absorption of 
radio waves of the same frequency can be studied. The 
atoms responsible for the emission or absorption may 
be in motion relative to the observers on the earth, and 
so the frequency observed may differ by a Doppler shift 
from 1420 mc. There is, therefore, a very good case for 
clearing that part of the frequency spectrum near 
1420 mc from all transmissions. The FCC was asked to 
consider clearing the frequency range from 1400-1427 
mc over the whole of the United States. 
The second kind of protection which was requested 

was specific to the observatory at Green Bank. Since it 
is intended that the National Radio Astronomy Ob-

servatory should be a center for research open to quali-
fied scientists from all institutions, an attempt should 
be made to accord it particular protection. 

Accordingly, the following requests were made to the 
FCC: 

1) Flag all new applications which are made by oper-
ators within 50 miles of Green Bank, except mobile 
operations. Consult with a group of scientists des-
ignated by AUI at Green Bank on any interference 
problem which might arise from the new applica-
tions and work out each problem on a case-by-case 
basis. This same group should review interference 
problems created by existing uses, and reach solu-
tions if possible. 

2) Exchange where possible tv channels 53 and 54 
with other uhf tv channels so that as far as possible 
no tv transmitter operates on channels 53 and 54 
within 150 miles of Green Bank. (The frequency 
concerned here is 700-712 mc, the half-frequency 
of the hydrogen line.) 

3) Adopt the same procedure as in 2) for tv channel 
14. (The frequency concerned here is 472-476 mc, 
the one-third frequency of the hydrogen line.) 

4) Require any tv station in channels 14,53, and 54 
which remain within 150 miles of Green Bank to 
attenuate their harmonics to 80 db below carrier 
level. 

These requests follow the pattern of extending the 
protection of the hydrogen line frequency, by asking 
in 2), 3), and 4) for a restriction of radiation of the sub-
harmonics of the line from stations near to Green Bank, 
and also suggest in 1) a means by which the effects of 
interference from licensed operators near Green Bank 
can be reduced to a minimum. 
The measures which have so far been taken for pro-

tecting the Green Bank site will, it is hoped, result in the 
maintenance, and possibly the improvement, of an al-
ready good site for radio astronomy in the United 
States of America. 
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Radio Astronomy at the Meudon Observatory* 
E. J. BLUMt, J. F. DENISSEt, AND J. L. STEINBERGt 

Summary—This paper describes the principal instruments used 
for radio astronomical observations at the Nançay field station. They 
are a variable spacing interferometer made of two 7.5-meter mirrors 
movable on rail tracks, several radio-telescopes and interferometers 
for solar research at 3-cm wavelength, and a 32-antenna inter-
ferometer operating on the wavelength of 177 cm. The second part 

of the paper gives some new results concerning the sources of solar 
radio emission and a phenomenon of scintillation at 3-cm wave-
length apparently caused by the troposphere. 

THE NANÇAY OBSERVATORY 

ir HE Nançay radio astronomy field station is lo-
cated 120 miles south of Paris in a region, up to 
now, free from man-made interference. A building 

(F.g. 1) housing 15 persons, including rooms, dormitory, 
and workshops, was erected on a section of flat land 
about one mile long in both the east-west and the north-
south directions. It has been designed to meet the re-
quirements for the first few years of operation of the 
station. Other buildings are being built now. Electrical 
power is distributed through the land by underground 
armored cables. Observing sites in the station are con-
nected by telephone and by special network for distri-
bution of time signals, both solar and sidereal. 
The field station includes principally two levelled 

platforms, 50 meters wide. The first, which is now in 
use, is oriented east-west, with a total length of 1750 
meters; the second, nearing completion, is north-south. 
Along these platforms, every 50 meters, special plugs 
provide ac power. Other areas of smaller extent are also 
provided with facilities for observations. 

The Variable Spacing Interferometer (Fig. 1) 

In the northern part of the platform that runs east-
west, a special rail-track of 6-meters gauge and 1500 
meters long has been built. On this track, antennas used 
for different purposes can be moved easily. During 1957, 
a second rail-track, oriented north-south will be com-
pleted; it intersects the first one near its center. 
The variable spacing interferometer built on this T-

shaped track uses two parabolic antennas, 7.5 meters in 
diameter, of German origin (Giant Wurzburg). They are 
equatorially mounted; motion in right ascension is 

achieved by 3 electrical motors coupled by differential 
gear boxes. Speeds of rotation are 15 minutes, 6° and 
36° per minute. The same system is used for declination 
drive with only two motors. Position angles are indi-
cated by selsyns with an accuracy of about 1 minute of 
arc. The mechanical stiffness of the mount is sufficient 
to maintain a pointing accuracy of the same order. This 

* Original manuscript received by the IRE. November 6, 1957. 
t Observatoire de Meudon, Service de Radioastronomie, Paris, 

France. 

Fig. 1—One mirror of the variable spacing interferometer. 

instrument is going to be used first on fixed frequencies 
near the 1420-mc hydrogen line for galactic and solar 
studies. 

The 3-CM Wavelength Equipments 

Several equipments are operated on 3 cm essentially 
for solar studies. Size, intensity, brightness distribution 
of bright solar regions can be investigated with an inter-
ferometer operating on 9350 mc.' The two parabolic 
antennas are 2 meters in diameter, equatorially mounted, 
and separated by 60 meters. The base line is oriented 
east-west and the antennas are automatically driven to 
follow the sun. The resolving power of this instrument 
is about 1.5 minute of arc near the meridian and as the 
angular separation between the interference fringes 
varies with the diurnal motion of the sun, this apparatus 
can be used as a variable spacing interferometer for 
brightness distribution studies. Owing to the large dis-
tance between each antenna and the main receiver, 
separate mixers and IF preamplifiers mounted close to 
the antennas are used. The local oscillator wave is gen-
erated at the electric center of the base line and trans-
mitted through waveguide to each mixer. The 60-mc 
IF signals are transmitted by coaxial cables to the main 
receiver, where their frequency is converted to 10 mc 
and the bandwidth is reduced to 400 kc, to prevent 
smearing of the fringes. A three-section waveguide filter 
is used to eliminate one of the input sidebands. 
A 4-antenna interferometer with unequal spacing, al-

ready described in the literature,' also is used on a 3-cm 

1 I. Alon, M. R. Kundu, and J. L. Steinberg, Compt. Rend. Acad. 
Sel., vol. 244, p. 1726; March, 1957. 

J. Arsac, Rev. Opt., vol. 35, pp. 65, 136, 396; June, 1956. 
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wavelength for solar studies. The effects of the earth 
atmosphere on microwave propagation have been stud-
ied, since 1954, with conventional equipment. The re-
flectors are surplus searchlight mirrors of 1.5-meter di-
ameter, whose vertical axis of rotation has been tilted 
to be parallel to the earth's axis. A temperature con-
trolled box fixed on the mount contains the mixer, local 
oscillator, and IF preamplifier. 
One such antenna is mounted on a fixed metal tower 

10 feet high. A similar equipment is mounted on a special 
lorry movable on the rail tracks. 

The 32-Antenna Interferometer (Fig. 2) 

This high resolution instrument was built for meas-
uring the positions and intensities of bright solar regions 
radiating in the meter range. It consists of 32 antennas 
erected on an east-west base; its total length is 1550 
meters. This array, working on the frequency 169 mc, is 
analogous to a diffracting grating and its polar diagram 
in right ascension has several lobes of width 3.8 
minutes of arc between half-power points, separated 
from one another by 2°. This angular separation is large 
enough to insure that only one individual lobe is pointed 
on the sun. Each elementary antenna is a parabolic mir-
ror 5 meters in diameter and is illuminated by a dipole 
and a reflector; it can be rotated around a horizontal 
axis mounted on a concrete base. 
Each elementary antenna is connected, by electrically 

equal lengths of transmission line, to the main receiver 
which is in a cabin near the geometrical center of the 
array. Coaxial cables of a type developed by the French 
Post Office are used throughout; losses are 25 db for 800 
meters length at 169 mc. Thus, the received signals 
must be preamplified near the elementary antennas. 
Adjacent pairs of antennas deliver their signals to one 
of 16 preamplifiers used in the system. Each preamplifier 
is housed in a weather proofed container. The preampli-
fier gain is 50 db, the bandwidth is 7 mc, and the noise 
figure is 5 db. The circuit involves two cascode stages, 
2 amplifiers, and the output stage. The stability of the 
phase rotation across the over-all bandwidth of 2.5 mc 
of the complete instrument has been carefully tested for 
any abnormal phase rotation which would badly distort 
the polar diagram of the array. Single tuned amplifier 
stages are used throughout. Stabilized supply voltages 
and gain control voltages are fed to these preamplifiers 
from the central cabin through neoprene insulated 
cables. Each preamplifier embodies a noise diode and 
the observer can check each individual amplifier noise 
figure and gain from the central cabin. The coaxial ca-
bles, whose total length is about 4 km, are deeply buried 
80 cm, so that variations in attenuation due to changes 
in temperature are avoided. With the branching system 
adopted, the total electrical length from any elementary 
antenna to the receiver can be held constant within 0.1 
wavelength (including the amplifiers). 

Fig. 2—General view of the 32-antenna interferometer; one of 
the 3-cm radio telescopes is seen on the rail track. 

Signals are recorded, both on electronic servorecorders 
with linear response and a time constant of one second 
and on fast recorders with a logarithmic scale and a time 
constant less than1/50 second. 
The total collecting area of this interferometer is 640 

square meters. The north-south branch of this inter-
ferometer is going to be built in 1957-1958. 
The most powerful radio sources, including Hydra A 

in consideration of its small apparent diameter, are cur-
rently used to test the polar diagram and the sensitivity 
of this equipment. 
The Nançay field station is sponsored jointly by the 

Paris Observatory and the École Normale Supérieure; 
the maintenance of the station, building of the equip-
ment, observations, and associated researches are carried 
out by about 20 persons from the Meudon Observatory. 

SOME RECENT RESULTS 

Most of the recent observations have been carried out 
at the Nançay field station with the 32-antenna inter-
ferometer and with the 3-cm equipment which has been 
described above. 
The main part of the work for the last two years has 

been concerned with studies of the solar activity on both 
meter and centimeter wavelengths; numerous observa-
tions were devoted also to the study of atmospheric 
effects on solar radiation observed at 3-cm wavelength; 
besides occasional observations of lesser importance, a 
general survey of the radio sources is now in progress 
with the large interferometer. 

Solar Observations 

As is well known, the solar activity in the meter 
wavelength range is mainly characterized by the occur-
rence of highly fluctuating sources (called R centers) of 
very intense radio emission labelled in the literature as 
noise storms or enhanced radiation. The highly fluctuat-
ing character of these sources, which are always accom-
panied by type I bursts, make their study rather diffi-
cult and, in spite of very ingenious investigations carried 
out in Australia, little is known about this outstanding 
phenomenon. 
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Fig. 3-- Drift curves of the s In; above: moderate y active; 
below quiet. 

The large interferometer allows the sun to be scanned 
each day during 2 hours around local noon with a re-
solving power of 3.8 minutes of arc. The location of solar 
radio centers of activity is given with an accuracy of a 
fraction of a minute and the diameters of sources as 
small as one minute can be measured. 

Daily observations have been carried out since May, 
1956. From the drift curves (see Fig. 3) obtained each 
day and reduced, the location and diameter of the R 
centers are deduced and plotted on a diagram that shows 
the one dimensional evolution of the sources of activity 
across the sun's disk (see Fig. 4).8.4 
The radio centers generally last for several days, but 

their displacements from day to day are highly irregular 
and it is often rather difficult to relate without am-
biguity a given R center with an optical spot. From 
their mean speed of rotation and their position when 
they appear on the limb, one can measure the heights of 
the R centers that are found highly variable with a mean 
value around 400,000 km above the sun's surface. Inci-
dentally, this height is much larger than the critical fre-
quency height calculated from standard data on the 
solar corona. Diameter of radio centers can vary from 
one day to another, ranging from less than one minute to 
6 minutes, rarely more. 
Very often, for periods of several weeks, no center of 

radio emission is observed, in spite of the occurrence of 
large and active optical spots; then one radio center 
flares up, soon followed by several others widely sepa-

3 E. J. Blum, A. Boischot, and M. Ginat, Corn pt. Rend. Acad. 
Sci., vol. 243, P. 19; July, 1956. 

4 Y. Avignon, E. J. Blum, A. Boischot, R. Charvin, M. Ginat, 
and P. Simon, Compt. Rend. Acad. Sci., vol. 244, p. 1460; March, 
1957. 

Fig. 4—Diagram showing daily position in right ascension of the 
R centers; E-W is the horizontal diameter of the optical disk. 
Peaks amplitudes are indicated in 10-22 Wm-2(cps)-I. 
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Fig. 5—Drift curves of the sun on November 20, 1956, showing: 
a) a type IV burst (storm phase), b) an R center. 

rated in heliographic longitude, showing some kind of 
collective property that does not seem to have any 
optical counterpart (see Fig. 4). 

In the course of this investigation a new type of solar 
radio emission was clearly identified.6 The 200-mc ob-
servations of Dodson, Hedeman, and Owren have indi-
cated that outbursts of radioemission associated with 
solar flares can be separated into two distinct phases. 
In the first or main phase the noise level rises suddenly 
and lasts for about 10 minutes; in the second, or storm 
phase which starts soon afterwards, the level rises much 
more gradually and stays very high for hours. The radia-
tion of the storm phase is circularly polarized and was 
believed to be identical to the noise storms. 

Observations with the large interferometer disclosed 
new information on the storm phase which indicates 
that it is an entirely new type of solar radio emission. 
Fig. 5 shows drift curves obtained on the sun with an 
ordinary R center and an outburst (storm phase) to-
gether on the disk. The difference between the two types 
of radiation is striking: the outburst (called type IV by 
Boischot5) is completely free of type I bursts character-
istic of noise storms. Furthermore, the diameter of the 
quiet type IV source is larger than the diameter of the 
R centers; it can reach about 10 minutes of arc between 
half-power points. Sometimes, especially at the begin-

5 A. Boischot, Compt. Rend. Acad. Sci., vol. 244, p. 1326; March, 
1957. 
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ning rapid motions of the order of 500 km are observed. 
All of these properties make the source of the storm 
phase an object distinct from the R centers or, at least, 
a very extreme case. It is interesting to speculate about 
the possibility that this emission is due to synchrotron 
radiation emitted by fast electrons produced along with 
the cosmic rays that are known to be associated with 
certain flares; this suggestion is supported by the very 
high intensity of the emission that precludes a thermal 
origin, and the smoothness and large size of the source 
that is likely to be produced by a microscopic process. 
Other observations are progressing with the two an-

tenna 3-cm interferometer; diameters of localized re-
gions of steady emission which account for the slowly 
varying component were found of the order of 5 minutes 
of arc, and valuable results were also obtained on the 
outbursts' (Fig. 6). 

Solar Scintillations in the 3-CM Wavelength Region 

Several experiments are concerned with the study of 
solar scintillations that were discovered to exist on a 
wavelength of 3 cm.° This phenomenon has a twofold 
interest. As such, it limits the seeing for radio astronomi-
cal observations, especially at low elevations, but it is 
also a powerful tool for studying atmospheric inhomo-
geneities probably responsible for the anomalous radio 
propagation within or beyond the horizon. 
The first studies were devised7.8 to assess the atmos-

pheric origin of the scintillations. Comparing records of 
the sun's radiation obtained with two different radiom-
eters, it was found that identical patterns of scintilla-
tions are obtained as long as the two antennas are not 
separated by more than about 100 meters; the correla-
tion becomes weak when the receivers are more than 
200 meters apart (see Fig. 7). The correlation co-
efficient between the two records is roughly given by: 
p(D) =e—(1)1"°)2, where D in meters is the distance be-
tween the two lines of sight of the radiometers. 
The amplitudes and pseudoperiods of the scintilla-

tions increase with the zenithal distance; their occur-
rence is strongly related to the existence on the sun of 
localized regions of steady emission whose diameter is 
about equal to 5 minutes of arc. The whole disk of the 
quiet sun appears to be too large in diameter to pro-
duce scintillations. On the contrary, some radio out-
bursts of the very narrow diameter of the order of 1 
minute of arc, give rise to large increases in scintillations. 

Experiments to find the origin of the scintillations and 
height of the turbulent layers were performed along two 
lines; in one series of experiments comparisons were 
made of scintillations observed on 3 cm and 33 cm. The 
same kind of scintillations were observed on both wave-

6 L Kazès and J. L. Steinberg, Compt. Rend. Acad. Sci., vol. 240, 
p. 493; January, 1955. 

I. Kazès, Compt. Rend. Acad. Sc., vol. 245, p. 636; August, 1957. 
8 I. Kazès and J. L. Steinberg, Compt. Rend. Acad. Sc., vol. 245, 

p. 782; August, 1957. 

Fig. 6—Interferometric records of 3-cm double bursts showing 
different fringe visibility; the burst on the left has the smallest 
diameter. 
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Fig. 7—Simultaneous record of solar scintillations with two anten-
nas at distance D: a) D=60 m; good correlation (p =0.88), b) 
D=460 m; no correlation (p= 0.05). 

lengths, but they were rather weaker on the longer wave 
showing that the phenomenon was very probably not of 
ionospheric origin. In another series of observations one 
component of the wind existing in the turbulent layer 
was estimated by measuring time lags existing between 
two records obtained simultaneously with different an-
tennas. Some results are given in Fig. 8 where the 
measured winds are compared with the corresponding 
component of the winds measured by the Trappes Meteo-
rological Station situated 200 km northwest of Nançay. 
It is quite noticeable that the radio winds and the winds 
measured of the height of the tropopause are always of 
the same sense and also of comparable magnitude. These 
results suggest that the observed scintillations take 
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Fig. 8—Comparison of speed V,(m/s) of radio winds measured on 
direction: • :N-S, o:S-N, :N-0, - :S-E, with the same com-
ponent V„, of meteorological winds measured at different heights, 
from left to right: 500-1500 m, 5000-6000 m, tropopause 
(9000-13,000 m). 

place in the low atmosphere in a region close to the 
tropopause. 

Besides the topics outlined here, the Meudon Observ-
atory Group is also actively engaged in research con-
cerned with solar-terrestrial relationships, absolute 
measurements, galactic structure, theoretical studies, etc. 
Work on solar terrestrial relationship is mainly due 

to Simon. He has first confirmed and extended' the 
findings by Denisse of a definite relation between the 
occurrence of solar enhanced radiation on meter wave-
lengths and the increase of geomagnetic activity. He 
was able to demonstrate furthermore a very close con-
trol of the solar radio noise on the geomagnetic pertur-
bations following the onset of the brightest chromo-
spheric flares.'0 
Along different lines, Kundu and Denisse" found a 

P. Simon, Ann. Astrophys., vol. 19, p. 122; May-June, 1956. 
10 P. Simon, Ann. Géophys., vol. 12, p. 167; July-September, 1956. 
11 J. F. Denisse and M. R. Kundu, Compt. Rend. Acad. Sc., 

vol. 244, p. 45; January, 1957. 

close and linear relation between the 10-cm solar radia-
tion and the ionizing flux of the E layer as measured by 
the index (foE)4/cos Z. This relation shows that the E-
layer ionization is more closely related to the 10-cm solar 
radiation than to the sunspots themselves or to the 
coronal green line intensity. This result stresses the in-
terest of the 10-cm solar radiation as an index of solar 
activity. 

Observations by Le Roux led to a complete mapping 
of the sky brightness on the wavelength 33 cm."," On 
the same wavelength absolute measurements were also 
carried out on the brightest radio sources and on the 
sky." 

Theoretical works are concerned with the physics of 
plasma,"—'7 the theory of ionospheric interaction (Lux-
enbourg effect),'8 and the studies by Arsac of antenna 
performances and design and image formation in 
radio astronomy. 19,20 

12 .1. F. Denisse, E. Le Roux, and J. L. Steinberg, Compt. Rend. 
Acad. Sc., vol. 240, p. 278; June, 1955. 

13 J. F. Denisse, J. Lequeux, and E. Le Roux, Compt. Rend. Acad. 
Sc., vol. 244, p. 3030; April, 1957. 

14 M. Bayet, J. L. Delcroix, and J. F. Denisse, J. Phys. Radium, 
vol. 16, p. 274; November, 1955. 

le M. Bayet, J. L. Delcroix, and J. F. Denisse, J. Phys. Radium, 
vol. 17, p. 923; December, 1956. 

le M. Bayet, J. L. Delcroix, and J. F. Denisse, J. Phys. Radium, 
vol. 17, p. 1005; December, 1956. 

17 M. Bayet, J. L. Delcroix, and J. F. Denisse, Corn pt. Rend. Acad. 
Sci., vol. 244, p. 171; January, 1957. 

18 M. Bayet, J. L. Delcroix, and J. F. Denisse, Ann. Télécom., 
1957, to be published. 
" J. Arsac, Optica Acta, vol. 3, p. 55; June, 1956. 
" J. Arsac, Aust. J. Phys., vol. 10, p. 16; June, 1957. 

Considerations in High-Sensitivity 
Microwave Radiometry* 
PETER D. STRUMt, SENIOR MEMBER, IRE 

Summary—This paper discusses considerations in high-sensi-
tivity microwave radiometry, especially as applied to systems having 
temperature thresholds significantly less than 1°K. Many considera-
tions that have been ignored in previous analyses are shown to be 
prominent. The influences of the background radiation from space, 
atmospheric oxygen, atmospheric water vapor, and earth-bound radi-
ators are shown to set a threshold level. Fluctuations in gain and 
temperature of the antenna, the waveguide system, the comparison 
source, the noise balancer, the receiver, and other amplifying com-
ponents are shown to set another threshold. Impedance-modulation 
effects set still another threshold. The intrinsic internal receiver 
noise establishes an irreducible threshold. Continuous nonswitched 

types of radiometers usually are not suited for high-sensitivity appli-

* Original manuscript received by the IRE, November 11, 1957. 
Ewen Knight Corp., Needham, Mass. 

cations because the present state of the art in gain stability is not 
adequate. The square-wave switched system is most likely to yield 
satisfactory results. In these systems the optimum performance is 
obtained when the magnitude of the signal within the system is 
minimized at approximately the level at which measurements will be 
made. This result establishes the requirement for noise balancing 
which may be either continuously adjusted or adjusted once for each 
measurement. 

INTRODUCTION 

HE observation of radio sources at microwave 
frequencies requires a high degree of sensitivity. 
Nonthermal radio sources have a noise spectrum 

that compensates approximately for changes in antenna 
gain for a given aperture size. For this reason there is 
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little to recommend any particular frequency band for 
detection of nonthermal sources other than the practical 
requirements of avoiding interference from the generally 
cluttered radar bands and the necessity for remaining 
below about 10 kmc for optimum freedom from oxygen 
and water vapor effects. It will be shown later that for 
highest sensitivity it is necessary to maximize the pre-
detection bandwidth. Here again practical considera-
tions lead to a choice of operating frequency. 
The first switched form of microwave radiometer was 

designed by Dicke.' Since that time, improved tech-
niques have become available to permit increased band-
width and to permit improved over-all stabilization. 
This paper will discuss these improvements and the 
effects that they have had on enhancing the importance 
of some of the other effects. 

DESCRIPTION OF SYSTEMS 

A block diagram characteristic of most radiometer 
systems is shown in Fig. 1 with an expression for the 
differential temperature threshold. The symbols in the 
expression are connected by lines to the components 
that contribute chiefly to them. This expression is 

AT [(F.— 1)721} 
—290 = {71P ± Ou   

tk L 

--Vr (1) 

where 
A T= the threshold differential temperature, 
'Yl= a gain fluctuation factor related to p, 
p= an impedance modulation factor, 
a = a background radiation factor, 
a =a radiation factor due to antenna side lobes, 
F.= effective system noise figure, 
72= another gain fluctuation factor, 
B = bandwidth just prior to detection, 
a =a detection constant, 
it =a modulation factor, 
cfr= a filtering factor, 
r =the output integration time constant, 
k= the operator's criterion of detectability. 

This expression for the differential sensitivity contains 
twelve factors as compared with the usual three or four 
treated in previous theoretical analyses.2-4 These factors 
can be divided into four major categories: those account-
ing for internal system noise, those accounting for an-
tenna and other effects, those accounting for impedance 
modulation, and those accounting for gain fluctuations. 
The last three categories have seldom been discussed. 

I R. H. Dicke, "The measurement of thermal radiation at micro-
wave frequencies," Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946. 

2 S. T. Goldstein, Jr., "A comparison of two radiometer circuits," 
PROC. IRE, vol. 43, pp. 1663-1666; November, 1955. This compari-
son was shown to be in error by D. G. Tucker and M. H. Grahm in 
their correspondence in PROC. IRE, vol. 45, pp. 365-366; March, 
1957. 

3 J. Galejs, "Comparison of subtraction-type and multiplier-type 
radiometers," PROC. IRE, vol. 45, pp. 1420-1422; October, 1957. 
' W. Selove, "A dc comparison radiometer," Rev. Sci. Instr., vol. 

25, pp. 120-122; February, 1954. 
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Fig. 1—Block diagram of typical system and the threshold equation 
showing the influence of the components on the factors in the 
equation. 

Prior to the detailed analysis, a systematic nomen-
clature is suggested. The major categories are: 

1) The continuous, or total-power, radiometer with 
or without de offset, 

2) The continuous band-comparison radiometer, 
3) The continuous two-receiver radiometer, 
4) The switched source-comparison radiometer, 
5) The switched band-comparison radiometer, 
6) The noise-compensated source-comparison radiom-

eter, 
7) The automatic-null source-comparison radiome-

ter. 

Although the continuous, or total-power, radiometer 
will be shown to have the ultimate sensitivity on the 
basis of internal receiver noise, the noise-compensated 
and automatic-null source-comparison radiometers will 
be shown to have the ultimate sensitivity in the pres-
ence of gain fluctuations. 
The analysis of the threshold level will be divided 

into four parts, as indicated above. 

Threshold Due to Internal Noise 

For this discussion the following parameters can be 
considered unimportant: 7., p, a, u, and 72. This leaves 

àT (F. — 1)«pdok 

290 I int 

to account for internal receiver noise and the effects of 
the output processing circuitry. 

First, consider the effective noise figure, F.. This 
component is made up of the internal noise of the re-
ceiver plus contributions of loss and excess noise in the 
waveguide, the calibrator, and the modulator. The 
effective noise figure of the receiver coincides with the 
standard definition of average noise figure,5 except for 
the important case of superheterodyne utilizing direct 
conversion and having equal signal and image re-
sponses. For this case the effective noise figure is one 
half (3 db less than) the noise figure as given by the 

(2) 

5 "Standards on electron devices: methods of measuring noise," 
Paoc. IRE, vol. 41, pp. 890-896; July, 1953. 
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standard definition.' This reduction in effective noise 
figure results from the fact that the receiver, under the 
standard definition of noise figure, is presumed to have 
one useful pass band, whereas noise from a radio source 
will enter two equal-width and equal-amplitude pass 
bands, thus doubling the signal power. It is erroneous 
to treat this condition as a doubling of the bandwidth 
instead of a doubling of the power, because the action 
of the conversion process literally "folds" one of the 
input bands over on top of the other in such a way that 
twice as much power is contained in the width of a 
single band at the output of the converter with no con-
sequent increase in internal noise. Furthermore, the 
bandwidth, as used in the sensitivity expression, implies 
the bandwidth that limits the number of samples per 
second of the signal that reaches the detector. This is de-
termined usually by the predetection amplifier band-
width only. 
The noise figure of a waveguide, calibrator, or modu-

lator can be determined on the basis that each is a pas-
sive dissipative element. Analysis of a lossy pad shows 
the noise figure of such a network to be 

T 
F = 1 — (L — 1) 

290 
(3) 

where L is the loss in the pad due to resistive elements 
at a temperature Te, the thermal or internal tempera-
ture. It is seen that reduction of either the temperature 
to 0°K or the loss to unity will reduce the noise figure 
of this type of component to 0 db. In fact a reduction 
of Tt to a very low value would permit an increase of L 
while maintaining F within reasonable bounds. The in-
advisability of such a procedure, however, is shown by' 

F = F1+ (F2— 1)L1 (4) 

where F1 is the noise figure of the first component, F2 is 
the noise figure of the subsequent system, and L1 is the 
loss of the first component. The loss, therefore, enhances 
the influence of subsequent components directly. 
The calibrator (or noise balancer) may have a con-

tribution to its noise temperature as a result of the 
deliberate injection of excess noise from a noise genera-
tor. Such an injection usually is accomplished by means 
of a directional coupler on the waveguide between the 
antenna and the input to the modulator. In some cases 
an attenuator is inserted between the noise generator 
and the directional coupler. The excess noise from such 
an injection system must be stable to the order of mag-
nitude set by the desired threshold level. This means 
that the coupling factor of the directional coupler and 
the attenuation of the variable attenuator must be 
stable as a function of orientation, temperature, and the 
like. These effects will be discussed under the discussion 
of gain variations. 

6 P. D. Strum, "A note on noise temperature," IRE TRANS., vol. 
MTT-4, pp. 145-151; July, 1956. 

7 H. T. Friis, "Noise figures of radio receivers," PROC. IRE, vol. 
32, pp. 419-422; July, 1944. 

The noise figure of a calibrator including the excess 
noise from a noise generator is 

T I C (To 1\ (5) 
F = 1 + —290 (L — 1) LA 290 I 

where C is the coupling factor of the directional coupler 
(a ratio less than unity), To is the noise temperature of 
the noise generator, and LA is the loss in the attenuator 
(a ratio larger than unity). 
As mentioned above, the bandwidth B, is the band-

width of the circuits just prior to the detector, assuming 
that these are the narrowest circuits up to that point. 
Precisely, the noise bandwidth is defined by 

1 
B = — f g(f)df (6) 

go o 

where go is the maximum power gain, g(f) is the gain-
frequency function, and f is the frequency. In most 
cases the noise bandwidth coincides with the half-power 
bandwidth. 

In considering the effects of the factor a, one must 
consider the influence of the type of detector. A sys-
tematic set of detector nomenclature should help to 
remove some of the misunderstanding that has existed 
in the past. First of all, the usual detector types are 
the linear, the square law, and the general law. Enough 
confusion exists with regard to the linear detector to 
require further elaboration. Linear detectors can be 
classified as average detectors, peak-envelope detectors, 
or peak-peak detectors. The average detector is the one 
usually assumed in theoretical descriptions of the linear 
detector when it is assumed that the detector consists 
of a simplified diode having a constant forward re-
sistance and a constant back resistance and no output 
capacitor. Most authors have assumed the use of an 
average detector in their analyses of the linear detec-
tor.8.9 They have even included the detection efficiency 
of such a detector (1/w) as an inherent part of their re-
sult. The peak-envelope detector has an output net-
work with a time constant sufficiently long that there 
is insignificant reduction of voltage between cycles of 
the center frequency, fo, yet sufficiently short that none 
of the envelope frequency components are removed. For 
this form of detector, the output voltage would be just 
the envelope of the input voltage, not 0.32 of the en-
velope. The peak-peak detector, on the other hand, has 
an RC network at its output, having a time constant 
sufficiently long that the output voltage cannot follow 
the envelope of the input voltage. In this case, the out-
put voltage will "ride up" on the envelope by an amount 
determined by the detection efficiency and the output 
time constant. Such a detector is a nonlinear filter and 

S. O. Rice, "Mathematical analysis of random noise," Bell Sys. 
Tech. J., vol. 23, pp. 282-332; July, 1944, and vol. 24, pp. 46-156; 
January, 1945. 

9 J. L. Lawson and G. E. Uhlenbeck, "Threshold Signals," Mass. 
Int. Tech. Rad. Lab. Ser., vol. 24, McGraw-Hill Book Co., Inc., 
New York, N. Y., pp. 59-63; 1950. 
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has not been analyzed. An intuitive analysis would in-
dicate that such a detector has a poorer signal-to-noise 
ratio than the other types because a large number of 
samples are removed from the averaging process. A 
more important reason for the inadvisability of using 
this form of detector would be the fact that an inter-
fering signal of short duration would be "stretched." 
The general-law detector will not be discussed, because 
its behavior always approaches that of the square-law 
detector at low snr. 

In the Appendix, square-law and linear detectors are 
shown to be almost equivalent on a signal-to-noise ratio 
basis, but there remains one significant difference. The 
linear detector exhibits the property of modulating the 
amplitude of the small signal if the larger signal varies. 
This is not the case for the square-law detector. The 
factor a is 1.0 for square-law detectors and 1.05 for 
average or peak-envelope detectors. 
The modulation and filtering factors, 1.4 and ck, are 

determined on the basis of the modulation and the post-
detection filtering processes. The modulation factor, µ, 
is unity when signal plus noise is continuously compared 
at the output with a noise-free comparison voltage. 
Considerations of gain fluctuation in a later section will 
show that this mode of operation is unsuited for high-
sensitivity radiometry. The usual form of modulation 
is a switching function that permits the input from the 
antenna to be connected to the receiver half of the time 
and the input from a stable comparison source to be 
connected to the receiver the other half of the time. 
In such a system the snr resulting from internal receiv-
ing system noise must suffer because the signal is not 
being continuously observed. The degradation from 
unity (increase in g) depends upon the modulation 
form, the types of output filters, and the type of co-
herent detector. Table I shows the results of a wave-
form and filtering analysis. The filter factor ca is the 
product of several filter factors, ca" • • 

TABLE I 

TABLE OF MODULATION/FILTERING FACTORS,* pct.' AND cb" 

Type of modulation and/or 
filtering Relative threshold power 

Ise 
Continuous comparison 

Noise-free comparison 
Equal-noise comparison 

Switched comparison 
Square-wave, audio filter 
Square-wave, no filter 
Sine-wave, audio filter 

rmst ave peak 

1 1 1 
V2 V2 V2 

7/V2 2 
2 2 

2V2 7r 2V2 

Ideal low-pass filter 
1 •RC filter 

11-0i 
1 / 

* =euesk". 
RMS is seldom considered; few output devices respond to the 

rms value of a wave. 
Not a suitable mode of operation. 

Filter factor ce.' takes into account the filter between 
the detector and the synchronous detector, and filter 
factor (a" takes into account the effect of the final low-
pass filter. If rectangular modulation other than square 
wave is used and an ordinary synchronous detector is 
used, the modulation factor µ must be multiplied by a 
modulation factor 1.L' accounting for the duty ratio as 
follows: 

g' = I sin Ss-1 (7) 

where O is the duty ratio. If more sophisticated forms of 
rectangular modulation and demodulation are used, 
such as narrow gating at the output, analysis becomes 
more involved and is beyond the scope of the present 
considerations. For most radiometry applications such 
a form of modulation and demodulation is unsuited 
because the effective observation time is reduced. 
The time constant, r, has the usual definition and is 

equal to the product RC when a single RC network is 
used at the output. A single RC network does not have 
optimum ratio of noise bandwidth to circuit band-
width, where the circuit bandwidth is related to the 
time constant. A critically damped, or other form of 
more sophisticated filter, would be more suited for opti-
mizing the rate of rise of a signal while maintaining a 
constant noise background. 
The detectability criterion, k, is strongly affected by 

the type of output presentation and the demands of the 
operator. Certain of these considerations are discussed 
by Lawson and Uhlenbeck." For the usual analog re-
cording, in which the residual background forms a drift-
free "wiggly" record having an rms magnitude as given 
by (1) or (2), a wide variety of requirements can be 
established as a function of the personal requirements of 
the operator. In analyzing an analog tracing, the usual 
points of reference are the peaks of the trace rather than 
the actual trace itself. Frequently the operator requires 
that the displacement of the mean value of the trace be 
of the order of the peak-to-peak value for a high per-
centage of the time. Fig. 2 is a plot of k. It is seen that 
the required k can rise sharply as a function of the per-
centage of the time that the average values are sepa-
rated by the required amount. It has been the experi-
ence of the author that a minimum detectable signal for 
most operators requires a k of about 2.5 to 4.0. In any 
given trace analysis the determination of the rms fluctu-
ation would require a detailed statistical analysis. 
A technique that has been established by many radio 

astronomers involves the use of many tracings of essen-
tially the same measurement. If the many tracings are 
analyzed statistically, the threshold level can be reduced 
by a factor of the order of N-'12, where N is the number 
of tracings. This is similar to the radar situation in 
which traces are repeated one over the other on an oscil-
loscope." 

'° Lawson and Uhlenbeck, op. cit., pp. 161-165. 
1 Ibid., p. 163. 
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Fig. 2—The criterion of detectability of a signal on a single 
analog trace. 

1000 

On the other hand, if one chose to digitize the output, 
the individual samples would have a Gaussian distribu-
tion. Therefore, one would require a number of samples 
from the same region to decide on a probable average 
value. The number required will depend upon the fre-
quency distribution of the noise fluctuations and the de-
sired accuracy. The digital output, for single readings, 
will have a larger degree of uncertainty than the analog 
recording would have for the same instrumental time 
constant. The analog recording permits the operator to 
do a bit of "eye integration." Eye integration can be one 
of the most useful tools in the interpretation of analog 
recordings. 

Threshold Due to Antenna and Other Effects 

In this section the threshold established by the char-
acteristics of the antenna, the atmosphere, and the 
ambient and outer space will be discussed. Fig. 3 shows 
a typical antenna pattern showing the influence of the 
source, the atmosphere, and the ground. For this case 
the angular size of the signal source is smaller than the 
main beam of the antenna, a condition that frequently 
exists, except for large antennas observing large targets, 
such as the sun or the moon. The lower part of Fig. 3 
shows the profile of the temperature contributions from 
the three regions. To obtain the total antenna tempera-
ture it is necessary to integrate the entire solid angle 
surrounding the antenna and divide by 47r, which is the 
integral of gain over the full sphere. Symbolically this 
can be represented by 

fs T(O, (6)G(0, OMS 
T. = 

where 

dS =the solid angle given by sin O. &el,. 

(8) 

ATMOSPHERE GROUND 
REGION REGION 

F / Tar 290• 

Fig. 3—A typical two-dimensional antenna pattern showing the 
effects of the source, the atmosphere, and the ground on antenna 
temperature. 

As seen in Fig. 3, a typical situation might have con-
tributions from the back lobes that are of the order of or 
larger than the contribution from the source. Under 
conditions where the back lobes are small and the source 
is weak the atmospheric contribution in the main beam, 
due to high-temperature absorption, may become large. 
The noise temperature from such a contribution can be 
computed as follows: 

TBB = Tat(LwirLar — 1) (9) 
where 

TBB =the apparent background temperature in the 
main beam, 

Lwv = the loss attributable to water vapor, 
Lag= the loss attributable to atmospheric oxygen, 

= the temperature of the atmosphere. 

Such an expression is a simplification because there 
will not be a uniform distribution of temperature or ab-
sorption. The situation does not change radically, how-
ever, if one assumes T., of about 250° to 290° and uses 
the experimentally determined values of absorption for 
the frequency of operation. At the lower microwave fre-
quencies the absorption is significantly less than at fre-
quencies above, say, 5 kmc. The contribution from at-
mospheric absorption at 10 kmc might be as large as 
tens of degrees. 
The preceding discussion has dealt with the static 

approximation for the various antenna temperature 
components. Another consideration is the variability of 
these components and the spectrum of the variabilities. 
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For instance, if the antenna of Fig. 3 is rotated to track 
a source across the sky, the back lobes will continuously 
increase and decrease their contribution to the apparent 
temperature. In some instances this variability is of such 
magnitude as to obliterate the contribution from a small 
source. Another variable component is the atmospheric 
absorption. The absorbing regions are in a continual 
change. This turbulence causes both the loss and the 
temperature, and consequently the apparent tempera-
ture, to be a function of time. The rate of change will be 
dependent upon meteorological conditions. 
The random component caused by the changing in-

terception of the back lobes and the ground virtually 
can be eliminated by fixing the antenna position and 
permitting the source to drift through the antenna 
beam. This mode of operation, however, limits the 
available integration time. A choice must be made be-
tween tracking with the consequent increase in back-
lobe variability and locking the antenna with the con-
sequent reduction in integration time. Fixing the an-
tenna position will have no effect on the turbulence of 
the atmosphere. 
The antenna, to some degree, can deal with the prob-

lem of man-made interference. If sufficiently high-gain 
and low-back lobes are used, angular discrimination 
against man-made interference can be achieved. 

In dealing with scatter propagation Schott showed 
that the usefulness of increasing the size of an antenna 
is determined by the apparent angular size of the scat-
tering region, when viewed from the receiving site." In-
asmuch as a plane wave front from a small diameter ra-
dio source will be "wrinkled" by inhomogeneities of the 
atmosphere, there is an upper limit in apparent temper-
ature of a source determined by the apparent angular 
size when viewed through the atmosphere. 

Another way of looking at this phenomenon is with 
regard to the phase correlation of the rays incident on 
the antenna. Studies have shown that a typical half-
width of the space-phase correlation is about 200 feet 
at 10 kmc." This means that the ultimate sensitivity 
at 10 kmc as a function of antenna size will not be 
achieved until antennas of about 200-foot diameter are 
used. When the antenna beamwidth is reduced below 
the apparent angular size (or the aperture is made large 
with respect to the space-phase correlation width) no 
increase in apparent temperature occurs, but improved 
resolution is available. Others have dealt with calibra-
tion of the antenna.'4"5 Until such a calibration is made 
only relative source temperatures can be measured. 

12 F. W. Schott, "On the response of a directive antenna to in-
coherent radiation," PROC. IRE, vol. 39, pp. 677-680; June, 1951. 

18 E. J. Blum, J. F. Denisse, and J. L. Steinberg, "Radio astron-
omy at the Meudon Observatory," this issue, p. 39. 

14 J. Aarons, "Antenna and receiver measurements by solar and 
cosmic noise," PROC. IRE, vol. 42, pp. 810-815; May, 1954. 

16 R. N. Whitehurst, F. H. Mitchell, and J. Copeland, "A calibra-
tion procedure for microwave radiometers," PROC. IRE, vol. 45, pp. 
1410-1411; October, 1957. This procedure calls for the difficult op-
eration of intercepting the main beam only with absorbing material. 
A minimum separation of antenna and absorbing material would be 
of the order of tens of aperture diameters. 

Threshold Due to Spurious Modulation 

A perfect modulator would yield at its output an 
available power proportional to the effective tempera-
ture of the source at each position. Physically achiev-
able modulators usually yield an additional output com-
ponent resulting from impedance variations. Such a 
situation is not too serious if these variations are sys-
tematically predictable. That is, the errors due to im-
pedance modulation can be "calibrated out." If the im-
pedance modulation varies in an unsystematic way, a 
threshold level is introduced that is relatively inde-
pendent of the other characteristics of the system. 

Impedance modulation can have varying degrees of 
influence on the output power of the system depending 
upon the configuration of the mixer or amplifier at the 
input of the receiver. For instance, Dicke" indicated a 
means of reducing the effect in a balanced mixer. 

An analysis based on the variation of the output 
impedance of a resistive pad with a variable impedance 
at the input has been found to yield an approximate 
maximum bound for this effect. This result is given by 

=   

[S1S2(Fe + 1) + F. — 1 
PM«  

SiS2(F. — 1) + F.+ 1 

•(F.d- —2T9a0 — 1) (10) 

where SI and S2 are the standing-wave ratios in the two 
positions of the modulator. This factor vanishes under 
two conditions, where Si equals S2 or any other condi-
tion in which S1 yields an output noise voltage equal to 
that resulting from S2. In the latter case, the impedances 
in the two positions might be complex conjugates if the 
input network of the receiver is purely resistive. 
One means of reducing the spurious modulation is by 

the use of a unidirectional device, either directly as the 
modulator or following the modulator. Laboratory re-
sults of this application were reported by Mayer." 

Threshold Due to Gain Fluctuations 

The importance of gain fluctuations was described by 
Dicke." In fact one of his significant contributions was 
the use of modulation to reduce the effect of gain fluctu-
ations. Most gain fluctuations of the systematic type 
can be reduced to a low level. That is, such things as 
drifts in supply voltages and changes in ambient tem-
perature, vibration, orientation, are amenable to engi-
neering solution. The difficulty is that, for extremely 
high sensitivities, the engineering labor becomes pro-
hibitive. Besides the effort required, there would be an 
irreducible minimum in the gain fluctuation that would 
result from spontaneous changes within circuit ele-
ments. For high sensitivity the approach must be to re-

18 R. H. Dicke, op. cit., pp. 271-272. 
17 C. H. Mayer, "Improved microwave noise measurements using 

ferrites," IRE TRANS., vol. MTT-4, pp. 24-28; January, 1956. 
18 R. H. Dicke, op. cit., pp. 270-271. 
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duce systematic gain fluctuation to a reasonable extent 
and then use modulation to reduce the effects further. 
Fig. 4 shows an approximate form of the probability 
density and spectrum of gain fluctuations, assuming that 
the fluctuations are random. The spectrum is a rapidly 
decreasing function of frequency. Therefore, one should 
choose a frequency for modulation, fa, higher than the 
maximum signilcant component in the gain-fluctuation 
spectrum. Frequencies that are related integrally or 
fractionally to the power-line frequency are generally 
unsuited for modulation. This results from the fact that 
wave shapes synchronized to the power-line frequency 
are generated continually and would cause interference 
unless extreme caution were exercised in reducing 
ground currents and partially filtered components in the 
dc power supplies. 

G 

PROBABILITY DENSITY, p 1.G (t)] 

FREQUENCY,f 

Fig. 4—Approximate probability density and spectrum of 
random gain fluctuations. 

The gain variability factor, y, can be defined by 

[G(t) — Go]r.. 
(11) 

where 

G(t)= the gain as a function of time, 
Go = the average gain over a long period, 

subscript rms = the root mean square value. 

The gain fluctuation factor as defined by (11) can be 
divided into individual factors inasmuch as certain 
components may contribute larger fluctuations than 

others. If the receiving system is divided into two sec-
tions, the first having noise figure F1, gain G01, and fluc-
tuating gain Gi(t) and the second having a noise figure 
F2 and an average gain GO2, the individual factor is 

[G1(1) — God.. 
[(To/290) (F1 — 1)] 

GO1 
  (12) 

[(To/290) ± (F1 — 1)] ± (F2 — 1)/Goi 

where -y' is the gain-fluctuation factor for the second 
section. 

If a modulation frequency, fo, is chosen so that the 
contribution from all components within the receiver is 
small, there still remains an important influence. This 
influence results from inequalities of the two sources. 
For instance, if one uses the Dicke system in which the 
comparison source is at about 290°K and the antenna 
temperature is only a few degrees, an offset, or signal, of 
the order of 290° will always be present. If such an offset 
is then subtracted out by means of a dc voltage at the 
output as in the case of a continuous comparison 
radiometer, there will remain a spurious signal given by 

àTo = I Tcl — Tc21 (y — 1) (13) 

where 

To =the threshold rms temperature fluctua-
tion as determined by gain fluctuations, 

ni and Tc2= the temperatures of the comparison 
sources (one being the antenna and the 
other being a local comparison source), 

y =the over-all gain fluctuation factor. 

This result shows that it is desirable to make the an-
tenna temperature and the comparison-source tempera-
ture as nearly equal as possible in the region of the sky 
where the measurement is to take place. The addition of 
noise to the cooler source will accomplish this result. 
Noise can be injected from a noise generator coupled 
through an adjustable attenuator and a directional 
coupler. Such a connection can eliminate the effects of 
gain variation on the threshold. (It should be noted that 
gain variations will always modulate the signal.) 

If a servomechanism were included to control an 
adjustable attenuator, the system signal would remain 
at or near zero." One could then read the position of the 
adjustable attenuator and determine the apparent tem-
perature of the antenna. For many observations this is 
an unnecessary complexity. If a stable noise source, 
stable attenuator, and stable directional coupler are 
used, many useful astronomical observations can be 
made by means of adjusting the balance just prior to 
making an observation.2° In this case it is desirable to 
examine the threshold due to instabilities of the direc-

19 K. E. Machin, M. Ryle, and D. D. Vonberg, "The design of an 
equipment for measuring small radio-frequency noise powers," Prot. 
IEE, vol. 99, pt. III, pp. 127-134; May, 1952. 

10 F. D. Drake and H. I. Ewen, "A broad-band microwave source 
comparison radiometer for advanced research in radio astronomy," 
this issue, p. 53. 
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tional coupler and the attenuator. This can be shown 
to be 

AT =- AA Tbal (14) 

A T = the temperature threshold, 
AA =the change of attenuation in power ratio, 
Tbe = the temperature corresponding to the added 

noise power. 

This shows that for small balancing noise powers, 
larger attenuation changes can be tolerated than for 
large balancing noise powers. This result furthermore 
indicates that it is desirable to have the coupling factor 
of the directional coupler as small as possible (assuming 
the coupler is more stable than the attenuator) to obtain 
the available balancing noise power. This also suggests 
that the attenuation in the adjustable attenuator can be 
very small, in which region most attenuators have a 
small rate of change of attenuation per unit of physical 
change. It should be pointed out that, if the noise bal-
lancing power is added to the antenna line, the excess 
noise should be added to the other excess noises of the 
system to obtain the over-all effective excess noise, F.-1. 
The temperature of the comparison source must be 

stabilized to the degree required by the sensitivity 
threshold. The implication is that the comparison source 
must be automatically stabilized, or it must be insulated 
in such a way that the rate of change of temperature as 
a function of ambient temperature changes will be suf-
ficiently low to permit useful observations. Techniques 
for stabilizing comparison sources include temperature 
controlled refrigeration and heating, change-of-state 
operations (such as the melting of ice or the boiling of 
water), and reducing the temperature of the source to 
nearly absolute zero. Mayer et al. have made observa-
tions using an auxiliary antenna oriented so as to have a 
low antenna temperature, 21 but this method suffers 
from practical limitations for very high-sensitivity work. 
An area that has been ignored generally when gain 

fluctuations are being considered has been the post-
detector amplification. In a high-sensitivity system this 
amplification may become substantial. For instance, a 
typical situation may be one in which the dc and ac 
components of noise at the output of the detector are of 
the order of 0.1 volt. If a threshold of the order of 
0.01°K is required in a system having an equivalent 
over-all noise temperature of 4000°K (as discussed by 
Drake and Ewen)," the equivalent signal voltage at the 
input of the post-detection amplifiers will be about 
I µv. A continuous-comparison radiometer operating at 
such a level would require a higher degree of stability 
than is normally available with dc amplifiers. In fact, 
this level requires the utmost care in the design of an ac 
amplifier. Microphonics and equivalent input noise of 
the audio amplifier must be equivalent to an input volt-
age less than about 0.1 µv. Also the synchronous detec-

21 Mayer et al., this issue, p. 254. 

tor following the audio amplifier will have an inherent 
drift. To overcome this threshold the signal voltage 
must be amplified to a level several times greater than 
the inherent instabilities of the synchronous detector. 
This level may be of the order of millivolts, thus requir-
ing a gain of about 80 db. To prevent overloading of 
the vacuum tubes in the amplifier the background noise 
must be drastically reduced by reducing the bandwidth. 
The bandwidth reduction required is approximately the 
same order as the required power gain; for example, the 
bandwidth reduction factor must be about 10-8. 

After synchronous detection, the signal (of the order 
of millivolts and higher) can easily be handled by the 
amplifiers in standard analog recorders. Here again, 
however, a significant gain is required, because a few 
millivolts must be raised to a few volts. 

Excluding the gain of the antenna, the tabulation of a 
typical system gain distribution would be as follows: 

Antenna 
Receiver 
Audio amplifier 
Recorder 

40 to 60 db 
70 to 90 db 
60 to 80 db 
40 to 60 db. 

PRESENT AND FUTURE SYSTEMS 

The present state of the art is exemplified by the 
radiometers described by Drake and Ewen." In their 
receiver the low noise figure and large bandwidth were 
obtained by using low-noise traveling-wave tubes of a 
recent design. To obtain the low-threshold levels, they 
used integration times of the order of tens or hundreds 
of seconds. It is not likely that the integration time for 
useful observations can be extended much further, nor 
can the bandwidth be greatly increased without intro-
ducing the problem of interference. Much is expected, 
by the radio astronomer at this time, of the solid-state 
maser amplifier." With such amplifiers the internal 
noise of the receiver can be reduced to the equivalent of 
a few degrees, probably less than 10°K. If one immedi-
ately compares this with the 4000°K of the typical 
traveling-wave tube receiver, it would seem that tre-
mendous strides could be made in reducing the thresh-
old level. There are two serious limits to the reduction. 
The irreducible obstacle seems to be the effect of the 
environment in which the antenna is immersed. Other 
factors such as waveguide attenuation, modulator losses, 
and the like set an upper limit for the equivalent system 
noise at the present time of the order of 100°K. Another 
detail is that the bandwidths of present-day masers are 
of the order of hundreds of kilocycles, whereas band-
widths of the order of hundreds of megacycles would be 
required if significant improvement is to be achieved. 

In any event, when the maser becomes available the 
situation will be reversed from the usual in that the 

" See for example, J. P. Wittke, "Molecular amplification and 
generation of microwaves," PROC. IRE, vol. 45, pp. 291-316; March, 
1957. Also see footnotes. 
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excess system noise will be almost totally contributed 
by components other than the receiver. For ultimate 
threshold reduction a perfect antenna, having a small 
beam and no back lobes and no losses between its aper-
ture and the input of the maser, would be required. 

Fig. 5 shows the variation in background and receiver 
noise in equivalent °K. The figure includes portions of 
the spectrum outside the microwave region to show the 
trends. At the high-frequency end of the spectrum the 
atmospheric effects are becoming important to such an 
extent that high-sensitivity radiometry becomes im-
possible. 
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Fig. 5—Background and receiver noise vs frequency. 

CONCLUSION 

The usual threshold-sensitivity equations become in-
adequate when microwave radiometers are pushed 
towards their ultimate threshold level. The number of 
factors requiring consideration are increased from about 
four to about twelve. Present-day techniques permit 
threshold levels, several orders of magnitude lower than 
those in the early days of radiometry and future possi-
bilities, seem to promise reductions in the threshold level 
of one or two more orders of magnitude. To push to 
these new reduced levels will require the utmost care 
and reconsideration of most of the details of radiometer 
design. When such new radiometers become available 
they will be limited by their environment much as the 
present Mt. Palomar optical telescope. 

APPENDIX 

The detector is the predominent nonlinear element 
in a radiometer. An analysis of the signal-to-noise per-
formance is, therefore, in order. 

First consider a square-law detector. The output snr 
of significance is the ratio of the average output voltage, 
E, to the rms deviations (from E) of the output voltage, 

The square-law detector yields an output voltage 
proportional to input power or input mean-square volt-
age. That is, for the noise of the receiving system only 

E1 = 

= a'PR.131 

where a and a' are detection constants, e,.2 is the mean-
square receiver-noise voltage, PR is the power density 
(in watts per cps) of the receiver noise, and B1 is the 
bandwidth of the circuits preceding the detector. If a 
signal is added and is of the same random nature as the 
receiver noise, 

E2 = a(e,72 32) 

= a'Bi(Pa + P.) 

where e.2 is mean-square signal voltage and P. is signal-
power density. The deflection, or difference in average 
value, will then be 

D = E1 

= ae.2 

The deviation of the output voltage (from E) has 
been shown to be equal to the average voltage;8 there-
fore, 

Enna = a(er2 e,2) 

for continuous comparison, or 

es2) 
= 

2 

for square-wave switched comparison. In either case 

E.,. -rAJ aer2 

when 

e.2« er?. 

The output sill- is, therefore, 

D e,2 

Ertl], 

Next consider a linear detector, either average or 
peak-envelope. Again the output snr of significance is 
the ratio of the average output voltage to the rms devia-
tions of the output voltage. A linear detector yields an 
output voltage proportional to the input voltage. For 
receiving system noise only, 

E21 »= n — er2 

where n is the detection efficiency (11 = 1 for a perfect 
peak-envelope detector and n=1/ir for a half-wave 
average detector). If a signal is added and is of the same 
random nature as the receiver noise, 
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71-
E21 = (er2 4 2) . 

2 

The deflection, or difference in average value, is then 

D' = E2' — El' 

= 

e. 
= «4/1 2 — 1). 

For small signals 

D' 
2e,' 

showing the square-law relationship for small signals in 
a perfectly linear detector. Rearranging this relation-
ship gives 

hr  — 
2 2V72 

ir er' 
n2 _ . 
4 

When this is compared with the relation for D for the 
square-law case an important difference is apparent. 
The output deflection for the linear detector is inversely 
proportional to the system noise voltage; for the square-
law detector it is independent. 
The rms deviation of the output voltage has been 

shown to bes 

when 

e.2 « er2. 

The output snr is, therefore, 

D' N/r/2( 2/2-e-ri) 

— N/2 — 

= 0.95 ZW-:.2. 

These results show a slightly better signal-to-noise per-
formance for the square-law detector, but the difference 
is negligible in comparison with most other variables. 
As a function of input snr, Fig. 6 shows the ratio of 

the average output voltage to the rms deviation from 
the average for both detector types. At high-signal levels 
the linear detector gives superior performance. 

Probability densities of several important features of 
a random noise signal that has been passed through a 
narrow band-pass filter are shown in Fig. 7. The random 
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Fig. 6—Ratio of average output voltage to rms deviation from the 
average vs input snr for linear and square-law detectors. 
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Fig. 7—Probability densities of several features of random noise 
that has been passed through a narrow band-pass filter. 

(Gaussian) function is the noise voltage prior to detec-
tion. The positive peaks of this voltage have a similar 
probability density shifted to the positive side, but some 
positive peaks appear at negative voltages. These two 
curves apply to the interpretation of the output record 
(in determining k) as well as to the detection of noise 
voltage. The Gaussian wave envelope has a Rayleigh 
distribution, and the peaks of the envelope have a modi-
fied distribution shifted towards higher values. 

After rectification the distributions depend on the 
law of the detector. Fig. 8 shows the probability densi-
ties for the linear and the square-law detectors. Ap-
propriate dc and rms deviations are marked on the 
figure. The difference between these distributions per-
mits identification of the approximate detection law by 
observing the voltage on an oscilloscope (provided the 
bandwidth of the viewing circuits is greater than that ol 
the predetection noise). 
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Fig. 8—Probability densities of detected output voltage for 
linear and square-law detectors. 

5 

The spectra of these powers and voltages are given 
in Fig. 9. The essential characteristics of these spectra 
are approximately independent (for our purposes, which 
dictate an invariant principal component of noise) of the 
type of detector. Bandwidths B1, B2, and B3 represent 
respectively the predetection, audio-filter, and final-
filter bandwidths. 
From the figure it is apparent that the choice of the 

audio frequency, fa, for modulation is independent of 
these spectra out to the vicinity of .4=B1. There the 
available over-all power is reduced, but snr is not af-
fected. It is seen that the successive filters improve snr 
successively. 

O 

o 
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f=13 e 
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fB f. 

Fig. 9—Approximate power and voltage spectra. 
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A Broad-Band Microwave Source Comparison Radiom-
eter for Advanced Research in Radio Astronomy* 

F. D. DRAKEt, MEMBER, IRE AND H. I. EWENt, SENIOR MEMBER, IRE 

Summary—A sensitive microwave radiometer system operating 
at short centimeter wavelengths has been developed which will allow 
large extensions of the known spectra of a large number of radio 
sources; facilitate the measurement of source polarization; give in-
formation on galactic structure and the sources of galactic radio 

emission; provide new data on the physical structure of planetary 
nebulas; and provide a means of measuring more accurately plane-
tary temperatures, and the precise position of the brighter radio 
sources. 

A traveling-wave tube radiometer operating at 8000 mc with a 
bandwidth of 1000 mc and sensitivities of the order of 0.01°K is 

* Original manuscript received by the IRE, November 8, 1957. 
Harvard College Observatory, Cambridge, Mass., and Ewen 

Knight Corp., Needham Heights, Mass. 

described. The radiometer is more than one order of magnitude 
more sensitive than other existing radiometers operating at 8000 mc. 
The very serious effects of gain fluctuations, acting on small residual 
signals, when trying to achieve very high sensitivities, are discussed. 

A means of eliminating such effects by introducing compensating 
noise has been found successful. Radio observations with this radi-
ometer in conjunction with a 28-foot parabolic reflector have shown 

that: 1) The predicted sensitivity is achieved. 2) Zero-level stability 
is extremely high. 3) It has been possible to detect in detail the dis-
tribution of radio brightness at this wavelength in the vicinity of the 
galactic plane. 4) Radiation from the planets Jupiter and Saturn has 

been detected, this being the first detection of Saturn as a radio 
source. 5) Radiation from two planetary nebulas has been detected, 
this being the first detection of these objects as radio sources. 
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INTRODUCTION 

RADIO observations of celestial sources at centi-
meter wavelengths have been impeded by two 
causes. 

1) The radio brightness of radio sources, in general, 
decreases rapidly with decreasing wavelength; 

2) The sensitivities of available radiometers decrease 
as one goes to shorter wavelengths. 

These two causes in combination have largely dis-
couraged attempts to observe the sky extensively at the 
short centimeter wavelengths, even though shorter 
wavelengths allow one to achieve more narrow antenna 
beams with a given antenna dimension. 

It has been known for several years that these wave-
lengths may provide information vital to the solution of 
many outstanding astronomical problems. Among the 
astronomical problems which now may be more effec-
tively attacked at short centimeter wavelengths, one 
may list: 

1) The spectra of discrete radio sources.—Spectra in-
formation now will be greatly extended with respect to 
available information.1-5 These spectra provide impor-
tant clues with regard to the mechanism of radio emis-
sion operating in a radio source. 

2) The polarization of radio sources.—These meas-
urements are facilitated at short wavelengths because 
the earth's ionosphere affects the polarization of the ra-
diation to a much smaller degree at these frequencies 
than at lower frequencies.° 

3) The origin of the radiation in the vicinity of the 
galactic plane.—An accurate knowledge of this radia-
tion, evaluated in conjunction with longer wavelength 
data, will determine whether the radiation is of thermal 
or nonthermal origin. 

4) Galactic structure as determined from the distri-
bution of regions of ionized hydrogen.—Clouds of 
ionized hydrogen are thermal emitters, which dominate 
the radio sky at short centimeter wavelengths. 

5) The physical structure of planetary nebulas.— 
These objects, whose position in the picture of cosmic 
evolution is still poorly understood, are difficult to study 

1 F. T. Haddock, C. H. Mayer, and R. M. Sloanaker, "Radio ob-
servations of ionized hydrogen nebulae and other discrete sources at 
a wave-length of 9.4 cm," Nature, vol. 174, pp. 176-177; July 24, 
1954. 

2 F. T. Haddock and T. P. McCullough, Jr., "Extension of radio 
source spectra to a wavelength of 3 centimeters," Astron. J., vol. 60, 
pp. 161-162; June, 1955. 

V. M. Plechkov and V. A. Razin, "Results of measures of the in-
tensity of radio emission of discrete sources at wavelengths of 3.2 
and 9.7 cm," Proc. Fifth Conf. on Questions of Cosmogony, Academy of 
Sciences of the USSR, Moscow, pp. 430-435; 1956. 

N. L. Kaydanovsky and N. S. Kardashev, "Results of observa-
tions of discrete sources of cosmic radio emission at a wavelength 
of 3.2 cm," Proc. Fifth Conf. on Questions of Cosmogony, Academy of 
Sciences of the USSR, Moscow, pp. 436-437; 1956. 

N. G. Roman and F. T. Haddock, "A model for nonthermal 
radio source spectra," AstroPhys. J., vol. 124, pp. 35-42; July, 1956. 

6 C. H. Meyer, T. P. McCullough, and R. M. Sloanaker, "Evidence 
for polarized radio radiation from the Crab Nebula," Astrophys. J., 
vol. 126, pp. 468-470; September, 1957. 

photographically with high precision, but some aspects 
of these objects may be studied with a microwave radi-
ometer of sufficient sensitivity. 

6) The temperatures of the planets.—The extensive 
work already done at the Naval Research Laboratory, 
Washington, D. C., at 3-cm wavelength, indicates the 
value of such observations, since temperatures obtained 
by radio techniques differ markedly, in some cases, from 
temperatures determined by other means. 

7) The precise determination of the positions of 
radio sources.—The narrow antenna beams obtainable 
at short wavelengths facilitate position determinations 
both by decreasing the confusion produced by having 
several sources in the beam antenna simultaneously, and 
by providing a radiometer response that is more sensi-
tive to changes in antenna pointing. Furthermore, at 
short wavelengths one may observe sources of small 
optical size, such as Venus, thereby providing an ac-
curate calibration of antenna pointing error. 

CONSIDERATIONS IN RECEIVER DESIGN 

The receiving system to be described was specifically 
designed for the measurement of very low-level thermal 
noise powers associated with antenna temperatures pro-
duced by faint celestial sources of small angular size. 
The "signal" produced by these sources has a noise-

like character similar to the thermal and shot noise of 
the receiving system. The design criteria for the system 
then involve distinguishing a small change in the noise 
power output level of the receiver when the signal noise 
is introduced at the terminals of the antenna. 
The minimum detectable signal of this system repre-

sents a change in the output-power level of the receiver 
of one part in 400,000 or a detectable antenna tempera-
ture change of 0.01°K in the presence of an equivalent 
4000°K-system noise. 
The minimum detectable signal is determined by 

fluctuations in the receiver output level in the absence 
of a signal. These output-level fluctuations are produced 
by spurious gain fluctuations within the active circuits 
of the receiver and by the statistical fluctuations in a 
noise-like waveform. 
The normal method that has been used to reduce gain 

fluctuations and other spurious effects is to modulatE 
the signal at a frequency at which the amplitude of such 
effects is negligible. The amplitude of the signal ma} 
then be determined by means of a coherent detect(); 
driven at the modulation frequency.' 

Dicke's original description' of such a radiometer in 
volved a 30-cps modulation of the signal by means o 
mechanically switching the receiver input between thg 
antenna terminals and a resistive load at "room" tern 
perature. Comparison was obtained then between thg 
thermal noise presented at the terminals of the antenn; 

7 R. H. Dicke, "The measurement of thermal radiation at micrc 
wave frequencies," Rev. Sci. Instr., vol. 17, pp. 268-275; Jul) 
1946. 
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and the thermal noise of the resistor. Various other 
methods of modulation have been employed; however, 
each involves the fundamental concept of sequencing 
"signal" and "comparison" information through active 
amplifer circuits in a modulation pattern which in most 
cases can be represented by a square wave. Each cycle 
of the square wave contains one-half period of signal 
information followed by a half-period of comparison in-
formation. 

In many systems this simple modulation scheme of 
switching to a resistive comparison load has been suffi-
cient to reduce the effect of gain fluctuations below the 
level of statistical noise fluctuations. The receiving sys-
tem described in this paper involves the successful ap-
plication of further techniques to reduce the effect of 
gain fluctuations. Such techniques become increasingly 
significant for systems with low statistical noise fluctua-
tions. 

Theoretically, the fluctuations in the output-noise 
level of the receiver produced by the statistical nature of 
the noise waveform can be reduced to any desired de-
gree by increasing the integration time after detection 
(narrowing the post detection bandwidth). 

Expressed in equivalent temperature units the rms 
value of these fluctuations AT is 

AT = Equivalent system noise/N/Br , (1) 

where the equivalent system noise can be obtained from 
the noise figure F of the system by the expression 

(F — 1)To. (2) 

To is the reference ambient temperature, 290°K. In 
(1) above: 

B = the predetection bandwidth, and 
r = the time constant of the integration network after 

the detector. 

Presumably we can increase r or B and thereby re-
duce AT to any desired value. There is, of course, a 
practical limitation to the maximum value of r, which is 
introduced by the amount of available observing time; 
this maximum value may be determined either by a 
change in source position as a function of time or a time 
dependent change in the amplitude of the power re-
ceived by the antenna. An increase in B may be limited 
by the bandwidth of the signal, the current state of 
equipment development, man-made interference "noise," 
and many other factors. 
To date, instrumentation at short wavelengths has 

consisted of superheterodyne receivers. The sensitivity 
of such systems has been limited by the relatively nar-
row bandwidths that can be easily achieved. Existing 
superheterodyne receivers provide a maximum sensitiv-
ity of the order of 0.5°K, with a five-second integration 
time. The introduction of traveling-wave tubes at short 
centimeter wavelengths has offered the possibility of 
achieving, at the cost of a slight increase in noise figure, 

extremely wide bandwidths, of the order of 3 kmc at a 
frequency of 8 kmc. In actual application, it was found 
desirable to limit the bandwidth to about 1 kmc in 
order to avoid interference. The sensitivity of such a 
system, in theory, can be more than an order of magni-
tude greater than that given by existing superhetero-
dyne receivers. 

In order to test the efficacy of traveling-wave tube 
radiometers in radio astronomy application, such a radi-
ometer was built and then was tested by actual observa-
tion of celestial sources. 

TRAVELING-WAVE TUBE RADIOMETER 

A simplified block diagram of the basic receiving sys-
tem is shown in Fig. 1. The receiver is basically a trf 
type consisting of three cascaded traveling-wave tube 
amplifiers. The center frequency of the interstage filters 
is 8000 mc and the bandwidth of each filter is 1000 mc. 

>— TWT FILTER TWT FILTER 

--

T WT 

Fig. 1—Block diagram of basic receiving system employing 
traveling-wave tubes. 

The measured system noise figure is 11¡ db, pro-
viding an over-all equivalent system noise of about 
4000°K. With an integration time of 100 seconds the 
value of AT from (1) is about 0.01°K. Hence, the fluctu-
ations in the output power level of the receiver due to 
the statistical nature of the noise waveform are very 
small indeed. 
Now let us direct our attention to the effect of gain 

fluctuations. With an equivalent system noise of 
4000°K a gain change of + 1 per cent would produce a 
+40°K change in the receiver output. To reduce this 
effect to 0.01°K would require stabilizing the gain of the 
receiver to one part in 400,000 or 0.00025 per cent. An 
easier approach would be to modulate the signal by 
comparison to a resistive load' as described above. 

Fig. 2 is a simplified block diagram of the receiver 
modified by inserting a ferrite switch at the input to the 
first twt. Modulation of the signal is obtained by switch-
ing between the antenna terminals and a resistive load 
at "room temperature." 
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Fig. 2—Block diagram of receiving system with addition of 
comparison switching circuits. 

The general expression for the minimum detectable 
signal is then: 

= K [ BT Go (F —  (G(t) — Go)   (AT. ± TA)] (3) 
V  
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where 

K = a constant introduced here to simplify the ex-
pression by eliminating other effects not dis-
cussed in this paper,' 

F = the system noise figure, 
To = the reference ambient temperature, 290°K, 
B= the predetection bandwidth (1000 mc), 
r = the time constant of the integration network, 

G(t) = the gain of the receiving system at time t, 
Go =the average value of G(t) during the period of 

observation, 
A n = Ta— 
Tc1 = temperature "observed" by the receiver with 

the switch connected to the resistive load, 
= temperature "observed" by the receiver with 
the switch connected to the antenna terminals, 
and with no radio source in the antenna beam, 

TA=effective antenna temperature, "signal" pro-
duced by a radio source. 

This expression for AT may be divided into two parts. 

1) The effect of statistical noise fluctuations: 

AT = K((F 1)T0\ (4) 
\ V Br ) 

2) The effect of gain variations: 

Tif = KRG(1)G0— Go)(ATc TA)1• (5) 

The first part obtains a value of 0.01°K as described 
above. For a 1 per cent variation in gain, the second part 
obtains a value of 2.9°K, if we assume to a first approxi-
mation that with no signal: 

= 290°K 

T2 = 0°K. 
It is evident from (5) that gain fluctuations limit the 

minimum detectable signal by an amount equal to the 
percentage of the gain change multiplied by the noise 
unbalance at the input terminals of the receiver, in the 
absence of a signal. To achieve a sensitivity of 0.01°K, it 
is then necessary to balance the noise temperatures Ta 
and Ta to better than 1°K, if gain fluctuations are no 
greater than 1 per cent. 

Various methods have been proposed to achieve con-
dition n1= Ta. For this particular system the most con-
venient one was to introduce additional noise at input 
terminal 2 and increase Te2 until balance was obtained. 

Fig. 3 is a block diagram of the receiver in the "noise 
compensated" form. The addition of noise to terminal 2 
was achieved by inserting a fractional amount of the 
noise power available from an argon gas discharge noise 
source into the side arm of a directional coupler. The 
main arm of the coupler was inserted in the antenna 
transmission line between terminal 2 of the receiver and 

° P. D. Strum, "Considerations in high-sensitivity microwave 
radiometry," this issue, p. 43. 
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Fig. 3—Block diagram of receiving system with the addition of 
"noise compensating" circuits. 

the antenna terminals. The addition of a variable at-
tenuator between the noise generator and the coupler 
provided an easy means for adjustment of the amount 
of noise added to terminal 2. 
The addition of approximately 300°K of equivalent 

noise power to the input of the receiver does, of course, 
increase the over-all system noise from 4000°K to 
4300°K. However, this produces a negligible effect on 
At as given by (4) when one considers the fact that this 
addition of 300°K of noise improves system sensitivity 
from 2.9°K to approximately 0.01°K. An effective sensi-
tivity of 0.01°K was achieved in practice, thus providing 
a receiver more than one order of magnitude more sensi-
tive than existing receivers at this frequency. 
To improve further the sensitivity of such a system 

and, in fact, to determine the ultimate limitations on the 
sensitivity of the system described herein, we must 
analyze in greater detail the dependence of the terms in 
(3) on time and antenna position. 

T c2 may be represented by the expression: 

T c2 = TB ± TT + Tr 
where individual component contributions to Te2 ex-
clusive of the noise compensating component are: 

TB = the equivalent black body temperature of the 
galactic background radiation field "observed" 
by the antenna, 

Tr = temperature due to tropospheric effects, 
T2= temperature due to losses in the ferrite switch 

and side lobe contributions of the feed system 
and reflector, 

T1-= effective temperature due to man-made inter-
ference. 

At a frequency of 8000 MC: 

TB is less than 1°K. However, it is a function of an-
tenna position. For fixed antennas it is a function 
of time as a consequence of the earth's diurnal 
rotation. 
will depend primarily on the water vapor and 
oxygen content of the atmosphere in the solid 
angle of the antenna main beam. It will, there-
fore, be dependent on time as well as antenna 

position. The absolute magnitude of this effect 
might be as high as 30°K. 
will depend on the geometrical configuration of 
the antenna system and topographic and reflect-
ing properties of the antenna surroundings. It 
will depend primarily on position, and even for a 
well-designed antenna pointing toward the 
zenith this effect might be as large as 20°K. 

TT 

Ta2 
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Tr will, of course, depend on time, position of the 
antenna, and physical proximity of sources of 
man-made noise. 

The problem for the future is simply expressed as the 
determination of the function Tc2 (t, 8,0) for each system. 

If we include the noise compensation required for bal-
ance, then: 

TNG 
Tc2 — ± TB ± TT + n2+ Tr 

(AI+ A2) 

where 

TNG= effective noise generator temperature, 
A 1+ A2= attenuation of the variable attenuator plus 

the coupler. 

The first term of Tc2 can be made time dependent 
only, with a long thermal time constant, by application 
of known techniques to temperature stabilize compo-
nents. 

Ta can be represented by the expression: 

= To + 

where 

To = ambient temperature of the load, and 
Tai = temperature component produced by losses in 

the ferrite switch when connected to position 1. 

If To varies appreciably with time, the resistive ele-
ment can be placed in an oven and stabilized to 0.01°K 
during the time of observation. Tai will be dependent 
only on time and its thermal time constant can be in-
creased by various techniques. 
Many of the effects discussed above can be easily con-

trolled if the desired system sensitivity is no greater 
than 0.01°K, as was the case in the development of the 
radiometer described here. However, one of the pur-
poses of this more detailed discussion is to point out the 
problems that will be associated with radiometers em-
ploying very low internal noise amplifiers. With a solid 
state Maser, for instance, the term F —1/VBr in (3) will 
be reduced by a factor of 1000 at microwave frequencies. 
Fluctuations in the output-power level of the receiver 
will no longer be determined by the statistical fluctua-
tions of the noise waveform. This fluctuation, presently 
the weak link in radiometer systems, will become the 
strongest link and the heretofore negligible effects repre-
sented by the second term 

RG(t)G-0 Go) 
  (àTc ± TA)] 

will completely determine receiver performance. The 
receiver reported here is in the "twilight" zone between 
yesterday and tomorrow in radiometer development. 

ASTRONOMICAL OBSERVATIONS 

The radiometer has been operated in conjunction 

with an equatorially-mounted 28-foot paraboloid with 
a solid aluminum surface for the purpose of making 
actual tests on celestial sources of radiation. The beam-
width to half-power points is 18' of arc. Because the 
receiver has been in a developmental status and under 
constant revision, precise calibration has not been at-
tempted nor has the antenna gain been carefully meas-
ured. The results to date are, therefore, of a preliminary 
nature and stated antenna temperatures may be in error 
by a factor of two. 

Fig. 4 is a reproduction of the radiometer response as 
the radio source Cassiopeia A was allowed to drift 
through the antenna beam. Such a "drift curve" should 
resemble a rectilinear plot of the antenna beam pattern, 
if the radio source is much smaller than the size of the 
antenna beam, as is the case here. The time constant in 
this case was 80 seconds, and the peak antenna tem-
perature recorded for this source was about 2°K. The 
theoretical rms fluctuation amplitude at the radiometer 
output should be about 0.02°K under these conditions. 
The observed amplitude as recorded is approximately 
equivalent to this predicted value. 
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Fig. 4—Radiometer response as the strong radio source Cassiopeia 
A drifted through the antenna beam. Maximum antenna tempera-
ture = 2°K. Receiver time constant = 80 seconds. 

Fig. 5 is a "drift curve" of the radio source associated 
with the galactic nebulosity M17. The time constant 
for this record was 80 seconds, and the peak radiometer 
deflection was about 3°K. The antenna was driven 
around the polar axis at a speed slightly greater than 
that of the earth's rotation, so that, although only about 
10 minutes of right ascension displacement are shown 
by the tracing, about two and one-half hours were re-
quired for the observation. The most remarkable quality 
of this tracing from an instrumentation standpoint, be-
sides the high sensitivity obtained, is the high stability 
of the zero-intensity level, which drifted at a rate of 
only 0.1°K per hour. The small rate of zero-level drift is 
quite encouraging to radio astronomers, who have long 
found a lack of zero-level stability to be a major obstacle 
in obtaining optimum observational data. The zero-level 
drift existing in this and other figures may be attributed 
to drift in the temperature of the resistive load against 
which antenna temperatures are compared. Oven stabil-
ization of the resistive load was not included during this 
series of tests. 
The source labelled A in Fig. 5 is associated with the 

emission nebula M17. The source labelled B in Fig. 5 lies 
very near the position of the galactic plane as found by 
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Fig. 7—Radiometer measure of radio emission from Saturn. Maximum antenna temperature 0.04°K. Time' constant =320 seconds. Be-
tween A and B, the antenna pointed ¡° east of Saturn; between B and C, the antenna pointed at the planet; between C and D, the 
antenna pointed r west of Saturn. 

watt m-2(cps) --i or 5.5 X (10-16) watts of power de-
tected at the antenna terminals. This is probably the 
smallest antenna temperature detected to date with a 
microwave radiometer. In this case, one may not deter-
mine a black body temperature for the planet without 
first knowing whether the well-known rings are con-
tributing to the radio emission. If the particles making 
up the rings are much smaller than the 3.75-cm receiver 
wavelength, or are very cold, the particles will con-
tribute very little emission at this wavelength. Since we 
do not have a reliable measure of the size of the ring 
particles or their temperature, it is possible to invert the 
argument, accepting the planetary temperature given 
by other means,'" and determine whether or not the 
rings are present radiowise. To eliminate calibration 
errors as much as possible, the predicted ratio of the 
antenna temperature of Jupiter to that of Saturn was 
computed for both cases; i.e., with and without the 
presence of the rings. Since the observations of Jupiter 
and Saturn were made in quick succession, taking the 
ratio of the observed antenna temperatures from these 
observations should eliminate systematic calibration 
errors. From published data for the date of the observa-
tions, July 24, 1957, the ratio of the antenna tempera-
ture Jupiter to Saturn should be 4.7 if the rings are 
transparent, and about 3.0 if the rings are opaque. The 
Pbserved ratio is 4.3, indicating that the rings are not 
radio sources at 8000 mc, which may mean that they 
Principally consist of particles smaller than 3.75 cm in 
iiameter, or are at a temperature less than about 20°K. 
A "drift curve" of the planetary nebula NGC 7293 

:the "Helix" Nebula) is shown in Fig. 8. This repre-
;ents the first radio observation of a planetary nebula. 

" C. W. Allen, "Astrophysical Quantities," University of London, 
.ondon, Eng., 1956. 

This tracing was made in the same manner as the trac-
ings of Cassiopeia A and the region of M17, with an 80-
second time constant, and indicates a maximum an-
tenna temperature for the nebula of 0.25°K. It is desir-
able with weak signals to take a mean of several observa-

Fig. 8—Radiometer response as the planetary nebula NGC 7293 
passed through the antenna beam. Maximum antenna tempera-
ture =0.25°K. Time constant =80 seconds. 

tions, as this allows one to make a statistical analysis of 
the data to derive a measure of its reliability. Five ob-
servations of NGC 7293 have been combined to obtain a 
mean curve. The resultant curve and the probable 
errors derived for the experimental points are shown in 
Fig. 9. The mean probable error is 0.022°K. The actual 
scatter among the points themselves suggests that the 
actual probable error is somewhat smaller than this. 
This can occur because the observer must draw an ar-
bitrary zero level through each tracing of the radio 
source before deriving antenna temperatures from the 
tracing, and this zero will always be slightly in error. 
The effect is to introduce no error in the relative po-
sitions of the derived experimental points, but to en-
hance the probable errors derived in a straightforward 
way from the observational data. It is fortunate that 
this is the case, as one can be sure that the derived 
probable errors are too large, and hence the data are 
actually more reliable than the probable errors indicate. 
In this case, the actual scatter among the points indi-
cates that the true probable error is of the order of 
0.010°K. 
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Fig. 9—Mean of 5 observations of NGC 7293, with probable errors 
of the observed points indicated. The mean probable error is 
0.022°K; the arrow indicates the optical center of the nebula. 

From the published optical data,"—" the expected 
antenna temperature for the nebula was computed. The 
uncertainties in the optical data make it possible for this 
temperature to be in error by at least a factor of five. 
In the case of NGC 7293, assuming the antenna gain to 
be half that of an ideal antenna, the predicted antenna 
temperature is 0.16°K, which is in excellent agreement 
with the observed antenna temperature of 0.26°K from 
Fig. 9. The data of Fig. 9 show a response to the neb-
ular signal which is broadened about 6' of arc over the 
response from a point source. This is to be expected, 
as this nebula is about 15' of arc in diameter, and has 
faint optical extensions extending at least as far as 10' 
of arc from the center of the nebula. The arrow in Fig. 
9 indicates the optical center of the nebula, and it is 
seen that the center of the radio emission as determined 
from the present observations deviates appreciably 
from the optical center, and actually lies very near the 
edge of the nebula. The difference between the two 
centers seems too large to be attributable to instrumen-
tal errors and is probably real. It is of interest to note 
that the center of radio emission apparently deviates 
from the optical center in the same direction as faint 
extensions of the nebula, recently observed on large-
scale, high quality, photographs. Further radio and op-
tical studies of this nebula are clearly indicated. 

Fig. 10 is a reproduction of a drift curve of the plane-
tary nebula NGC 6853 (the "Dumbbell" Nebula). A 
time constant of 80 seconds was used, and a maximum 
antenna temperature of 0.10°K is indicated. Four such 
observations have been combined to give the results 
shown in Fig. 11. The mean probable error from the 
data is 0.017°K, although, as before, the scatter of the 
points among themselves suggests that the true prob-
able error is of the order of 0.008°K, which is representa-
tive of the extremely high-receiver sensitivity. The 
antenna temperature predicted from the optical data is 

" D. H. Menzel and L. H. Aller, "Physical processes in gaseous 
nebulae. XII. The electron densities of some bright planetary nebu-
lae," Astrophys. J., vol. 93, pp. 195-201; January, 1941. 

12 T. Page and J. L. Greenstein, "Ionized hydrogen regions in 
planetary nebulae," Astrophys. J., vol. 114, pp. 98-105; July, 1951. 

13 I. S. Shklovsky, "A new scale of distances to planetary nebu-
lae." Astron. J. Soviet Union, vol. 33, pp. 222-235; 1956. 

- - • 
Fig. 10—Radiometer response as the planetary nebula NGC 6853 

passed through the antenna beam. Maximum antenna tempera-
ture =0.10°K. Time constant =80 seconds. 
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Fig. 11—Mean of 4 observations of NGC 6853, with probable errors 
of the observed points indicated. The mean probable error is 
0.017°K; the arrow indicates the optical center of the nebula. 

0.07°K, which is in remarkable agreement with the ob-
served temperature of 0.09°K. In this case, the optical 
position of the nebula, as indicated by the arrow in 
Fig. 11, is in close agreement with the radio position. 
This was expected since the dimensions of this nebula 
are roughly 6' X8'. 

CONCLUSION 

The traveling-wave tube radiometer described in this 
report fulfills the theoretical sensitivity deduced from 
its electronic characteristics. The inherent high stability 
achieved is of great value to radio astronomers. This 
high sensitivity and stability was achieved by careful 
consideration and treatment of circuit components 
which do not affect the simple theoretical considerations 
of circuit sensitivity. 

Astronomical results indicate that one may readily 
observe the temperature of the planets with a radiom-
eter of the type described. For the first time, it is possi-
ble with ease and reasonable speed to make a detailed 
study of galactic radiation at 3- to 4-cm wavelengths. 
Preliminary observations described here suggest that 
much important data will accrue from such a study. The 
radio observations of planetary nebulas, achieved for 
the first time through the use of this radiometer, have 
established a new field for the application of radio as-
tronomy. The first results reported here indicate that 
such radio information will greatly improve the accu-
racy to which some parameters of the nebulas are known, 
and may bring to light important aspects of these ob-
jects which have not been observable until now. 
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Present and Future Capabilities of 
Microwave Crystal Receivers* 

C. T. McCOYt 

Summary—The lower limits of receiver noise are explained in 
terms of the fundamental physical constants of vacuum tubes and 
microwave crystal rectifiers. 

With negative-grid vacuum tubes, the receiver noise, expressed 
in absolute temperature units, can be about 30°K at 10 mc but in-
creases to about 1000°K at 1000 mc. For crystal superheterodyne at 
all frequencies below 10,000 mc, the receiver noise can be down to 
600°K, limited only by the crystal mixer. Above 10,000 mc the 
crystal rectifier parasitic elements—spreading resistance and barrier 
capacity—cause the receiver noise to increase rapidly to values of 
approximately 7000°K at 70,000 mc. 

For the future, high mobility semiconductors and new rectifier 
geometry promise substantial reduction of the parasitics. Also, a 
cooling mechanism promises limitless reduction in noise; a receiver 
noise of 150°K for all frequencies below 100,000 mc seems feasible. 

I. INTRODUCTION AND BACKGROUND 

T
HERE are many military and commercial re-
ceiver applications in which the environment is 
sufficiently controlled or selected so that the weak-

est detectable signal is determined solely by the equiva-
lent thermal-type noise at the input of the receiver. 
A reduction in receiver noise would permit either an 
equivalent reduction in transmitter power or an in-
crease in range, or both. 

This paper reviews the present-day fundamental limi-
tations of this receiver noise in the frequency range from 
10 to 100,000 mc. The two types of receivers covered 
are the negative-grid vacuum-tube amplifier and the 
crystal superheterodyne, because both are capable of 
realizing approximately the lowest receiver noise of to-
day and of the future. 
The complete treatment of low-noise amplifiers and 

crystal mixers is extremely complicated, as anyone will 
agree who has read literature on the subject.' ,2 To 
evaluate the present state of the low-noise art, as well as 
its future prospects, the major noise contributions should 
be boiled down to a few basic parameters. This paper 
attempts to accomplish this, without excessive loss of 
rigor, by considering the amplifier noise as only that 
coming from the first triode stage, and the crystal-
converter noise as only that in a simple broad-band 
(signal and image-matched) design. Optimized operat-
ing and design parameters always are assumed. 

* Original manuscript received by the IRE, August 2, 1957; 
revised manuscript received, November 3, 1957. 
t Philco Corp., Philadelphia, Pa. 
G. E. Valley and H. Wallman, "Vacuum Tube Amplifiers," 

M.I.T. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, 
N. Y., vol. 18; 1948. 

2 H. C. Torrey and C. A. Whitmer, "Crystal Rectifiers," M.I.T. 
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., 
vol. 15; 1948. 

The vacuum-tube noise parameters have been scat-
tered throughout literature for some time. The rela-
tionship between crystal-mixer noise and a few funda-
mental crystal-physics parameters, with expectations 
for the future, is only now appearing in literature, but 
without the conceptual simplification presented here. 

II. DISCUSSION AND ANALYSIS 

A. Receiver Noise 

Friis' standard noise-figure definitions and relation-
ships' are used throughout this paper, though antenna 
noise is separated from receiver noise. Further, it is 
found convenient to quote the magnitude of noise in 
various terms, such as: 1) a power P in watts; 2) an 
absolute noise temperature T in degrees Kelvin; 3) 
a normalized (to 290°K) temperature ratio r; or 4) in 
decibels, db, by taking 10 times the common log of r. 

For example, the noise contributions to the over-all 
receiver-noise sensitivity r, of a broad-band microwave 
crystal superheterodyne receiver is given by4-6 

r, = (F.— 2) ± Lx(FIF — 1) ± 2r, (1) 

where 
(F.-2) = the excess mixer noise figure, 

L.= mixer conversion loss, and 
(F/F-1) =the excess IF noise figure, and ra the nor-

malized antenna temperature, all in di-
mensionless units of temperature ratio.' 

All similar noise formulas will be in these units. A 

3 H. T. Friis, "Noise figures of radio receivers," PROC. IRE, vol. 
32, pp. 419-422; July, 1944. 

4 P. D. Strum, "A note on noise temperature," IRE TRANS., vol. 
MTT-4, pp. 145-151; July, 1956. 

3 The term "noise sensitivity" and the symbol r. are identical to 
"operating noise figure" and F", respectively, in footnotes 4 and 6. 
The author believes the sensitivity term has the advantages of being 
more self-explanatory, shorter, and less apt to be confused with the 
standard term "noise figure." The symbol F„ can be confused with 
"optimum noise figure." 

D. O. North and H. T. Friis, "Discussion on noise figures of 
radio receivers," PROC. IRE, vol. 33, pp. 125-127; February, 1945. 

7 The corresponding narrow-band (i.e., image-blocked) receiver-
noise sensitivity r, is given by 

r.= -F-Lx(FIF —1) -1-ra. (la) 

Narrow-band mixer-noise figure F. and conversion loss L. approxi-
mately is equal, but not identical (footnote 11), to its respective 
broad-band counterpart. Whether broad-band or narrow-band re-
ceiving inherently is more sensitive depends on the relative magni-
tudes of the receiver noise and the antenna noise. For radio astrono-
my, when the desired signal is an increment in the antenna-noise back-
ground, and when this background noise is small compared to the 
receiver noise, the effect of the increment will be twice as great (3 
db better) in the broad-band receiver. 
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typical microwave-receiver noise figure of 7.5 db has 
noise composition, in the normalized temperature ratio 
units of (1), of: 

5.6 = (4.2 — 2) ± 3.5(1.4 — 1) + 2. (2) 

If each of the terms of (1) is multiplied by the normaliz-
ing temperature To of 290°K, inherent in the definition 
of a noise figure, (1) and (2) can be re-expressed as 

T. = Tx TIF 2Ta, (3) 

1625°K = 638°K ± 407°K ± 580°K. (4) 

The sum of the first two terms on the right side of the 
above equation represents the receiver noise8 and they 
may be given the normalized noise temperature symbol 
of Tr, or in terms of the absolute temperature by T,. It 
may be noted that when the normalized antenna tem-
perature r, is unity, the over-all receiver-noise sensi-
tivity ra is identical in definition to the standard re-
ceiver-noise figure F,. Both the receiver-noise figure and 
the receiver-noise sensitivity refer the total noise to the 
input of the receiver. The former includes a standard 
290°K antenna noise and the latter, the actual operating 
antenna noise. The parameters Tr, - r TI F, and r, are con-
venient for identifying the noise sources and comparing 
their magnitude. To simplify nomenclature without loss 
of clarity, the generic name of these terms will be called 
"noise." The dimension—in db, ratio, or degrees 
Kelvin—will indicate the form clearly. The lowest possi-
ble sensitivity noise T. would of course be 0°K, with no 
noise contribution from either receiver T, or antenna 
T‘,. This represents infinite sensitivity, which is repre-
sented more clearly in db units, namely, 

— co db. 

B. The Vacuum Tube Amplifier in the 10 to 1000-MC 
Range 

If the bandwidth is sufficiently narrow and low-loss 
networks are employed, the excess noise figure (F-1) of 
a vacuum-tube amplifier will be determined both in 
theory and practice solely by tube parameters as ex-
pressed in 9-11 

F — 1 -- 7.[ 112 
—g61 

(5) 

where T. has a value of approximately 6 for present-day 
oxide cathodes. The ratio of electronic input conduct-
ance to transconductance of the tube is ge/g,.. Electronic 

This more properly is called "excess receiver noise." 
An approximation derivable from formulas of footnotes 10 and 

11. 
10 L. J. Giacoletto and H. Johnson, "UHF triode design in terms 

of operating parameters and electrode spacings," PROC. IRE, vol. 41, 
pp. 51-58; January, 1953. 

11 Valley and Wallman, op. cit., pp. 563, 638-640. 

input conductance is proportional to the square of the 
frequency because of electron transit time between 
cathode and grid. Thus, the minimum excess noise for 
vacuum tubes is proportional to frequency. Other than 
frequency (and a compromise with amplification factor 
to achieve adequate gain), the minimum ratio of ge/g„, 
is determined solely by the practicalities involved in 
minimizing cathode-grid spacing and maximizing cath-
ode-emission current density. 
The best low-noise vacuum tubes of today, such as the 

GL 6229 and 417A, have the typical value of ge/g„. of 0.02 
at 100 mc. Using these values and a r,, of 6, the fre-
quency dependency of the excess amplifier noise (F,-1) 
is shown by the solid line in Fig. 1. The 416B with ex-
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Fig. 1—Receiver noise vs frequency. 
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ceptionally close-grid cathode spacing achieves excess 
noise (F„-1), as shown by the dotted straight line, but 
has not been suitable for the low vhf because of its in-
ternal construction. 

For a vacuum-tube receiver, the noise due to the re-
ceiver alone, T,, would be the F. —1 curves of Fig. 1, 
which can be seen to have values (in absolute tempera-
ture) of about 30°K at 10 mc; these curves rise with 
frequency to about 1000°K at 1000 mc. The over-all 
noise sensitivity T. would be obtained by adding on the 
antenna temperature Ta. 

C. Crystal-Mixer Noise in 500 to 10,000-MC Range 

Discussed here are the essential physical dependences 
of crystal-mixer noise figure Fx, conversion loss Lx, and 
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noise temperature" tx. For a broad-band crystal-mixer 
superheterodyne receiver, the over-all noise sensitivity 
r8 can be derived by" 

(L.t. — 2) ± L.(FIF — 1) + 2r0 (6) 

which is the same as (1), with F. being replaced by the 
equivalent L.t. product. Omitting the antenna noise 
contribution, the receiver noise r. dependency is 

= (L.t. — 2) + Lx(F/F — 1). (7) 

Usually, any combination of a sufficiently good IF tube 
and/or a low enough frequency can be chosen to make 
the IF contributing term much smaller than that of the 
mixer. The dependencies of L. and tx on crystal rectifier 
physics will be explained now. 

I) Conversion Loss: Conversion is derived solely by 
the action of the local oscillator on the barrier resist-
ance,"-'8 in the equivalent circuit of the crystal rectifier 
shown in Fig. 2. To small rf signals, the converter es-
sentially acts" as the passive resistive network of Fig. 3. 
Conversion loss is calculable readily from this network, 
which is calculable from the circuit of Fig. 2, which in 
turn is calculable from local oscillator and bias parame-
ters plus the physics parameters of the rectifier soon to 
be discussed. When the rf source (antenna) is matched 
identically to the converter at both signal and image 
frequencies, the converter is of the broad-band type, in 
contrast to a narrow-band designation for an "open" or 
"short" termination of the image. 
One important characteristic of the broad-band mix-

ing is that the conversion loss Lo'8 is the same from 
either the signal or image terminal to IF. Another, is 
that broad-band conversion loss Lo never can be less 
than 2, for exactly as much signal energy is converted to 
and absorbed in the image terminal as in the IF. De-
spite this loss, the broad-band converter noise almost is 
as low" as the narrow band; is far simpler to design and 
test; is the one implied in present-day commercial and 
military crystal specifications; and therefore, is dis-
cussed in this paper. 

12 This refers in standard Friis terminology to the noise of the IF 
output resistance of the mixer. The noise contributions to over-all 
receiver-noise sensitivity as given in (1)—(3) are different and given 
the notation r_in this paper. Section (II-C 2) introduces a third noise 
temperature, t. All have the same basic meanings and dimensionless 
units. 
" Torrey and Whitmer, op. cit., chs. 3 and 5. 
14 Torrey and Whitmer, op. cit., Secs. 5.11 and 5.12. 
16 G. C. Messenger and C. T. McCoy, "Theory and operation of 

crystal diodes as mixers,» PROC. IRE, vol. 45, pp. 1269-1283; Sep-
tember, 1957. 

16 C. T. McCoy, "Principles of low noise receiver design,» Cony. 
Rec. of Second Microwave Crystal Rectifier Symposium, Hexagon, U. S. 
Signal Corps Eng. Labs., Fort Monmouth, N. J.; February 27-29, 
1956, and Electronic Industries et Tele-Tech, vol. 16, pp. 54-57, 152-
154; November, and pp. 64, 65, 142, 144, 146; December, 1957. 

17 This simplification excludes harmonic image terminals that 
footnote 11 shows to be as effective as the fundamental image ter-
minal under certain conditions. However, for best design the har-
monic image terminals are shorted out, leaving an effective conver-
sion network as shown in Fig. 3. 
" The subscript 0 means broad-band conversion, the subscript x 

does not specify the type. 

R s SPRE4DING RESISTANCE 

BARRIER CAPACI TY C b R b4'. BARRIER RESISTANCE 

Fig. 2—Equivalent circuit of a crystal diode. 

9.0 

Fig. 3—Equivalent circuit of a crystal mixer. 

All crystal rectifiers of any design or semiconductor 
have the same limit in resistance variability, namely, 
the maximum value of the coefficient a in the forward 
current-voltage (I— V) equation of the barrier: 

I = A[e-v - 1]. (8) 

The maximum value for a leg 

a = — 40 volt-' 
KT 

for T = 290°K 

(9) 

where 
q= the charge of the electron, 
K= Boltzmann's constant, and 
T = the temperature of the semiconductor. 

The best possible conversion loss Lo (broad-band) 
due to barrier resistance alone has been calculated as a 
function of the local oscillator drive V, and is shown by 

19 Torrey and Whitmer, op. cit., p. 82. 
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the solid line in Fig. 4. It can be seen that the line 
asymptotically approaches the minimum theoretical 
value of 2. The spreading resistance Ra and barrier ca-
pacity Cb, called parasitic elements, increase the con-
version loss over that attainable by barrier alone. These 
elements can be minimized only, never completely 
eliminated. Least parasitic degradation comes from di-
viding it equally between the two elements as shown by 
the dotted and dashed curves in Fig. 4, which represent 
the performance of the 1N263 germanium mixer diode 
at 9300 mc. A conversion loss Lo of 3.3, as represented 
by the minimum of the upper curve of Fig. 4, has been 
achieved in practice, and is only a few tenths of a decibel 
worse than that achievable by barrier resistance alone. 
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Fig. 4—Conversion loss vs local oscillator drive. 

2) Noise Temperature: The total series resistance 
(R,-I-Rb) of Fig. 2 at any instant of time in a local oscil-
lator cycle has a noise temperature t comprised of a 
complicated combination of thermal noise in the spread-

ing resistance, shot noise in the barrier, and 1/f-type 
semiconductor noise. The proportions vary over the 
local oscillator excitation cycle but the average is de-
noted by t, which means the time-average noise tem-
perature of the rectifier resistance of Fig. 2. Circuit 
theory4'2° shows that i will also be the noise temperature 
of each of the conductances of Fig. 3; from this can be 
calculated the relation 

22 W. L. Pritchard, "Notes on a crystal mixer performance," IRE 
TRANS., vol. MTT-3, pp. 37-39; January, 1955. 

Fz — 2 = Lot — 2 = ¡(Lo — 2). (10) 

At room temperature, the shot noise of the barrier re-
sistance in the forward conduction region has a mini-
mum theoretical value of about and the spreading re-
sistance thermal noise is unity, of course." The 1/f-type-
semiconductor noise contribution to i is not yet com-
pletely resolved. It increases rapidly with local oscillator 
drive (V of Fig. 4), but decreases with reduction of 
spreading resistance. The lowest possible i would have 
no 1/f-type noise contribution and, therefore, would have 
a room temperature value somewhere between and 1. 
In practice, for the best present-day microwave diodes, 
such as 1N263 in germanium and 1N23E in silicon, the 
local oscillator drive can be kept small and mostly 
within the forward conductivity region of the barrier; 
this results in a time-average crystal noise temperature 
i of under 1.5 at a frequency of 30 mc. The conversion 
loss Lo of 3.3 previously mentioned was obtained with 
these same operating conditions. 

3) Crystal-Mixer Noise Contribution: As discussed 
previously, the lowest present-day crystal-mixer noise 
contribution (Lxtx-2)—or its equivalent i(L0-2)—to 
the receiver-noise temperature 7-, in (7) is about 2 in 
normalized units, or 580°K in absolute temperature 
units. At low IF frequencies for moderately narrow 
bandwidths (10 mc or less), good low-noise vacuum 
tubes can make the IF noise term Lx (F1F-1) appreci-
ably less than this. Thus for all rf frequencies from vhf 
to 10,000 mc, present-day crystal-mixer superhetero-
dyne receivers can have a receiver noise T, of about 
600°K. This is illustrated by the flat portion of the 
(F.-2) mixer noise curve in Fig. 1. 
A word needs to be said on the choice of IF frequency 

for minimizing receiver noise in (7). The IF term in-
creases almost linearly with frequency, as was explained 
in Section II-B. The mixer term due to the average 
crystal noise temperature i in (10) decreases with fre-
quency in a complicated manner. The portion of i as a 
result of shot and thermal noise is flat with frequency. 
The remainder due to the semiconductor noise causes 
the frequency dependency. Literaturei"2 has estimated 
the semiconductor noise portion of i to be (i-1) or 
(i— i). The experimental data are not conclusive be-
cause of measurement problems and continual im-
provement of mixer diodes. As crystal-physics de-
velopment reduces the parasitic elements, the 1/f-semi-
conductor noise contribution to i is reduced; therefore, 
the mixer noise i(Lo —2) should become less and less 
frequency dependent. The optimum IF for lowest re-
ceiver noise depends on the relative magnitudes of the 
mixer and IF noise, and the quality of the mixer diode. 
The better the mixer diode, the lower the optimum IF 

21 Torrey and Whitmer, op. cit., p. 183. 
" P. D. Strum, "Some aspects of mixer crystal performance," 

PROC. IRE, vol. 41, pp. 875-889; July, 1953. 
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will be for minimum receiver noise. IF bandwidth re-
quirements often necessitate a frequency higher than 
the low-noise optimum. For present-day mixer crystals 
of the 1N263 or 1N23E class and vacuum tubes of the 
417B class, the optimum IF for receiver noise reduction 
probably is less than the commonly accepted 30 mc. 

D. Crystal Superheterodyne for Above 10,000 MC 

At frequencies appreciably higher than 10,000 mc, 
the spreading resistance and barrier capacity parasitics 
are the cause for rapid increase in both conversion loss 
and noise temperature. 

Referring to Fig. 4, for the conditions of equal in-
crease in conversion loss due to the parasitics—spread-
ing resistance and barrier capacity—the actual con-
version loss Lo can be approximated," neglecting higher-
order frequency terms, by 

Lo = Lo(1 + loCoR.) (11) 

where 
Lb = the loss due to barrier alone, and 
co= the rf radian frequency. 

Fig. 4, representing the 1N263 germanium perform-
ance at 9300 mc, which also is typical of the best silicon, 
shows the second term in the parentheses to be about 
0.25. For a barrier Lb of 2.7, the proportionality relation 
of (11) would predict a conversion loss Lo of about 8 
(or 9 db) at 70,000 mc. This substantially agrees with 
the millimeter crystal performance reported." 
The more the conversion loss is degraded because of 

parasitics, the larger the local oscillator drive (V in 
Fig. 4) needed for optimizing. This, of course, increases 
the time-average crystal temperature i. Thus, referring 
to (10) and (11), the reason is obvious for the rapid in-
crease in mixer noise (F.-2) with frequency; therefore, 
receiver noise n increases from a value of about 600°K 
at 10,000 mc to the high values for the millimeter wave-
length indicated in Fig. 1. 

E. Prospects for the Future 

An explanation now of the basic physical dependen-
cies of the crystal-diode parasitics will indicate how they 
can be reduced greatly. This would extend the flat por-
tion of the mixer noise (F.-2) curve of Fig. 1 to much 
higher frequencies. Also to be pointed out are the possi-
ble benefits of reduced temperatures" (that is, "cool-
ing") on conversion loss Lo and the time-average crystal 
temperature i. 

The minimum value of the product of crystal-diode 
spreading resistance R. and,barrier capacity Cb has been 

23 Bell Telephone Labs., "Millimeter Wave Research," final re• 
port to Office of Naval Research, Dept. of the Navy, under Contract 
NONR-687(00), ch. 5; October 1, 1955. 

24 G. C. Messenger and C. T. McCoy, "A low noise figure micro-
wave crystal diode," 1955 IRE CONVENTION RECORD, pt. 8, pp. 68-
73. 

shown,"•24 theoretically and experimentally, to be de 
termined by the proportionality 

[ 61/2 1 

RiCb or a   (12) 
N1/21L.1 

where 

a = the radius of the whisker wire-semiconductor con-
tact; 

e = the dielectric constant; 
N= the carrier concentration, and 
b= the mobility. 

The bracket term represents fundamental physical 
constants with a calculable minimum theoretical value 
for any semiconductor. This minimum value for both 
germanium and silicon almost has been achieved so 
that with an approximate 4-micron contact radius for a 
the value of 0.25 for X-band conversion loss degradation 
[second term in (11)] is accounted for. 
The prospects are bright for considerable reduction in 

the parasitic product (R„Cb) noise-sensitivity degrada-
tion at millimeter wavelengths. 

1) Germanium, having a theoretical value 2.5 times 
lower than silicon for the bracket term of (12), recently 
has been applied with success to millimeter wavelengths. 

2) The development of intermetallic semiconductors, 
such as Indium-Antimonide, with far higher mobilities 
promises much lower values for the bracket term than 
germanium. 

3) Transistor's fabricating techniques permit new 
crystal rectifier geometry which also promises con-
siderable reduction of the parasitic product (R.Cb). 

Thus, the combination of high mobility semiconduc-
tors and new rectifier geometry should permit the 600°K 
flat part of the mixer noise curve (F.-2) which is shown 
in Fig. 1 to be extended on up to 100,000 mc in the 
near future. 
A marked reduction of crystal diode parasitics also 

should permit a reduction of the 1/f-type semiconductor 
noise in the time-average crystal-diode noise tempera-
ture I discussed in Section II-C 2). The remaining 
thermal and shot-noise portion of i is proportional 
linearly to absolute thermal temperature. All mixer per-
formance previously discussed in this paper has been 
considered at the approximate room temperature of 
290°K. Thus, from (10) it is indicated" that mixer noise 
(F.-2) can be reduced linearly with absolute tempera-
ture if conversion loss Lo does not increase. Conversion 
loss is nearly independent of thermal temperature ex-
cept for those temperatures with values too low to pro-
vide carriers in the semiconductor. This temperature is 

" Philco Res. Staff., "The surface-barrier transistor (five parts)," 
PROC. IRE, vol. 41, pp. 1702-1720; December, 1953. 
" G. C. Messenger, "Cooling of crystal mixers and antennas," 

IRE TRANS., vol. MTT-5, pp. 62-63; January, 1957. 
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below 75°K for germanium suitable for microwave 
diodes. Cooling the crystal diode provides a further 
benefit to mixing because of the exponential coefficient 
a in (8) and (9). This coefficient is inversely proportional 
to temperature; therefore, referring to Fig. 4, equally 
efficient conversion can take place with less local 
oscillator drive V which results in the further reduction 
of the 1/f-type noise in i 

It is not unreasonable to believe that in the relatively 
near future the parasitic product RaCb can be reduced 
by an order of magnitude from its best present value, 
and that present-day mixer noise (Fi -2) of 600°K can 
be reduced by a factor of 4 by cooling to liquid nitro-
gen temperature (75°K, about I of room temperature). 
Mixer noise, and thereby receiver noise, thus could be 
reduced to 150°K for all frequencies below 100,000 mc 
(see Fig. 1). This is not the lowest limit, for, provided 
semiconductors can be developed which will maintain 
conducting carriers at indefinitely lower temperatures, 
the mixer noise conceivably can be reduced without limit. 
The vacuum-tube amplifier noise (Fr-1) curve of 

Fig. 1 and the discussion in Section II-B indicate that 
there will be difficulty in retaining the IF noise [second 
term in (7)] as a small part of the total receiver noise for 
cooled mixers; undoubtedly this will be accomplished 
by replacing the vacuum tube, that has a hot 1000°K 
cathode, with transistors that are developed for low 

noise and are cooled by principles similar to those de-
scribed for cooling the mixer diode. 

III. CONCLUSION 

The low-noise capabilities of present-day microwave 
and millimeter crystal-superheterodyne receivers are 
determined primarily by the crystal mixer. The crystal-
mixer noise, in essence, may be quantitatively related to 
a few fundamental physical parameters, namely: recti-
fying contact geometry, dielectric constant, carrier con-
centration, mobility, and temperature of the semicon-
ductor. 

For the future, improved contact geometry, better 
physical constants from new semiconductors, and lower 
temperatures promise limitless reduction in crystal-
mixer and receiver noise. Therefore antenna noise will 
soon become the dominant limitation to over-all receiver 
sensitivity for all frequencies between 100 mc and 
100,000 mc. 
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A High Resolution Radio Telescope for Use at 3.5 M* 
B. Y. MILLSt, A. G. LITTLEt, K. V. SHERIDANt, AND O. B. SLEEt 

Summary—A pencil-beam radio telescope of the cross type is 
described; it has a beamwidth of 49 minutes of arc and a sensitivity 
which approaches, under ideal conditions, 2 X10-26 W M-2 (cps)-', 
that is, about 1/10,000 the flux density of the strongest radio source. 
To speed the collection of information the beam may be scanned, 
presenting information on five separate declinations quasi-simul-
taneously. Although it is intended primarily as a survey instrument, 
strong radio sources may be located with high accuracy; the probable 
errors in the measured positions of the stronger identified sources 
average less than a 1-foot arc. Methods of calibrating the flux density 
and temperature scales are described and some examples are given 
of the use of the radio telescope. The theory of operation and some 
of the design factors are discussed and it is concluded that, for a 
given size of antenna and the best snr on a typical radio source, the 
wavelength is rather well defined. This optimum generally lies in 
the range 2 m to 4 m, depending on details of the receiver and an-
tenna design; other factors, however, play an important part in the 
choice of wavelength. 

I. INTRODUCTION 

ATYPE of pencil-beam radio telescope which gives 
high resolution at meter wavelengths has been 
described by Mills and Little;1 the directivity is 

obtained by multiplication of the fan-beam responses of 
two long crossed arrays. A large instrument of this form 
was constructed and has been in partial operation since 
May, and in full operation since August, 1954. A survey 
has been made of the distribution of 3.5-m radiation in 
the southern sky and a large number of individual as-
tronomical bodies of interest have been investigated. 
The present paper describes the general theory and 
design of the radio telescope and gives some details of 
the construction, operation, and calibration; it is in-
tended to supplement the observational papers already 
published and in preparation. 
The need for such an instrument became clear as the 

result of investigations in 1950-1952 which showed that 
models of the distribution of radio emission, comprising 
"radio stars" and a slowly varying "background," were 
inadequate." In fact, it appeared that the distribution 
over the sky is very complex and includes emission fea-
tures of all angular sizes. In these circumstances the use 
of conventional interferometer type instruments, which 
arbitrarily reject features above a certain size, is not de-
sirable for general survey work; instead, pencil-beam 

* Original manuscript received by the IRE, October 3, 1957. 
t Radiophysics Laboratory, CSIRO, Sydney, Australia. 
1 B. Y. Mills and A. G. Little, "A high-resolution aerial system 

of a new type," Aust. J. Phys., vol. 6, pp. 272-278; September, 1953. 
B. Y. Mills, "The distribution of the discrete sources of cosmic 

radio radiation," Aust. J. Sci. Res., vol. A5, pp. 266-287; June, 1952. 
J. G. Bolton, G. J. Stanley, K. C. Westfold, and O. B. Slee, 

"Galactic radiation at radio frequencies. VII. Discrete sources with 
large angular widths," Aust. J. Phys., vol. 7, pp. 96-109; March, 
1954. 

instruments of high resolution are indicated. The pres-
ent instrument which was developed to meet this re-
quirement has more than satisfied the original expecta-
tions and it is clear that it has marked advantages over 
the interferometric methods commonly employed at 
meter wavelengths. Not only can discrete sources be 
located accurately and unambiguously, but contour 
diagrams of extended objects can be obtained readily. 
The ability to detect faint radio sources is not normally 
limited by the resolution, as it is with a conventional 
meter wave interferometer, but by the statistical fluc-
tuations of the received radiation and the receiver 
noise; the result is a much greater sensitivity for a given 
antenna gain. A disadvantage caused by an increase in 
side-lobe level in certain directions is found to be gener-
ally unimportant if the antenna is adjusted carefully. 

I I. GENERAL DESCRIPTION 

The instrument is located near Sydney at the Fleurs 
field station of the Radiophysics Laboratory (longitude 
=150046'.5 east, latitude= 33°51'.5 south). It com-
prises a cruciform arrangement of two arrays of dipoles 
each approximately 1500 feet long lying in the north-
south and east-west directions, respectively. Each 
array consists of two rows of 250 half-wave dipole ele-
ments backed by a plane wire mesh reflector; the indi-
vidual dipoles are aligned in an E-W direction. Photo-
graphs in Fig. 1 show the general arrangement. Each 
array has a fan-shaped response pattern of about 50° by 
0°.6 between half-power points; a pencil-beam response 
is obtained by mixing the outputs of the arrays alter-
nately in equal and opposite phases, approximately 430 
times a second. Signals originating near the intersection 
of the two fan beams are received by both arrays and are 
modulated at the switching frequency of 430 cps; other 
signals have no modulation imposed. Consequently, by 
amplifying the modulated component alone, the re-
sponse of the system is confined to the region of the 
intersection of the two fan beams and, in effect, a 
pencil-beam response is obtained. With the present 
arrangement this pencil beam is approximately circular 
in section and 49 minutes of arc between the half re-
sponse points. 
The pencil beam may be directed to different parts of 

the sky by altering either of the two fan beams by phase 
adjustment to the dipole elements of the arrays. Nor-
mally it is used as a transit instrument, that is, the 
movement of the pencil beam is confined to the merid-
ian plane, for which it is necessary to phase the dipoles 
of the N-S array only. Two basic types of observation 
are made. In one, the pencil beam is directed to a fixed 
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(a) 

(b) 
Fig. 1—Photographs of the radio telescope. (a) An aerial view of the 

instrument showing the general arrangement, (b) a close-up of one 
of the arrays showing the full•wave dipoles, the feed line, and 
coupling probes. 

declination and the output recorded as the rotation of 
the earth sweeps the beam along a declination circle; 
this form of recording is illustrated in Fig. 2(a). Time 
marks are placed on the record at regular intervals, with 
a choice of 10, 20, or 30 minutes, and the time constant 
of the recording circuit can be varied from 1 to 12 sec-
onds. The transit of a discrete source is shown. In the 
other method, shown in Fig. 2(b), the pencil beam is 
switched successively among five declinations slightly 
less than half a beamwidth apart at intervals which 
may be chosen to be 4, 8 or 12 seconds. During these 
intervals the signal is integrated on the recorder and 
returned to zero again at the end, forming a sawtooth 
pattern, the height of each "tooth" being proportional 
to the equivalent antenna temperature at the appropri-
ate declination. It was shown before' that, to record the 
absolute brightness temperature in any direction, it is 
necessary to add the temperature derived from the 
pencil beam to a temperature derived from the arrays 
themselves. A modification in the present system, to be 
described later, requires the addition of the effective 
temperature of the N-S array only; this is added so as 
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Fig. 2—Sample records obtained with the instrument. (a) A radio 
source of moderate intensity, the Orion Nebula, observed with 
fixed beam directed at a declination of —5° 22'. (b) A section 
of "scanning" record centered on a declination of —2° 17'. 
(c) Tracings of the individual declination sections in (b); two 
sources of moderate intensity are shown, the one on the right 
being complex. (d) A section of record obtained with the E-W 
array plus high-pass filter combination; radio sources are re-
corded over a range of declinations of about 50° or more. Some 
strong sources are noted. 



1958 Mills, et al.: High Resolution Radio Telescope for 3.5 M 69 

to raise the base of the sawtooth by an amount propor-
tional to the array temperature. Finally a bias is applied 
so that a sawtooth, which usually represents a tempera-
ture of about 3000°, is obtained in the absence of any 
signal; this is to eliminate difficulties with negative 
outputs, which often occur with this system. By plot-
ting the tops of every fifth sawtooth separately as dem-
onstrated in Fig. 2(c), five separate declination records 
may be obtained. The "scanning" method is used 
normally for obtaining isophotes and for general survey 
work; use is made of the fixed method when the greatest 
sensitivity and accuracy is required for the observation 
of a particular object. 
Near the zenith and in regions of low sky brightness 

the sensitivity approaches 2 X10-26 W m-2 (cps)-' when 
using fixed recording. When scanning, only one fifth 
of the time is spent on each declination; statistical 
fluctuations therefore are increased by a factor of \/-5". 
and the sensitivity correspondingly reduced. Two other 
factors can also result in reduced sensitivity. Firstly, in 

the neighborhood of the galactic plane, particularly 
near the galactic center, the background brightness in-
creases markedly, increasing the noise fluctuation level. 
Secondly, at large zenith angles the gains of the arrays 
decrease because of the directivity of the individual 
dipole elements and the reflecting mesh, combined with 
foreshortening effects. Accordingly, the maximum 
zenith angle usually is restricted to +45° where the 
sensitivity has decreased by a factor of approximately 
two; however, greater angles have been used for special 
observations. 

In addition to the above uses it is convenient to 
record the output of the E-W arm of the instrument 
separately. This arm has a fan-beam response normally 
confined to the meridian plane. The output is either 
recorded directly, or passed through an amplifier and 
high-pass filter combination which removes the vari-
ations in background level and leaves only the discrete 
sources and small scale irregularities. The record is use-
ful for checking ionospheric effects and in the search for 
variable sources;4 a sample is shown in Fig. 2(d). 

III. THEORY OF OPERATION 

The basic theory of this type of radio telescope was 
outlined in a previous paper.' The present treatment is 
more general and includes the effects of errors in 
adjustments of the arrays and a more detailed account 
of the problems associated with the determination of 
absolute values for the sky brightness. Various idealized 
systems are treated to clarify the factors involved. 

A. Arrays Without Cross Coupling 

Consider first the case when the coupling between 
arrays is negligible. Let Pi, (0, 0), and P2(0, ck) be the 
complex response patterns of the E-W and N-S arrays, 

4 O. B. Slee, "Apparent intensity variations of the radio source 
Hydra A," Ausl. J. Phys., vol. 8, pp. 498-507; December, 1955. 

respectively. In the receiving case, Fi and F2 represent 
voltages produced at the mixing point in the receiver, 
when radiation is incident upon the antenna system 
from a direction fixed by angles 0 and 4). The latter are 
measured from the E-W and N-S vertical planes passing 
through the antenna center. The voltage responses are 
normalized for maxima of unity and, of the factors de-
termining their phases, only the contributions due to 
the orientation of the arrays with respect to the incident 
radiation, and the electrical path lengths to the mixing 
point, need be considered. In the transmitting case, 
which it is often useful to consider, PI and F2 represent 
the normalized electromagnetic fields at a large distance 
from the antenna system. • 

If the power output from the system is due to a unit 
source with coordinates 0, 4) is written as Pi when the 
arrays are connected in phase addition, and as Po when 
the phase is changed by 1P, an angle which in practice is 
close to ir, we have: 

Pi = K (P ± -PI 2) (Pi F,)* 

Po = K(Fi+ F2 eXp (F1 + F2 exp 4)* (1) 

where K is a constant depending on the over-all gain of 
the system. 
Assuming a square-law detector, the peak amplitude 

of the modulated signal output is therefore given by: 

Am = Pi — Po = KI(FiF2* F2P1*)(1 — cos e) 

+ i(PIT2* — -P2P,*) sin J. (2) 

For convenience in evaluating this expression the phase 
of the signal from the E-W array, measured at the mix-
ing point when the response is a maximum, will be taken 
as zero. 

When the phase switching is exactly ir(lfr=r), and 
the arrays are symmetrical, and feeder lengths equal, 
Pi and F2 will be real at all angles and of positive or 
negative sign. Designating the responses in this case, as 
Fl and F2 (2) reduces to 

Am = K•4FiFo. (3) 

If the final record deflection is proportional to Am, the 
composite response pattern of the two arrays is then 
given by 

R = FIF2. (4) 

These last two expressions were derived in an earlier 
paper;' they show that the effective polar diagram of the 
instrument is given by the product of the voltage dia-
grams of each array. Negative values for R occur when 
F1 and F2 differ in sign, as they may in the side-lobe re-
sponses. 

In general, side lobes are likely to be particularly 
troublesome in directions in which either fan beam has 
its maximum response; i.e., when F1 and F2 are large. 
Steps must therefore be taken to reduce such responses 
by tapering the current distribution along the arrays. 
We have adopted a truncated Gaussian distribution, 
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since side lobes may be reduced to any' desired level, 
and the principal response is of circular or elliptical 
section and approximately Gaussian, leading to easy 
manipulation in data reduction processes. It is arranged 
that the current in the end dipoles is 1/10 that in the 
center; computation then indicates that side lobes are 
less than 1 per cent except for the first which is 2 per 
cent. Some other distributions are more efficient in the 
sense that a given beamwidth and side-lobe level may 
be obtained with a shorter array, but they are in general 
more critical in adjustment and, as we shall see later, 
adjustment errors are a major factor in causing spurious 
responses at large angles from the pencil beam. In Fig. 3 
the computed beam shape is compared with the response 
to the "point" source Hydra A (TAU 09S1A). 

(a) 
Fig. 3—A comparison between (a) the computed E-W response 

curve of the instrument and (b) the response to the transit of the 
radio source Hydra A (IAU 09SIA). 

Before considering the effects of adjustment errors we 
will examine the effect of the neglected cross coupling 
between arrays on the response of a "perfect" system; 
i.e., one in which the dipole currents all have their cor-
rect theoretical values and there are no extraneous 
effects. 

B. Coupling Effects in a "Perfect" System 

When coupling is present, each antenna diagram is 
modified by the presence of the other array. The modi-
fied diagrams may be represented by ri(0, 0) -1-E21(0, 4)) 
and T2(0, (6) ±Eia(0, 4)) where El, and -É2i describe the 
effects of the coupling. In general the F's and E's are 
dissimilar functions of O and ck, as coupling occurs only 
near the centers of each array. 
The composite diagram is obtained from (2), thus: 

R = 1(T' Ene 2 4- El2)* 

+ (T1 ± F21)*(F2 E12) • 

If 

and PI and T2 are 

E,2 — X12 ± 

E21 = X21 ± iY21 

real, as before, then 

(5) 

(6) 

R = FiF2 (Fixls F2x2i) 4- 4(X12X21 yilysi)• (7) 

Thus, two extra terms are added to the desired re-
sponse, the first important in directions in which either 
or both arrays have a large response (F large) and the 
second, very small, but distributed over a large solid 
angle because coupling is confined to the array center. 
It has been found impossible to eliminate or compen-
sate for these responses in any convenient way; ac-
cordingly, in actual operation, the coupling between 
arrays is reduced to a negligible value by removing di-
poles near the center. 

C. Removing Central Dipoles in a "Perfect" System 

In the experimental version of this instrument,' 
dipoles were removed from the centers of both arrays to 
eliminate interaction: this procedure, therefore, will be 
considered first. The voltage directional diagrams of the 
remaining dipoles may be obtained by subtracting the 
response of the array formed by the dipoles removed 
from that of the complete array. Since the arrays are 
assumed to be in perfect adjustment all responses are 
real. Thus, if we, 4)) and E2(0, ck) are the additional re-
sponses, normalized with respect to F1 and F2, the re-
sultant diagrams become and F, —E,. The com-
posite diagram is given then by 

R = (F1— Ei)(F2 — es) 

FiF2 — (Fes + Fei) ees. (8) 

The diagram again has unwanted responses of small 
amplitude represented by the last two terms. In con-
trast to the previous example, however, the response 
may be readily evaluated, El and e2 being known pre-
cisely. Now a thermodynamical argument shows that if 
such a system is placed in a constant temperature en-
closure, the power output is independent of the phase 
difference between arrays and is the same whether they 
are connected in or out of phase; the net response is 
therefore zero, that is, 

Rdn = 0. (9) 

In order to indicate the correct temperature in these 
circumstances, the brightness temperatures indicated by 
each array were originally averaged and added to the 
temperature indicated by the composite system. This 
procedure gives an over-all response of the form 

R = FiF2 — (Fit2 -I- F2E1) -F Elea 

kl(Fi— E)2 + (F2 — e2)21 (10) 

the factor k being chosen to yield the correct average 
temperature. It may be shown that the effect is to re-
duce the magnitude of the unwanted spurious responses, 
but it is clear from (10) that they are not eliminated. 
An improvement is possible by increasing k until the 

second and fourth terms in (10) balance in a constant 
temperature enclosure, that is, 
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(F,,,+,,,,),„ L. 
= k f ¡(Fi — ti)2 ± (Fs — es)21d11. (11) 

In practice, very few dipoles need to be removed and, 
consequently, each represents a low amplitude re-
sponse extending over a large angle in all directions, 
comparable with the wider response of each array. The 
integrands in (11), therefore, are similar functions of 
and 4) and their contributions in (10) cancel approxi-
mately at all angles. The actual response then approxi-
mates a pencil beam, FiF2, to which is added a very 
wide-angle response of low intensity t1e2. The latter 
may be evaluated separately and corrections made 
where necessary. This appears to be a possible method 
of plotting absolute brightness temperatures, but we 
have found that a different procedure has advantages. 

Consider a system in which dipoles are removed from 
the center of one array only, say the E-W array. The 
composite diagram then becomes 

R = (F1— El)F2 = FiF2 — F2ti. (12) 

The error is now reduced to a single small negative 
response elongated in the E-W direction. Since it is simi-
lar in form to the power response of the N-S array, F22, 
a reasonably accurate compensation may be achieved by 
adding the latter to the composite diagram, thus: 

R = FIF2— F21 kF22. 

Again if k is chosen so that 

(13) 

Feet k f P•22dn (14) 

the correct temperature is indicated in a constant tem-
perature enclosure and the similarity in form of the 
integrands insures that the remaining spurious responses 
are small. It is found necessary with the present instru-
ment to remove six half-wave dipoles from the center of 
the E-W array to reduce cross coupling to a tolerable 
level. Under these conditions and when k is chosen ac-
cording to (14), the spurious response to a point source, 
resulting from the inexact cancellation of Fei and 
kF22, nowhere exceeds + 0.4 per cent of the principal 
pencil-beam response. As we show in Section V, this is 
of the same order as the spurious responses caused by 
adjustment errors in the E-W array. Large effects can 
be produced by "extended" sources because the cancel-
lation errors are slowly varying functions of position, 
and the spurious response may be the result of integra-
tion over a large angle. In general it is easy to correct 
for such effects. 

D. The Effect of Adjustment Errors 

The principal effect of errors in the currents of indi-
vidual dipoles is to cause a rise in the general side-lobe 
level; a secondary effect is to cause collimation errors in 

the main beam. Errors in the E-W array will generate 
a random side-lobe pattern extending in the E-W direc-
tion and errors in the N-S array, a pattern extending 
in the N-S direction. We will evaluate approximately 
the effects in the former case; the latter may be derived 
similarly. Consider the array as a transmitter and let 
the error current in the nth dipole of the E-W array be 

exp 1X. The directional diagram of the E-W array, 
including all such error currents, then becomes 

a. exp i(x. + nr sin (6)  

E in 
where In are the correct currents of the dipoles. The 
composite diagram is then found by substituting in (2), 
thus: 

1 F2  
R=—[FiF2(1—cos ip)+ 2 {(1—cos 4,) E a. E 

• cos (x,i+nir sin 0) —sin IC a„ sin (X -1- nr sin cb) } 1. (15) 

When tp =7r, the extra term representing the error re-
sponse becomes 

Ei(0, 0) = F2 E In (16) 
E an cos (xn fir sin 0) 

From expressions (15) or (16) the error response may 
be calculated in any direction, if the individual error 
currents are known. It is more practical to specify the 
magnitude of the random side-lobe level in statistical 
form, and the rms error response, in directions remote 
from the main beam, is given simply by 

(p2)1/2 = F2 
E an2)112 

E 
(17) 

since phases add randomly at large angles. It is usual 
to measure errors in the amplitude and phase of the 
actual current. Such measurements may readily be con-
verted into a correct current plus an error current, but 
it is easier to apply them directly. Thus, if the error in 
amplitude is AL. and the error in phase Acra we have, 
providing AI«I: 

and 

(p2)1/2 = F2 

pern 
a„2 = (tif„) 2 (2r„ sin  

2 ) 

(E (Al.„) 2 + 4E In2 sin2  3'en ) 1/2 

2 

E 
(18) 

A determination of the collimation error of the pencil 
beam may be made in a similar way. In this case, only 
the phase errors Au need be considered, as amplitude 
errors enter as a second-order effect. We will derive the 
E-W collimation error as the result of phase errors in 
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the E-W array; the independent N-S collimation errors 
may be calculated similarly. In an E-W plane through 
the center of the main beam, F2 may be taken as unity 
and it will be assumed 4, = ir. 

Since ct. is small, the response is therefore, from (2) 
and (4), 

1 
R = — (Fi Fi") 

2 

2., In cos (4evr„) 

E 
(19) 

Maximum response occurs when aR/ao = 0, i.e., when 
E Inn sin (Air„ 2-n0) -= 0. (20) 

In any particular case the collimation error may be ob-
tained from (20) by solving for 0, but usually a statisti-
cal form of the result is sufficient. If Acr is small, as is 
usual with the present antenna, and the collimation 
error is written as Z14), we have 

Inti(Au„ Triti(p) = 

whence 

Inn.durir n =   (21) 
E In2 

It follows that in a large number of independent deter-
minations in which the probability of error is equal in 
all dipoles 

1 002)1 /2 = ta-a: 2) 1 / 2 ( 2, in2n2) 1 /2 

ir E Inn2 
(22) 

With the present instrument an rms phase error of 10° 
leads to a probable collimation error of about 1/4 minute 
of arc. 

IV. CHOICE OF EQUIPMENT PARAMETERS 

The factors which must be considered in the design 
of a cross-type radio telescope are multifarious and some 
of the most important are not dictated by the astro-
nomical requirements, for example, the funds available, 
the local interference problem, and the area of flat 
ground available. We limit ourselves here to a brief dis-
cussion of some of the purely scientific aspects, which 
form a background against which the practical decisions 
must be made. 
The present equipment was conceived with the object 

of making two principal types of measurement, with the 
possibility of a third added later. These are 1) the 
plotting of radio brightness distributions with fairly 
high resolution, 2) the detection of a large number of 
discrete sources of radiation and the accurate measure-
ment of their positions and flux densities, and 3) the 
possible measurement of angular sizes of distant radio 
galaxies by the use of a supplementary antenna forming 
an interferometer with a very long baseline. 

The basic parameter of the instrument is its resolu-
tion. From information available in 1953, when the 
radio telescope was designed, it appeared that the 
beamwidth should be as small as possible and definitely 
less than 1°; but practical considerations, such as cost, 
and the time taken to examine any region of interest, 
required that the beamwidth should be as large as is con-
sistent with the astronomical requirements. A beam-
width of 0°.8 was chosen as a reasonable compromise; 
it is not possible to discuss here the detailed considera-
tions which led to the adoption of this figure. The 
operating frequency and dimensions were then chosen 
so as to produce a sensitivity commensurate with this 
resolution with the minimum cost. In order to see how 
this can be done, let us consider the effects of varying 
the operating frequency. The effects on the visibility of 
objects larger or smaller than the beamwidth are differ-
ent and will be considered separately. 

A. The Visibility of "Point" Sources 

It will be assumed that the flux density of a typical 
"point" source is proportional to the wavelength over 
the range of interest, and that the brightness tempera-
ture of the cosmic background is of the form T=aX2-5, 
where a is a constant. The precise forms of these spectra 
are not known, but those assumed are consistent with 
the observational data and adequate for the present 
demonstration. Assuming that the antenna has collect-
ing area A and ohmic efficiency n, that the receiver has 
noise factor N and over-all gain G, and that the ambient 
temperature is 290°K, the following relations hold: 
Power output due to 

1) a typical "point" source 
2) cosmic background 
3) loss resistance at ambient 

temperature oc G(1 —n)290 
4) receiver noise oc G(N— 1)290. 

Whence the signal-to-noise power ratio 

n AX 

« GnAx 
oc GiA2.5 

naX2•5 ± (1 — .17)290 ± (N — 1)290 

When the resolution, and therefore the observing time, 
is constant the visibility of a signal is also proportional 
to the square root of the bandwidth, which will be as-
sumed inversely proportional to the wavelength. There-
fore for constant visibility we have 

(23) 

aX2.5 (N/n — 1)290 
A c<   (24) 

The factor a varies in different directions, being greatest 
near the galactic center in Sagittarius. We adopt a value 
of 40 which corresponds to the lower temperatures ob-
served over the greater part of the sky. In the original 
design, n was chosen as 0.5 and, for the receiver, a 
6AK5 cascode input stage was assumed, giving Nge2.5 
at 3-m wavelength. Thus the design was based on an 
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efficiency which seemed realizable and a receiver which, 
from long experience, was known to be satisfactory. 
With the latest techniques, much better values of noise 
factor can be reliably achieved and our experience indi-
cates that higher efficiencies may also be used. In Fig. 4 
are shown two curves representing the variation of A 
with wavelength both for the original design conditions 
and for a possible more efficient design (n=0.7 and 
N=2.0 at 1-m wavelength). In each case, it is assumed 
that N «X-'12 is over the range of interest. In the first 
case, minimum area is needed at wavelengths of about 
3 m, in the second at wavelengths near 2 m. 

I-0 10-0 

WAVELENGTH IN METRES 

Fig. 4—The relative collecting area required for a constant snr on a 
typical source at different wavelengths. The solid curves refer to 
an unresolved source, the dotted curves to an extended source. 
(a) Curves based on the use of a 6AK6 cascode preamplifier and 
50 per cent efficiency. (b) Curves based on the best available 
modern techniques. 

B. The Visibility of "Extended" Sources 

For extended sources which are resolved by the pencil 
beam but not by the fan-beam system, different consid-
erations apply. On the assumption that the basic spec-
trum is the same as before, the receiver power output 
due to such a source will now be proportional to bright-
ness temperature rather than flux density, that is, to 
/GnAX8. Whence (24) is replaced by 

aX2.5 (N — 1)290 
A « 

X2.5 
(25) 

The dotted curves in Fig. 4 show the variation of A 
for a given visibility. With the receiver used, employing 
a 6AK5 input stage, a sharp increase in area is required 
below 3 m; with the hypothetical receiver a similar in-
crease occurs below about 14 m. 

In general it is desirable to choose as short a wave-
length as possible to reduce the effects of the ionosphere; 
the final choice of 3.5 m was based on a study of the 
local interference situation. 
Having decided on beamwidth and operating fre-

quency, the length of the array will be fixed. The re-
maining dimension is the width; this is ideally chosen 
to give sufficient area to observe all the detail permitted 

by the resolution of the instrument. In practice, how-
ever, a certain relaxation of this requirement is not only 
possible but even desirable. There is no point, for in-
stance, in the sensitivity being high enough to observe 
the spurious responses from a large number of discrete 
sources. Also, when the source density is large, the use-
fulness of the information is reduced by chance blend-
ing effects. An expression due to Mills and Sift' may be 
interpreted to show that this limit occurs when the 
source density approaches one per 47r beamwidths, that 
is the number of sources which can be reliably observed 
over the whole sky by an antenna of beamwidth 9 
steradians is about 2-4. The sensitivity to be aimed at 
could well be of the order required to detect this number 
of sources, the actual value being chosen according to 
the particular nature of the observations planned. In-
serting some figures taken from the above paper, and 
assuming that flux density is proportional to wave-
length, the minimum reliable flux density is given by 

Sr = 6X11213 X 10- 24 W m  (cps) --' (26) 

It may be shown that the minimum collecting area, 
including both arms, of a symmetrical cross required to 
detect reliably "point" sources of flux density S at low 
declinations and remote from the galactic center is 
given approximately by 

kl40X2.5 (N/n — 1)2901 
Amin 

SNAW 
(27) 

where k is Boltzmann's constant, cI) is the E-W beam-
width in degrees, and AF is the bandwidth of the system. 

It is characteristic of stationary cross-type antennas 
that the available sensitivity decreases as the zenith 
angle increases; it is therefore necessary to consider also 
the coverage desired. For the present instrument the 
maximum sensitivity given by (27) is about 3 X 10-26 
W M -2 (cps) -1, which is 0.4 times the value of Sr given 
by (26). This corresponds to an array width of two 
dipoles. Under ideal conditions the instrument actu-
ally has a sensitivity equal to or better than this figure. 

Finally, it should be pointed out that gross departures 
from a design suggested by the above considerations are 
justified in special circumstances. For example, high 
resolution observations at wavelengths in the decameter 
range are of the utmost interest, but as shown by Fig. 4 
enormous structures would be required to observe the 
"point" sources with the same sensitivity as may readily 

be achieved at shorter wavelengths. In a recently com-
pleted instrument designed by Shain at the Radiophys-
ics Laboratory this sensitivity was sacrificed in the inter-
ests of size and cost.' 

6 B. Y. Mills and O. B. Slee, "A preliminary survey of radio 
sources in a limited region of the sky at a wavelength of 3.5 m," 
Aust. J. Phys., vol. 10, pp. 162-194; March, 1957. 

6 C. A. Shain, "The Sydney 19.7-MC radio telescope," this issue, 
p. 85. 
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V. THE ARRAYS 

The performance and general usefulness of the instru-
ment is dependent on the behavior of the antenna to a 
much greater degree than in a conventional radio tele-
scope. Accordingly, it is desirable to give a rather de-
tailed account of the critical features in the design, con-
struction, and operation of the arrays. 

A. Description 

Each array consists essentially of 500 half-wave dipole 
elements arranged in two parallel rows each 125 wave-
lengths long, and backed by a chicken-wire reflecting 
screen of width 1.3X, approximately X/8 beneath. The 
dipoles are lightly coupled to coaxial line feeders which 
run the length of the arrays and are terminated at each 
end by matched loads. Phasing of the dipoles to change 
the beam direction is achieved by changing the points 
at which the dipoles are coupled to the feed lines. Each 
dipole element is supported between the arms of Y-
shaped wooden frames, as illustrated in Fig. 1(b). 
The main feed lines are constructed in 150-foot 

lengths. The outer conductor is fabricated from 8-foot 
sections of 20# galvanized steel sheets, which are bent 
to form an open-bottomed box 6 inches deep and 4 
inches wide. To the open bottom is soldered a strip of 
1-inch wire mesh which has the function of enclosing the 
line electrically, while allowing easy access for adjust-
ment and for the removal of insect life. The inner con-
ductor is of 1-inch copper tubing; it is placed in the 
vertical plane through the center line of the outer con-
ductor, 11 inches from the closed top and 41 inches from 
the wire-mesh bottom, giving a characteristic impedance 
of about 2000. The asymmetrical placing is required to 
reduce leakage. The inner conductor is supported at 
intervals by thin perspex beads and is connected to the 
outer at the ends through expanding joints which allow 
differential expansion. It is fed through a matching net-
work by flexible coaxial cable of 722 impedance at a 
point X/4 from each short-circuited end. The dipoles are 
coupled to the line by capacity probes which may be 
inserted at intervals of 111- inches (30 electrical degrees) 
through a series of holes along the length of the outer 
conductor, thus the dipole phases may be set with an 
error of less than 15°. The arrangement is illustrated in 
Fig. 5 which shows a bottom view of the feed line and 
coupling probe. 

In the N-S array the dipoles are at right angles to the 
line of the array, thus the two rows of dipole elements 
form full-wave dipoles which are center fed, as illus-
trated in Fig. 6. A combined balun and matching trans-
former reduces the dipole impedance (,---,50002) to the 
729 of the flexible feed cable. This cable, which has an 
electrical length of 1.65X, is terminated by the tuned 
transformer in the probe unit which raises the im-
pedance at the probe to about 15002. This somewhat 
complicated system is dictated by the desire to reduce 
the capacitative load on the feed line, which requires a 

Fig. 5—A bottom view of the feed line and 
capacity probe combination. 

1.65.1 or 72.n. 
Coble 

5(3° Ful I - rnave 

V D-

0, pole 

72_n_ 

Coox .1 Feed 
Line, Z0 200.. 

Fig. 6—The schematic feed arrangement for the 
full-wave dipoles in the N-S array. 

high-impedance probe, and to reduce the effects of 
coupling between adjacent dipoles, which requires that 
the full-wave dipole should be fed by a low impedance 
source. The latter requirement is essential for easy 
setting up of the arrays. The amount of coupling, which 
is controlled by the distance between probe and inner 
conductor, is arranged so that the current distribution 
along the array is in the desired Gaussian form and 
about 50 per cent of the power is dissipated in the termi-
nating resistances of the feed line. The rather low effi-
ciency is desirable to reduce changes in current dis-
tribution which can occur as the result of changes in the 
radiation resistance of the dipoles when the beam is 
directed to different declinations, and also to reduce 
standing waves along the feed line which result from 
discontinuities caused by the dipole probes. The latter 
cause a standing wave generally less than 1.1 except 
within about 11° of the zenith where the spacing ap-
proaches X/2: in these directions the discontinuities are 
tuned out by attaching capacitative plates to the inner 
conductor at appropriate places. The 150-foot line sec-

cross 
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tions, 10 in all, are joined through manually-operated 
variable phase shifters and relay-operated stepped phase 
shifters. The former are used to correct phase errors 
which might occur along each line section, the latter for 
changing the declination in small discrete steps. 
The E-W array is basically similar, but there are 

some notable differences. The most obvious is that the 
rows of dipoles are colinear so that the polarization is 
the same in both arrays. Also, half-wave folded dipoles 
are used, rather than full-wave dipoles, in order to per-
mit a greater swing from the meridian plane, if required. 
Actually, this feature has not been used and the feed is 
arranged so that two adjacent dipoles are connected by 
a branched line to the same probe, as illustrated in Fig. 
7. For ease of adjustment the feed is arranged as before 
so that the probe presents a high impedance to the feed 
line and each half-wave dipole is fed by, in this case, a 
high impedance source. In operation, the fan beam of 
the E-W array is directed about 20° north or south of 
the zenith, according to the setting of the N-S array, by 
introducing a phase shift of 60° between the rows of 
dipoles; this results in a more uniform over-all sensi-
tivity. The change from north to south and vice versa 
is easily accomplished by interchanging the feed points 
of each row. In normal operation the beam is at right 
angles to the line of the array so that the feed points are 
at integral numbers of wavelengths; consequently, large 
standing waves might be expected in the main feed line. 
These are also tuned out by attaching capacitative 
plates to the inner conductor at appropriate points. 
Because this array is normally fixed, it is possible to use 
a tighter coupling and it is arranged that only 15 per 
cent of the power is dissipated in the terminating re-
sistors. 

B. Adjustment of the Arrays 

The successful operation of an antenna of this type 
requires facilities for the easy and accurate measure-
ment of the currents in each dipole, both in phase and 
amplitude. The method adopted makes use of an elec-
trostatically shielded pickup loop which may be affixed 
by jig in a standard position close to the current maxi-
mum in each dipole. A 5-watt crystal controlled oscil-
lator is available at the operating frequency of 85.525 
mc and the output is fed to the center of the array under 
test. To measure the current in a particular dipole the 
loop is placed in position and the voltage pickup com-
pared in amplitude and phase with a standard voltage 
derived from a directional coupler inserted in the main 
feed line; the method is indicated in Fig. 8. Referring to 
the figure, the settings of the piston attenuator and 
tapping point in the coaxial line are adjusted to give a 
null in the receiver, the respective settings indicating 
the relative amplitude and phase of the dipole current. 
Intercomparison between dipoles is therefore easily 
made. Since the pickup loop and directional coupler are 
each placed at the end of 150 feet of flexible cable, it is 

Cocuoal Feed 
Line Z:20an. 

Fig. 7—The schematic feed arrangement for the 
folded half-wave dipoles in the E-W array. 

Piston Attenuotor 

150. 72.o_ Coaxial 
Coble. 

Directional Coupler 

Termination eoasiol Feed Line 

Xtol controlled 
Oscillator. 5 watts. 

Fig. 8—The phase and amplitude comparator used 
in adjusting the dipole currents. 

possible to measure the dipole currents over a distance 
of about 300 feet on either side of the array center, with 
the directional coupler fixed in position. Measurements 
may be extended over greater distances by a process of 
secondary calibration. In practice, it is found that meas-
urements of phase and amplitude can, with care, be 
repeated to within 1° and 2 per cent, respectively. The 
principal variable factors are the 150-foot lengths of 
flexible cable; it is found that these should be old and 

well stretched for best results. 
The initial adjustment of currents is similar in both 

arrays: as an example we will consider briefly the N-S 
array. Advantage is taken of the properties of the feed 
system of Fig. 6 to tune the transformer in the probe 
unit. This operation is performed with the pickup loop 
placed at the dipole under test, the probe removed from 
the feed line, and an adjacent dipole excited. The tun-
ing capacitor is adjusted until the current induced in the 
dipole under test is a minimum, corresponding to a very 
low impedance across the feed point. This adjustment 

effectively controls the phase of the current; the cou-
pling is then adjusted to give the required amplitude by 
inserting the probe at the appropriate feed point and 
adjusting its distance from the inner conductor by 
sliding it in the collar provided. By working from the 
centers to the ends of the arrays the current distribution 
is adjusted to the desired form and, finally, the propor-
tion of power dissipated in the terminating resistors is 
measured. If necessary the currents are then readjusted 
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Fig. 9—Histograms of the errors in amplitude and phase of the dipole currents measured five months after setting up. (a) Amplitude 
errors, E-W array. (b) Phase errors, E-W array. (c) Amplitude errors, N-S array. (d) Phase errors, N-S array. 

to make this power about 50 per cent of the total. By 
this method the individual currents may be set up with 
a relative accuracy of about 5 per cent in amplitude and 
10° in phase; a greater phase accuracy is possible (about 
3° or 4°) by individual adjustment, but in general it is 
unnecessary. 

In the course of time, errors arise, particularly in the 
N-S array which is frequently altered in declination. In 
Fig. 9 are shown histograms of the amplitude and phase 
errors in each array five months after setting up. This 
is about the normal period between readjustment. For 
the E-W array the rms errors in amplitude and phase 
are 0.35 db and 7° respectively, yielding an rms side-
lobe level of about 0.6 per cent [calculated according 
to (18)] and a probable collimation error of less than 
i-foot arc (22). These values are undoubtedly upper 
limits, as the phase errors are not completely ran-
dom but are, to a large extent, due to the integral 
nature of the phase adjustment and tend to be equal on 
each side. The corresponding values for the N-S array 
are 0.6 db and 15° yielding a side-lobe level of 1.7 per 
cent and a probable collimation error of about 1 foot. 

In actual operation side lobes in a N-S direction ap-
pear to be of this order although, as to be expected, 
occasional ones are much larger. Very little evidence is 
available about the E-W array since in the areas of sky 
north of the zenith, which have been analyzed in detail, 
practically no such side lobes have been observed: 
south of the zenith it is found that they have little effect 
in the areas investigated although they are sometimes 
recognizable, the largest observed to date being 3 per 
cent. 

C. Beam Swinging 

Changing the declination is accomplished by two 
methods; in one the probes are inserted at intervals so 
that a progressive phase shift exists along the array 
which produces a response pattern inclined to the verti-
cal according to the relation sin O =L/27r, where L is the 
phase change per wavelength. By using the free space 
wavelength in this calculation the beam direction is 
automatically compensated for tropospheric refraction7 
which is appreciable near the limits of coverage. This 
method is used for setting up a series of standard beam 
settings which, near the zenith, are an 80-foot arc apart. 
The zenith angle is defined by the relation 

sin On = 0.01163 -I- 0.02327(n — 1) (28) 

where n is an integer. The second method is generally 
used for obtaining intermediate beam positions at this 
interval by means of the stepped phase shifters between 
sections of the feed line. An example of the beam posi-
tions available is given in Fig. 10. 

In the former method adjustment is made manually 
according to a previously calculated scehdule; it takes 
about one hour for one person to change the beam set-
ting. In the latter, the stepped relays are actuated by a 
switch in the control hut or, in scanning operation, the 
relays are actuated automatically in such a manner that 
the direction is changed at 12-second intervals. 
The arrangement of these phase shifters along the 

feed line and the corresponding phase shifts for the two 

7 B. Y. Mills, "The positions of six discrete sources of cosmic radio 
radiation," Aust. J. Sci. Res., vol. A5, pp. 456-463; September, 1952. 
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Fig. 10—Examples of some of the standard beam positions available 
by manual setting (large dots) and automatic switching (small 
dots). The angles given refer to the declinations to which the 
beam is directed. 

• 

n + 8 • 

extra beam positions are given in Table I. The phase 
shifters at 6X from the center consist of three reactors 
which may be connected to the inner of the main feed 
line at spacings of X/4. It was necessary to break up the 
central block of dipoles in this way to avoid too large a 

TABLE I 

LOCATION OF THE PHASE SHIFTERS AND AMOUNT OF CHANGE 

Distance of switch 
from array center 

Phase shift for beam change near zenith of: 

+20 minutes of arc ±40 minutes of arc 

+6X 
+12.5X 
+25X 
±37.5X 
±50X 

o 
±51°.5 
o 

+51°.5 
O 

±28°.5 
±51°.5 
±51°.5 
±51°.5 
±51°.5 

distortion of the antenna beam. All the other phase 
shifters are of the form illustrated in Fig. 11; they con-

-.I— 72 rt. 

Fig. 11—A circuit of the switched phase shifters 
used in scanning the beam. 

sist of advancing and retarding pi networks which, in 
the quiescent condition with all switches open, produce 
equal and opposite phase changes. By closing each pair 
of switches alternately the phases may be advanced or 
retarded by equal amounts without sensible change of 
characteristic impedance or over-all loss. 
The principal effect of phase changing in steps is to 

introduce large side lobes. The spurious responses in the 
meridian plane have been calculated, using (16) for a 
beam change of —20 minutes. They are shown in Fig. 
12, p. 78, over a range of 15'; for a change of +20 
minutes the signs are reversed. For a change of +40 
minutes the responses are slightly smaller and spaced at 
double the distance; i.e., 4°.6; however, this case is not 
of importance because each such declination is observed 
twice and the results averaged, once with a beam setting 
40 minutes to the north and — 40 minutes shift, and 
once with a beam setting 40 minutes south and +40 
minutes shift. The spurious responses are equal and op-
posite and therefore cancel. In general, the high side-
lobe level in the + 20 minutes of arc positions is not 
serious because such a side lobe is not repeated on ad-
jacent declinations and therefore cannot be mistaken 
for a real source of emission; a method of correction is 
discussed in Section VII. In case of doubt an inter-
mediate beam position may always be set up manually 
for checking. 

D. Calibration 

Measurement of flux density and brightness tem-
perature requires a knowledge of the array gains at all 
zenith angles. A method has been developed for measur-
ing the gains of large antennas in terms of the known 
gain of a reference antenna, which in this case is a half-
wave dipole mounted 0.21X above an effectively infinite 
horizontal reflecting screen. Radio sources are observed 
using both arrays of the cross in normal operation and 
each array separately in an interferometer connection 
with the standard dipole. Thus, three different types of 
observation are made of each source, each giving a 
recorder deflection which is a function of the product of 
the gains of the two antennas used and the flux density 
of the source. By combining these three independent 
measurements it is possible to derive the flux density of 
the source and the gains of the two arrays in terms of 
the gain of the standard. A detailed description of the 
method is given by Little.8 

For calibration, five strong "point" sources have been 
chosen (05S4A, 09S1A, 16N0A, 12N1A, and 05N2A), 
disposed over the range of useful zenith angles, and the 
effective areas of the arrays measured at the correspond-
ing angles. These measured values, which have a prob-
able error of about 10 per cent, are then fitted to a 
theoretical sensitivity curve derived below, and a value 
obtained for the maximum effective area of the arrays. 
This is used in conjunction with the theoretical senti-
tivity curve to give the effective area at any zenith 
angle. 

Calculation of the sensitivity curve is comparatively 
simple with the form of feed employed, which has the 
property that the dipole currents in the N-S array do 
not vary significantly as the radiation resistance changes 

I A. G. Little, "Gain measurements of large aerials used in 
interferometers and cross-type radio telescopes," Aust. J. Phys., sub-
mitted for publication. 
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Fig. 12—The error response in the meridian plane near the zenith produced by switching the beam by —20 minutes of arc from a manual 
position; when switched by a +20 minutes of arc the signs of the responses are reversed. 

with changing zenith angle. Between zero and 40° the 
current change has been measured as less than 5 per 
cent. Assuming constant current and considering the 
arrays as transmitters, we may compute the sensitivity 
at any declination by evaluating the product of the field 
intensities at a large distance. 

For the N-S array, in the direction of maximum, the 
field will be proportional to that of a single dipole 
and reflector, thus: 

F2(54.0 cc sin (0.2467 cos 0). (29) 

For the E-W array this response must be further modi-
fied due to the presence of two rows of dipoles separated 
by 0.54X and with relative phase difference of 60°. Thus: 

cc sin (0.2467 cos 0) cos (0.54w sin 0 + (30) 
6 

The over-all response, after normalizing for the effect of 
the reflector, is therefore given by 

sins (0.2467 cos 0) 
R(9.0) =   cos (0.547 sin O ± (31) 

sins 0.2467 6 

In Table II are listed the total effective areas of the 
two arrays, including all losses, measured at the pre-
amplifiers for the five zenith angles of the calibration 
sources. Also included are the total effective areas ob-
tained by dividing the measured area by R(0,0) of (31). 
The mean value of A /R(,o) is 736 + 17 square meters and 

TABLE II 

THE TOTAL EFFECTIVE AREA OF THE ARRAYS MEASURED 
AT FIVE ZENITH ANGLES 

Zenith angle 
o 

Measured 
effective area 
A square meters 

12° 
22° 
39° 
46°.5 
56° 

816 
616 
382 
278 
176 

A /Rom 

860 
709 
683 
695 
735 

this is adopted as the best estimate. In Fig. 13 is shown 
the derived curve based on this figure, compared with 
the measured areas. The fit is reasonable, within the 
uncertainty of the measurements, and it is concluded 
that adoption of the above curve is unlikely to produce 
errors greater than about 10 per cent. Possibilities of 

3 
r.. 

Lo° 2o° 

ZENITH ASCU 

Fig. 13—The effective total area of the arrays (including ohmic 
losses) as a function of zenith angle. The solid curve is theoreti-
cally derived and fitted to the measured areas indicated by dots; 
the vertical "wings" indicate the probable errors of the measured 
points. 

small systematic errors occur as the result of the ne-
glected current changes and the effect of ground reflec-
tions at large zenith angles. 

VI. ASSOCIATED ELECTRONIC EQUIPMENT 

A. Description 

The receiving and recording equipment follows con-
ventional practice in many respects with a few novel 
additions dictated by the special requirements of the 
instrument. A block diagram of the essential functional 
elements of the system is shown in Fig. 14. 

The output of each array at a wavelength of 3.5 m 
(85.5 mc) is connected via low-loss coaxial cables to a 
separate preamplifier using a 6AK5 cascode input stage. 
After amplification the signals are separately converted 
to the intermediate frequency of 25.5 mc using a com-
mon crystal-controlled local oscillator at a frequency 
of 111 mc. Phase switching is accomplished at a rate 
of 430 cps by inserting an electronic phase reversing 
switch between the local oscillator and one of the fre-
quency changers. This arrangement has great stability 
as any small unbalance which may occur in the switch 
is largely removed by saturation in the mixing process. 
After some further amplification, the separate signals 
are combined at the input of the main intermediate 
frequency amplifier. This has a bandwidth of 250 kc 
between half-power points and defines the bandwidth 
and operating frequency of the system. The bandwidth 
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Fig. 14— A simplified block diagram illustrating the essential functional elements of the system. 
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is necessarily small because of the large path differences 
for radiation incident on different parts of the arrays, 
particularly at large zenith angles. The amplifier has a 
diode detector with output linear up to 5 volts with a 
noise signal. 
The desired output is a modulated noise signal which 

is superimposed on a random signal comprising uncor-
related noise from each array, together with noise 
generated internally in the receiving system. In order 
that the modulated output should be independent of the 
random components it is essential that the final output 
of the receiver should be proportional to the power in-
put. This condition has been achieved by squaring the 
rectified output voltage using a multigrid tube (6SA7) 
in a conventional multiplying circuit. 
The 430-cps output from the squaring tube is passed 

through a tuned amplifier of bandwidth approximately 
30 cps and converted to a dc noise signal by a phase-
sensitive rectifier. The mean voltage is proportional to 
the power being received in the pencil beam. When the 
instrument is used with a fixed beam position, this volt-
age is smoothed with a resistance capacitance filter of 
time constant a few seconds (usually 12) and applied to 
the pen recorder. Typical recordings of the transit of 
radio sources have been shown in Fig. 2(a) and Fig. 3. 
When the instrument is used for survey work, with 

the scanning beam, the arrangement is more complex. 
The basic recording circuit is shown in Fig. 15 in simpli-
fied form. During each 12-second interval, in which the 
beam is directed at a fixed declination, the switch S is 
closed for the first 1.2 seconds, which embraces the time 
required for the beam-switching relays to operate and 
the condenser to lose any accumulated charge, and then 
opened for 10.8 seconds. During the latter interval the 
output from the phase sensitive detector is integrated 

.01 25.5 Mc.lis DETECTOR 
LE:AMP. & 

25.5 Mcls 
1.F. AMP. 8. 
DETECTOR 

PHASE 
SENSITIVE 
RECTIFIER 

from 

phase sensitive 
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SQUARE 
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AMPLIFIER 

SQUARE 
LAW 

AMPLIFIER 

TO RELAYS 
IN AERIAL LINE 

430 c.p.s. 
SELECTIVE 
AMPLIFIER 
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BEAM SHI 
CONTRO 

50 c.p.s. 
SIDEREAL 
CLOCK 

1.2 SEC. 
12 SEC 

IN TE R VAL 
TIMER 

INTEGRATO 

ELECTRONIC 
RECORDER 

—0 

from 

NS receiver 

system 

Fig. 15—A simplified circuit illustrating the recording method 
used when scanning the pencil beam. 

by the resistance capacitance combination of time con-
stant 100 seconds. At the end of the interval, before the 
switch is closed again, the voltage at the grid of 171, and 
therefore the recorder deflection, is the sum of three con-
tributions; one is approximately proportional to the 
time integral of the voltage output from the phase 
sensitive detector, and therefore to the power received 
in the pencil-beam response pattern; the second is a 
fixed voltage due to the impression of a bias voltage 
VB, the third is a random noise voltage. The cycle of 
five separate declinations is repeated once a minute 
forming a sawtooth repetitive pattern on the recorder. 
As shown in Section III it is also necessary to include 
the effective temperature of the N-S array, which is 
derived from the lower receiver channel in Fig. 14. This 
is added to the grid of V2 and displaces each sawtooth 
vertically by an amount corresponding to the brightness 
temperature at the appropriate declination. 
A typical recording has been shown in Fig. 2(b). In 

this, the main sawtooth deflection is due to the bias 
voltage; radio sources can be seen on the right and left 
and the random fluctuations in the sawtooth peaks are 
the result of noise. Additional features on this recording 
are: 1) the connection of the preamplifiers to dummy 
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loads every half hour for a period of 12 seconds as a 
check on stability; the difference between this level and 
the bottom of the sawtooth pattern represents the 
added N-S temperature and 2) the negative-going de-
flections which mark a particular beam position. 
The whole timing cycle is controlled by a quartz crys-

tal clock running at sidereal rate, the switching intervals 
being determined by electronic counting circuits. For 
monitoring purposes, both the total power output from 
the main receiver and the phase-sensitive detector out-
put are displayed directly on a double-pen recorder; this 
is very useful for interpretation of the main record in the 
presence of interference. 
As described in Section II, the output of the E-W 

array is also recorded at high sensitivity. This is ob-
tained from the upper receiving channel of Fig. 14, the 
output of which is filtered to remove the dc and the very 
low frequency components caused by the passage of the 
galaxy and slow drifts in the receiver: "point" sources 
are then recorded at a very high effective gain. The 
high-pass filter is of a type described by Bolton and 
Slee9 which employs a long time constant agc circuit. A 
typical record obtained from this section is shown in 
Fig. 2(d); some well-known sources are indicated. 

B. Calibration and Adjustment 

The flux density and temperature scales of the instru-
ment are calibrated by means of a diode noise generator. 
This is a satisfactory standard at such a low frequency; 
the transit time effect is negligible and impedance trans-
formation is small and easily corrected. 
The flux density calibration is performed by injecting 

into each preamplifier attenuated signals of equal phase 
and amplitude derived from the noise generator. The 
resultant recorder deflection is then related to the input 
power, which in turn may be related to the flux density 
of a radio source by means of the array calibration. The 
flux density S of a source which produces the same re-
corder deflection as a current of ImA in the noise 
generator is given by the relation 

Zo a 
S 3.18 X 10-" 

A off 
(32) 

where Zo is the line impedance, which must be the same 
for the arrays, the noise generator, and the attenuators, 
a is the attenuation, approximately 1/400 in the present 
arrangement, and Aeff is the effective area of the arrays 
as given by Fig. 13. 
The main temperature scale presents more difficulty. 

In a conventional antenna the apparent brightness tem-
perature of the sky is obtained simply by measuring the 
antenna temperature and dividing by an efficiency 
factor which is of the order of 60 per cent. Here, how-

9 J. G. Bolton and O. B. Slee, "Galactic radiation at radio fre-
quencies. V. The sea interferometer," Aust. J. Phys., vol. 6, pp. 420-
433; December, 1953. 

ever, the relation between the sky brightness and the 
array temperature produced by the radiation in the 
pencil beam alone is not simple; the calibration must be 
made via the flux density standard. Consider a uniform 
area of brightness temperature T just filling the main 
pencil beam: this will produce the same deflection as a 
"point" source of flux density S' centered in the pencil 
beam, defined by the following equation, the integral 
being taken over the uniform bright area. 

X2.9' 
T=   

2k f Rda 
4 

The flux density S' may be related to the recorder de-
flection by means of (32). The effective solid angle, 
fRel, has been calculated from the theoretical response 
curve; it is (2.3 X 10-4)/cos0 steradians, the cosine fac-
tor expressing the effect of foreshortening of the N-S 
array. Thus we may calibrate the "beam temperature" 
Tb in terms of noise generator current as follows: 

(33) 

Zoa 
Tb -= 6.16 X 105— I cos 4). (34) 

A eff 

The calibration of the N-S array is arranged so that, 
if it be contained in an enclosure at constant tempera-
ture T, the dc recorder deflection should be the same as 
the deflection of the sawtooth peaks due to a source of 
temperature T just filling the pencil beam. For calibra-
tion, the noise generator is connected directly, without 
attenuation, to the N-S preamplifier; the relation be-
tween the N-S array temperature and the noise genera-
tor current is given by the expression 

5.75Z01 
TN-S = 

11N-9 
(35) 

where nN-S is the ohmic efficiency of the N-S.array. The 
efficiency, which is a function of zenith angle, was ob-
tained by direct measurement of the losses in the vari-
ous circuits of the array; it was checked by comparison 
between the sky brightness measured with the array and 
with the comparison dipole, after making allowance for 
the different polar diagrams. 

Errors may easily arise in matching TN-S to Tb, but 
it is estimated that the total mismatch should not ex-
ceed 20 per cent, which is not expected to be of great 
consequence. The uncertainty is similar to that which 
arises in a parabolic antenna when converting "antenna 
temperature" to "beam temperature." 
There are two adjustments which must be performed 

very carefully; these are the balance of the phase re-
versing switch and the law of the "square-law" amplifier 
(see Fig. 14). The phase-reversing switch is very stable 
and changes in mean level of the recorded output are 
often undetectable for weeks on end. However, any 
difference between the output of the switch in the two 
phase conditions results in a spurious signal which is 
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proportional to the mean noise power in the N-S 
receiver. Accordingly, the balance is checked frequently 
by connecting a diode noise generator to the N-S pre-
amplifier and varying the diode current so that the total 
receiver power output varies over the normal range pro-
duced by the passage of the galaxy, about 4:1. If neces-
sary, the balance of the switch is adjusted so that the 
mean output of the phase sensitive detector is zero over 
the whole range. 
The second adjustment, that of the square-law ampli-

fier, is essential to insure that the measured flux density 
should be independent of the receiver noise level. Any 
marked degree of dependence could well affect physical 
conclusions derived from a study of the statistics of 
radio sources in their relation to the galaxy. A check is 
made by injecting a fixed signal into each preamplifier 
from the calibrating noise generator in the normal way, 
plus a much larger amount of uncorrelated noise at the 
mixing point of the two preamplifier chains. This extra 
noise is arranged to vary the total receiver output over 
a range of 4:1. The recorder deflection is then checked 
for constancy. Any variation implies that the over-all 
response, including the diode detector, differs from the 
square law desired; adjustment is made by varying the 
bias of the multiplying tube. In practice it is not possible 
to obtain an exact adjustment as high-order terms are 
always present in the plate current of the multiplying 
tube; however, it is easy to arrange that the total vari-
ation should be less than about 3 per cent, which is 
quite adequate for our purpose. 

VII. USE OF THE INSTRUMENT 

It has been shown how the various elements of the 
radio telescope function and how it may be calibrated; 
it remains to give some examples of the practical use of 
the instrument. The results of several observational 
programs have been fully described in the literature 
and they will be referred to when appropriate." Here, 
discussion will be limited to general features particularly 
related to instrumental aspects of the observations. The 
two principal uses, the study of discrete sources of small 
angular size and the study of extended distributions, in 
particular the Milky Way, will be discussed separately; 
also some other forms of observation, for which it has 
been adapted, will be considered. 

A. Discrete Radio Sources 

The method of detection and cataloging of discrete 
radio sources has been described in some detail by Mills 
and Slee.5 In the preliminary catalog given, a total of 383 

i" It should be noted that in papers published prior to December, 
1956, incorrect values of flux density and temperature are given, owing 
to errors in the preliminary calibration of the equipment. Flux 
densities should be approximately doubled: corrections to tempera-
tures are less but no simple relationship holds. Corrected values for 
some important measurements are given in an article by B. Y. Mills, 
"Radio Frequency Radiation from External Galaxies" in "Handbuch 
der Physik," Springer-Verlag, Berlin, Germany, vol. 53, in press. 

sources are listed in a limited area of about one ste-
radian. Briefly, sources are recognized as "humps" on 
the record, which are visible on at least two adjacent 
beam positions with approximately the same right 
ascension; this criterion effectively disposes of the great 
majority of side-lobe responses. The observations are 
made with either a "fixed" or "scanning" beam depend-
ing on the particular requirement; examples are given 
in Fig. 2. Two points of interest are the accuracy with 
which the positions of the stronger sources may be meas-
ured, that is, the accuracy with which the direction of 
the pencil beam is known, and the reliability of the 
weaker sources, which may be influenced by spurious 
antenna responses. 
The collimation errors were estimated in Section V 

from measurements of dipole phase errors, but observa-
tions of actual sources suggest that there may be small 
systematic errors which persist when the arrays are re-
adjusted. There are six sources for which reasonably 
reliable identifications are available and which can be 
observed with sufficient signal to override any effects 
of finite resolution and noise. The differences between 
the measured positions and the optical centers of the 
identified objects are indicated in Table III. The meas-

TABLE III 
DIFFERENCES BETWEEN OPTICAL CENTERS AND MEASURED RADIO 

POSITIONS OF SOME IDENTIFIED SOURCES 

Source 
I AU number 

Declination 
nearest degree 

Difference in position 
minutes of arc 

Right 
ascension 

05N2A 
12N1A 
16NOA 
09S1A 
03S3A 
13S4A 

+22 
+13 
+5 
—12 
—37 
—42 

—1.5 
—1.0 
—1.5 
—0.5 
—1.5 
—0.5 

Declination 

—1 
— 2 
+2 
o 

+2 
+4 

urements were made over a long period of time with 
readjustments in between. They suggest a collimation 
error of —1 minute in right ascension and, possibly, 
+1¡ minutes in declination with a probable error in each 
observation of + 0.3 minute in right ascension and about 
+ 1.1 minutes in declination. The cause of the small sys-
tematic errors has not been established; in fact the 
declination error may not exist as it appears from a 
study of the brightness contours of 13S4A that the 
declination discordance in this case may be a real effect 
of the corona of emission surrounding the source." If the 
declination measurement on this source is neglected the 
collimation error is negligible. 
The number of sources which can be measured with 

the above accuracy is severely limited in practice by the 
effects of random noise. This increases the error at low 
flux densities and, while the effects may be removed by 

11 K. V. Sheridan, "An investigation of the strong radio sources in 
Centaurus, Fornax, and Puppis," in preparation. 
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multiple observations, the number required increases at 
a very steep rate. It may be shown that, in these cir-
cumstances, the total number of observations required 
is proportional to n" where n is the number of sources 
to be measured. With the present equipment this sets a 
practical limit to n of the order of 5 per cent of the total 
number of observable sources; above this, the increase 
in information does not seem commensurate with the 
labor involved. With different instruments the limit 
may be different; in particular it is likely to be appreci-
ably higher with an easily movable radio telescope, with 
which many observations may be made in rapid se-
quence. 
The most important aspect, however, is the influence 

of the spurious responses of the instrument on the 
cataloging of weak radio sources. It is clear that such 
responses can only be troublesome when a strong source 
crosses one of the fan beams for, elsewhere, the side-lobe 
response is far less than that of a conventional antenna 
because of the careful tapering and adjustment of the 
arrays. In order to keep a check on the side-lobe struc-
ture, the beam settings and sidereal times at which all 
strong sources cross either of the fan beams, have been 
calculated. For the N-S beam this occurs at the right 
ascension of the source, for the E-W beam according to 

sin 0„ -= cos S sin L cos H — sin ô cos L (36) 

where O. refers to the zenith angle of beam setting, n, 
in the meridian plane, L is the latitude, and ô is the 
declination, and H the hour angle of the source. 
The resulting pattern is shown in Fig. 16. The exist-

ence of a faint source is always questioned if it is located 
on any of the lines of interference. In general it would 
be rejected if located at the right ascension of a strong 
source because, as we have seen, the side-lobe level can 
be quite high in the meridian plane. Side-lobe responses 
due to all the sources diagrammed are usually visible on 
at least one of a set of five beam positions. In the E-W 
direction few side-lobe responses have been recognized 
and cataloged radio sources show no clustering along 
the lines of interference; such an effect, if present, might 
indicate the existence of unrecognized sidelobes. The 
sun, in fact, is the only source which is often detectable 
in these directions; it is several times stronger than the 
strongest southern celestial sources. Examination of Fig. 
16 suggests greater difficulties might be experienced 
south of the zenith, but little cataloging has been done 
in this region so that it is not yet possible to give a posi-
tive opinion. 
The cataloging of sources is continuing, with about 

1200 sources listed at present in an area of 3.3 steradi-
ans. This is about 45 per cent of the area usefully ac-
cessible to the instrument. 

B. Contour Plotting 

Although a number of contour maps of the distribu-
tion of radio emission across various emitting objects 

7e 
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Fig. 16—The disposition of the "lines of interference;" the strong 
sources indicated by dots on the diagrams may produce spurious 
responses along these lines. 

have been published,12-14 no detailed account has been 
given of the preparation of the diagrams. While it is 
outside the scope of the present paper to give very de-
tailed descriptions of this sort, it is possible to indicate 
the general methods employed. 
Two types of objects are to be considered; in one, the 

variation in the N-S array temperature is small over the 
whole region and it is possible to plot difference tem-
peratures only; in the other, absolute temperatures are 
required, either because a large area is involved or the 
total emission of a particular region must be measured. 
In either case the usual method is to write down the 
indicated temperatures over a grid measuring one or two 
minutes of time by one beam position ( 20 minutes of 
arc). After any necessary corrections have been made, 
the resultant contours are drawn with smooth lines 
which, as far as can be judged, do not contain spurious 
high-frequency components not accepted by the arrays. 
When the contours are complex or closely crowded, 
temperatures may be read from the traced curves more 
frequently and interpolations in declination performed 
by methods described by Bracewell.'8 A process of 
filtering to remove any remaining spurious high fre-
quency components, also described by Bracewell, is too 
complicated for hand reduction of data and has not 
been employed: in view of other uncertainties in the 
data, little is lost by this omission. 
As an example of the form of diagram obtained, a ver-

sion of the brightness temperature contours observed 
near the galactic center is shown in Fig. 17.'8 Two forms 
of correction have been applied to this diagram. In one, 

B. Y. Mills, "The observation and interpretation of radio emis-
sion from some bright galaxies," Aust. J. Phys., vol. 8, pp. 368-389; 
September, 1955. 

13 B. Y. Mills, "The radio source near the galactic centre," Ob-
servatory, vol. 76, pp. 65-67; April, 1956. 
" B. Y. Mills, A. G. Little, and K. V. Sheridan, "Emission 

nebulae as radio sources," Aust. J. Phys., vol. 9, pp. 218-227; June, 
1956. 
" R. N. Bracewell, "Two dimensional aerial smoothing in radio 

astronomy," Aust. J. Phys., vol. 9, pp. 297-314; September, 1956. 
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Fig. 17—An example of a brightness temperature contour diagram near the galactic center. The cross near the middle of the diagram indicates 
the position of a strong source observed at short wavelengths in the direction of the galactic center. At 3.5 m the source corresponds with 
an area of absorption, suggesting that it is a region of ionized hydrogen. 

:he relative calibration of adjacent beam settings is 
hecked and adjusted, if required, by comparison of 
:emperatures in the overlapping positions corresponding 
:o beam changes of + 40 minutes from the standard 
;ettings (Fig. 10). In two beam settings, out of the ten 
nvolved in the diagram, adjustments of this kind were 
tecessary, one of +7 per cent and the other of —3 per 
ent. The second correction is desirable to remove the 
ffects of spurious responses in the +20-foot beam posi-
ions. These tend to produce "corrugated" contours since 
he errors are alternately positive and negative, but they 
lay be corrected simply by application of a series de-
ived from the error response of Fig. 12. For correction 
ear the galactic plane two terms only appear sufficient 
) remove the major part of the effect, thus: 

= 0.13(7',72 — 

- 0.06(Tn+3.75 Tn-3.25) 

t7  t-'771:1 = 0.13(T,2 — Tn7--715.) 

— 0 .06(Tn-3.75 — Tn-1-3.25) 

here 

(37) 

Tn—I-1/4 and eiT„--:7 

are the temperature corrections required at the beam 
positions on either side of the standard settings of (28); 
the other temperatures are similarly defined. 
At present, work is proceeding on the preparation of 

contour maps covering a strip 10° wide extending the 
length of the southern Milky Way. Contour diagrams 
of a number of special regions of interest are also being 
prepared and will be published in due course. 

C. Miscellaneous Applications 

Many special observations have been made with the 
instrument, some in which modifications to the usual 
mode of operation were required. Most of those which 
led to positive conclusions have been described in the 
literature; these include observations of astronomical 
objects of particular interest, such as emission nebulae," 
nearby external galaxies," and supernovae," together 
with some observations of solar and lunar occultations 

le B. Y. Mills, A. G. Little, and K. V. Sheridan, "Radio emission 
from novae and supernovae," Aust. J. Phys., vol. 9, pp. 84-89; 
March, 1956. 
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of radio sources.17—" One of the latter was interesting in 
demonstrating the feasibility of making observations 
away from the meridian plane, by phasing the elements 
of the E-W array." Also, as mentioned in Section II, 
the E-W array has been used continuously in a search 
for variable sources and a study of ionospheric effects. 
Other uses of interest which, in general, have not been 

reported in the literature include the investigation of 
radio emission within the solar system and an investi-
gation of the polarization of radiation from the galaxy 
and other radio sources. The sun itself is a powerful 
radio source and the distribution of emission has been 
studied by Little ;20 it is the only member of the solar 
system from which radiation has definitely been de-
tected with this instrument. The other observations 
include particularly the planets Jupiter and Venus and 
the recent comet Arend-Roland: it is possible to say that 
in no case did continuous emission from these objects 
exceed about 5 X10-26 W m-2 cps—' at 3.5 m. Since the 
observations are of very limited duration, the possibility 
of sporadic emission is not eliminated. Other members of 
the solar system have also been investigated with 
negative results. 

Polarization measurements were attempted using a 
single dipole plus reflector, forming an interferometer in 
conjunction with either the E-W or N-S arrays. The 
polarization of the single dipole was at right angles to 
that of the arrays. With this arrangement, no response 

17 0. B. Sloe, "Occultation of a radio source by the solar corona," 
Observatory, vol. 76, pp. 228-231; December, 1956. 

SS H. Rishbeth, "An investigation of the radio source 06N2A in 
Gemini," Aust. J. Phys., vol. 9, pp. 494-504; December, 1956. 
" H. Rishbeth and A. G. Little, "A lunar occultation of the radio 

source associated with Kepler's supernova," Observatory, vol. 77, 
pp. 71-74; April, 1957. 

22 Radio Astronomy, ¡AU Symp. No. 4, The University Press, 
Cambridge, England, p. 288; 1957. 

occurs if the polarization of the radiation is random or 
plane-polarized with the plane parallel to that of the 
arrays or the single dipole; with any other form of 
polarization an interference pattern might be expected." 
No significant patterns were observed: for the radio 
sources 03S3A, 05N2A, 09S1A, and 12N1A, the deflec-
tions were less than 3 per cent of those obtained when 
the single dipole was aligned parallel to the array 
dipoles, and for 13S4A and the galactic center the de-
flection was less than 1 per cent. In all cases the limit 
was set by noise fluctuations. 
With the completion of the survey of the southern 

sky, observations with the radio telescope have now 
practically ceased while work proceeds on the construc-
tion of the equipment for angular size measurement, 
mentioned in Section III. This involves a radio-link 
interferometer with base line approximately 3000X, of a 
type developed earlier by one of the authors." It is an-
ticipated that this should provide information very valu-
able for the identification of radio sources and also per-
haps, for a cosmological investigation based on distant 
radio galaxies of very small angular size. 
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21 B. Y. Mills and A. B. Thomas, "Observations of the source of 
radio-frequency radiation in the constellation of Cygnus," Aust. J. 
Sci. Res., vol. A4, pp. 158-171; June, 1951. 
" B. Y. Mills, "The radio brightness distributions over four dis-

crete sources of cosmic noise," Aust. J. Phys., vol. 6, pp. 452-470; 
December, 1953. 
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The Sydney 19.7-MC Radio Telescope* 
C. A. SHAINt 

Summary—The construction and operation of the Sydney 19.7-
mc "Mills Cross" radio telescope is described briefly, with special 
reference to the features peculiar to operation at this low frequency. 

The results obtained so far are reviewed. They relate to the de-
tection of ionized interstellar hydrogen, to the evaluation of the 
general background radiation from extremely distant external gal-
axies, to the study of discrete sources, and to the study of refraction 
in the ionosphere. 

INTRODUCTION 

THE first observations in radio astronomy were 
made by Jansky' at a frequency of 18 mc. He 

  discovered the broad band of radio emission which 
follows the Milky Way and which has since been studied 
intensively by radio astronomers, mainly at much 
higher frequencies. The lower frequencies, however, can 
yield unique information. The current interest is 
centered on observing, not so much Jansky's "primary 
waves themselves coming from a great many sources 
scattered throughout the heavens," but the effect on 
those "primary waves" of the absorption due to the 
great clouds of interstellar ionized hydrogen which tend 
to concentrate near the plane of the Milky Way. 
Because the absorption processes are similar, this is 
closely analogous to the study by radio engineers of the 
D region of the ionosphere through its absorption of 
radio waves reflected from the E and F regions. 
As is common in radio astronomy, the greatest pos-

sible resolving power is required, because the clouds of 
ionized hydrogen occupy a band in the Milky Way only 
a few degrees wide. Some 18.3-mc observations by 
Shain and Higgins' gave indirect evidence for the exist-
ence of the interstellar absorption,' but direct experi-
mental investigation required the construction of an 
antenna having a beamwidth of 1° or 20; at 20 mc such 
an antenna must have linear dimensions of a few thou-
sand feet. 
The invention of the "Mills Cross" made such an 

antenna practicable, and a system is now in operation 
near Sydney with a beamwidth of 1.4° at a frequency of 
19.7 mc (a wavelength of 15.2 meters). The construc-
tion of a large antenna at these wavelengths is somewhat 
simpler than at shorter wavelengths, in spite of the great 

Original manuscript received by the IRE, October 3, 1957. 
Radiophysics Laboratory, CSIRO, Sydney, Australia. 
K. G. Jansky, "Directional studies of atmospherics at high fre-

quencies," PROC. IRE, vol. 20, pp. 1920-1932; December, 1932; 
"Electrical disturbances apparently of extraterrestrial origin," PROC. 
IRE, vol. 21, pp. 1387-1398; October, 1933. 

2 C. A. Sham and C. S. Higgins, "Observations of the general 
background and discrete sources of 18.3 mc/s cosmic noise," Aus. 
J. Phys., vol. 7, pp. 130-149; March, 1954. 

3 C. A. Shain, "A comparison of the intensities of cosmic noise ob-
served at 18.3 mc/s and at 100 mc/s,» Aust. J. Phys., vol. 7, pp. 150-
164; March, 1954. 

4 B. Y. Mills and A. G. Little, "A high-resolution aerial system of 
a new type,» Aus. J. Phys., vol. 6, pp. 272-278; September, 1953. 

increase in physical size for a given beamwidth, because 
of the much easier tolerances allowable, but there are 
certain problems—interference from radio stations, and 
the refraction and absorption effects in the ionosphere— 
which are much more serious on the lower frequencies. 
Previous experience at 18.3 mc showed that these dif-
ficulties could be overcome by suitable techniques. 
The general principles of the "Mills Cross" have been 

given by Mills and Little' and by Burke.' Briefly, the 
"Cross" consists of two very long antenna arrays which 
are connected together in a receiver through a phase-
switching system. That part of the receiver output 
which is modulated at the switching frequency is re-
corded. The over-all effect is to produce a pencil-beam 
response from the region of the sky common to the 
beams of the two arrays. The detailed theory, together 
with a description of the Sydney 85.5-mc Cross, is given 
in another paper.° 

The 19.7-mc instrument is essentially similar to the 
85.5 mc one described in the paper by Mills and his 
collaborators,° to which reference should be made. The 
present paper first describes the special features of the 
19.7-mc equipment • which have been developed to 
counter the difficulties peculiar to this low frequency, 
and then shows the types of results which are now forth-
coming. 

SPECIAL FEATURES OF THE 19.7-MC EQUIPMENT 

Antenna 

The particular requirements of this antenna are low 
sidelobes, a bandwidth not less than one quarter of a 
mc to accommodate slight variations in operating fre-
quency, and simple means of changing the direction of 
the beam of the north-south array, and hence the decli-
nation setting, to make the most profitable use of the 
best recording times. 
To keep the sidelobe level down, at the expense of 

broadening the main beam, both the north-south and 
east-west arrays of the Cross have a heavily-tapered 
current distribution. The effectiveness of this is shown 
by the fact that only a few of the strongest sources are 
troublesome in producing spurious responses at certain 
declination settings. The reduction of standing waves by 
the insertion of matching networks at intervals along the 
main feeders gives an acceptable bandwidth. 
The N-S array is 3625 feet and the E-W array 3400 

feet in length. Along each array runs a main feeder of 

6 B. F. Burke, "Mills cross radio telescopes," Astron. J., vol. 6, 
pp. 167-168; May, 1956. 

B. Y. Mills, A. G. Little, K. V. Sheridan, and O. B. Slee, "A 
high resolution radio telescope for use at 3.5 m," this issue, p. 67. 
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polythene-insulated coaxial cable' to which the dipoles 
of the respective arrays are lightly coupled. In the case 
of the N-S array, in which the phases have to be ad-
justed, sections of the feeder are in the form of artificial 
lines constructed around the fixed contacts of switches 
spaced at intervals along the feeder. Each of the dipoles 
is coupled through a small capacitor to the moving con-
tact of one of the switches, so that the phase of the dipole 
current with respect to the phase of the current at the in-
put to the feeder is adjustable in steps of 33° with negli-
gible change in amplitude. For convenience, the dipole 
connections are grouped in threes and one artificial line, 
with three independent moving contacts, suffices for each 
group. Provision is also made for scanning over five 
closely-spaced beam positions (with separations of 33' 
arc at the zenith), by means of relay-operated phase-
switching networks controlled from a central hut. The 
scanning-cycle period is one minute; a large change in 
declination, involving the manual alteration of all the 
dipole switches, takes about twenty minutes. 
As an illustration of the type of construction, Fig. 1 

shows a small section of the N-S array. 

Fig.1—The northern end of the N-S array. The dipoles are supported 
by wires, broken up by insulators, running along the sides of the 
array. Nine of the boxes containing the dipole phasing switches 
can be seen on the poles in the middle of the array. There are 51 
of these boxes in the complete array. 

The Receiver and Its Operation 

In planning the receiving equipment, two opposing 
considerations had to be kept in mind: the bandwidth 
should be as great as possible° in the interests of sensi-
tivity, but the greater the bandwidth the more trouble 
is experienced from interfering radio stations. 
The early work on 18.3 mc showed that although the 

radio spectrum near 20 mc was often crowded with 
interfering signals, there were generally some clear gaps 
several kilocycles wide in a range of 100 kc or so. These 
gaps would remain clear for several hours and only 
slight retuning was required; in fact, between midnight 

T Type PT29M, similar to RG-11/U. 
8 An upper limit to the bandwidth is determined by the path 

differences between the ends of the array for radiation at different 
frequencies within the pass band, especially at large zenith distances. 
This restriction is not serious with the present equipment. 

and dawn, owing to the poor ionospheric propagation 
conditions, there were often very few interfering signals. 
A similar state of affairs has been found on 19.7 mc, and 
accordingly the receiver was designed to take as much 
advantage as possible of the gaps between the stations. 
It is a double superheterodyne receiver, and a block 
diagram is shown in Fig. 2. 
The first IF is 2 mc; the amplifier has a pass band 

100 kc wide. This can be used directly on those occa-
sions when the interference is very low, but generally 
the second IF amplifier is necessary. The 2 mc output 
from the first IF is mixed with a second oscillator on 
1.75 mc, and the broad-band (200-300 kc) mixer out-
put is passed to five separate narrow band channels. 
The first of these includes a mechanical filter,' centered 
on 250 kc with a bandwidth of 8.5 kc at 3 db down and 
13 kc at 40 db down. The remaining channels each have 
two stages of amplification with variable tuning, so that 
each channel can be adjusted, independently of the 
others, to any frequency in the range 200 to 300 kc. 
The bandwidth of each tunable IF is 4.5 kc at 3 db 
down and 16 kc at 40 db down. The outputs of the five 
channels are combined immediately before the detector. 
The combined response is an IF pass band like a comb, 
the separation between the component pass bands being 
variable at will, and the maximum effective bandwidth, 
with all narrow-band IF's in operation, is 26 kc. A 
typical over-all response curve is shown in Fig. 3. 

In operation, at first only the fixed-frequency channel 
is used. The first local oscillator frequency is varied 
between 21.6 and 21.8 mc to search for suitable gaps 
between stations. Having found the widest gap, the 
local oscillator is left fixed and as many as possible of 
the variable frequency IF channels brought into opera-
tion, with equal gains, in the same or nearby gaps. A 
beat oscillator is provided to cover the full range of the 
second IF pass band, and it has been found in practice 
that any interfering signal can be detected aurally in 
the loudspeaker when its strength is less than that re-
quired to affect the record. As often as possible an ob-
server is in attendance for monitoring. To minimize 
ionospheric effects, the cosmic noise records are taken 
during the night, when possible after midnight, and 
under these conditions often all five narrow channels can 
be used, and occasionally the 100 kc bandwidth. At 
other times of the day it is often possible to use one 
narrow channel only. 
Although the bandwidth may be limited to a few kilo-

cycles, the sensitivity is sufficient to produce very useful 
records, and the results have justified the general design. 

OUTLINE OF THE CURRENT RESEARCH PROGRAM 

The main observational program at present in-
volves a survey of the 19.7-mc brightness distribution 
in a zone about 15° wide around the galactic equator. 
In this region the brightness temperatures at higher 

0 Collins Radio Company Type F 250A-85. 
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Fig. 2—Block diagram of the receiving equipment. Only the main 
units are shown. Among the units omitted are the square wave 
generator for the phase switch, the:beat frequency oscillator, and 
a separate IF channel for recording the output from the N-S 
antenna separately. 

frequencies (for example, 85.5 mc) show a sharp ridge, 
due to some form of nonthermal emission in the galaxy, 
rising to a maximum near the galactic center."' However. 
the regions of ionized hydrogen (the so-called HII 
regions) are also concentrated near the galactic plane, 
so that their absorption effects will be most pronounced 
in this region around the galactic equator. It has been 
found, in fact, that in the immediate vicinity of the 
equator the increased absorption near the galactic 
plane commonly outweighs the general nonthermal in-
crease in brightness, and, instead of a ridge, a trough 
is seen." A typical example is shown in Fig. 4. Detailed 
comparison of the 19.7 and 85.5-mc brightness distribu-
tions will throw much light on the distribution of ionized 
hydrogen in the galaxy. Indeed the recognition of ab-
sorbing clouds by this means appears to be the most 
sensitive method available to astronomers for detecting 
interstellar ionized hydrogen. 
An interesting possibility that has come out of the 

preliminary work is that it may be possible to estimate 
distances to certain structural features of the galaxy. 
Even HII regions which are very dim optically may be 
completely opaque to 19.7-mc radiation, and therefore, 
any radio noise from their direction must have been 

10 B. Y. Mills, "The observation and interpretation of radio emis-
sion from some bright galaxies," Aust. J. Phys., vol. 8, pp. 368-389; 
September, 1955. 
I C. A. Shain, "The galactic absorption of 19.7 mcs radio waves," 

Aust. J. Phys., vol. 10, pp. 195-203; March, 1957. 
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Frequency in kcis 

Fig. 3—Over-all response at the combined output of the 200-300 kc 
IF units. The broader, flat-top response centered on 250 kc corre-
sponds to the fixed mechanical filter. The center frequencies of 
the other peaks may be varied independently. 
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Fig. 4—Variation of brightness during a sweep across the Milky Way 
at declination —12°. The upper record is at 85.5 mc and shows 
the sharp ridge characteristic of such records at this frequency. 
The lower record shows the trough observed at 19.7 mc due to 
interstellar absorption. 

generated between the sun and the HII region. Correla-
tion of 19.7-mc brightness temperatures with distances, 
derived optically, to known large and bright H II regions 
should give a value for the amount of radiation emitted 
per unit distance near the sun, for various directions in 
the galaxy. If this proves constant, 19.7-mc brightness 
could then be used to estimate distances to other ab-
sorbing HII regions, and it may be possible to trace 
out some part of the spiral structure of the galaxy. 
When a radio telescope is directed to one of the galac-

tic poles, the brightness temperatures observed are much 
higher than were expected. It is now known that this 
radiation comes from two sources—a roughly spherical 
"halo" surrounding the galaxy, and all the extragalactic 
sources in the universe"—but the estimation of their 
relative importance presents some difficulty. A new line 
of attack has come from 19.7-mc observations of the 
large Magellanic cloud and, in particular, of absorp-
tion by its giant HII region, 30 Doradus and its associ-
ated nebulosities. Since, in this case, the absorbing 
region is far outside our galaxy, the reduction in bright-

II J. E. Baldwin, "The distribution of the galactic radio emission," 
Mon. Not. Roy. Astron. Soc., vol. 115, No. 6, pp. 690-699; 1955. 
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Fig. 5.—Records of the source irgo-.1 oi February 7 and M trch 4, 1957, us'ng the scann'ng system. The 
length of one line is a measure of the energy received over a period of 12 seconds with the antenna directed 
to a particular declination; an adjacent line corresponds to a second declination, five declinations spaced 
at 33' arc being scanned in succession and the sequence then repeated. The southernmost position is 
indicated by dots over appropriate lines and the antenna scans northwards, reading from right to left, 
from this position. 

ness is due to the cutting off of radiation from the far 
side of the Magellanic cloud and extragalactic sources. 
It is possible to estimate the former component, and 
hence to determine the contribution to the general back-
ground of cosmic noise due to all the extragalactic 
sources. Preliminary results suggest that this is small. 

Observations of discrete sources, especially those of 
small angular size, are troubled by ionospheric scintilla-
tions, which can be very severe at 19.7 mc. As men-
tioned above, the best time for observing is between 
midnight and dawn, just the period when scintillations 
are most severe. In general, the presence of scintillations 
makes the detection of a source more difficult, unless 
the number of records is increased to average them out. 
This is not practicable in a general survey of the sky, 
and it is not proposed to attempt to detect a great 
number of weak sources, but rather to observe a moder-
ate number of the stronger sources known from the 85.5-
mc survey, with a view to determining what different 
spectral classes of sources there are. Some of the bright-
est sources have comparatively large angular sizes and 
the directivity of this equipment is sufficient to study 
their brightness distributions in some detail. An inter-
esting result coming out of this part of the program is 
the marked difference between the brightness distribu-
tion across the source Centaurus-A at 19.7 and 85.5 mc. 
The strong "point" source is much less prominent at 
19.7 mc. 
As a by-product of the earlier cosmic noise work on 

18.3 mc, analysis of the records gave much information 
on the attenuation of radio waves passing right through 
the ionosphere. It is expected that the current records 
will also provide new material for ionospheric studies. 
This time, however, the directivity of the present aerial 

will permit accurate measurements of ionospheric re-
fraction. In any case, it will be necessary to make some 
study of refraction, if only to decide when it is seriously 
affecting the cosmic noise work. Refraction appears in 
two ways: firstly, the normal type of astronomical re-
fraction which, since the equipment operates as a transit 
instrument, causes an apparent change in declination, 
and second, refraction in the east-west direction, caus-
ing an apparent change in right ascension, due to 
horizontal gradients of ionization in the F region." The 
latter may be quite serious (perhaps 1°) near sunrise. A 
further complication is that a source moves through the 
aerial beam in about 10 minutes, so that it is difficult to 
distinguish between short period changes in the iono-
sphere and its regular diurnal variation. A particular case 
is illustrated in Fig. 5, by two records of the source 
Virgo A. By comparing the relative amplitudes on the 
different positions of the declination scan, the apparent 
declination can be determined, and the time of maxi-
mum response gives the apparent right ascension. In 
this manner it is found that on February 7, Virgo A 
appeared to be about 0.8° to the north-east of its true 
position, and on March 4, 0°.4 to the south. 

From the experience already obtained with this 
19.7-mc antenna, it is clear that, in spite of difficulties 
caused by interference and the influence of the iono-
sphere, it will yield much useful astrophysical informa. 
tion. Furthermore, the effects of the ionosphere on th( 
cosmic noise observations may throw further light or 
the ionosphere itself. 

13 F. G. Smith, "Ionospheric refraction of 81.5 mcs radio wave 
from radio stars," J. Almos. Terr. Phys., vol. 2, no. 6, pp. 350-355 
1952. 
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An Antenna Array for Studies in Meteor and 
Radio Astronomy at 13 Meters* 

P. B. GALLAGHERt, MEMBER, nzE 

Summary—The design of a high-frequency radar antenna 
making possible the detection of echoes from the ionized trails pro-
duced by very small meteors is described. Preliminary results indi-
cate that the radar system, when fully completed, will be capable of 
detecting meteors down to the 15th visual magnitude, thus making 
possible radio studies of meteors five visual magnitudes smaller 
than the smallest which have heretofore been systematically investi-
gated at back reflection. The results of these studies are expected 
to provide new information on the amount and distribution of inter-
planetary matter, the contribution of meteoric ionization to the lower 
ionosphere, and the radio propagation characteristics of vhf iono-
spheric scatter and meteor burst communication systems. The results 
of some preliminary measurements of meteors down to the 14th 
magnitude are presented. Other possible applications of the antenna 

are discussed. 

INTRODUCTION 

AN ANTENNA array, designed for radar studies 
of very small meteors, has been constructed at 

• Stanford University. The nominal radar power 
output is 100 kilowatts peak and 1000 watts average. 
The number of echoes actually detected with this sys-
tem, with one half of the antenna in operation, indicates 
that it should be sensitive to meteors as small as the 15th 
visual magnitude. Thus this installation will permit 
studies of meteors five magnitudes smaller than the 
smallest which have been investigated systematically at 
back reflection in the past. 

Studies of very small meteors have important appli-
cation to the design of the antenna systems used in vhf 
ionospheric scatter communication systems. It is now 
clear that overlapping reflections from very small 
meteor trails represent an important component of the 
continuous ionospheric scatter signal.' In fact, the evi-
dence suggests that at moderate latitudes, the meteoric 
component is by far the principal component during 
the evening hours when the scatter signal is at its daily 
low ebb. To improve circuit performance at this critical 
time of day, it is necessary to maximize the meteoric 
component of the signal; considerable improvement can 
be effected by employing antenna beams which intersect 
slightly to one side of the center of the great circle path. 
To predict the best intersection point for a given time 
of day, time of year, and geographical location, more 
needs to be known of the characteristics of very small 
meteors. In a similar. manner, more information on 

• Original manuscript received by the IRE, October 3, 1954. The 
research reported in this paper has been sponsored by the Electronics 
Research Directorate of the AF Cambridge Res. Ctr., Air Res. and 
Dey. Command, under Contracts AF 19(604) 1031 and AF 19(604) 
2193. 
f Radio Propagation Laboratory, Stanford Univ., Stanford, 

Calif. 
1 K. L. Bowles, "Ionospheric forward scatter," Annals of the IG Y, 

vol. 3, part IV, pp. 346-357; 1957. 

meteor characteristics is needed for the optimum design 
of the systems using the new technique of meteor burst 
communication.2 
The radio studies of small meteors will also be applied 

to determine the number, velocities, orbits, and space 
distribution of meteoric particles 100 times lighter than 
those previously studied by radar means. Important 
questions to be studied are: 1) What is the size of the 
smallest particle that produces ionization in the upper 
atmosphere? 2) What is the total amount of ionization 
created by meteors of all sizes? 3) Are there enough of 
these small particles in interplanetary space to account 
for the zodiacal light, the F corona, and the gegenshein? 
4) Are there any interstellar particles amongst the 
smaller meteors? 5) What is the number-mass distribu-
tion of the smaller meteors? 

It is the purpose of this paper to discuss the design and 
testing of the antenna array used in the radar system, 
to outline some of the preliminary results of the studies 
on meteors, and to indicate some potential applications 
of the system in other radio astronomy research. 

EQUIPMENT 

The operating frequency chosen, 23.1 megacycles, 
represents a compromise between sensitivity to small 
meteors on the one hand, and interference from iono-
spherically propagated ground backscatter on the other. 
To detect small meteors which burn out high in the 
atmosphere, a low radio frequency is needed. In the 
interests of obtaining high gain at minimum cost, the 
limitations of fixed-frequency operation were accepted. 
A broadside antenna array configuration was selected 

for reasons of economy and flexibility. The most eco-
nomical unit of this array was found to be a 4-element 
Yagi antenna, which offers high gain in a simple, easily 
mounted structure. The final layout called for 48 Yagi 
units in a colinear arrangement. The units are fed from 
a common transmission line and are spaced one wave-
length apart along that line. A second colinear set of 48 
units, placed parallel to the first, and spaced from it by 
several wavelengths, causes the basic fan beam to be 
broken up into lobes. 

For small meteor studies, a beam pointing generally 
north was desired. As pictured in Fig. 1, the individual 
Yagi units are positioned at a 45° elevation angle and 
are mounted on wooden telegraph poles at an average 
height of 35 feet above ground. The two lines of Yagis 
extend 48 wavelengths (or 2000 feet) east and west, and 

2 See PROC. IRE, vol. 45; December, 1957. 
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5) Errors resulting from variations in coupling coeffi-
cient at each coupler and variations in spacing of the 
couplers along the line were also evaluated. From 
measurements made at the output of each coupler, the 
rms errors were found to be e6= 0.07 and e7= 0.07 
radian. 

Bracewell has developed a theory of tolerances for 
large and complex antenna arrays.' He defines a direc-
tivity achievement factor 

achieved directivity 1 

design directivity 1 -I- E ei2 

where ei is the complex fractional departure from the 
perturbed mean of the illumination along the array due 
to various causes i=1, 2, etc. The cumulative errors 1) 
through 5) result in e =0.93, which is equivalent to a 
0.29-db loss in forward gain. This is quite small com-
pared to dissipative losses (1.25 db) and remaining un-
certainties about ground and mutual impedance effects, 
even though individual amplitude and phase errors 
measured at the time of initial adjustment appeared 
almost prohibitively large. Therefore no further cor-
rective adjustments were undertaken. 

Field intensity measurements at 13 meters of radio 
star, solar, and other extra-terrestrial noise sources con-
stitute a potential application of this array system. As 
such, the array could be used as part of a total power 
radiometer, sensitive only to the horizontally polarized 
component of the incoming wave. (The array can be 
adapted for cross polarization, if desired.) Fig. 3 shows 
a calibration of the azimuthal beam pattern of one line 
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Fig. 3—Penmotor recording of the radio noise source Cassiopeia as it 
transists the 13-meter array beam, taken February 13, 1957. 
Each four-minute division represents one-half degree. 

of the array using the relatively discrete source in 
Cassiopeia at the upper transit across the beam. 

Calculations show that with a transmitter of the same 
peak power, but capable of transmitting very long 
pulses, the system may be capable of detecting solar 

3 R. N. Bracewell, "Radio Astronomy Techniques* in "Handbuch 
der Physik," vol. 54, Springer Verlag, Berlin, Germany, in press. 

echoes. The theoretical work of Kerr* at 30 mc has been 
scaled to fit the 13-meter wavelength. Using a 500-cps 
pre-detection bandwidth and 10-second post-detection 
integration time, the sun echo power for a quiet sun 
would exceed the noise threshold by about 5 db. (This 
presumes that ionospheric absorption, atmospherics, 
and station interference are on a par at both frequen-
cies.) With an adjustment of parameters, but using the 
same antenna and transmitter power, it appears that 
planetary echoes (Venus and Mars) might also be de-
tected. 
One line of the array was completed in January, 1957. 

Since that time, studies in the field of meteor astronomy 
have included echo counts, determination of diurnal 
and day-to-day variations in echo rates, echo ampli-
tude distributions, meteor velocities, and durations of 
echoes from ionization produced by meteors of the 14th 
visual magnitude and larger. These measurements have 
demonstrated the existence of short-period showers, 
and extreme fluctuations in day-to-day rates. 

Fig. 4 is a record of typical radar meteor echo activity. 

Fig. 4—Range-time display of meteor echo activity observed with 
the 13-meter array; 100-km range marks; one frame per 11 sec-
onds; peak power 90 kw; January 24, 1957; 0400 PST. 

Hourly echo rates as high as 6000 have been measured 
daily, during the two-hour pre-sunrise period. Outside 
this period the echo rate declines rapidly. The ratio of 
the daily maximum echo rate to the daily minimum 
echo rate for this radar has been found to be over 100:1, 
as compared to 20:1 for another lower-power, lower-
directivity radar operating in the same frequency range 
on the Stanford campus. 

Preliminary evidence also suggests that particles 
smaller than about the 13th visual magnitude may exist 
in space in greater numbers than would be indicated 
from an extrapolation of the mass distribution law that 
applies to meteors larger than 10th magnitude. 

CONCLUSION 

The feasibility of a very large broadside array for 
meteor detection at 13 meters has been demonstrated. 
The design offers notable flexibility, economy in con-

F. J. Kerr, "On the possibility of obtaining radar echoes from 
the sun and the planets," PROC. IRE, vol. 40, pp. 660-666; June, 
1952. 
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struction, and simplicity of adjustment but is limited to 
fixed-frequency operation. It can be modified for detec-
tion of echoes from the sun, as well as other studies in 
radio astronomy. 

Performance degradation resulting from reasonable 
tolerances in layout and construction has been found to 
be negligible. 

Preliminary results with a 100-kw pulsed transmitter 
have shown that the law relating size and number of 
meteoric particles is valid down to meteors of approxi-

mately the 13th visual magnitude. There is evidence 
that the law may break down for still smaller particles, 
but higher transmitter power will be required in order 
to answer this question. 
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Radio Telescope Antennas of Large Aperture* 
JOHN D. KRAUSt, FELLOW, IRE 

Summary—Equations are derived for the number of sources 
which a radio telescope can detect and the number which it can 
resolve. Based on these relations curves for the number of sources 
which can be both detected and resolved, as a function of frequency 
and aperture, are presented. The need for large apertures in order 
that radio astronomy deal with significant numbers of sources is 
evident. It is also pointed out that there is a most economical fre-
quency for radio astronomy in the vicinity of 300 mc. 
A design for a radio telescope which provides a large aperture at 

low cost is described. It consists of a fixed standing parabolic reflec-
tor with a finable flat-sheet reflector. The advantages of the design 
are pointed out and the results with a scale model are described. 

INTRODUCTION 

pROGRESS in any science is dependent on improve-
ments in observing techniques. Before Galileo, 
astronomy was restricted to the few thousand ob-

jects which could be observed with the unaided eye. 
With the invention of the optical telescope the number 
of observable objects increased sharply. Many pre-
viously known objects also could be studied in greater 
detail. As larger telescopes were built more objects came 
into view until with the largest present-day telescopes 
billions of objects can be observed. This development is 
actually the history of the increase of aperture from the 
1-inch pupil diameter of the human eye to the 200-inch 
diameter of the Mount Palomar telescope. 
With the introduction of radio telescopes a new win-

dow has been opened on the universe. However, at pres-
ent only one hundred or so radio sources are reliably 
known. This is hardly a statistically significant sample 
of the radio universe. Although the largest telescopes 
now or soon to be in operation may raise this number 
into the thousands, it is doubtful if the number will ap-

* Original manuscript received by the IRE, October 3, 1957. 
't Director, Radio Observatory, Ohio State University, Columbus, 

Ohio. 

proach that of the stars that can be observed with the 
unaided eye (about 5000). Hence, until much larger 
radio telescopes are built radio astronomy will remain 
in the primitive status of even smaller numbers than the 
pre-Galilean era of optical astronomy. 
The only way out is with telescopes of larger aperture. 

But it is not sufficient merely to plan bigger completely 
steerable parabolic dish telescopes. These cost millions 
of dollars for diameters of only 100 to 200 feet and the 
cost mounts exponentially as the size is increased. What 
is needed in order to break through the "aperture bar-
rier" is an approach or design which can achieve aper-
tures of several acres for thousands instead of millions 
of dollars, since then apertures of dozens of acres for a 
few millions of dollars become feasible. 

In the next section basic relations between the num-
ber of sources which a telescope can observe and its 
aperture are developed and discussed in some detail. 
This is followed by a description of a telescope design 
which provides a large aperture per unit of cost. 

APERTURE AND SOURCE NUMBER 

In order to observe a celestial radio source a radio 
telescope must be able to do two things: 1) detect the 
source, and 2) resolve it. 
Assuming a uniform source distribution, the number 

of sources which a radio telescope can detect is propor-
tional to the cube of the telescope range. Thus, 

Ara = KoR8 (1) 

where 

Nd= number of sources which can be detected, 
Ko= constant, 
R= maximum range of telescope. 
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Now the range' of a radio telescope is given by 

R = Ro V  Go 
Gmjn 

(2) 

where 

R= maximum range of telescope (meters), 
Ro = range of reference source (meters), 
Go = power flux density of reference source (janskys) 

(1 jansky = 1 watt meter-2 cps-1), 
Gmin = minimum power flux density which can be de-

tected with the telescope (janskys). 

The reference source in (2) is one whose distance and 
flux density are both known. The range R is then the 
maximum distance at which this source or one like it 
can be detected. 
A conservative single-valued estimate of the minimum 

flux density Gmin is given by 

2kTN 
Gmin (3) 

where 

Gmin = minimum detectable power flux density 
(janskys), 

k= Boltzmann's constant ( = 1.38 X 10-22 joules 
/°K), 

T= receiver ambient temperature (°K), 
N= receiver noise figure (dimensionless), 
a =- cable efficiency factor (0 ≤ a .≤ 1) (dimension-

less), 
A.= maximum effective aperture of telescope an-

tenna (meters2), 
n= number of observations or records (dimension-

less), 
Af = receiver band width (cps), 
t= receiver time constant (seconds). 

Substituting (3) in (2) yields for the maximum range 

[aA.GoN/naftim 
R = Ro   

2kTN 
(4) 

where the symbols are as given following (2) and (3). 
Assuming that the noise figure N is proportional to 

the square root of the frequency and that the bandwidth 
:an be increased in proportion to the frequency, we have 
that the maximum range in meters is 

R = iRoV A .X1 (5) 

where 

KJ.= constant, 
Ro = range of reference source (meters), 
X = wavelength (meters), 
x = spectrum index of reference source (Go ocXx) (di-

mensionless). 

It is assumed also in (5) that the number of observa-
tions n and the receiver time constant t and temperature 
T are fixed. 
Substituting (5) into (1) yields the number of sources 

(like the reference source) that can be detected as 

N d = K 2A 312x1.5x em (6) 

where 

Nd= number of detectable sources (dimensionless), 
K2= constant, 
Aemmaximum effective aperture of antenna (me-

ters2), 
X = wavelength (meters), 
x = spectrum index of reference source (dimension-

less). 

The maximum effective aperture A. of an antenna is 
related to the physical aperture by 

A. = yA (meters') (7) 

where 

= efficiency factor (0 < y <1) (dimensionless), 
A = physical aperture (meters2). 

For a circular aperture 

D2 
77r — 

4 

where 

D= aperture diameter (meters). 

Hence, (6), can also be written 

Nd =Kgr""z 

(8) 

(9) 

where 

Ks = constant. 

For the common nonthermal type of radio source the 
spectrum index is between 0.5 and 1.0. If we take 
x=2/3 for this type of source (9) becomes 

Nd = IC3XD3. (10) 

Eq. (10) is at best an estimate, since it depends on 
assumptions concerning the frequency dependence of 
several quantities. Different frequency dependencies can 
result in an exponent for X different from unity. How-
ever, (10) is suggestive of the trend with frequency and 
is useful for indicating the ultimate order of magnitude 
of Nd. Taking K2 equal to 1/10 yields an optimistic or 
ultimate quasi-empirical valve for Nd.2 In actual prac-
tice the number may be only 20 per cent to 50 per cent 
as great. 
Turning next to the matter of resolution, the ultimate 

number of sources a radio telescope can resolve is by 
Ko's criterion,' equal to the sky area divided by the an-

1 J. D. Kraus, "Resolution pattern effects, and range of radio tele-
;copes," IRE TRANS., vol. AP-4, pp. 445-451; July, 1956. 

2 It IS also assumed that t in (3) is of the order of a few seconds, n 
is unity, and y and a are unity or nearly so. 
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tenna beam area. This is numerically equal to the direc-
tivity of the antenna.' Hence, 

471- A e„, 1-27 D2 
N, = Do =  

AS AS 

where 

N,= number of sources which can be resolved 
(dimensionless), 

Do = directivity of antenna (dimensionless), 
= maximum effective aperture of antenna 

(meters'), 
-y = antenna efficiency factor (dimensionless), 
D =antenna diameter (assuming circular aperture) 

(meters), 
X = wavelength (meters). 

For y = 1 (uniform aperture illumination). (11) can be 
written as 

N,.c-210(—x (12) 

It is assumed in (11) and (12) that the entire sky is 
observable. Depending on the latitude of the telescope, 
a fraction of the sky will be observable as given by the 
factor 

1 ± cos I L I 

2 
(13) 

where L= latitude. Owing to the difficulty of observing 
close to the horizon, even less sky may, in practice, be 
observable. For these reasons, and also because the 
sources will not, in general, be uniformly distributed as 
assumed, (11) is an optimistic value for N, and in actual 
practice the number may be only 20 per cent as great.' 
However, with this in mind (11) is useful for indicating 
the ultimate order of magnitude of N,.. 

Eq. (11) gives the number of sources N, which the 
radio telescope can resolve while (10) gives the number 
Nd which it can detect. If Nd is smaller than N,, the 
telescope is detection (or sensitivity) limited; that is, it 
is capable of resolving more sources than it can detect. 
On the other hand, if N, is smaller than Nd, the telescope 
is resolution limited; that is, it is capable of detecting 
more sources than it can resolve. 
Taking K3 in (10) equal to 1/10 and y = 1 in (11), the 

values for Nd and N, are presented in Fig. 1 as a function 
of frequency (and wavelength) for 4 apertures from 1/10 
to 100 acres (1 acre =43,560 square feet).' For a given 
aperture the maximum number of sources which can be 
both detected and resolved occurs where Na—N,. For 

J. D. Kraus, "Antennas," McGraw-Hill Book Co., Inc., New 
York, N.Y., pp. 24 and 54; 1950. 

4 J. L. Pawsey indicates that the number may be only 5 per cent 
to 10 per cent as great; that is 10 to 20 beam areas are required per 
source unequivocally resolved. 

6 A similar figure but with different values is given by E. G. 
Bowen and J. L. Pawsey, "A Proposal for a Giant Radio Telescope," 
Division of Radiophysics, CSIRO, Sydney, Australia, p. 28; 1955. 
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Fig. 1—Number of sources which a radio telescope can both detect 
and resolve as a function of frequency (and wavelength) and size 
of antenna aperture. The antenna aperture is given in acres 
(1 acre =43,560 square feet). Although the aperture may be of 
any shape, the diameter in feet and meters is given for the case of 
a circular aperture. To the left of the dashed line (X.= Nd) the 
telescope is resolution limited and to the right it is detection 
limited. 

example, a telescope antenna with a 75-foot aperture 
diameter (0.1-acre aperture) can detect and resolve a 
maximum of nearly 2000 sources at a frequency of 
about 200 mc. At higher frequencies the telescope is 
detection limited while at lower frequencies it is resolu-
tion limited. 

For larger apertures the maximum occurs at some-
what higher frequencies as indicated by the dashed line 
for Nd=N, in Fig. 1. For the apertures shown, the 
maximum occurs at frequencies between 200 and 600 
mc. At frequencies above the maximum the number of 
sources decreases with frequency, this part of the graph 
being based on the common nonthermal type of radio 
sources. Of course, if thermal sources are taken into 
consideration the trend with frequency is more fav-
orable. 

Fig. 1 applies to apertures of any shape (rectangular, 
square, elliptical, circular, etc.) with the diameter given 
for the circular case. 
As pointed out earlier, the values given in Fig. 1 are 

optimistic and in actual practice the numbers may be 
only 20 per cent to 50 per cent as great. This lends even 
more emphasis to the great importance of large aper-
ture if large numbers of sources are to be observed. 
Thus, in order to observe a million radio sources (which 
is small compared to the number which can be ob-
served optically) radio telescopes with apertures in thE 
10- to 100-acre range are needed. 
Another way of stating the situation is to say that at 

present radio astronomy deals with only about 6 magni. 
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tudes; that is, a range of 24 db in flux density from the 
strongest to weakest observable sources (one magni-
tude =4 db). On the other hand, optical astronomy en-
compasses over 20 magnitudes (a range of 80 db). To 
extend radio observations to weaker sources requires 
more antenna directivity and this in turn requires 
greater aperture. 
As the frequency is raised the cost of a radio telescope 

of constant aperture increases since the antenna must 
be held to closer mechanical tolerance. Thus, the cost 
per source for a radio telescope of given aperture will 
be like the inverse of a curve in Fig. 1, but flatter at 
low frequencies and steeper above the breakover fre-
quency (Nd= Nr) as suggested by the curve in Fig. 2. 
If the largest number of (nonthermal) sources is the 
desired objective, Fig. 2 suggests that there is a most 
economical frequency at or close to the frequency for 
which Nd=Nr; that is, in the vicinity of 300 mc. 
To illustrate the effect of an increase in aperture, two 

signatures made with the Ohio State University helical-
array radio telescope antenna" are shown in Fig. 3. 
These were taken of the same radio source (Virgo A) on 
different days, the only change being that the aperture 
area for the upper signature is 8 times that for the lower 
one. This was accomplished by using 96 helices (the full 
number) for the upper signature and one bay of 12 
helices for the lower trace. Although the radio source is 
detectable as a broad gradual rise in the lower signa-
ture, it is not too obvious. However, in the upper trace 
it stands out sharply, the shape of the signature being 
an indication of the antenna pattern in right ascension. 
The horizontal coordinate of right ascension is indicated 
in hours below the lower signature. The spikes below the 
upper signature are time marks impressed automatically 
at 10-minute intervals. The gradual upward trend to 
the left in the records is due to a gradual rise in the 
background radiation in this direction. 

STANDING PARABOLOID DESIGN 

In order to obtain the largest possible apertures a 
radio telescope design is needed which provides a maxi-
mum of aperture per dollar of cost. 
One answer to this aperture problem is afforded by the 

Mills cross antenna.' Although it provides a relatively 
ugh resolution, the effective aperture area is not corn-
nensurate. Furthermore, it is essentially a single-fre-
luency device. 
Another approach to the problem is one we have de-

¡eloped at the Ohio State University which possesses 
treat potentialities in the large aperture field. It is of 
:he reflector type, incorporating a fixed standing pa-
-aboloid and a tiltable flat reflector with the ground 
tcting as part of the antenna structure both electrically 
rnd mechanically. It is a wide-band antenna that can 

• S. Matt and J. D. Kraus, "The effect of the source distribution 
,n antenna patterns," PROC. IRE, vol. 43, pp. 821-825; July, 1955. 

7 B. Y. Mills and A. G. Little, "A high resolution aerial system of 
. new type," Aust. J. Phys., vol. 6, p. 272; 1953. 
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Fig. 2—Graph of radio telescope cost per observable radio source as a 
function of frequency. The minimum cost occurs at or close to the 
frequency for which the number of sources which can be detected 
(Na) is equal to the number which can be resolved (Nr). 
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Fig. 3—Record of radio source Virgo A taken with 12 helices (lower 
trace) and with 96 helices (upper trace) showing improvement 
resulting from 8-fold increase in antenna aperture. 

be operated over a frequency range of 50 to 1 or more 
and provides a very large aperture per unit cost. The 
design is especially well-suited for background mapping, 
source location, and spectrum observations. Although 
essentially a meridian-transit instrument, it can be 
arranged to track objects near the meridian for moder-
ate intervals. And most important it provides a high 
resolution with a large aperture area for collecting the 
celestial radio waves. 
The essential features of the design" are shown by 

the sketch in Fig. 4. Down-corning celestial radio waves 
are deflected by the tiltable flat-sheet reflector into the 
paraboloid and thence to a horn antenna at the prime 
focus. The reflecting surface of both paraboloid and 
flat sheet consists of coarse mesh wire screen or closely-
spaced vertical wires. The only moveable structure is 

J. D. Kraus, "Radio telescopes," Sci. Amer., vol. 192, pp. 36-
43; March, 1955. 

9 J. D. Kraus and R. T. Nash, "A Design for a Large-Aperture, 
Low Cost Radio Telescope," Ohio State Univ., Columbus, Ohio, 
Radio Observatory Rep. No. 5; November 22, 1955. 

10 J. D. Kraus, "Radio telescope designs of large aperture and low 
cost," Astron. J., vol. 61, p. 169; May, 1956. 
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Fig. 4—Sketch showing arrangement of fixed standing paraboloid 
tiltable flat reflector radio telescope antenna with path indicated 
for incoming radio waves. An antenna of this design with para-
bolic reflector 360 feet long by 70 feet high is now under construc-
tion at the Ohio State-Ohio Wesleyan Radio Observatory near 
Delaware, Ohio. 

the flat-sheet reflector. Since a flat surface can be very 
easily checked for any unevenness, it is not necessary that 
the tiltable reflector be a rigid structure. This results in 
a large saving in cost. The reflector is tilted by a number 
of independently operated hydraulic jack members and 
the desired degree of flatness of the reflector obtained 
by adjusting them individually while monitoring or ob-
serving the reflector for flatness with a small optical 
telescope set up near one end. 

It is much more difficult to maintain tolerances on a 
curved surface such as a paraboloid, especially if it is 
moveable. This problem is avoided and the cost corre-
spondingly reduced by making the paraboloid fixed. In 
this way the ground itself provides the basic mechanical 
support for the paraboloid and the amount of structure 
required to maintain the paraboloid tolerances is a mini-
mum. 

Furthermore, if the paraboloid were steerable it would 
be necessary for the focus or feed point to move with 
it as an integral part of the paraboloid structure and this 
would require a large and expensive supporting frame-
work. This is avoided in the present design since, with 
the paraboloid fixed, the focus or feed point can be situ-
ated at ground level with the earth providing the neces-
sary rigidity for proper alignment. In the present de-
sign, movement is required of only the simple flat reflec-
tor. At the latitude of Columbus, Ohio (+400), nearly 
the entire sky observable from the latitude, that is, 
from —40° to +90° declination or a range of 130°, can 
be observed with a change in flat reflector tilt of only 
65°. This results from the fact that for a given change 
in the flat reflector angle, the change in declination 
angle is twice as much. 
By making the length of the reflectors considerably 

greater than the height there is an additional saving in 

cost since the expense of a structure is approximately 
proportional to the cube of its height. Thus, a parabo-
loid 2000 feet long by 200 feet high (9.2-acres aperture) 
will cost no more than one 350 feet long by 350 feet 
high (2.7-acres aperture) but it will have over 3 times 
the aperture area. Furthermore, the lower over-all 
height makes the telescope less susceptible to interfering 
radio signals of terrestrial origin, since the strength of 
such signals increases rapidly with height above the 
ground. 

In connection with the rectangular shape of the aper-
ture it should be mentioned that the number of sources 
which an antenna can resolve or detect is a function of 
the size of the aperture area and not its shape. For ex-
ample, an antenna with an aperture 100 feet long by 
25 feet wide (2500-square foot aperture area) can resolve 
the same number of sources as an antenna of the same 
aperture area but 50 feet square. The pencil beam of a 
square or circular antenna aperture may be a conven-
ience in some applications as compared to the fan beam 
of the rectangular aperture. However, in other cases the 
fan beam of the rectangular aperture may be more con-
venient, as in search and mapping observations with the 
earth's rotation sweeping the beam, since fewer changes 
in declination are required to map the sky to a given 
precision. 
The ground is an integral part of both the mechanical 

and electrical structure of the telescope. It is covered 
with a conducting screen and acts as an image plane. 
The wave polarization used is vertical. Accordingly, the 
field intensity can be a maximum along the ground and 
the efficiency of utilization of the paraboloid may be 
correspondingly increased. 
The flat reflector tilts on an east-west axis with ob-

servations being along the meridian. However, by dis-
placing the primary antenna along an east-west line it 
is possible to track celestial objects for some distance 
either side of the meridian. The displacements may be 
achieved by moving the primary horn antenna on tracks 
or by installing several horns side-by-side forming the 
elements of a rudimentary radio camera. 
To test the design a scale model 12 feet across was 

constructed.9" When operating at 1.25-cm wavelength, 
the model simulates an antenna with paraboloid 700 
feet long by 70 feet high operating at 70-cm wavelength. 
A photograph of the model, built by Robert T. Nash, 
is shown in Fig. 5. The standing paraboloid is at the 
right and the tiltable flat-sheet reflector is at the left 
with the horn feed at the prime focus just to the right 
of the base of the flat-sheet reflector. Since the entire 
model was made steerable by mounting it on a turn-
table it was necessary to provide a relatively more mas-
sive man-made supporting structure than would be the 
case in the full-size telescope which is fixed in azimuth 

R. T. Nash, "Design of a High Resolution Antenna for the Re-
ception of Radio Waves of Extraterrestrial Origin," Ohio State Uni-
versity, Columbus, Ohio, Master thesis; June, 1955. 
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Fig. 5—Scale model operating at one-cm wavelength built to test 
performance of standing parabolic reflector type antenna. 

and utilizes the ground as the principal supporting 
structure. 
The far-field patterns, measured by Nash at 1.25 cm 

at a distance of 2 miles from the model, are shown in 
Fig. 6. The measured half-power beamwidth is 0.26° in 
right ascension and 1.9° in declination. These values 
agree closely with the calculated beamwidths. The 
measured gain of the antenna is about 75,000 or nearly 
49 db. The model tests were so satisfactory that the unit 
has been used as an actual radio telescope for observa-
tions of the sun and moon at one-cm wavelength. 
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Fig. 6—Measured patterns of model standing parabolic reflector an-
tenna. The half-power beamwidth is 0.26° (16 minutes of arc) in 
the horizontal plane and 1.9° in the vertical plane. 

A grant of $48,000 was received last year from the 
National Science Foundation for building the central 
half of a standing paraboloid antenna 700 feet long by 
70 feet high. This antenna, which is now under con-
struction, will have a standing paraboloid 360 feet long 
by 70 feet high with a tiltable flat reflector 360 feet long 
by 100 feet high. This antenna will have an effective 
aperture equal to that of a 190-foot diameter parabolic 
dish antenna. The 360- by 70-foot antenna will not only 
be useful for many types of radio astronomy observa-
tions but also will be valuable as a prototype for even 
larger units of the same design. 

Radio Interferometry of Discrete Sources* 
R. N. BRACEWELL, SENIOR MEMBER, EREt 

Summary—Salient features of the theory and practice of radio 
interferometry are presented with special attention to assumptions 
and to the specifically two-dimensional aspects of the subject. The 
measurable quantity on an interferometer record is defined as com-
plex visibility by generalization from an analogous quantity in optical 
interferometry. Subject to conditions on antenna size and symmetry, 
the observed complex visibility is equal to the normalized two-di-
mensional Fourier transform of the source distribution, with respect 
to certain variables S, and S, which are defined. This transform is 
in turn identically equal to the complex degree of coherence r 
between the field phasors at the points occupied by the inter-
ferometer elements. The correlation between the instantaneous 
fields, and that between the instantaneous intensities are less general 
parameters which are, however, deducible from F. A theorem is 
proved according to which only certain discrete stations on a rec-

* Original manuscript received by the IRE, October 3, 1957. This 
research was supported by U. S. Air Force, Off. Sci. Res., Air Res. and 
Dey. Corn., contract No. AF 18(603)-53. Reproduction in whole or 
part is permitted for any purpose of the United States Government. 
t Radio Propagation Lab., Stanford Univ., Stanford, Calif. This 

work was carried out while the author was at Berkeley Astronomical 
Dept., on leave from Radiophysics Div., CSIRO, Australia. 

tangular lattice need be occupied for full determination of a discrete 
source distribution. Procedures in interferometry are discussed in 
the light of this result and an optimum procedure is deduced. Current 
practice is considered over-conservative, e.g, independent data in 
the case of the sun are obtainable only at station spacings of about 
100 wavelengths on the ground, a fact which has not hitherto been 
taken into account. 

I. INTRODUCTION 

IT IS well known that in the struggle to resolve de-tail in the radiofrequency emission from the sky, 
radio interferometers have played an important 

part. The observations of enhanced radiation from the 
sun (Hey') and of a variable component of cosmic noise 
(Hey, Parsons, and Phillips2), posed two clear problems 
which called for angular resolution, and both were 

1 .1. S. Hey, "Solar radiations in the 4-6 metre radio wavelength 
band," Nature, vol. 157, pp. 47-48; January, 1946. 

DJ. S. Hey, S. J. Parsons, and J. W. Phillips, "Fluctuations in 
cosmic radiation at radio frequencies," Nature, vol. 158, p. 234; 
August, 1946. 
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answered by interferometry. In the first case, a meas-
urement of the angular width of the source of enhanced 
radiation was made in 1945 by McCready, Pawsey, and 
Payne-Scott,' and this, together with a position meas-
urement, showed that the enhanced radiation came from 
a region having the general dimensions of a plage sur-
rounding a sunspot group and that it lay over a group 
of spots visible on the sun at the time. In the second 
case Bolton and Stanley' demonstrated the existence of 
an intense discrete source in a certain position in the 
sky. 

In each case, an important discovery depending on 
attainment of angular resolution was made with a very 
simple instrument. Even though interferometry has 
continued to contribute to radio astronomy, it is well to 
emphasize these achievements of the interferometer to 
counterbalance defects which have come to light in 
later comparisons with narrow beam instruments. 

This paper is a contribution to the understanding of 
radio interferometry, and introduces a theorem which 
is of great importance for the practical conduct of ob-
servations with interferometers. The theorem is appli-
cable to radiation fields in general, and has practical 
significance in optics, acoustics, and radio direction find-
ing, but in this paper is discussed in terms of its appli-
cation to radio astronomy. 

Section II explains how an interferometer is used. We 
show that the unit experiment with an interferometer, 
whose elements are S wavelengths apart in an azimuth 0, 
measures one complex number which we term the com-
plex visibility V eia of an interference fringe system. In 
Section III the quantity Veto is shown to be equal, under 
certain conditions, to T(Sr, SO/T(0, 0), which is a value 
of the normalized two-dimensional Fourier transform 
of the source distribution T(x, y) with respect to certain 
transform variables S. and Su, which, if the interfer-
ometer pointed vertically overhead, would by S cos 0 
and S sin O. While V is readily measured, cr presents 
difficulties. The measurement of one value only of V, 
as in the work cited above, is equivalent to knowing one 
of the second moments of the distribution T(x, y). 
Knowledge of V but not u over a finite region of ground 
is equivalent to knowing the autocorrelation function 
of the principal solution for T(x, y). 

Section IV describes procedures for stationing the 
elements of interferometers and Section V interprets the 
procedure in terms of the complex degree of coherence 
r = (FIF2*) between the phasors F1 and F2 representing 
the radiation field at the points occupied by the two 
elements of the interferometer. 

Section VI proves a new theorem in interferometry 
according to which observations with an interferometer 

3 L. L. McCready, J. L. Pawsey, and R. Payne-Scott, "Solar 
radiation at radio frequencies and its relation to sunspots," Prot. Roy. 
Soc. A, vol. 190, pp. 357-375; August, 1947. 
* J. G. Bolton and G. J. Stanley, «Observations on the variable 

source of cosmic radio-frequency radiation in the constellation of 
Cygnus," A ust. J. Sci. Res. A., vol. I, pp. 58-69; March, 1948. 

need only be made at certain definite intervals, about 
100 wavelengths for the sun, and about 1000 wave-
lengths for the smaller extragalactic sources. 
Many special types of interferometer which are com-

pletely omitted from discussion in this paper may be 
found described in general works.“ These include de-
vices for lobe sweeping, lobe switching, frequency 
sweeping, polarimetry, wide-band operation, post-
correlation detection, and aperture synthesis (Ryle7). 
The basic considerations of this paper enter however 
into all these special refinements of the simple inter-
ferometer. 

II. THE COMPLEX VISIBILITY OF AN INTERFER-
OMETER RECORD OF A DISCRETE SOURCE 

By an interferometer we understand an antenna with 
two or more well separated parts, and in what follows 
we shall have in mind two identical antennas, pointing 
in the same direction and connected in parallel by equal 
feeders, to a pair of terminals. When a compact source 
of radiation moves through the beam of either antenna 
considered separately the record obtained shows a 
more or less periodic rise and fall as the signals received 
by the two antennas interfere. For a point source the 
two signals are equal in amplitude but change their 
relative phase as the path difference from the source to 
the two antennas varies. Therefore, if the two feeders 
have identical complex electrical lengths, the record ob-
tained falls completely to zero at its minima. Fig. 1(a) 
shows a record of available power from a point source 
as it moves through the beam. The background level is 
partly receiver noise and partly cosmic noise. 
When an extended source goes through the beam we 

have to deal with the simultaneous effects of many 
point sources. A small spread in the times when the con-
stituent point sources go through the beam may suffice 
to destroy the quality of the interference nulls. At the 
same time the upper envelope [broken line in Fig. 1(a)] 
is smoothed out slightly, but if the source is small rela-
tive to the beamwidth of a single antenna, and this is 
the situation where interferometers have been applied, 
then the filling in of the nulls (and corresponding reduc-
tion of the maxima) is the principal effect. A record 
taken under such circumstances is illustrated in Fig. 
1 (b). 
To specify a record such as that of Fig. 1(b) we 

shall need, in addition to the absolute level, a coefficient 
V, having the nature of modulation percentage, which 
we define by 

P.a. — P.i. 

PmaxV = + Praia 

• J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Oxford 
University Press, New York, N. Y.; 1955. 
• R. N. Bracewell, "Radio Astronomy Techniques" in "Handbuch 

der Phys.," vol. 54 (in press). 
7 M. Ryle, "The Mullard Radio Astronomy Observatory, Cam-

bridge," Nature, vol. 180, pp. 110-112; July, 1957. 
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1.0 

(a) 

(b) 

IV 
(c) 

time 
Fig. 1—Available power from an interferometer as (a) a point source, 

(b) an extended source of the same flux density, moves through 
the beam. In (c) we show the available power from the same ex-
tended source as observed with an interferometer consisting of 
the same antennas more widely spaced. 

where •tr, r max — Pmin is the range of variation of available 
power, and pmax+pmin is twice the average available 
power. In Fig. 1(a) V has its maximum value of unity, 
in Fig. 1(b) V=0.8, and in Fig. 1(c) V =- 0.3. We shall 
refer to V as the visibility of the interference fringes, 
borrowing the optical terminology introduced by 
Michelson, and applying the word fringe to the temporal 
variation in the usual way. To complete the specifica-
tion we need the phase u of the interference pattern 
relative to the beam axis. Thus if the envelope maximum 
follows an interference maximum with a delay T1, and 
if the time difference between successive maxima is T, 
then 

The complex quantity 

27rTi 
o- =   

= Veie 

which includes both V and u, will be referred to as the 
complex visibility of the interference pattern. A single 
record such as that of Fig. 1(b) may be regarded as 
yielding one measurement of complex visibility. Further 
records such as that of Fig. 1(c), made on the same ex-
tended source with the same component antennas more 
widely spaced, yield further measurements of complex 
visibility. Fig. 2 is a fringe visibility diagram, showing 
visibility against spacing, and includes the data from 

O 

Interferometer spacing 

Fig. 2—Fringe visibility diagram for the source of 
Fig. 1(b) and 1(c). 

Fig. 1(b) and 1(c). A little consideration will show that 
V=1 at zero spacing, and this point is also shown. The 
phase o is not shown. 

III. THE FOURIER TRANSFORM RELATION BETWEEN 
THE COMPLEX VISIBILITY AND THE SOURCE 

DISTRIBUTION 

It has been known since the earliest account of inter-
ferometry of radio sources by McCready, Pawsey, and 
Payne-Scote that the amplitude and phase of a simple 
interference record are given by the Fourier transform 
of the source distribution. Consider an interferometer of 
spacing S wavelengths whose radiation pattern is thus 

A(x, y)[1 + cos 127r(Szx Syy)11. 

In this expression x and y are rectangular coordinates 
respectively along and across a circle of declination, and 
A(x, y) is the radiation pattern of one antenna alone, 
assumed sufficiently directional and used far enough 
away from the celestial pole that the rectangular coordi-
nates are satisfactory. Sz and Sy are the spacings in 
wavelengths of the projections of the interferometer ele-
ments onto planes parallel to the x and y directions, 
respectively. For example, in a special case of particular 
interest, namely when the elements of a horizontal inter-
ferometer of spacing S wavelengths along a line making 
an angle O with the east-west direction are pointed at an 
elevation a to the meridian, we have S=S cos O and 
S=S sin 0 sin a. 

Let the source be described by a brightness tempera-
ture distribution 

T(x — 01, y), 

where is the velocity of the sky in the x direction due 
to the earth's rotation, and the origin of coordinates is 
on the axis of the interferometer elements. Then the 
available power at the interferometer terminals will be, 
assuming equal and nondissipative feeders, 
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k ff í T(x — 91,y) A(x, y)[1 ± cos {271-(S.x Sy)}[dxdy 

— iuíff T(x, y) A(x y)dxdy 

kaf cos (2TS.W) f f cos 127r(Sxx Syy)1T(x, y)A(x W, y)dxdy 

— kàf sin (27S.ftt) if sin 127r(Sxx Spy)1T(x, y)A(x W, y)dxdy. 

The first term is what would be the available power 
from a single antenna. The remainder terms take on a 
simple form under the condition that the distribution T 
is compact relative to A and is mainly concentrated 
around (x, y). Then the available power becomes 
approximately 

where 

Vek — 

dimensional autocorrelation function of T(x, y) ; there-
fore the information retained about T(x, y) is only that 
which is contained in its autocorrelation function. This 
is a useful concept and analogous to the partial knowl-
edge of a waveform whose power spectrum only is 
given. If T(x, y) is an even function of x and y, as may 

kàf A (x1 + i, yl) ff  T(x, y)dxdy 

kAfA(xi yi) cos (275.21) ff 
— kWA(xi W, yi) sin (271-SA1) f f 

cos 1271-(Szx S„y)1T(x, y)dxdy 

sin { 27r(Sxx Spy)} T(x, y)dxdy 

= kAfA(xl W, yi) ff T(x, y)dxdyll ± V cos (271-S.2/ — 

ff e— "T (S'e+8" )T(x, y)dxdy 

ff T(x, y)dxdy 

T(S., Sy) 
_  _ 

T(0, 0) 

This final result lends definiteness to the Fourier trans-
form relation, showing that the complex visibility of the 
interference pattern is the normalized two-dimensional 
Fourier transform of the source distribution, under the 
conditions implied and stated in the above derivation, 
and with respect to the variables S. and S. As far as 
the author is aware this result has not been given quanti-
tatively before, but it is probably fair to say that it 
contains nothing which is not well known among users 
of interferometers. The present derivation indicates the 
necessary generalization for sources not satisfying the 
condition of compactness relative to the antenna beam, 
and indicates, through the inequality of S. and S„, that 
motion of two interferometer elements on a circle in the 
ground plane is associated with an ellipse in the trans-
form plane. 
When u has not been measured, only V, the informa-

tion gathered is exactly that contained in VC. Now the 
two-dimensional Fourier transform of 00  is the two-

often be surmised from considerations of symmetry, u 
must be zero or 7r everywhere, and T(x, y) may be fully 
reconstituted, provided that wherever V approaches 
zero precautions are taken to ascertain whether the 
phase has reversed. (One way of doing this is to couple 
a weak signal from a third antenna into the interfer-
ometer.) When T(x, y) is not even, then if one proceeds 
by ignoring phase and treating all phases as zero (or r 
as indicated), then one recovers a distribution To(x, y) 
in which all the two-dimensional Fourier sine compo-
nents have been slipped in phase to become cosine com-
ponents. 

IV. PROCEDURES IN INTERFEROMETRY 

The practice of moving one element B of an inter-
ferometer out along an east-west line from the other 
element A, which is kept stationary, is equivalent to 
exploring the transform on the S. axis [Fig. 3(a)] out 
to a distance corresponding to the maximum spacing. 
Thus if stations B1 • • • B4 were occupied we would have 
values of the normalized transform at the 9 points 
shown on the S. axis. The values on the negative S. axis 
are deducible from those on the right since negative 
spacings (element B to the west of A) are necessarily 
equivalent to positive spacings. The precise relation 
follows from the fact that brightness temperature is a 
real quantity; hence its transform, though complex in 
general, is subject to having its real part even and its 
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Fig. 3—Procedures for interferometry. 

imaginary part odd. The values on the negative S. axis 
are therefore complex conjugates of those on the positive 
half-axis. 

Since the transform of an unknown brightness distri-
bution only defines the distribution if it is known over 
the whole plane, it is clear that knowledge of the trans-
form along only one finite line-segment is rudimentary. 
It, nevertheless, fixes certain parameters of the distri-
bution. Suppose that T(S., SO is known at three points 
on the S. axis, viz. (— U, 0), (0, 0), (U, 0). Of the three 
data, one pertains to the absolute level and the two 
remaining are equivalent to the first and second differ-
ences 

T(U, 0) - T(- U, 0) 

and 

T(U, 0) — 2T(0, 0) + T( — U, 0). 

By a theorem proved in the Appendix, the first of these 
quantities is 

— 2i f 

and the second is 

sin 21-UxT(x, y)dxdy 

— 4 ff sins a-UxT(x, y)dxdy; 

consequently these integrals are the parameters actually 
determined. In the common case where the source dis-
tribution is not very extended in the x direction, the 
first parameter is proportional to 

f f xT(x, y)dxdy 

and therefore yields the abscissa of the centroid of the 
source distribution. The second parameter becomes pro-
portional to 

ff x2T(x, y)dxdy 

and therefore contains the second moment of the source 
distribution about the y axis. This reasoning demon-
strates the known result that an observation of a small 
source at one interferometer spacing gives 1) the flux 
density, 2) the transit time of the centroid, 3) the source 
width. If the source is not small (or the spacing is large) 
the modification is as given above. Since the source 
shape is not determined, only one of its radii of gyration 
about its centroid, different widths for the same source 
result from different assumptions. Different observers 
have used 1) width of equivalent rectangular strip wz,2) 
the diameter of the equivalent uniform disk D, 3) stand-
ard deviation of the equivalent two-dimensional Gaus-
sian source cr.. The familiar conversion factors are con-
tained in the following relations between the various 
spread measures of a source of radius of gyration az 
about the y axis through the centroid. 

W. D ur 

= 4 = N/2 

If two width measurements at right angles are possible, 
(0 ..2 ± cry 2) I/ 2 may be recommended. But if only one is 

available and if the source possesses circular symmetry, 
or if circular symmetry forms a suitable basis, then 
cr,(= \fig.) is recommended. 
The two-dimensional procedures may also be men-

tioned. In the first [Fig. 3(b)], the movable element B 
occupies a sequence of stations along many lines running 
out from the home base A. The transform is then known 
at the points indicated on the right. In the second [Fig. 
3(c)], both elements are movable: one along an east-west 
line and one towards the north. 

In practice it is difficult to measure u, as compared 
with V. For it is necessary to equalize or measure the 
phase lengths of the two feeders, and to determine the 
line on which the phase centers of the two elements lie, 
at the time of the observation. Temperature and other 
effects make this difficult. However, if the interference 
pattern of Fig. 1(b) has an unknown phase origin, or is 
allowed to drift in phase, then provided the upper and 
lower envelopes remain determinate, V may still be 
measured, although q is lost. To answer the question, 
what information about the source distribution has 
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been retained, we draw on the analogous situation 
where the power spectrum of a waveform is known, but 
not the phases of the spectral components. We know 
that the power spectrum determines the autocorrelation 
function of the waveform, and so if V(Sz, Sy) is all that 
is known about a source distribution, we have the two-
dimensional autocorrelation function of the distribu-
tion. 

It also happens universally that the transform is not 
known beyond a finite central area whose outline is set 
by the maximum spacings used. In this case our infor-
mation refers to the principal solution (Bracewell and 
Roberts') not to the source distribution itself. 

V. CORRELATION AND COHERENCE 

I nterferometry is sometimes discussed in terms of the 
correlation which exists between the fields at different 
points in the receiving plane. According to this view-
point the procedures for two-element interferometry 
are in essence procedures for exploring the autocorrela-
tion function of the radiation field of the source. We 
now show the sense in which this is true. 

Let E(t) be that part of the electric field at a receiving 
point to which attention will be paid by the receiving 
instrument. Then 

E(1) = (RF(t)eiwt, 

where F(t) is the field phasor, a complex quantity whose 
modulus and phase change slowly with time at a rate 
set by the bandwidth of the equipment. All phases of 
F(t) are equally likely and the modulus has a Rayleigh 
distribution xi F1) where 

21 F1 F1 2 \ 
p(IFI) =  , exp( 

(I FP> (i Fl2)1' 

and 

1 f T 

( • • • ) - • • • dt. 
2T _r 

If we form the product of the instantaneous fields El(t) 
and E2(t) at two points and evaluate the time average, 
the result is contained in the average product of the 
field phasors Fi(t) and F2*(t). Thus 

(E2E2) = (61Fie"0-1F2eiwg) 

/Fie" Fi*e--"" F2eie" F 2* e--"."\ 

2 2 

= i*F2 F 2*) 

= Gt(F IF?). 

We elect to deal in terms of 

(FIF2*) 

which we define to be the complex degree of coherence 
following Zernike.' 

Let an interferometer consist of two small antennas 
spaced S wavelengths apart in the x direction and con-
nected together by feeders with over-all voltage transfer 
factors aie-i"i and a2e-i82. Let the function T(x —SU, y) 
represent a slowly moving source, which is necessarily 
compact relative to the wide beams of the small anten-
nas. Then the field phasor at one antenna is Fie-4 n, 
where 

= 27rS sin St/ 2rSat, 

and the voltage phasor at the terminals of the inter-
ferometer will be 

VT = V1+ V2 = a2e-d2F2e412. 

The instantaneous power will be proportional to VTVT* 
where 

VTVT* = cei2P1P? -1-- «22F2F2*± 

Fi*F2e-i(-0-614-82)). 

As time elapses the mean value ( VTVT*) of the instanta-
neous power will measure the available power at the 
terminals, and under conditions where 

(FIF2*) = (F2F2*), 

i.e. when behavior at one point is, on the average, the 
same as that another point nearby, we have 

(V TV T*) = (ViVi*) (V2V2*) 

where 

otia2(FiF2*ei(-0-81+82) 

-v(vive)(v2v2*) { (F IF 2*e 
(F2F2*) 

(FI*F2)e-i(-0-4+82)1 

= (vivc) + (v2ve) 
+ 21 r .ovivexv2v?) cos (2.-sm + ô, 

— 6, — phor), 
= + (v2ve)1 

21 r I ,/(vivi*)(v2v2*)  cos (2TSStl 
(V iV MT 217 2*) 

+ 81 — 62 — Phar)} , 

r= 
(F,F,*) 
(F2F2*) 

Consequently as time elapses the available power rises 
and falls sinusoidally above and below a mean level 
( V2*)-1-( V2 V2* ) with a complex visibility 

8 R. N. Bracewell and J. A. Roberts, "Aerial smoothing in radio a F. Zernike, "Concept of degree of coherence and its application 
astronomy," Aust. J. Phys., vol. 7, pp. 615-640; December, 1954. to optical problems," Physika, vol. 5, pp. 785-795; August, 1938. 
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2V(VIVI*)(V2V2*) 
= re-icar-82) . 

(ViVi*) (VV) 

Thus when the interferometer is symmetrical the com-
plex visibility of the interference record is equal to the 
complex degree of coherence between the field phasors 
at the points occupied by the interferometer, i.e. 

= r. 
The above derivation, in which the opportunity has 

been taken to generalize to unequal feeders (or unequal 
antenna gains), shows that coherence should be re-
garded as a property of the field, and visibility as a 
measurable property of an interferogram. By adjust-
ment of an interferometer for symmetry, or by a meas-
urement of the relative proportions of the power con-
tributed by each arm and the difference in arm lengths 
&—ô,, coherence is deducible from the visibility observed 
with a small-antenna interferometer, for example, 

In I (vrve),.. — (vTvT*).i. 
(V TV T*). (VrVe)inin 

1 ( /(/W1 'i') J(V2V2* )1 

(17 217 2* + (V117 1* )i 

r 1/2 r-1/2 

2 

where r is the ratio of available powers from the two 
antennas separately. 
Had the nonzero extent of the antennas been re-

tained in this as in the earlier sections, we would have 
found that the measurement of complex visibility led 
not to coherence but to a mean coherence weighted ac-
cording to the autocorrelation function of the antenna 
aperture distribution. Since we showed earlier that com-
plex visibility observed with a symmetrical interfer-
ometer was the normalized two-dimensional Fourier 
transform of the source distribution, provided it was 
compact relative to the spread of the antenna beam it 
is clear that T(Sz, Sy)/T(0, 0) and r are the fundamen-
tal properties of the source distribution alone. The fol-
lowing direct argument shows that they are equal. 

Let the distant field in the direction (x, y) be repre-
sented by a phasor f(x, y). Then (fe) measures the 
brightness temperature in the direction (x, y). The field 
distribution f(x, y) produces in the en plane (a plane 
inclined to the ground in such a way that the e and 
n axes are respectively parallel to the x and y axes) a 
Fraunhofer diffraction field F(e/x, n/X) such that 

F(! , « H ywarcutx+eynadxdy. 
X X 

By the convolution theorem, the complex spatial auto-
correlation function of F is then proportional to the 
Fourier transform of fr, i.e., 

ff F* (—ex — v, — 0) F(a, fit)dade 

ffix, ye (X, y)e- i2T (ix /)-FnVA )dxdy. 

Now the expression on the left may be written 

(FIF2* )spatial, 

where the averaging is done instantaneously over all 
pairs of points having the same spatial relationship, and 
under ergodic circumstances we may expect this to be 
equal to the time average 

(FiF2*) • 

The expression on the right, under the same circum-
stances, represents T, or the transform of (fe) with 
respect to the variables efx, nrx the spatial integration 
replacing the time averaging. Consequently T is propor-
tional to (F1F2*), and the normalized quantities, which 
are both equal to unity at the origin, are equal, i.e. 

r=   o) 
Some further notes may be appended. First the nor-

malized time correlation of the instantaneous fields is 
given by 

(EIE2) (61FieiwgeaFse") 

(E12) ((etFiei"")2) 

(2 CRFIF2*) 
  — 
2(FIF2*) 

Second, the instantaneous intensities EC and E22 are 
correlated, partly by virtue of the correlation between 
EI and E2 and partly by both having nonzero mean 
values; thus" 

(E12E22) (E,2)(E22) 2(EiE2)2 (E12)2 2(E2E2)2  

(E14) (E14) 3 (E12 )2 

1 2 
— — (61r)2. 
3 3 

(F2F2* Fi*F2) 

2(F2F2*) 

If the mean values are first subtracted, the additive 
constant must vanish and the normalization must bring 
the correlation to unity when 1" =1; hence 

«E12 (E12)(E22 (E22» (E12E22) (E12)2 

— (air?. 
(Eft) _ (E,2)2 2(E,2)2  

Considering the correlation of the squared envelope 
PVC with F2F2* in the same way, we find by putting 

Fie' = El ± iE2 

F2e icag = E2 iE2, 

10 A concise proof that (Eio.E22)= (Eio)(E22)+2(.EIE2)' is given by 
E. Wolf, "Intensity fluctuations in stationary optical fields," Phil. 
Mag., ser. 8, vol. 2, pp. 351-354; March, 1957. 
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that 

(FIFCF2F2*) = ((El' Él2)(E22 Ê22» 

= 4(E12)2 + 2 (E1E2)2 (E1E2)2 2(E,E,)2 2(E,E,)2 

= 4(E12)2 4(E12)2(istr)2 + 4(Ei2)2(gr)2 
= 4(E,2)2(1 + rr*) ; 

whence by normalization the correlation between 
squared envelopes is 

(FiFi*F2F2*) 1 1 
 = — — rr* 

((PiFi*)2) 2 2 

and the correlation between the fluctuating parts of the 
squared envelopes is therefore" 

((FiFi* — (FIF1*))(F2F2* — (F2F2*))) 

((FIFI* — (FiFi*))2) 
= rr*. 

VI. A THEOREM IN INTERFEROMETRY OF DISCRETE 
SOURCES 

In applying the procedures for interferometry de-
scribed in Section IV the question arises, how many 
stations should be occupied, and in the two-dimensional 
case where an antenna is carried out in various azi-
muths, how many azimuths should be chosen? Since 
information will be lost if the choices are too coarse, 
observers have tended towards conservatism. The fol-
lowing theorem gives quantitative guidance, shows that 
the azimuth method is inferior, and reveals that ob-
serving stations may be much more widely spaced than 
has been customary. 

Let T(x, y) represent the brightness temperature dis-
tribution over a source which is discrete in the sense 
that it does not extend beyond x = +xz, y= +yz. Then 
the complex degree of coherence of the field which it 
produces on the ground is 

T(Sz, S„) 
P(Sz, S„) = _ 

T(0, 0) 

Suppose that r is observed only at the points of a rec-
tangular lattice where 

Sz = 

S„ = 

, 
2x0 

, 
2y, 

ni and n being integers. Then the information about r 
is the same as that contained in 

2III(2xeSz, 2y,S„)7(Sz, Ss), (2) 

1 This result is deducible from (16) and (19) of E. N. Bramley, 
"Diversity effects in spaced-aerial reception of ionospheric waves," 
Proc. IEE, pt. III, vol. 98, pp. 19-25; January, 1951, and is as-
serted explicitly by J. A. Ratcliffe, "Some aspects of diffraction 
theory and their application to the ionosphere, » Rep. Frog. Phys., 
vol. 19, pp. 188-267; 1956. 

where the bed-of-nails function 'III is defined in terms 
of the two-dimensional delta function ;3 by 

00 0. 
2/H(5x, sy) = E E 28(s. — i, St, — o). 

By the two-dimensional convolution theorem, the two-
dimensional Fourier transform of (2) is proportional to 

x y 
2111 (— T(x, y) 

2xz 2yz 
(3) 

where the asterisk signifies the two-dimensional con-
volution integral, i.e., 

Ax,y)*ex,y)= f'F___. f( x1 , y yl.)g( X-1, y1 ) dx1dyl. 
00 

We have made use of the property that 2111 is its own 
two-dimensional Fourier transform-in-the-limit, for a 
proof of which see Bracewell." But (3) represents an 
array of discrete sources, all identical with T(x, y) and 
spaced at intervals 2xz in the x direction and 2yz in the 
y direction. Since the sources of the array do not overlap 
(although at points they may touch), T(x, y) is clearly 
recoverable from (3), and hence also from (2), and thus 
in turn from the measurements of r made at the dis-
crete intervals 1/2xz and 1/2yz. We therefore have the 
following theorem. 

A discrete source confined within x= +xz, y = +3,0, is 
completely specified by measuring the coherence of its field 
at discrete spacings such that S. and Si, are integral 
multiples of (24-1 and (2yz)-1, respectively. 

Since a source which is confined within x = + x0, 
y = +yz is also confined within x = +xz', y = +ye' where 
xz'>xz and yz'>yz, it follows that measurements at 
any finer interval also specify the source completely. 
However, there would be a degree of redundancy, for 
the measurements at finer intervals would be deducible 
from measurements at the greatest interval compatible 
with the theorem, and would not be fully independent. 
In a sense, therefore, we may think of the informa-
tion about the source as being spread over the ground 
with a certain density, there being one independent 
datum per rectangular cell of dimensions as above. 
The smaller the source, the more thinly the informa-
tion is spread; e.g., if we consider a radio sun of di-
ameter 0.01 radian observed at noon, then independ-
ent measurements of coherence require stations 100 
wavelengths apart on the average in an east-west direc-
tion, and in the north-south direction the spacing must 
be increased by the secant of the sun's zenith distance. 
The procedure illustrated in Fig. 3(c) is therefore 

appropriate, particularly if the north-south spacings are 
increased so as to bring the sampling points on the 

12 R. N. Bracewell, "Two-dimensional aerial smoothing in radio 
astronomy," Aust. J. Phys., vol. 9, pp. 297-314; September, 1956. 
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Fig. 4—Independent measurements may be made at the crosses. The 
circles show the amount of redundancy in an example drawn from 
current practice. 

(Si, Si,) plane onto a lattice which is square, not rec-
tangular as shown. 
The procedure of Fig. 3(b) is shown to suffer from too 

closely packed sampling at low spacings, but apart from 
this is satisfactory provided the number of azimuths is 
such that the critical spacing is not exceeded on the pe-
riphery of the sampled area on the (Si, Sy) plane. 
An example of the impact of this theorem on current 

practice is afforded by Fig. 4 which shows the sampling 
points used by O'Brien and Tanberg-Hanssen" in an 

interferometric survey of the two-dimensional brightness 
distribution over the sun. Also shown are the cells con-
taining one independent datum on the average. A cer-
tain amount of redundancy is desirable in order to guard 
against errors but it will be seen that the spacings 
chosen are extremely conservative. This comment ap-
plies to other published studies also and should not be 
taken as a criticism of the conclusions derived from the 
example cited, which was an important work in a still-
continuing development of interferometric technique. 

Let 

APPENDIX 

sy, = y)dxdy. 

Then 

T(U, 0) — T(—U, 0) 
f 00 

= _. (e—i2rt e i2ir U e)T(x, y)dxdy 

f 
= — 2i sin 27UxT(x, y)dxdy, 

and 

T(U, 0) — 2.7(0, 0) ± T(—U, 0) 

I00r 2 cos 271-UxT(x, y)dxdy J -.0 
00 

f — fe 
00 

= 2 fe co (cos 27Ux — 1)T(x, y)dxdy 
, 

= — 4 f sin2 Ux T(x, y)dxdy. 

— 2 T(x, y)dxdy 

13 P. A. O'Brien and E. Tanberg-Hanssen, Observatory, vol. 75, 
pp. 11-13; February, 1955. These are the results used in Section IV. 
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Restoration in the Presence of Errors* 
R. N. BRACEWELL, SENIOR MEMBER, IFE t 

Summary—The observed antenna temperature due to a celestial 
source distribution differs from the true distribution in being 
smoother; various methods are known for operating on the observed 
distribution to gain better agreement with the true distribution. Cur-
rent practice includes restoration by successive substitutions, by 
the chord construction, etc., but also shows a trend towards com-
plete omission of any restoration, which is, no doubt, partly due to 
awareness that the true distribution is not fully determined by the 
observations. The isolation of a principal solution has, however, 
removed uncertainty as to the significance of nonuniqueness. The 
remaining question as to the degree of restoration which can be 
tolerated is solved here in terms of statistical properties of the errors. 
The solution shows that any proposed method of restoration must 
include mention of the character of the true distribution and of the 
errors; otherwise cases could be constructed where the proposed 
method led to deterioration. In the simplest case of independent 
random errors and a poorly resolved distribution, the rms level of 
the errors relative to the observed temperature is the relevant param-
eter (represented by (c/b)ta in Fig. 3); e.g., with a random error level 
as great as 15 per cent, agreement with the true distribution improves 
up to the third stage of restoration by successive substitutions 
(Table I) or on application of the chord construction. 

I. INTRODUCTION 

SINCE the earliest surveys of the distribution of 
cosmic radio noise over the sky, the question of al-
lowing for the smoothing effect of the antenna 

radiation pattern has obtruded itself during the reduc-
tion of the observations. Hey, Parsons, and Phillips' in-
troduced an interesting scheme of approximate correc-
tion subject to test; the corrected distribution was sub-
jected to a numerical operation resembling the effect of 
antenna smoothing and the result compared with ob-
servation. The correction itself was obtained by treat-
ing the observed distribution as an actual celestial dis-
tribution and noting the effect of operating on it nu-
merically as above. It was found that the results were 
very good in that one or two stages of adjustment 
yielded a corrected distribution compatible with the ob-
servations, to their order of accuracy. This survey was 
made at 64 mc with a 14° beam. 

This same scheme was followed by Bolton and West-
fold' in their 100-mc survey with a 17° beam, again 
with satisfactory results. The method was set out sys-

* Original manuscript received by the IRE, October 3,1957. This 
research was supported by U. S. Air Force, Off. Sci. Res., Air Res. and 
Dey. Comm. Contract No. AF 18(603)-53. Reproduction in whole or 
part is permitted for any purpose of the United States Government. 
t Radio Propagation Lab., Stanford Univ., Stanford, Calif. This 

work was carried out while the author was at Berkeley Astronomical 
Dept., on leave from Radiophysics Div., CSIRO, Sydney, Australia. 

1 J. S. Hey, S. J. Parsons, and J. W. Phillips, "An investigation of 
galactic radiation in the radio spectrum," Proc. Roy. Soc. A., vol. 
192, pp. 425-445; February, 1948. 

2 j. S. Bolton and K. C. Westfold, "Galactic radiation at radio 
frequencies. I. 100 Mc/s survey," Aust. J. Sci. Res. A., vol. 3, pp. 19-
33; 1950. 

tematically in mathematical form showing how a se-
quence of distributions could be derived by successive 
application of small corrections at each stage of com-
parison with observation. A mathematical argument 
which purported to show that the infinite sequence con-
verted to the true distribution was later shown to be 
erroneous and has contributed perhaps to a reaction 
against the method itself. It is, therefore, worth em-
phasizing that the merits of the procedure rest on prac-
tical verification; one or two small corrections have 
usually brought the observations into compatibility 
with observation. 
The survey by Allen and Gum' made with a 25° beam 

at 200 mc was corrected, at least in the vicinity of the 
galactic equator, by an adaptation of Eddington's for-
mula, which is applicable to spectral lines broadened by 
a Gaussian instrumental profile. The same over-all test 
for compatibility with the observed data was applied. 
Swarup and Parthasarathy4 restored the solar profiles 

they obtained at 60 cm by means of the chord con-
struction which is discussed in Section VI. 
The correct theory of the method of successive sub-

stitutions, as the method will be termed, was given by 
Bracewell and Roberts' who showed that a solution, i.e., 
a distribution compatible with observation, was not 
unique. This conclusion was important in reconciling 
discordant results (Brown and Hazard') obtained by 
different observers, and alternative results obtained by 
the same observers (Christiansen and Warburton7). 
While some clashes were resolved, the self-checking fea-
ture of the method of successive substitutions was shown 
to engender false confidence, for an infinite number of 
distributions would possess the self-checking property. 
However, among these solutions is one, referred to as 
the principal solution, which is distinguished by ab-
sence of those spatial Fourier components which would 
be rejected totally by the antenna. Since the principal 
solution is a solution, it follows that those components 
which are not rejected totally by the antenna are pres-
ent in the correct proportions. 

8 C. W. Allen and C. S. Gum, "Survey of galactic radio noise at 
200 Mc/s," Aust. J. Sci. Res. A., vol. 3, pp. 224-233; June, 1950. 

4 G. Swarup and R. Parthasarathy, "Solar brightness distribution 
at a wavelength of 60 centimetres. I. The quiet sun," Aust. J. Phys., 
vol. 8, pp. 487-497; December, 1955. 

R. Ni. Bracewell and J. A. Roberts, "Aerial smoothing in radio 
astronomy," Aust. J. Phys., vol. 7, pp. 615-640; December, 1954. 
• R. H. Brown and C. Hazard, "A model of the radio-frequency 

radiation from the galaxy," Phil. M'ag., ser. 7, vol. 44, pp. 939-963; 
September, 1953. 

W. N. Christiansen and J. A. Warburton, "The distribution of 
radio brightness over the solar disk at a wavelength of 21 centimetres. 
II. The quiet sun—one dimensional observations," Aust. J. Phys., 
vol. 6, pp. 262-271; June, 1953. 
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The principal solution is easily derivable from any 
other solution, and in the absence of any information 
about the true distribution, other than that contained in 
the observations, the incorporation of any components 
not present in the observations cannot be justified, thus, 
the principal solution is best fitted to represent the 
conclusion. Of course, if the antenna is too small for its 
purpose, the principal solution may still be a poor ap-
proximation to what is actually in the sky. 
Once the status of the principal solution is under-

stood, any step by step approach to a solution regains 
meaning. The filtering process necessary to remove the 
unwarranted components from any solution, once 
found, has been given by Bracewell° for the general two-
dimensional case. However, it is very interesting to note 
that, under certain ideal conditions, the method of suc-
cessive substitutions itself leads, in the limit, to the 
principal solution. 
One of these conditions is freedom of the observed 

data from errors. From what has been said it is clear 
that correction for antenna smoothing is an important 
topic in practical radio astronomy, and it is proposed 
in this paper to pursue the effect of errors on the 
method of successive substitutions. It is hoped that 
the results to which this study leads will better fit the 
method for future application and provide a more in-
formed basis for selecting the method for use. It is un-
doubtedly the lack of a thorough study of correction for 
antenna smoothing which has led in recent publications 
(Brown and Hazard,9 Christiansen and Warburton," 
Kraus and Ko," Piddington and Trent") to omission of 
a correction for antenna smoothing. 
Yet although there are an infinite number of distribu-

tions which are compatible with the observations, the 
uncorrected observed distribution is not one of them. 
Brown and Hazard° applied corrections for thermal 

emission from their feeder, thermal emission from the 
ground below and around their 218-foot paraboloid, and 
sky radiation received at the primary feed without being 
reflected from the paraboloid; but, they assumed that 
the brightness temperature of the sky was constant over 
the solid angle subtended by the main beam and its side-
lobes. Piddington and Trent" simply multiplied all their 
observations by 100/65 on the basis of an estimate that, 
if the antenna were used to transmit, 0.65 of the radiated 
power would proceed in the direction of the beam axis 
and 0.35 would proceed towards cold sky differing neg-
ligibly from absolute zero in temperature. These cor-

• R. N. Bracewell, "Two-dimensional aerial smoothing in radio 
astronomy," Aust. J. Phys., vol. 9, pp. 297-314; September, 1956. 

9 R. H. Brown and C. Hazard, "A radio survey of the Milky Way 
in Cygnus, Cassiopeia, and Perseus," Mon. Not. Roy. Astron. Soc., 
vol. 113, pp. 109-122; 1953. 

lo W. N. Christiansen and J. A. Warburton, "The sun in two di-
mensions at 21 cm," Observatory, vol. 75, pp. 9-10; February, 1955. 

11 J. D. Kraus and H. C. Ko, "A detailed map of the radio sky," 
Nature, vol. 175, pp. 159-160; January 22,1955. 
u J. H. Piddington and G. H. Trent, "A survey of cosmic radio 

emission at 600 mcs," Aust. J. Phys., vol. 9, pp. 481-493; December, 
1956. 

rections are important but do not include the smoothing 
correction discussed here. 

II. OUTLINE OF THE PROBLEM 

Let a true distribution of brightness temperature be 
T(x, y), where we follow the notation and assumptions 
of previous papers in which rectangular coordinates 
(x, y) are suitable for considering surveys carried out 
by highly-directional antennas over zones of declination 
which are not too wide and not near the poles. 

Let the antenna be so mounted that when it is pointed 
at (x, y) the position angle of the beam is always the 
same, irrespective of sidereal time, and let this position 
angle be the same for all points in the area surveyed. 
This condition rules out surveys conducted on alt-
azimuth mountings, unless the antenna is used as a 
meridian instrument, and is wise for the present purpose 
of concentrating on the effect of errors. The phenomena 
associated with variable position angle have been dis-
cussed separately (Bracewell"). 

Let the antenna pattern be the same when the an-
tenna points in different directions within the area to be 
surveyed. This condition implies rigidity of the antenna 
(plus ground) and is an important simplifying assump-
tion. If it cannot be made, and ground reflections may 
often vitiate it in some directions at least, there is no 
known way of allowing for significant changes in pat-
tern. It is already virtually impossible to measure radia-
tion patterns of highly-directional antennas for radio 
astronomy in more than one plane. This condition is re-
garded so seriously that Piddington and Trent" have 
insisted on the necessity of meridian observations for 
accurate surveys. Even so, declination has to be altered, 
and it would seem that in future solid paraboloids and 
feeds specially designed to reduce spillover will be neces-
sary for improved accuracy. 
Under the conditions stated, the effective antenna 

temperature T.' observed at the terminals when the 
antenna is pointed at (x, y) is given by 

T.' = (1 — n)To 

n e f e A(x', y')T(x x', y ± y')dx'dy', 

where A is the radiation pattern of the antenna (plus 
ground), n is the ratio of the power radiated away to the 
power fed in at the terminals, and To is the temperature 
of the material in which the nonradiated fraction 1 —n 
is dissipated. In these definitions we avail ourselves of 
the reciprocity theorem to speak as if the antenna were 
used to radiate. The infinite limits shown for the double 
integral are permissible under our assumption of a highly 
directional antenna and will be understood in the equa-
tions which follow. 

13 R. N. Bracewell, "Strip integration in radio astronomy," Aust. 
J. Phys., vol. 9, pp. 198-217; June, 1956. 
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Now let 

To(x, y) = ff A , y')T(x x', y + y')dx'dy', 

where Ta(x, y) has been referred to usually as the ob-
served distribution, as it would be if the efficiency n 
of the antenna were unity, and if there were no errors. 
But owing to a variety of reasons, after allowing for n 
and To, the actual observation recorded is 

Ta(x, y) y) 

where E(x, y) is the error temperature. 
Among the sources of error are variations in To and 

n, changes in matching, motion of the antenna due to 
wind or heating, changes in receiver gain, statistical 
fluctuations in receiver output, timing errors, various 
undesirable properties of recorders, calibration errors of 
antenna setting circles and remote indicators, and colli-
mation errors. This partial list of causes suggests that 
the usual normally-distributed error associated with 
many small effects will account for a good part of E(x, y). 
There will, however, also be systematic contributions 
from many of the causes mentioned, and furthermore, 
one can expect correlation between the error and the 
actual signal level. As examples of this we have the 
statistical fluctuations which are strong when the signal 
is strong, and receiver gain changes which are associated 
with changed operating levels in the electron tubes. 
Effective correlation also is introduced by dependence of 
both signal level and system parameters on some third 
thing such as time of day or phase of operating cycle. 
A good example of specification of over-all error is 

afforded by Christiansen's one-dimensional distribution 
over the quiet sun. Calling the observed distribution 
T.(4)), the errors were quoted as follows: 

T. Range 

±0.020 
+0.2 

+0.030 

4,<10 
10 <4,<12 
4>>12 

While this statement is incomplete, and in fact is not all 
that is known in this case, it is more than would be 
available usually, since the observations were repeated 
a great many times. It suffices to illustrate the depend-
ence of the errors on the signal. The strong signal oc-
curred in the range (I) <10, and zero signal where cl>> 12. 
In the range 10 <1.<12 the signal fell from full strength 
to zero. The error in T. is, therefore, as great as the full 
signal (1.0) in that interval, which is locked to the be-
havior of the signal. 

If there were no errors, the nth stage of restoration by 
successive substitutions would be given by 

Tn(x, y) = ff R.(x — x', y — y')Ta(x' , y')dx'dy', 
where R„ is a restoring distribution, given explicitly by 
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Bracewell and Roberts,' and n could be taken as large 
as necessary. But when there are errors the question is 
how many stages of restoration can be tolerated. The 
physical situation is greatly clarified by considering 
the Fourier transforms of the quantities under discus-
sion. Let 

and 

Ta(u, y) = ff Ta(x, Y)e-i'(ux+'11)dxdy, 

T(u, = ff' T(x, y)e-i2 x÷ev)dxdy, 

i(u, y) = ff A(—x, — y)e- i2T(ux-i-vy)dXdy. 

Then by the two-dimensional convolution theorem 

,z(u, = y)(u, y), 

and 

Ta(u, y) 
T(u, y) = _ ;17(u, y) 0 O. 

A(u, y) 

The principal solution is defined by its Fourier trans-
form S' (u, y), 

Ta(u, y) 

S(u, y) =-{A(u, y) v) 0 

O, di(u, y) = O. 

The correction factor { À(u, OP becomes large for cer-
tain values of (u, y), especially near the cutoff possessed 
by all finite antennas, but also elsewhere in the case of 
antennas having two or more distinct parts. Now if the 
Fourier transform of the error distribution had com-
ponents near cutoff, or where the factor { À(u, y) } —1 is 
large, it would be desirable to modify the correction. 

Let a modified factor 

a 

v) 

be used. Then we may inquire what value a should as-
sume in order to compensate for the presence of errors. 
Naturally the error itself will not be known and of 
course, if nothing at all were known about the error 
nothing could be done. In practice, however, one knows 
something about its order of magnitude from comparing 
successive records of the same part of the sky. Averages 
over ensembles of such records will be denoted below 
be sharp brackets. 
We now seek to determine a in such a way that the 

restored distribution exhibits the best agreement, on the 
average, with the principal solution and a fortiori with 
the true distribution. And if restoration is being carried 
out by the method of successive substitutions, we con-
sider at what stage the restoration is best terminated. 



1958 Bracewell: Restoration in the Presence of Errors 109 

III . DERIVATION OF THE RESTORING DISTRIBUTION 

Let 

E(u, y) 

= fir [Ta(x, y) E(x, y)le—".0dxdy, 

and let the modified factor a/i(u, y) be applied to 
T„(u, y)+E(u, y). The result so obtained in general 
will show a discrepancy from the Fourier transform of 
the principal solution 3(u, v) since E(u, y) may assume 
various phases. As a, therefore, cannot be selected 
to reduce the complex discrepancy to zero, we impose 
the condition that the modulus of the discrepancy 
should be a minimum on the average and solve the re-
sulting equation for a. Thus 

aT (— a(u v ) (uy 1 X conjugate) --49—([S(u, v) 
Oa A— (u, v) 

= 0, 

when, dropping the variables u, y, 

a _ _ 
O = — ([Ta — a(T. ± E)] X conjugate) 

Oa 

= -(1 (T aT ± 02(T.  )(Ta* E*) 
Oa 

— a(Ta -era* — a(T ± E*)T 

= 2 a[T ± (ET 6*) (-era) (EE*)] 

— 2T aT a* — (ET*) — 

Therefore, 

= Tar.* (Ta*) .1-(*. T.) 1) 
a _ _ ( 

T.T.* (ET.*) (E*T.)-F (EE*) 

This result leads to the best restoring distribution 
R(x, y) through the Fourier transform relation, 

R(x, y) = fj ei27 (tte+v V)dudv 

A(u, y) 
(2) 

and contains all the special conclusions which follow. 
It is, however, not general, since the right-hand side 

of (1) is seen on inspection to be real, a consequence of 
an earlier implicit assumption that a is real. This re-
striction may be removed readily and leads to a discus-
sion of problems, not to be pursued here, in which the 
errors are correlated with Ta in a way which depends on 
the direction of scanning. Already such cases have arisen 
in practice when scanning at high speed relative to the 
beamwidth of the antenna and the bandwidth of the low-
pass filter of a radiometer, and an analogous situation 
arises in scanning hydrogen line profiles. 
The formula for a contains several different quan-

tities which may be commented on in turn. First, 
Ta(u, V) Ta* (u, y) is the squared modulus of the Fourier 

transform of Ta(x, y), and it is tempting to think of it 
as the power spectrum of Ta(x, y), even though Ta(x, y) 
itself is already proportional to power. Provided this is 
kept in mind, it is illuminating to think of (E-É*) as the 
average error power spectrum and of ¡(«ÉT.*)+¡(E*T.) 
as the mutual power spectrum. When the error and T. 
are on the average incoherent, then the mutual terms 
vanish. 

This section can be compared advantageously with 
the problem of so modifying a stationary complex time 
series T(t) afflicted with a disturbance g(t) that a best 
approximation to the message T(t) is obtained. The dis-
cussion of this problem by Wiener14 contains implicitly 
a formula of the type derived here. Our problem differs 
in that the distributions sought are real, two-dimen-
sional and nonstationary, and (for physical acceptabil-
ity) nonnegative. 

IV. SPECIAL CASES 

1) EE* is proportional to TaTa* and .7(.4, 4--É*Ta= 0 
In this case a is constant and the presence of the errors 

may be ignored for purposes of restoration except inso-
far as absolute temperature measurements are con-
cerned. 

2) The errors are small, i.e., (EF:*)< <T07„* 

In this case the mutual terms may control the effect 
on a and we have 

(ET 0*) (*T6> — 2(EE*) 
a 1 

2T„T* 

3) There is no correlation between the errors and T. 

Then, 

1 

(EE*) 
1 +  

Ta Ta* 

and if, further, the errors are small, 

(EE*) 
a 1   

T.T.* 

By further assuming specific forms of dependence on 
u and y, various restoring distributions can be obtained. 
One of the most interesting cases is that where TT* =b, 

v)= (1— Iul)(1 and (E—E*)= c. This case 
arises when the antenna consists of a uniform square 
aperture, and the true distribution and the error dis-
tribution have uncorrelated flat spectra. Then 

1 
a —   

C 
1   

T. T.* 

14 N. Wiener, "Extrapolation, Interpolation and Smoothing of 
Stationary Time Series," New York, N. Y., sec. 3.1; 1949. 
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Fig. 1—The form of the modifying factor a in a 
certain simple problem. 
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Fig. 1 illustrates the variation of a with u as y is held 
constant and equal to zero, for different values of 
(c/b)"2. Each curve has been normalized to have unit 
value at y =O. It will be seen that when (c/b)ii2= 0.1, 
i.e. when (EE*)1/2 is 10 per cent of (7.7.*)' ,2, then the 
best restoration is quite close to the principal solution; 
and that when (c/b)'/2 is as great as 50 per cent, some 
improvement in agreement with the true distribution is 
still obtainable by a little restoration. 
The normalization mentioned above is appropriate 

provided the shape and not the absolute level of the 
solution is important. But if it were a question of meas-
uring the flux density of a source then the value of a at 
the origin would have to be taken into account and a 
correction factor (l+clb) applied. The fact that im-
proved agreement with the true distribution may entail 
depression of the absolute level has not been pointed out 
before. 

V. METHOD OF SUCCESSIVE SUBSTITUTIONS 

In order to have some practical conclusions as simple 
as possible it is desirable to take a special case and show 
how to determine the number of stages which gives the 
best agreement with the true distribution. Thus, when 
271.(u, = (1 — I ul )(1 — I vi), the Fourier transform of 
the nth restoration is (Bracewell and Roberts') 

1 + [1 — v)] ± [1 — v)[2 ± • • • 

± [1 — ;1-(u, v)[nn(u, v), 

and if only the cross section along y = 0 is considered this 
reduces to 

{i+ 1 u + 1 u 12 + I U}To(U, 0); 

and by substituting 73(u, 0) = (1 — lui )7S(u, 0) we have 

—I uinis(u, c). 

- 6 . • 0  

0.4 

0.2 

00  0.2 0.4 0.6 0.8 
u 

January 

10 

Fig. 2—Spectral factors corresponding to different stages of restora-
tion by successive substitutions. The broken line refers to the 
chord construction. 

The factor 1 Hui" is shown in Fig. 2 for comparison 
with the corresponding curves of Fig. 1. It will be seen 
that the first stage of restoration approximates roughly 
to the restoration permitted when (c/b)"2 =0.3 and that 
the second stage approximates to the curve (c/ b)" = 0.2. 
To make these comparisons more definite and.to illus-

trate a suitable approach we assume that n stages of 
restoration are to be made and then see how great the 
errors may be before n-1 stages yield a better fit. 
As a measure of discrepancy between the true dis-

tribution and the nth restoration let us take: 

D =<[(1 lui lul2+ • 
+ I uln)(1 — lui + ) — x 

—((1+ lul + lul2+ •• • 
conjugate) 

± I ul")E I ulq X conjugate) 

= ((1 lui + 1 u12 + • • • + uh2EE* + upn) 
--((i+241 +3412+ I 
+31u 12-2+21u1—i+ 1u12.) --E-T*+ 'urn) 

= (14- lu l2+ 'up+ + 3 lul 2n-i 21u1 2„ 
2n — 1 2n 

u 12.-FI)+ u 12.4-1 
  EE*   

• 2n+ 1 2n+ 1 lo 

= ( 3 2 1 1 + 1 + 1 + + + + \ EE* 
2n — 1 2n 2n + 1 

1 

2n ± 1 

The first few of the expressions on the right are 

7 EE* 1 

3 5 

37 EE* 1 
  • — 

10 7 

533EE* 1 

105 ▪ 9 
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Fig. 3—How the discrepancy depends on the error level for different 
stages of restoration by successive substitutions. 

Equating successive pairs of these expressions to find 
the intersections shown in Fig. 3 we have 

EE* = 0.100, 0.042, 0.023, 0.015, • • • . 

These results add precision to the rough estimate 
made earlier by comparing Figs. 1 and 2 and may be 
summarized as in Table I. 

TABLE I 

Error level (c/b)" 
(per cent) 

32 

20 

15 

12 

Best number of stages 
of restoration 

3 

VI. THE CHORD CONSTRUCTION 

In the preceding sections we have determined the 
best restoration under given circumstances of error, and 
the best stage of restoration by the method of successive 
substitutions. It is very important from the practical 
standpoint, however, that a proposed method of res-
toration should not involve too much effort, since the 
finely detailed two-dimensional maps now obtainable 
with instruments of high-resolving power will allow only 
the most elementary operations, if these are to be car-
ried out by hand. An approach along these lines has 
been made (Bracewell") which, in one dimension, leads 

Ile R. N. Bracewell, "Correction for Gaussian aerial smoothing," 
Aust. J. Phys., vol. 8, pp. 54-60; March, 1955. 

to the chord construction (Bracewell"."). This partic-
ularly simple operation on the data gives immediate 
restoration to the extent indicated by the broken line in 
Fig. 2. 
The discrepancy can be evaluated as in Section V, but 

it is immediately clear that three stages of restoration by 
successive substitutions are roughly equivalent; hence 
if the level of error, (c/b)", does not exceed 15 per cent, 
correction by the chord construction will lead to im-
proved agreement with the true distribution. 

VII. CONCLUSION 

The problem of restoration in the presence of errors 
is solved in principle by convolution of the restoring 
distribution (2) (Section III) with the observations. 
Some special cases show that when the level of error is 
moderate, a considerable degree of restoration is war-
ranted. In particular, two stages of correction by the 
method of successive substitutions are warranted when 
the error level (c/b)"2 is as much as 20 per cent, and 
correction by the chord construction when the error is 
as much as 15 per cent. In recent published work where 
correction has been omitted there is no indication that 
the relative errors are this great. (The error in absolute 
level is usually greater but has no bearing on restora-

tion.) 
The special circumstances in some cases where restora-

tion can be considered may render any of the three 
methods discussed here inapplicable. There is, however, 
an important inference from the full solution based on 
(1), viz, that any system of restoration should contain 
mention of 1) the character of the errors and 2) the 
character of the observed distribution. It is noteworthy 
that the method of successive substitutions satisfies 
these conditions inasmuch as the process is halted when 
"smoothing the trial distribution gives a result agreeing 
with T. within the experimental error." 
Only a very few one-dimensional special cases have 

been considered numerically here and those only for the 
purpose of establishing roughly the quantitative relation 
between error level and degree of restoration. Many im-
portant cases remain to be studied, especially the two-
dimensional generalizations of the finite-difference 
method on which the chord construction is based. 

Further topics not treated here are the physical ac-
ceptability of restored distributions, and the effect of 
uncertainties in the antenna pattern. 

18 R. N. Bracewell, "Simple graphical method of correcting for 
instrumental broadening," J. Opt. soc. Amer., vol. 45, pp. 873-876; 
October, 1955. 

17 R. N. Bracewell, "Chord construction for correcting aerial 
smoothing," Aust. J. Phys., vol. 8, pp. 200-205; June, 1955. 
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Discussion of 10.7-CM Solar Radio Flux Measurements 
and an Estimation of the Accuracy of Observations* 

W . J. MEDDt, MEMBER, IRE, AND A. E. COVINGTONt, MEMBER, IRE 

Summary—The accuracy of the daily 10.7-cm solar flux meas-
urements taken at the National Research Council, Ottawa, has been 
investigated. The various system parameters are examined and an 
auxiliary experiment, using a horn antenna, is described. These 
studies lead to a revision of the early values of the solar flux and re-
quire the use of conversion factors to some of the published data. 
It has been estimated that the relative error between observations 
separated by intervals of months may be ± 10 per cent during 1947 
through 1949, and ±3 per cent during subsequent years. The sys-
tematic error in 1952-1953 was estimated at ± 7 per cent. 

INTRODUCTION 

OBSERVATIONS of solar radio emission on a 
wavelength of 10.7cm have been made since 1947, 
at the laboratories of the National Research 

Council in Ottawa, using a four-foot-diameter parabolic 
reflector and an associated radiometer of the Dicke com-
parison type. In addition to a continuous monitor of 
any enhanced radiation or burst activity, measurements 
of the solar emission in flux units of watts per square 
meter per cps bandwidth are taken daily. Only the gen-
eral method of calibration has been previously reported.' 
With the increasing significance of the radio data it be-
comes important to obtain an estimate of the absolute 
and relative accuracies of these measurements. This has 
involved a detailed examination of the system parame-
ters and sources of error, and a review of certain results 
obtained from an additional radio telescope of different 
design operated in 1952-1953 concurrently with the 
standard equipment. 

THEORETICAL FORMULAS USED IN CALIBRATION 

The magnitude of the open-circuit mean-square volt-
age and the absolute temperature of a resistor are re-
lated by Nyquist's formula, 

= 4kTRdf, (1) 

where 

= the mean-square noise voltage, 
k Boltzmann's constant, 
T = the absolute temperature of the resistor, 
R = the resistance in ohms, and 
df = the bandwidth in cps. 

The maximum power one is able to transfer from this 
resistance to the receiver occurs when the resistance is 
matched to the receiver input resistance. This power is 
called "available power" and is equal to kTdf. From a 

* Original manuscript received by the I RE, October 14, 1957; re-
vised manuscript received, October 28, 1957. 
t National Research Council, Ottawa, Ont., Canada. 
1 A. E. Covington, "Some characteristics of 10.7 centimeter solar 

noise," J. Roy. Astron. Soc. Can., vol. 45, p. 15; 1951. 

consideration of thermal equilibrium, Burgess' has 
shown that the same formula applies to the radiation 
resistance, RA, of an antenna enclosed in a black box at 
uniform temperature TA. If the surroundings are not at 
uniform temperature, then TA is taken as an average 
effective temperature given by 

TA = 1/(4r) f G(00)/(00)dco, (2) 

where the direction gain G and the effective temperature 
t are functions of the angles O and q5, and dw is an ele-
ment of the solid angle. 
An equivalent circuit of the form shown in Fig. 1 is 

RECOROING 

METER 

111--111 

111-111 
RECEIVER 

( T) • (C1,Td) 
NETWORK 2 •-• NETWORK I 

Fig. 1—Equivalent circuit of antenna and radiometer. 

then assumed, where network 1 represents the ohmic 
resistance in the antenna, and network 2 the waveguide 
elements between the antenna and receiver. The effec-
tive temperature at B, TB, is obtained from an equation 
of power transfer; thus 

TB = (1 — COTA ara, (3) 

where a is a fractional absorption coefficient and Ta is 
ordinarily the ambient temperature T. (1—a)TA is pro-
portional to the signal power which reaches the receiver, 
while al'« is proportional to the noise power emitted by 
the ohmic resistances of the antenna. 
When the radiometer is connected to the antenna at 

B, the response in terms of recording meter deflections 
R has been found to follow the equation 

R = a ± cTB. (4) 

a includes the zero shift of the radiometer which arises 
principally from imperfect matching of the various com-
ponents in the microwave system. When any adjust-
ment of frequency or crystal current is made, a usually 
changes, but will otherwise remain constant for long 
periods of time. c is the sensitivity factor of the radiom-
eter and is not as critical to matching conditions as a. 
The absorption coefficient a' (see Fig. 1) is included in 
this constant. TB and R take on different values depend-
ing upon the orientation of the antenna or the conditions 

2 R. E. Burgess, "Noise in receiving aerial systems," Proc. Phys. 
Soc., London, vol. 53, p. 293; 1941. 
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TABLE I 

113 

Description of Situation 

1) Antenna pointing toward the sun 

2) Antenna pointing toward the sky remote from sun 

3) Antenna and ohmic losses in black box at ambient 
temperature T 

Antenna replaced with resistance load at ambient 
temperature 

4) Antenna and ohmic losses enclosed in black box at 
elevated temperature T4 

Antenna replaced with resistive load at other than 
ambient temperature 

TA—Temperature of 
Radiation Resistance 

TB--Effective Tern- Recording Meter Deflec-
perature at B tion R---a-EcTB 

TAI 

T42 

(1—a)TAid-cer 

(1—a)TAVEaT R2 

TAZ =  T (1—a)T-F-aT=T R2 

TA4= T4 (1—a) T4+.:2T4 = T4 

T4 

R4 

at the antenna terminals, and these are summarized in 
Table I. 

Eqs. (1)—(4) will now be discussed further in more 
direct reference to the daily calibration procedure for 
determining the flux from the sun. The manner of deal-
ing with (2) depends on the gain function, G(00), for the 
particular antenna used. The beamwidth of the antenna 
in use at Ottawa is about 7° to the half-power points. 
This is sufficiently wide that when pointing directly to-
wards the sun, the gain may be taken as constant over 
the angular width of the sun, and equal to the maximum 
directive gain Go. The gain becomes small at about 10 or 
15° away from the maximum, and if the antenna is 
oriented some 15° or more from the sun, solar emission 
is not measurable with the present equipment since in 
the direction of the sun both the gain and the area of 
integration are small. However, at various angles away 
from the main beam there are side lobes where the gain, 
although small, may be of significance if the area of inte-
gration is large. These side lobes may exist at all angles 
from the main beam and collect an emission from the 
earth which will vary in magnitude as a function of the 
orientation of the antenna. The gain function is ordi-
narily not known in the side and back directions with 
sufficient accuracy to calculate the contributions of 
earth radiation by direct integration. 
With the antenna pointing towards the sun, the ef-

fective temperature of the antenna radiation resistance 
is given by 

1 i r ir 
T41 = GOOTOUll f  GtaIcy& f  Gtearthdw, 

4r 4r eky 47r 

where L. is the effective temperature of the sun usually 
averaged over the optical disk or corresponding solid 
angle, n, and tek, is the effective temperature of the sky. 
In accordance with the above discussion this equation 
will be written more simply as 

1 
T41 = x(a, 0), 

47r 

tenna as specified by the angles a and 13. The effective 
temperature at the antenna when pointed toward the 
zenith, TA2z, is taken as a second calibration level, 

1 
T423 Ggnigity -F X(a0, eo)• (6) 

47r 

The temperature difference between these two levels is 
given by 

1 
Tin — tux = G ¡Miami — taky) Ax(a, p), 

4r 

where the function Ax is the difference between the 
background temperatures in the directions of the sun 
and zenith. It is determined from a separate experiment. 
In terms of meter readings, 

— R2 = c(1 — a)(TAt — A23) 

1 
= C(1 — [— Gamin Ax(ce, a)]• (7) 

The approximation that inky = i-sun has been made, 
as it is known that ieee is of the order of (104)°, while t.k7 
is of the order of 1° or 10°. Attenuation through the 
earth's atmosphere has not been considered since, from 
other experimental work, it is known to be negligible. 
The factor c(1 — a) may be found from the difference 

between the readings Rg, for which the antenna is en-
closed in a black box, and Rg ,for which the antenna is in 
the sky or zenith position. Thus, 

(Ro — R2)/(T — TA2z) = c(1 — a). 

When this is substituted in (7), the average effective 
temperature of the sun is given by 

iounGon 

where 

(5) 

where x(a, 13) includes any contributions from the sky 
and earth, and is a function of the orientation of the an-

47 
— P(T — A23) — 

R1 — R2 
P =  

Rg — R2 

(8) 

It remains to establish the value of TA2z. This can be 



114 PROCEEDINGS OF THE, IRE January 

found from (3), using readings R2, R3, and R4 in Table I: 

where 

P2 
T42, = T —  (T4 — T), (9) 

1 — a 

P2 - 

R3 - R2 

R4 - R3 

However, this direct method is not used in daily calibra-
tions because of practical difficulties, and a constant 
value for Tji2 has been used, based upon isolated ex-
periments which will be described later. 
The flux, F, for two polarizations of radiation from 

the sun in units of watts per square meter for one cps 
bandwidth, is given by 

2kimm 
F = 

X2 

In terms of observed quantities and system parameters, 

87rk 
F — G X2 [P(T — TA2z) — Ax(a, an. (10) 

o 

PRELIMINARY EXPERIMENTS 

In 1946, the initial calibration of the radiometer asso-
ciated with the four-foot reflector was based upon a 
black box which could be heated to various tempera-
tures above ambient. At the same time investigations 
into the relative constancy of the sky temperature were 
being made, and it soon became evident that the sky 
would serve as a black box at very low temperatures.3 
These preliminary investigations, both with the heated 
black box and with heated waveguide terminations 
substituted for the antenna, indicated that the sky tem-
perature was of the order of 50° K. At this time the an-
tenna gain was also measured and found to be 700. 
Regular observations of the sun commenced in 1947, and 
the solar flux was calculated using a gain factor of 700 
with an apparent sky temperature of 50° K. 

In this method of calibration the sky temperature is 
important and its evaluation becomes a separate prob-
lem. Separate investigations were started with a horn 
antenna and a second radiometer whereby it was pos-
sible to replace the antenna with either a hot load or a 
load at ambient temperature. A continuously changing 
phase shifter was inserted between the radiometer and 
the antenna, or a substituted load, in an effort to 
minimize the zero-shift error due to residual mis-
matches. One series of observations, lasting just under a 
year, was obtained in 1948, during a period of consider-
able sunspot activity when variations in solar radio 
emission were large. No corresponding day-to-day 
changes were observed in the measured sky temperature 
nor was any difference found between day or nighttime 
readings, and sky temperature was therefore considered 

A. E. Covington, "Microwave sky noise," J. Geophys. Res., 
vol. 55, p. 33; 1950. 

to be essentially independent of any atmospheric ef-
fect dependent upon solar activity. 

During the period 1947-1950, one radiometer was 
used with the four-foot radio telescope. Maintenance 
with a view to continuous observations was achieved 
by constructing certain spare components. Later, after 
1950, two identical and complete radiometers were in-
stalled with a waveguide switch so that either set could 
be connected to the antenna. Calibrations were made 
periodically with both radiometers, and, in general, 
agreement was good. Differences up to 5 per cent occa-
sionally appeared but were rectified by examination of 
the radiometers. The use of stand-by equipment has 
proven very helpful and produced more confidence in 
the results. 

DETERMINATION OF SYSTEM PARAMETERS 

Zero Shift and Matching of Calibration Resistors 

When the radiation resistance of the antenna (or a 
substituted resistive element) is at the same tempera-
ture as the reference resistor in the waveguide chopper, 
the receiver output should ideally be zero. In general 
this is not so, and the fictitious output has been found 
to be related to the small residual mismatches which 
unfortunately occur when components are connected in 
a waveguide transmission line. The zero level depends 
upon the magnitude and phase of the impedance pre-
sented to the terminals of the receiver. In the derivation 
of (10) which gives the magnitude of solar radio flux, it 
is assumed that the zero shift, a, is constant and sub-
tracts out. This certainly occurs when finding the dif-
ference between the sun and sky levels. However, there 
is a possibility of a change in the zero shift when any 
practical "black" box is placed around the dipole, and it 
was necessary to determine the magnitude of the mis-
match error introduced. The standing-wave ratio was 
measured for two black boxes (18-inch cubes) which 
have been used in daily calibrations, and compared 
with that of the dipole looking into the reflector and, 
hence, into the sky. These measurements were made 
near the input terminals (point C in Fig. 1) looking to-
ward the dipole through a 50-foot length of waveguide 
and several rotating couplers. The results are summa-
rized in Table II. 

TABLE II 

POWER STANDING-WAVE RATIOS 

X (cm) 

10.9 
10.8* 
10.7 
10.6* 
10.5 

Box 1 Box 2 Sky Box Phase of 
Off Mismatch 

1.18 
1.35 
1.34 
1.08 
1.58 

1.18 
1.21 
1.40 
1.15 
1.55 

1.08 constant 
1.36 constant 
1.40 constant 
1.06 constant 
1.51 constant 

Energy received in neighborhood of this wavelength. 

The small differences shown in Table II would ap-
pear to have negligible effect on the zero shift, since the 
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values of solar flux as measured first with one box and 
then with the other show no difference. However, the 
zero error may become very critical with a poor mixer, 
and it is possible that an appreciable error has been pres-
ent during some portions of the nine-year period of ob-
servations. A unidirectional transmission line was in-
serted between the crystal mixer and the rotating carbon 
disk in 1956, and resulted in an almost complete reduc-
tion in the mismatch error.4 

Linearity 

It has been found that the relationship between ef-
fective antenna temperature, TA, and radiometer re-
sponse remains linear up to 5000° K, which is much higher 
than values ordinarily encountered. However, a small 
nonlinearity, independent of the range of TA, may be 
introduced by the demodulator and recording meter 
combination, causing an error in calibration of less than 
one per cent. 

Receiver Noise and Stability 

Associated with the accuracy of determining R or p, 
errors due to inherent receiver noise and drifts in gain 
during calibration can be made small by increasing 
the number of observations. Daily values are ordinarily 
based upon one or two good calibrations, but when re-
peated measurements are taken it is found that the ma-
jority of the valves lie within 2 per cent of the average. 

Wavelength 

The wavelength, X, is measured and maintained con-
stant to much higher accuracy than other parameters. 
Local oscillator wavelength, being an average value of 
the wavelengths at which energy is received, is used in 
(10). 

Temperature of Calibrating Black Box 

The temperature of the black box is measured with 

Weston thermometers which are checked periodically. 
There is negligible error in these temperature deter-
minations. 

Pointing Accuracy 

The maximum of the receiving pattern of the antenna 
may be pointed towards the sun by varying the angular 
position of the antenna and finding maximum receiver 
output. This is not a critical adjustment. An auxiliary 
optical telescope has been calibrated as a finder and is 
ised on clear days; on cloudy or rainy days the setting of 
he antenna is accomplished by radio means alone. 

yack ground Radiation 

The term ix in (8) is a small additive term and can 
oe established to sufficient accuracy by experimental 
neans in which readings of TA2 are taken for different 

C. H. Mayer, "Improved noise power measurements through 
Ise of ferrites," J. Geophys. Res., vol. 59, p. 188; 1954. 

elevations and hour angles of the antenna. Unfortu-
nately, in the earlier experimental work this term was 
erroneously considered negligible. The possibility of ex-
istence of this error was suggested in a private com-
munication by Tanaka of Nagoya University,5 who 
had found a small seasonal inconsistency between the 
Ottawa and Nagoya observations. The contribution of 
the term Ax has subsequently been re-investigated and 
necessitates a small correction to the values of solar 
flux reported. In spite of this, a relative inconsistency 
between the Ottawa and Nagoya observations still 
remains. 

Antenna Gain 

The maximum directive antenna gain was redeter-
mined in 1953 by a standard method which involves 
transmission between suitably separated antennas, and 
measurements of the reduction in power upon reception.' 
The following antennas were used in this experiment: 

1) A horn about 10 feet in length with rectangular 
aperture 3 feet X4 feet. This was also used for tak-
ing measurements of solar flux during 1952-1953. 

2) A test horn identical with 1). Both are approxi-
mately optimum horns. 

3) The four-foot parabolic reflector associated with 
the equipment used in daily measurements of solar 
flux. The focal length is 12 inches, and the focus 
is at the midpoint between a half-wave dipole and 
parasitic reflector. 

Previously, antenna patterns in the two principal 
planes were taken, as a check that no objectionable side 
lobes were present. The weak side lobes far removed 
from the main lobe were not detected. 

Gain of Rectangular Horn: The calculated gain using 
the formula of Schelkunoff7 is shown graphically as a 
function of wavelength in Fig. 2. At 10.7 cm the value is 
428. The theoretically calculated gain for a pyramidal 
horn has been confirmed in various reports and may be 
taken with more confidence than the following experi-
mental determination, which was carried out under 
somewhat unsuitable conditions. However, it was de-
sirable to see what correspondence with the theoretical 
value would be obtained, before proceeding with essen-
tially the same setup to the gain measurements of the 
parabolic reflector. 
The experimental work was carried out at the site of 

the Solar Radio Observatory. As towers of suitable 
height were not available, it was necessary to use a 
screen between the two antennas, to run through a por-
tion of the diffraction pattern by raising and lowering 

• H. Tanaka, "Some notes on the solar radio emission at centi-
meter regions around the period of sunspot minimum," Proc. Res. 
Inst. Atmos., Nagoya University, vol. 3, p. 117; 1955. 
• S. Silver, "Microwave Antenna Theory and Design," McGraw-

Hill Book Co., Inc., New York, N. Y., p. 582; 1949. 
S. A. Schelkunoff, "Electromagnetic Waves," D. Van Nostrand 

Co., Inc., New York, N. Y., chap. 9; 1943. 
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Fig. 2—Calculated maximum directive antenna gain of 3-foot X4-
foot aperture horn as a function of wavelength. 

the test horn, and to take an average of the readings. 
The separation of the two 3-foot X 4-foot aperture horns 
was, on different occasions, 334, 280, and 276.5 feet. 
The distances were measured from the throat of each 
horn ;8 another method9 which involves measuring from 
the horn face and applying correction factors yields 
approximately the same results—about 2 per cent 
lower—for this experiment. The experiment involves 
the use of a calibrated attenuator, and the manufac-
turer's statement of 0.2-decibel accuracy was ac-
cepted. 

Values obtained for Go were as follows: 427, 469, 459, 
445, 426, 418, 421, 433, 409, 423, 441, 439, 441, and 422. 
The average of these 14 values is 434. Calculation of the 
ohmic losses in the horn and a small length of waveguide 
indicates that the measured effective gain should be in-
creased by about 1 per cent to obtain a directive gain of 
438 for the horn. 
The probable error of this gain measurement was 

estimated as 6 per cent from a consideration of the 
various factors involved, predominantly the accuracy 
of the attenuator readings and the interpretation of the 
interference pattern. However, in subsequent calcula-
tions the theoretical antenna gain of 428 will be used, 
and it will then be necessary to place a probable error on 
this value. That the observed mean value in this experi-
ment differs from the theoretical by only 2 per cent 
may be fortuitous, but a more refined experiment at 
1.25 cm has been reported8 in which a somewhat better 
check was obtained. It would thus seem certain that the 
probable error is small, and for the present purpose will 
be assumed as 2 per cent. 

Gain of Four-Foot Parabolic Reflector: The gain, Go, 
of the four-foot parabolic reflector was then determined 

• W. C. Jakes, Jr., "Gain of electromagnetic horns," PROC. IRE, 
vol. 39, pp. 160-162; February, 1951. 

9 E. H. Braun, "Gain of electromagnetic horns," PROC. IRE, 
vol. 41, pp. 109-115; January, 1953. 

by the same method using the 3-foot X 4-foot aperture 
test horn with the calculated gain of 428. Separations of 
230 and 340 feet were used. On different occasions the 
following seven values of Go were obtained: 673, 699, 
716, 669, 691, and 743, with an average value of 704. 
(A weighted average was calculated as 698.) In making 
the calculations it was necessary to allow for attenua-
tion through some waveguide pieces and rotating joints 
which are located near the dipole. This was determined 
experimentally to give a constant multiplying factor of 
1.13, with a probable error estimated at about 5 per 
cent. 
A further source of error is ohmic losses in the re-

flector and dipole proper, but this has been assumed 
small in comparison with other factors, and no correc-
tion has been attempted. The attenuator and the inter-
pretation of the interference pattern may introduce an 
error of 6 per cent as indicated in the previous section, 
but in view of the close correspondence between the 
calculated and measured values of the horn, this may 
be reduced to about 4 per cent. The probable error in the 
gain of the parabolic reflector is then about 7 per cent, 
and the value of 704 for Go has been therefore rounded 
off to 700. This is the same value as originally deter-
mined in the preliminary experiments. 

Sky Temperature 

Sky temperature has been used as one calibration 
level in view of its great convenience in making repeated 
calibrations, and because no uncertainties in "zero 
error" are present when the antenna is shifted from the 
sun to the sky. The disadvantage is that sky temper-
ature must be determined separately. An accurate de-
termination is not easy, since sky temperature is close 
to zero degrees, and must be evaluated in the presence 
of thermal emission from the ohmic losses in the an-
tenna, and emission from the earth as received in the 
back lobes of the antenna pattern. Sky temperature 
proper may contain emission from the galaxy and from 
the earth's atmosphere. Galactic emission in the 10-cm 
range is very small and has not been detected with the 
present equipment, while attenuation of solar emission 
at sunset suggests the possibility of a small 10-cm emis-
sion from the earth's atmosphere.' 
Of the various experiments which were performed in 

order to determine the sky temperature, the most reli-
able is a set of measurements taken in 1952 with a 
four-foot-square aperture horn. The method consisted 
of substituting two resistive loads as shown in Fig. 3 
one at ambient temperature and the other heated tc 
about 550° K. The interchange of resistances was mad( 
near the throat of the horn in order to minimize th( 
ohmic losses. 
The heated termination was made from carbon 

coated sand held in place by a piece of asbestos boar( 
placed diagonally across the waveguide. The sides o 
the waveguide were composed of heavy brass, witl 
several small holes so that probing thermometers coul( 
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4' X 4' 

HORN 

HOT LOAD 
AMBIENT 
TEMPERATURE LOAD 

.4- SWINGING FRAME 

To 
RADIOMETER 

Fig. 3—Switching arrangement at antenna terminals for 
measurement of sky temperature. 

be inserted. Several heating elements were clamped to 
the sides and controlled separately in order to obtain 
as uniform a temperature as possible around the sand. 
The temperature gradient within the load was about 
3°. The temperature at the interior of the heated sand 
was read from a calibrated thermometer and its values 
used in calculation. 
The shift in zero output was minimized by carefully 

matching to the radiometer the heated load, the ambi-
ent temperature load, and the antenna. Since the best 
possible matching can be obtained only over a small 
band of frequencies, the upper sideband of the radiom-
eter was suppressed by a waveguide filter, although 
there was no definite evidence that this refinement was 
necessary. 

For the final experimental setup the power standing-
wave ratios to the flat load, heat load, and antenna were 
measured over the range of wavelengths required. 
These are shown in Fig. 4. In order to test for zero shift, 
additional mismatch was put into the waveguide and 
varied in phase. It was found that for any phase, mis-
match differences considerably larger than any present 
in the system were required in order to produce dis-
cernible zero shift in the meter readings. 

Eq. (9) gives the apparent sky temperature, TA2z, in 
terms of the appropriate meter readings. A calculation 
of the factor 1/(1 — a) was made as approximately 1.009, 
which in this case included the attenuation in a short 
piece of waveguide at the throat of the horn. The fol-
lowing values of apparent sky temperature, in degrees 
Kelvin, were obtained: 

1.5 0 0.5 —4 7.5 15 12.5 24 
10.5 —2.5 2.5 1 9 —18.5 23 2.5 

The average value is 5.5'; the probable error (aside from 
the theoretical limit of zero degrees) has been estimated 
as approximately 6°. This value of 5.5° is the apparent 
sky temperature for a particular 4-foot X4-foot aper-
ture horn, and includes the effect of back radiation, 
which has not been measured. It is assumed that the 
same value can be used in experiments employing the 
3-foot X 4-foot aperture horn, since the back radiation, 
if not negligible, should not differ greatly for the two 
antennas. It is doubtful if this value should be used for 
the four-foot parabolic reflector which is a different 
type of antenna. 
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Fig. 4—Power standing-wave ratios of the 4-foot X 4-foot horn 
antenna, ambient temperature load, and hot load vs wavelength. 

MEASUREMENT OF SOLAR RADIO FLUX 
WITH HORN ANTENNA 

During 1952 and 1953 some measurements of solar 
radio flux were taken with the 3-foot X 4-foot aperture 
horn. The associated radiometer was mounted directly 
behind the horn without any rotating couplers. The 
whole unit was steerable and could be pointed toward 
most parts of the sky. The radiometer was calibrated 
by using the "sky" position, and instead of a black box, 
a large black mirror which pointed toward the earth. 
Observations were taken with this instrument on 24 
different days and the calculated values of flux, Fhorn, 

may be compared with corresponding flux values ob-
tained with the four-foot reflector, Freflector. This is 
shown graphically in Fig. 5, where the values of Fhorn 
have been calculated using an apparent sky temperature 
of 5.5° K (as measured on the 4-foot X4-foot horn), and 
the theoretical value of 428 for the maximum directive 
gain; while the values of Freneotor have been calculated 
using the original values of Go = 700 and TA2z="- 50° K. 
Since solar flux varies from day to day, the plots of 
simultaneous readings are shown as a scatter about the 
dashed line, which passes through the origin. The solid 
line represents the ideal case where measurements from 
the two different instruments give the same values of 
flux, and the following equation is satisfied: 

Pi  — ‘L — r A2 P z) — Ax' — TA2z) — Ace. (11) 
Go Go 

Here p--=(R1—R2)/(R3—R4) as before; the symbols with 
the superscript refer to the 3-foot X 4-foot horn, and the 
others to the four-foot parabolic reflector. 
There is an average discrepancy of about 20 per cent 

between the flux values as given by the two instruments. 
The total systematic error in Fhorn is approximately 5 
per cent, derived from the following estimates of indi-
vidual parameter errors: Go', 2 per cent; T — T , 4 
per cent; and p', 3 per cent. The total systematic error in 
Rreflector is considerably larger; Go is accurate to only 7 
per cent and the value of 50° K for T A2g is not considered 
reliable in view of subsequent work. The values of 
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Fig. 5—Flux, as measured with the four-foot parabolic reflector, 
vs flux, as measured on corresponding days with the 3-foot X4-foot 
aperture horn. 

Freflector are therefore adjusted to conform with the 
measurements from the 3-foot X 4-foot aperture horn. 
From a consideration of the scatter of the observations 
it has been calculated that this adjustment can be made 
with an accuracy of 1 per cent, but because of an incon-
sistency found between readings taken in 1952 and in 
1953, this has been revised upward to 4 per cent. Com-
bining this with the accuracy of Fhorn, it is estimated 
that the daily values of solar flux as measured with the 
four-foot parabolic reflector, and so adjusted, have a 
probable error of approximately 7 per cent." 

This adjustment of flux values implies an adjustment 
in one or both of the parameters Go and TA,,. If Go is 
taken as the measured value of 700, then from (11) the 
weighted mean value of T Au is found to be about 7° K. It 
will be noted that this is an inaccurate method of deter-
mining TA2g, and that other pairs of values of Go and 
T4,,, may reasonably be assumed. 

10 One independent check on this result is available from the 
measurement of L. by J. S. Hey and V. A. Hughes at 10.5 cm on 
June 30, 1954; see "A method of calibrating centimetric radiometers 
using a standard noise source," this issue, p. 119. Their value of 
42,000° is in close agreement with the value of 43,000° obtained at 
Ottawa on the same day. 

CONCLUSION 

In 1952, in view of evidence essentially the same as 
presented in this paper, but with somewhat less data, 
the values of solar flux were revised." The correction 
factor" to be applied to the original flux values is about 
1.18 (1.17 in summer and 1.19 in winter, depending on 
ambient temperature). 
As previously noted there has been an error in the 

neglect of the term Ax of (8) necessitating a further 
correction of a seasonal nature. In units of flux (unit 
= 10-22 watts/m2/cps) daily values must be reduced by 
a quantity varying from approximately 5.5 in December 
to 0.5 in July, for all years previous to, and including, 
1954. This is subsequent to the multiplicative correction 
of 1.18 for the years 1947 to 1952. A complete list of 
revised values may be obtained from the authors. 
The magnitude of the systematic errors in these ob-

servations has been discussed and is estimated at + 7 
per cent. Relative error as between successive daily 
observations has been estimated from repeated observa-
tions taken on a single day during a quiet period. Differ-
ences of as much as 2 per cent from day to day are most 
probably indicative of a real change in solar emission. 
Seasonal variations or effects due to deterioration of 
the measuring equipment may cause a larger relative 
error between values separated by a longer period of 
time. To minimize instrumental errors, calibrations were 
taken with two different radiometers, infrequently in 
1950 and 1951, and almost continually thereafter. 
From a study of possible sources of error, such as 

zero-shift effects, and a review of the experimental 
data, it is estimated that a relative error between 
observations separated by months in time, may be 10 
per cent during 1947, 1948, and 1949, and 3 per cent 
during subsequent years. 

11 A. E. Covington and W. J. Medd, "Variations of the daily 
level of the 10.7 centimetre solar emission," .1. Roy. Astron. Soc. 
Can., vol. 48, pp. 136-149; July-August, 1954. 

1/ *Quarterly Bulletin on Solar Activity No. 104," IAU; October-
December, 1953. 



1958 PROCEEDINGS OF THE IRE it() 

A Method of Calibrating Centimetric Radiometers 
Using a Standard Noise Source* 

J. S. HEY t AND V. A. HUGHESt 

Summary—In order to compare radio-astronomical measure-
ments of power flux observed on different occasions at different 
wavelengths, special attention must be paid to methods of calibra-
tion. A method is described which is suitable for a centimetric 
radiometer measuring antenna temperature over a range of 0 to 
1000°K or more with an accuracy of about 1°K. 

The power received by the radiometer is compared with that 
from a CV1881 argon discharge tube fed through a precision at-
tenuator. An additional fixed amount of power is added to that of the 
radiometer to ensure that the effective temperature is above that of 
the room. 

The intensity of solar radiation at X= 10.5 cm was measured by 
this method during the eclipse of June 30, 1954. The scale of the 
chart recording the radiometer output was effectively increased by 
adjusting the attenuator in steps each time maximum deflection was 
attained corresponding to about 20°K change of antenna tempera-

ture. Finally, to measure the brightness temperature of the un-
eclipsed sun, the received power from the sun was compared with 
that from a known external noise source consisting of a horn radiator 

fed by a CV1881 argon discharge tube. 

INTRODUCTION 

A
CCURATE methods of calibration of radiome-

ters used in radio astronomy are essential so that 
reliable comparisons can be made between ob-

servations on different occasions and at different wave-
lengths. The received power is usually expressed in 
terms of the antenna temperature which can be deter-
mined by comparing the received noise with that from a 
thermal noise generator. The radiometer may be re-
quired to measure antenna temperatures between 0°K 
and 10"K, and to vary the temperature of a reference 
source, such as a resistor, over this range would be in-
convenient for general use. This note indicates how a 
particular discharge tube, in conjunction with a preci-
sion attenuator, has been used as a standard variable 
noise source. The conversion of antenna temperature 
into brightness temperature of the radio astronomical 
source, such as the sun, involves a knowledge of the 
sensitivity pattern of the antenna. A more direct de-
termination of brightness temperature can be achieved 
by using a standard source as an external radiator. The 
application of these techniques to a radiometer at X = 
10.5 cm which was used for observation of the sun dur-
ing the eclipse of June 30, 1954, is described. 

THE NOISE SOURCE 

Mumfordi first suggested that the gaseous discharge 

* Original manuscript received, October 14, 1957. 
t Ministry of Supply, Royal Radar Est., Malvern, Worcs., Eng. 
W. W. Mumford, "A broad-band microwave noise source," Bell 

Sys. Tech. .I., vol. 28, pp. 608-618; October, 1949. 

in an ordinary fluorescent lamp might be a suitable 
source of broad-band noise for measuring the noise 
factors of receivers. However, mercury-filled tubes are 
not very stable, and the noise power available depends 
on the ambient temperature of the tube. Argon dis-
charge tubes were investigated by Johnson and De-
Remer2 and found to be more stable. Measurements at 
10.5-cm wavelength by Hughes3 on the argon tube, 
CV1881, matched into a waveguide, have shown that 
for a discharge current of 180 ma, the effective tem-
perature is 11,140°K with a maximum error of 260°K 
(0.10 db), and that there is a high degree of stability 
and consistency between tubes. The effective temper-
ature varies slightly with discharge current with the co-
efficient of —0.004 db per ma. That the noise output of 
the tube is not critically dependent on frequency is indi-
cated by comparison with measurements made by Sut-
cliffe' at a wavelength of 3 cm, where a similar effective 
temperature was obtained. 
The effective temperature of the noise source may be 

varied by connecting in series a calibrated attenuator, 
which both attenuates the noise from the tube and con-
tributes its own noise since it is at room temperature. 
If the coefficient of attenuation is a, the effective tem-
perature of the attenuator To, and that of the discharge 
tube TD, then the effective temperature of the variable 
noise source is given by 

TD — TO 
+ To. 

a 

Such a source, using an attenuator calibrated to an ac-
curacy of 0.01 db, provided a variable standard tem-
perature noise source for the radiometer now to be de-
scribed. 

THE RADIOMETER USED FOR ECLIPSE MEASUREMENTS 

Radiometers at centimeter wavelengths can meas-
ure, by means of wide rf bandwidths and long output 
time constants, changes of less than 1°K. 
To reduce errors due to changes in gain or receiver 

noise factor, it is necessary not only to switch continually 

H. Johnson and K. R. DeRemer, "Gaseous discharge super-
high-frequency noise sources," PROC. IRE, vol. 39, pp. 908-914; 
August, 1951. 
* V. A. Hughes, "Absolute calibration of a standard temperature 

noise source for use with S-band radiometers," Proc. IEE, pt. B, vol. 
103, pp. 669-672; September, 1956. 

4 H. Sutcliffe, "Noise measurements in the 3-cm waveband using 
a hot source," Prot. IEE, pt. B, vol. 103, pp. 673-677; September, 
1956. 
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between the received noise from the antenna and a 
standard source,' but also to maintain the output of the 
standard source not greatly different from that to be 
measured. During a solar eclipse, a wide variation of 
antenna temperature occcurs. 
To fulfill the above requirements, the radiometer cir-

cuit, shown schematically in Fig. 1, was constructed. 
The received power was compared 30 times a second 
with that from a calibrated argon discharge tube source 
S by means of a waveguide switch. The antenna tem-
perature to be measured is often below room tempera-
ture. In order to bring the two signals near the same 
level so as to improve the accuracy of measurement, a 
second discharge tube S' was arranged to add, by means 
of a directional coupler, a constant signal to that received 
by the antenna. The fine adjustment of the two signals 
to near equality could then be made by the precision 
attenuator connected to the reference source S. 
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Fig. 1—Block schematic of radiometer. 

The radiometer was used to measure the intensity of 
the radiation from the sun during the eclipse of June 30, 
1954. The radiometer antenna which had a beamwidth 
of about 4° was automatically driven to follow the sun 
continuously. Prior to the eclipse, the power from the 
variable noise source was adjusted to equal that re-
ceived by the antenna plus supplementary fixed noise 
source, so as to produce zero output from the radiom-
eter. The gain was set so that a full-scale deflection on 
the recorder corresponded to approximately 20°K 
or 10 per cent of the total received power from the sun. 
As the eclipse progressed and the recorded output ap-
proached maximum deflection, the precision attenuator 
was readjusted to bring the reference signal back to near 
equality and the output at the recorder near zero again. 
This sequence was repeated as necessary throughout the 
eclipse, and a tracing of the recorded output is shown in 

5 R. H. Dicke, "The measurement of thermal radiation at micro-
wave frequencies," Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946. 

Fig. 2. The successive readjustment 1) effectively al-
lows the ordinate of the recording scale to be increased 
and so improves reading accuracy, 2) reduces the error 
due to gain fluctuations since the error is proportional 
to the difference in the two signals which is kept small, 
and 3) provides repeated calibrations of the recorder 
scale. By this method and with a time constant of about 
10 seconds, the antenna temperature was measured 
throughout the eclipse to an accuracy better than 1°K 
corresponding to less than 0.5 per cent of the antenna 
temperature of the uneclipsed sun. The results, which 
were obtained at a site where the eclipse was partial, 
have been discussed elsewhere.° 
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Fig. 2—Recorded output of radiometer during eclipse of June 30, 
1954; (a) ordinates—relative power received, (b) abscissas—uni-
versal time. 

BRIGHTNESS TEMPERATURE OF THE SUN 

To interpret the power measured by the radiometer 
in terms of apparent brightness temperature of the 
solar disk' requires an accurate knowledge of the param-
eters of the antenna and of the losses in the waveguide 
transmission line between the antenna and waveguide 
switch. A more convenient method is to produce an 
external noise radiator of standard brightness temper-
ature to make a direct comparison with the radiation 
from the sun. Such a comparison source is provided by 
a waveguide horn fed by an argon discharge tube. This 
noise radiator then has a brightness temperature equal 
to the effective temperature of the discharge tube and 
area equal to the effective area of the horn aperture. 
The effective area of the horn is directly proportional 

5 J. S. Hey and V. A. Hughes, "Centimetre wave observations of 
the solar eclipse of 1954 June 30," Observatory, vol. 76, pp. 226-228; 
December, 1956. 

7 The apparent disk temperature is defined as the brightnes: 
temperature of a uniformly bright disk equal in size to the observed 
optical disk. 
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to gain and it is possible to design a horn with a calcu-
lable gain.8 Hence, if the radiometer antenna is directed 
towards the noise radiator and the increase in effective 
temperature noted, then from a knowledge of the dis-
tance between radiometer antenna and noise radiator 
an over-all calibration of the equipment is obtained. 
The radiator must obviously be sufficiently far away to 
be outside the Fresnel diffraction zone of the radiometer 
antenna, and hence limitations are placed on the size of 
antenna that may be calibrated. (Even with the largest 
antennas the radiator may be used in the near zone in 
order to provide a very simple method of comparing the 
operation of the equipment from day to day.) 
The above method was used to obtain the apparent 

brightness temperature of the sun about the time of the 
eclipse of June 30, 1954. The radiometer antenna had a 
diameter of approximately 1.5 meters; and by spacing 
the noise radiator at a distance of 66 meters, the maxi-
mum path difference across the antenna was reduced to 
0.04X. The apparent disk temperature of the sun will 
be given by 

TAB GHX2 1 
TH = TD-- — 

TAD 4re its 

8 W. T. Slayton, "Design and Calibration of Microwave Antenna 
Gain Standards," Naval Res. Labs., Washington, D. C., Rep. 4433; 
November, 1954. 

where, under the conditions existing at the time of the 
calibration, 

TAS =antenna temperature of the antenna directed 
towards the sun. 

TAD =change in antenna temperature due to the noise 
radiator. 

TD=effective temperature of discharge tube. 

GH =gain of horn. 

distance between radiator and antenna. 

S23 =solid angle subtended by optical disk of sun. 

X = wavelength. 

Substituting the experimental values, TAB-187.5°K, 
TAD 10.0°K, TD =11,140°K, GH= 65.3, R 66 meters, 
Sts = 6.58.10-5 steradians, X=10.5 cm, the apparent 
brightness temperature of the solar disk at this wave-
length is 4.2.104°K. The main inaccuracy involved is in 
the gain of the horn which was calculated by Slayton's 
method. It appears unlikely that the error will exceed 
5 per cent. 
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Measurements of Solar Radiation and Atmospheric 
Attenuation at 4.3-Millimeters Wavelength* 

ROBERT J. COATESt 

Summary—Solar radiation and atmospheric attenuation were 
measured at 4.3-mm wavelength. The sun was scanned with a radio 
telescope consisting of a 10-foot precision paraboloid antenna (6.7-
minute beamwidth) and a Dicke-type radiometer. Atmospheric 
attenuations were determined from the change in received solar 
radiation with changing elevation of the sun and from direct meas-
urements of the thermal radiation from the atmosphere. The meas-
ured attenuations at the zenith for clear skies were between 1.6 and 

2.2 db. 
At 4.3-mm wavelength, the sun (when it is free of sunspots) 

appears to be a uniform disk nearly one per cent larger than its optical 
size. From a large number of measurements over a period of 6 
months, the solar brightness temperature was found to be 7000 °K 
with an uncertainty of about 10 per cent. Sunspot regions are slightly 
brighter than the quiet areas; the largest observed enhancement is 
2 per cent. 

INTRODUCTION 

I
N July, 1956, a program of absolute measurements 
of solar radiation and atmospheric attenuation was 
initiated at a wavelength of 4.3 mm at the U. S. 

Naval Research Laboratory. The observing wavelength 
is in the atmospheric window between the 5-mm oxygen 
linel and the 1.7-mm water-vapor line,2 and conse-
quently, there is considerable atmospheric attenuation 
from the wings of these lines. The sun and the moon 
are convenient signal sources for the measurements of 
such atmospheric attenuation. 

Theoretical studies of the sun" have shown that 
solar radition at millimeter wavelengths originates in 
the ionized solar atmosphere at a level a few thousand 
kilometers above the visible surface of the sun. This is 
thermal radiation from the ionized gas, and therefore, 
the results of the absolute measurements of this radia-
tion can be used to calculate thé characteristics (such 
as the electron temperature) of the emitting region. 

THE RADIO TELESCOPE 

The radio telescope (Fig. 1) used for these observa-
tions has a half-power beamwidth of 6.7 minutes of arc. 
The antenna reflector is an aluminum paraboloid 10 
feet in diameter with a focal length of 35.8 inches. This 

" Original manuscript received by the IRE, October 3, 1957. This 
paper was chapter III in the author's Ph.D. dissertation for The 
Johns Hopkins University, Baltimore, Md. 
t Radio Astronomy Branch, U. S. Naval Res. Lab., Wash., D. C. 
J. H. Van Vleck, "The absorption of microwaves by oxygen," 

Phys. Rev., vol. 71, pp. 413-424; April 1, 1947. 
2 J. H. Van Vleck, "The absorption of microwaves by uncon-

densed water vapor," Phys. Rev., vol. 71, pp. 425-433; April I, 1947. 
3 J. P. Hagen, "Temperature gradient in the sun's atmosphere 

measured at radio frequencies," Astrophys. J., vol. 113, pp. 547-
566; May, 1951. 

4 S. F. Smerd, "Radio-frequency radiation from the quiet sun," 
Aust. J. Sci. Res. A., vol. 3, pp. 34-59; March, 1950. 

Fig. 1-10-foot radio telescope for 4.3-mm wavelength. 

was cast in one piece and machined to sufficient toler-
ance for use at 4.3-mm wavelength. 
A small horn is used to feed the reflector. A specially 

designed low-loss waveguide section connects the feed 
horn at the focus of the reflector to the receiver on the 
back of the antenna. This 4.5-foot section consists of a 
16-inch tapered transition from 0.074 X0.148 inch ID 
waveguide to 0.170 X0.420 inch ID waveguide, then a 
long run of the large-size waveguide, followed by a 
second taper down to the small waveguide. The meas-
ured attenuation of this 4.5-foot waveguide section is 
1.3 db as compared to 5-db attenuation measured for 
the same length of the small waveguide. 
The polar mount for the antenna is an old radar 

pedestal, appropriately mounted. The hour-angle drive 
is controlled with a servosystem and the declination 
drive is operated manually. 
The 4.3-mm receiver on the back of the antenna is a 

Dicke-type radiometer,' consisting of a superheterodyne 
receiver preceded by a calibrated attenuator and a 
motor-driven attenuator wheel (which modulates the 
incoming signal), and followed by an audio amplifier, 
a synchronous detector, and a recording meter. This 

R. H. Dicke, "The measurement of thermal radiation at micro-
wave frequencies," Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946. 
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Fig. 2—Diagram of 4.3-mm radiometer 

arrangement is shown in the block diagram of the 
radiometer (Fig. 2) and in the photograph (Fig. 3). 
When an observation is made with the radiometer, 

the signal from the antenna passes through the wave-
guide switch and is modulated by the attenuator wheel 
at a frequency of about 29.3 cps. The calibrated at-
tenuator is set at zero attenuation and the modulated 
signal passes through to the balanced mixer consisting 
of the hybrid ring and the matched pair of crystals. 
The output from the mixer goes to the IF amplifier, 
which has a center frequency of 30 mc and a bandwidth 
of 5.5 mc. The audio output from the detector stage of 
the IF amplifier is amplified and detected in the syn-
chronous detector. The synchronous-detector output is 
recorded on a Leeds and Northrop "Speedomax” re-
corder. 

During calibration, the receiver is connected to the 
gas-discharge tube noise source° through the waveguide 
switch. This noise source was calibrated against a 
matched waveguide termination maintained at a uni-
form temperature of 620°C. 

MEASUREMENTS 

The observational program was designed to obtain 
scans across the sun for determining the brightness dis-
tribution, and to measure the atmospheric attenuation 
and the solar antenna temperatures for determining the 
solar brightness temperature. When observing, the an-
tenna was pointed ahead of the sun and locked in posi-
tion, and the radiometer output was recorded con-
tinuously as the earth's rotation carried the sun through 
the antenna beam. After the sun was past the antenna 
and the sky radiation had been recorded for a few min-
utes, 40 db of attenuation was inserted with the attenua-
tor to give a zero-input reference reading. The receiver 

• A. I. Reynard, "Precision Instruments for Calibrating Radiom-
eters at 4.3 Millimeters Wavelength," Naval Res. Lab., Washington, 
D. C., Rep. 4927; May, 1957. 

Fig. 3-4.3-mm radiometer. 

was next switched to the gas-discharge noise source for 
measuring the receiver gain. After the gain measure-
ment, the receiver was switched back to the antenna, 
the antenna was set ahead of the sun, and the sequence 
was repeated. In the middle of each sun scan, the sun 
was photographed through the optical sighting telescope 
with a 35-mm camera to record the path taken on each 
scan. The measurements were started when the sun was 
low in the sky and continued until the sun had passed 
the meridian. The series of measurements was broken 
once or twice for a complete radiometer calibration;1 
several times during a sequence of measurements the 
recording of the sky radiation was followed by sev-
eral measurements of the radiation from an ambient 
black-body enclosure placed over the feed horn. This 
enclosure was a metal can lined on the inside with non-
reflecting material. There was a small hole in the lid to 

7 The radiometer calibration procedure was as follows: the re-
ceiver was switched to the gas-discharge noise source, and the re-
ceiver attenuator was set to produce approximately a full-scale read-
ing on the recorder. The output of the noise source was then at-
tenuated in successive small steps by the calibrated attenuator be-
tween the noise source and the receiver, and the receiver output was 
recorded for each step covering the range between the zero level and 
full scale. A transcription of these readings gave a graph of input noise 
temperature vs recorder reading. 



124 PROCEEDINGS OF THE IRE January 

permit placement over the antenna feed horn. The wall 
lining was selected and mounted so that the impedance 
of the feed horn was the same with or without the can 
surrounding it. This is important because a different 
impedance would cause an error in the recording of the 
radiation from the can with respect to the recordings of 
the sky and the sun. 

ANALYSIS 

The power received from a thermal source usually is 
given in units of antenna temperature T, defined' as the 
temperature of a matched termination for which the 
available power at its terminals, in a frequency band 
between f and f -Fdf, is equal to the received power P at 
the antenna terminals; i.e., P=kTdf, where k is Boltz-
mann's constant. Antenna temperature is a convenient 
unit because the radiometer is calibrated by replacing 
the antenna with a matched noise source at a known 
effective temperature. 
At a given wavelength, the brightness of a source is 

often specified in terms of a "brightness temperature," 
defined as the temperature of a black body at the source 
location for which the brightness of the thermal radi-
ation would equal that actually observed. 
When the antenna is pointed at the sun, the antenna 

temperature T.u0 is given by 

A r 
Taun = aa f  [fauna ± lea ± (1 — a)faky]tin 

4r 'tir 

± (1 — (1) 

where ae and tg are the transmission and temperature, 
respectively, of the waveguide between the feed horn 
and the receiver; A is the gain pattern of the antenna; 
a is the transmission of the atmosphere; teun is the 
brightness temperature of the sun; L. is the brightness 
temperature of the ground; tek, is the effective tempera-
ture of the atmosphere; and c/2 is an element of solid 
angle. A, tau., and toky are functions of position. 
Radiation from radio stars and galactic background has 
been neglected, because at wavelengths as short as 4.3 
mm this radiation is exceedingly small, as one can verify 
by extrapolating the radio source spectra' to short 
wavelengths. To date, radio stars have not been de-
tected at millimeter wavelengths. 
When the antenna is pointed at the sky, the antenna 

temperature Tel, is given by 

Taky = ag f r A [tea ± (1 — a)takyjelft + (1 — 419. (2) 
447r 

In the series of sun scans just described, the antenna 
was fixed in position during each sun scan and a record-
ing was made of both the sun and the sky at the same 

8 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Oxford 
Univ. Press, London, Eng., p. 21; 1955. 

N. G. Roman and F. T. Haddock, "A model for nonthermal 
radio-source spectra," Astrophys. J., vol. 124, pp. 35-42; July, 1956. 

position. The antenna temperature Tsui» with the sun 
in the center of the antenna beam, and the antenna tem-
perature Tek, with only sky in the beam, were deduced 
from the records for each sun scan with the aid of the 
calibration curve, gain measurements, and the ambient 
measurements. Thus, values of and Tek were ob-
tained at many antenna positions starting at a large 
zenith angle and ending at the minimum zenith angle 
at the meridian. 
At each antenna position, a can be considered as con-

stant over the angle subtended by the sun; and therefore, 
subtracting (2) from (1), 

A 
Tg„,, — Tgky = agcx f — leundSt = agaesun 

sun 471" 

where 9„„,, is the antenna temperature for the sun in the 
absence of atmospheric and waveguide losses. 

For a uniform clear sky and zenith angles z less than 
80°, a can be expressed in terms of the zenith trans-
mission ao by a = «ow" g. It follows that 

log (T„„n — nice-) -= sec z log ao ± log (age.u.)• 
Thus the attenuation at the zenith ( —10 log ao) is ob-
tained from the slope of a plot of log (T.„„—Teky) vs 
sec z, and the value of 9.,,,, is obtained from the ex-
trapolated intercept at sec z = O. A typical plot is shown 
in Fig. 4. 
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Fig. 4—Plot of log (T...—Teky) vs sec z for October 1, 1956. 

Atmospheric attenuation also was calculated from 
the magnitude of the thermal emission from the atmos-
phere given in (2). With a narrow beam antenna that 
has very low side lobes, such as used in this investiga-
tion, the integral of the antenna pattern over the main 
beam and the first few side lobes is much larer than 
the integral over the remaining part of the 47r solid 
angle. The thermal radiation from the sky is relatively 
high at X 4.3 mm because of the large attenuation. 
Therefore, for a first approximation, only the main beam 
and first few side lobes need be considered, and the 
atmospheric attenuation is essentially constant over 
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this small angle. With this approximation, (2) may be 
written 

Teky = .20(1 — apse° + (1 — a0)19. (3) 

In practice, it is very difficult to determine the abso-
lute value of Tek with high accuracy, because the radi-
ometer output is affected by the impedance at the 
radiometer input. With a properly balanced mixer, a 
well-matched antenna, and a well-matched noise source, 
this effect is small but still not negligible. With the sun 
scans, T.u. and Taks. were measured in succession, and 
the impedance at the input of the radiometer was the 
same for both measurements. Therefore the errors re-
sulting from the impedance effect were the same and 
canceled out in the reduction of the data when Tek was 
subtracted from To. 

In order to cancel the impedance error in the meas-
urement of the radiation from the atmosphere, the 
black-body enclosure at temperature tc was placed over 
the antenna feed horn and the recorded antenna 
temperature T. was subtracted from Tek. Since 
T.= ad.+ (1— ocg)t,„ subtracting T. from (3) gives 

— Tey = ao[to — (1 — ao"° 8)t sky]. 

This equation was used to compute ao from the meas-
ured values. Since the major part of the absorption 
occurs near the ground, the effective sky temperature 
te, was assumed to be approximately the air tempera-
ture near the ground. 
The atmospheric attenuation at the zenith, deduced 

by both methods, and the values of the zero-loss antenna 
temperature for the sun are listed in Table I for several 
series of measurements made over a period of 6 months. 
Also included in Table I are results obtained from a 
measurement of a moonrise.'° The measured vertical 
atmospheric attenuations for 4.3 mm were between 1.6 
and 2.2 db for clear skies. 
A few cloud observations, made by tracking the sun 

as clouds passed over, indicate additional attenuations 
of about 0.7 db for fair weather cumulus clouds. Further 
cloud measurements are in progress and the results will 
be reported at a later date. 
The average of the solar measurements gives 5605°K 

for the observed solar antenna temperature, after cor-
recting for atmospheric and waveguide attenuation. In 
order to convert this value to a solar brightness tem-
perature, one must consider the directional character-

10 This moonrise observation was at a lunar phase of two days 
before full moon. The procedure used for this observation was identi-
cal to that described for the sun; i.e., repeated scans were made 
across the moon starting with the moon on the horizon and con-
tinuing until it passed the meridian. The scans were asymmetrical 
and showed that at 4.3-mm wavelength the sunlit part of the moon's 
surface is brighter than the dark part. The antenna temperature 
given in Table I was determined from the peak of each scan. Scans 
of the moon also have been made at a phase of 5 days before new 
moon, and the asymmetry of these scans verifies that the sunlit cres-
cent is brighter than the dark portion. These observations are con-
tinuing and a more detailed analysis will be made after the comple-
tion of measurements for all phases of the moon. 

TABLE I 

MEASURED ATMOSPHERIC ATTENUATIONS 
AND ANTENNA TEMPERATURES 

Source Date 

Vertical Atmospheric 
Attenuation 

A) Sunrise B) Atmos-
and Moon- pheric Ra-

rise Measure- diation Meas-
ments urements 

Cor-
rected 
Antenna 
Tem-

perature 
$9 

Sun September 10, 1956 
October 1, 1956 
October 12, 1956 
November 15, 1956 
December 4, 1956 
February.12, 1957 

1.8+0.3 db 
1.9+0.1 2.0 ±0.2 db 

2.2±0.3 
1.6±0.2 1.7±0.3 
1.6 ±0.2 1.8 ±0.3 

1.9 ±0.2 

Moon November 15, 1956 1.7+0.3 1.8±0.3 

5330°K 
5620 
5956 
5250 
5594 
5880 

202°K 

Average @...= 5605°K. 

istics of the antenna. If the antenna were completely 
surrounded by a source at a certain brightness tem-
perature, then the antenna temperature would be equal 
to the brightness temperature. When the source does 
not completely surround the antenna, then the ratio 
between the antenna temperature and the brightness 
temperature is equal to the ratio of the integral of the 
antenna pattern over the source to the integral of the 
antenna pattern over 47r solid angle. The 10-foot an-
tenna at 4.3-mm wavelength has a beamwidth of the 
diameter of the sun. Thus, the main beam and the first 
side lobe are entirely on the Sun, and the rest of the side 
lobes are off the sun. 
By considering the antenna pattern, the antenna tem-

peratures for the moon, and longer wavelength meas-
urements with the Naval Research Laboratory 50-foot 
antenna, it was estimated that the observed antenna 
temperature is about 20 per cent lower than the solar 
brightness temperature. Therefore, dividing 5605° by 0.8 
gives a value of 7000° + 700°K for the 4.3-mm bright-
ness temperature for the central region of the sun. The 
uncertainty is due mainly to the estimate of the 20 per 
cent factor. 

THE SOLAR BRIGHTNESS DISTRIBUTION 

Since July, 1956, numerous scans with the 4.3-mm 
telescope have been made across the solar disk under 
various sunspot conditions. Fig. 5 shows a scan across 
an active sunspot region on February 18, 1957, in which 
the increase in radiation from the active area is quite 
apparent. This is the largest sunspot enhancement ob-
served at this wavelength. Scans across many other 
sunspots showed no detectable increase. Future research 
will investigate the characteristics of this enhanced 
radiation. 
Only scans made across areas free from sunspots are 

usable for determining the brightness distribution for 
the quiet sun. The best scans for this purpose were 
made on February 12, 1957, and one of them is shown 
in Fig. 6(a). The path of that scan [illustrated in Fig. 



126 PROCEEDINGS OF THE IRE January 

6(b)] was across the center of the solar disk, and there-
fore it was well suited for determining the brightness 
distribution and the solar diameter .at 4.3-mm wave-
length. 

ACTIVE REGION 

SUN SCAN 18 FEB 1957 

A • 4 3mm. 10 O. ANTENNA 

Fig. 5—A 4.3-mm scan across an active region on 
the sun on February 18, 1957. 

SUN SCAN 12 FEB 1957 

• 4.3mm. 10 ft. ANTENNA 

(a) 

(b) 

Fig. 6—(a) A 4.3-mm scan across a quiet region of the sun. 
(b) Map of scan path showing positions of sunspots. 
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Several theoretical sun scans were calculated for com-
parison with the observations. This involved integrating 
the antenna pattern over the sun [as set up in (1)] at 
successive positions of the sun relative to the antenna. 
Scans were calculated for a range of different solar 
diameters and brightness distributions. Fig. 7 shows a 
comparison between the observed solar scan, and one 
computed for a uniform sun equal in diameter to the 
optical disk. This comparison indicates that the 4.3-mm 
sun is larger than the optical sun. The best fit to the 
observations is obtained with a uniform disk one per 
cent larger than the optical disk. The scan for this 
model fits the observed scan within the experimental 
uncertainty over the entire curve. The agreement be-
tween this calculated curve and the observed curve, and 
the difference between it and the optical-disk curve, 
lead to the conclusions that the diameter of the 4.3-mm 
sun is 1.01 + 0.005 relative to the optical diameter, and 
the brightness temperature distribution is essentially 
uniform. The average brightness temperature of any 7-
minute diameter area does not differ from the rest of the 
quiet sun by more than one per cent. 

Since the above observations indicate that at 4.3-
mm wavelength the sun is a uniform disk with a bright-
ness temperature of 7000°K and a diameter about one 
per cent larger than the optical disk, the 4.3-mm radi-
ation must originate in the lower chromosphere at 
heights less than 6000 km above the photosphere. From 
these data it may be concluded that the electron tem-
perature of the emitting gas is of the order of 7000°K 
or less. 
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Fig. 7.—The observed 4.3-mm sun scan compared to a calculated scan for a uniform sun equal in diameter to the optical disk. 
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Scanning the Sun with a Highly Directional Array* 
W . N. CHRISTIANSENt AND D. S. MATHEWSONt 

Summary—A survey is given of the very highly directive equip-
ment and methods which have been devised to obtain details of the 
distribution of radio emission over the solar disk. A new instrument 
is described; it operates on a wavelength of 21 cm and gives, for the 
first tinte, radio pictures of the sun. This radio heliograph combines 
principles of the multielement interferometer and the Mills Cross. 
It consists of 64 parabolic antennas, 19 feet in diameter, arranged 
along two lines, each 1240 feet in length, in form of a cross. 

Multiple pencil beams about 3' arc wide are produced by the 
system; by means of these, the sun is scanned television-wise. The 
radio heliograph is being used to produce daily pictures of the sun. 

I. INTRODUCTION 

Am oNG the millions of stars visible through tele-
scopes, the sun alone is close enough to be seen 
in detail. Pictures of the sun taken in selected 

parts of the visible spectrum have told us of the exist-
ence in the solar atmosphere of vast disturbances, flares, 
prominences, and other unexpected features of the sun's 
atmosphere. The sun is a star of a common type and 
such solar observations have application to stars in 
general. The observations throw light also on the origin 
of some of the profound effects produced by the sun on 
the earth. 
However, despite decades of optical studies the es-

sential mechanisms at work in the solar atmosphere re-
main a mystery. 
The discovery of radio waves from the sun about 

fifteen years ago provided a tool for investigating parts 
of the sun's atmosphere inaccessible to optical observa-
tions and gave promise of new information which might 
solve some of the problems of the sun. The discovery 
suggested immediately the possibility of producing ra-
dio "pictures" of the sun, but no antennas then in ex-
istence were capable of seeing detail in an object which 
subtends an angle of only one half of a degree. Never-
theless, means for obtaining directional information 
were developed and these have now reached the stage 
where we can obtain actual pictures using 21-cm radio 
waves. 

This paper outlines the development of these direc-
tional methods and describes the new radio heliograph 
in operation at the Radiophysics Laboratory in Sydney. 

II. DEVELOPMENT OF DIRECTIONAL METHODS 

An eclipse of the sun observed by Dicke and Beringer' 
provided the first directional discrimination in the study 
of solar radio waves. As the moon obscures the sun's disk 
it progressively cuts off the radiation from the different 

' Original manuscript received by the IRE, October 3, 1957. 
t Radiophysics Laboratory, CSIRO, Sydney, Australia. 
1 R. H. Dicke and R. Beringer, "Microwave radiation from the 

sun and moon," Astrophys. J., vol. 103, pp. 375-376; May, 1946. 

parts of the sun and, if the actual emission is steady, 
the variation of received radiation with time gives in-
formation about the distribution of radio brightness 
over the solar disk; e.g. the covering of a small bright 
patch leads to a sudden decrease in received radiation. 
This method was used by Covington2 to show the ex-
istence of a bright patch round a sunspot group. It was 
extended by Christiansen, Mills, and Yabsley8 to locate 
bright areas by a sort of triangulation. They used simul-
taneous observations at places separated by hundreds of 
miles and located highly emitting spots at the intersec-
tions of arcs which represented the position of the edge 
of the moon at the times of sudden changes in received 
radiation. However, the method is severely limited; it 
can give information only at times of eclipses; it is open 
to serious ambiguities, and it fails if the solar emission 
itself varies during the eclipse. 
The first application of a more conventional radio 

directional method was made by McCready, Pawsey, 
and Payne-Scott' when they observed on 200 mc the 
interference pattern as the sun rose over the sea. Inter-
ference occurs between the direct and sea-reflected 
waves and minima occur at known angles of elevation. 
From the position of minima they deduced the position 
of the radio source on the sun and, from the ratio of 
maximum to minimum, the angular size of the source. 
The position coincided with a very great sunspot on the 
sun at that time and the size was of the order, not of the 
sun, but of the sunspot. There would also have been an 
extended source corresponding to the body of the sun 
but at this time it was overshadowed by intense radia-
tion from the sunspot region. 

Observations such as these combined with systematic 
observations of the variation of intensity from the whole 
sun led to the recognition that the radiation from the 
sun could be divided into several categories. These are: 

1) A group of components, prominent at meter wave-
lengths, which show rapid variations. 

2) A component, prominent at decimeter wave-
lengths, which varies slowly over weeks or months. 
This originates in bright areas which have some 
connection with sunspots and is known as the 
"slowly varying component." 

2 A. E. Covington, "Micro-wave solar noise observations during 
the partial eclipse of November 23, 1946," Nature, vol. 195, pp. 405-
406; March, 1947. 
s W. N. Christiansen, D. E. Yabsley, and B. Y. Mills, "Measure-

ments of solar radiation at a wavelength of 50 centimetres during 
the eclipse of November 1948," Aust. J. Sci. Res. A., vol. 2, pp. 506-
523; December, 1949. 

4 L. L. McCready, J. L. Pawsey, and Ruby Payne-Scott, "Solar 
radiation at radio frequencies and its relation to sunspots," Proc. Roy 
Soc. A., vol. 190, pp. 357-375; August, 1947. 
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3) A component which is steady over months or 
years, at least, and is identified with the thermal 
radiation from the "quiet" sun. 

The cliff interferometer may be considered as a two-
element interferometer in which the two elements are 
the actual antenna and its image in the sea. An inter-
ferometer formed by two spaced antennas connected in 
parallel to a receiver is essentially similar and was first 
used in radio astronomy by Ryle and Vonberg.5 The 
principle has been adapted to the observation of bursts 
of short duration by Little and Payne-Scott 5 who used a 
phase-swept version in which the antenna pattern was 
swept across the sun in a fraction of a second by a phase 
modulating the signal from one of the two antennas. 
They were able to show that the sources of certain solar 
bursts moved rapidly over the disk of the sun. 
The two-element interferometer is still of value in 

solar studies, as it is the only method yet available to 
study the position, size, and motion of very short-lived 
disturbances. But apart from the restriction to one di-
mension, it has a basic deficiency. It relies, essentially, 
on direction finding by means of a zero in the directional 
pattern. Such direction finders cannot cope effectively 
with signals arriving simultaneously from a number of 
directions except in very special cases where something 
of the form of the distribution is known. It, therefore, 
is not adapted to the study of the complex distribution 
of radio brightness which is characteristic of the sun at 
decimeter wavelengths. 
The simple two-element interferometer gives the posi-

tion and a crude measure of the size of a source in a 
particular direction. It was pointed out by McCready, 
et al.' that observations at a single antenna separation, 
or height in the case of the cliff interferometer, gave the 
amplitude and phase of one component of the Fourier 
distribution of radio brightness measured one dimen-
sionally (in strips) across the solar disk. A series of 
measurements at different separations would lead to a 
series of Fourier coefficients from which the complete 
strip distribution could be synthesized. This method was 
used by Stanierl to determine the one dimensional 
brightness distribution across the "quiet sun" at a wave-
length of 60 cm. He did not measure the phase of his 
Fourier components but assumed them to be all the 
same, which implies a symmetrical source. His observa-
tions determined the distribution in an east-west direc-
tion; i.e., the integrated emission in a series of north-
south strips over the sun. Attempts some years later to 
repeat these measurements gave results which conflict 
with Stanier's. The disagreement may be due to a real 

M. Ryle and D. D. Vonberg, "Solar radiation on 175 mcs," 
Nature, vol. 158, pp. 339-340; September, 1946. 

A. G. Little and Ruby Payne-Scott, "The position and move-
ment on the solar disk of sources of radiation at a frequency of 97 
mcs," Aust. L Sci. Res. A., vol. 4, pp. 489-507; December, 1951. 

7 H. M. Stanier, "Distribution of radiation from the undisturbed 
sun at a wavelength of 60 cm.," Nature, sol. 165, pp. 354-355; March, 
1950. 

change in the distribution of brightness over the sun 
associated with change in the sunspot cycle or may be 
due to an error to which this type of measurement is 
particularly prone. Stanier attempted to eliminate the 
effect of the slowly varying component by working at 
times when he believed it to be absent. It is very difficult 
with such indirect observations to be sure of this and 
residuals of this component may have produced errors 
in the derived brightness distribution. 

Stanier's measurement gave the distribution of 
brightness in one dimension only. In order to arrive at a 
result having simple physical significance he postulated 
that the sun is radially symmetric and so derived the 
consequent radial distribution. An important extension 
to two dimensions was made by O'Brien' who showed 
how, using a two-dimensional Fourier method, the two-
dimensional brightness distribution could be derived 
from the interference patterns obtained at a series of 
antenna spacings in a series of directions covering the 
whole 180°. 
This method is important in radio astronomy because 

two-element interferometers can operate at great spac-
ings. It permits, in principle, the determination of very 
fine detail. Nevertheless, in practice it is exceedingly 
cumbersome involving, as it does, measurements with a 
great range of antenna spacings repeated in all directions; 
this is true even if a symmetrical source is assumed, so 
that only amplitudes and not phases of the different 
Fourier components need be measured. In general, phases 
also must be measured and this involves much more 
labor. This objection is particularly pertinent in the 
case of the sun because the whole series of observations 
must be completed before the emission pattern can vary. 
It has been applied to the "quiet sun" (a symmetrical 
source) at wavelengths of 60 cm and 140 cm. 
While the multispaced, multidirectional interferom-

eter technique was being developed in England, the con-
struction of antennas, very large in one dimension, was 
in progress in Canada and Australia. Covington' built 
a slotted wave guide 450 wavelengths long which pro-
duced a knife-edge beam 8' arc wide at a wavelength of 
10 cm. At the same time there was developed in Syd-
ney" a multielement interferometer or "grating" (from 
the analogy with an optical diffraction grating) inter-
ferometer. The first multielement interferometer, which 
was built by one of the authors, consisted of thirty-two 
6-foot diameter parabolic antennas equally spaced along 
an EW line 1000 wavelengths over all. It gave a series 
of knife-edged beams, each 3' arc to half power, through 
which the sun passed in succession. This "strip scan-

g P. A. O'Brien, "The distribution of radiation across the solar 
disk at metre wave-lengths," Mon. Not. Roy. Astron., Soc., vol. 113, 
pp. 597-612; May, 1954. 

9 A. E. Covington and N. W. Broten, "Brightness of the solar 
disk at a wavelength of 10.3 cm.," Astrophys. J., vol. 119, pp. 569-
589; May, 1954. 
" W. N. Christiansen and J. A. Warburton, "The distribution of 

radio brightness over the solar disk at a wavelength of 21 cm, I," 
Aust. J. Phys., vol. 6, pp. 190-202; June, 1953. 



1958 Christiansen and Mathewson: Scanning the Sun with a Directional Array 129 

fling" instrument showed clearly the existence of the 
bright disturbed areas responsible for the slowly vary-
ing component. These areas gave rise to peaks on the 
records which stood up above the "quiet sun" level. 
They moved across the solar disk with the rotation of 
the sun and tended to endure for a month or months. 
A second 16-element interferometer was built at right 

angles to the first and with the two it became possible 
during the course of a year to obtain strip scans cover-
ing almost the whole range of directions from north-
south to east-west. From the numerous scans available 
in each direction the contribution due to the "quiet 
sun" was recognized as the lower envelope of the scans 
and, using an extension of the two-dimensional Fourier 
method introduced by O'Brien, the distribution of 21-
cm radio brightness over the "quiet sun" was derived. 
The success of the strip-scanning technique was due 

largely to the circumstance that the antennas were con-
structed for use during the sunspot minimum phase of 
the solar cycle, so that the individual sources of radio 
emission on the sun were not numerous. With the change 
in the solar cycle it became apparent that the compli-
cated situation on the sun, near the time of sunspot 
maximum, could be resolved only by the development 
of a much more highly directional antenna system on 
which the sun could be scanned by a pencil beam of size 
no more than 3' arc. 
For a study of the slowly varying component the 

wavelength should be in the range from about 10 to 50 
cm in which this component is very prominent. 
We now turn to the description of the new instrument 

which scans the sun television-wise at a wavelength of 
21 cm with a pencil beam of diameter 3' arc. A further 
instrument for use at 10 cm is being developed by R. N. 
Bracewell at Stanford University, California. 

III. THE PRINCIPLE OF THE CROSSED 
M ULTIELEMENT INTERFEROMETER 

The new instrument combines the principles of the 
multielement interferometer" and the Mills Cross." It 
consists of two multielement interferometers placed at 
right angles to each other in cross formation. Each 
multielement interferometer produces a series of knife-
edged antenna lobes and the two sets at right angles 
form a grid. The phase switching principle is then used 
to produce, from this, a number of pencil-beam lobes 
situated at the points of intersection in the grid. 
The multielement interferometer consists of an array 

of identical antennas spaced at equal intervals, con-
siderably greater than the antenna width, along a line. 
A photograph of the original instrument is shown in 
Fig. 1. If the array were continuous a single main an-
tenna lobe would be produced, but the effect of the wide 
gaps in the array is to produce multiple main lobes. The 
directivity of such an array is calculated by use of the 

11 B. Y. Mills and A. G. Little, "A high resolution system of a 
new type," Aust. J. Phys., vol. 6, pp. 272; September, 1953. 

Fig. 1—The first 32-element interferometer at 
Potts Hill, near Sydney. 
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Fig. 2—Directivity of 32-element interferometer at Potts Hill (1)(0) 
is power flux compared with that from one element of the array. 
O is the azimuth angle. 

well-known expression for a one-dimensional array of 
radiating elements; a typical directivity diagram is 
shown in Fig. 2. Each of the main lobes has a width 
which is practically identical with that of a continuous 
array of the same over-all length. The spacing between 
adjacent lobes is dependent on the spacing between ad-
jacent antennas of the array, the smaller the spacing of 
antennas the greater being the spacing between antenna 
lobes. 

For solar observations this spacing is made large 
enough so that no two antenna lobes can fall on or close 
to the sun at the same time. Since at decimeter wave-
lengths the sun is the only bright body in the sky, the 
array then has effectively only a single lobe. The ad-
vantage of the multiple lobes, however, is that the sun 
may be repeatedly scanned by one lobe after another 
with no necessity to steer the array. Individual ele-
ments of the array, of course, must be steered since their 
individual directivity provides an envelope to the array 
directivity pattern and this envelope must be moved to 
follow the sun in its course through the sky. 

In the crossed form of the multielement interferom-
eter the antennas are arranged as in Fig. 3. The multi-
element interferometers individually produce a set of 
knife-edged antenna lobes as shown in Fig. 4. The out-
puts from these two systems are not added directly. The 
output of one is phase modulated, the phase being 
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Fig. 3—Plan view of a crossed multielement interferometer. 
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Fig. 4—Sketch showing the multiple lobes of the crossed multi-
element interferometer and the way in which the sun is scanned by 
one of these. The path of the scanning lobe across the solar disk is 
indicated. 

changed by 180° in a periodic manner before it is added 
to the output from the other interferometer. This phase 
reversal affects the amplitude of any signal common to 
both systems but does not affect any that appear in one 
interferometer alone. Hence for the modulated com-
ponent of the receiver output, the antenna has a direc-
tivity diagram which consists of a number of widely 
separated pencil beams or lobes, shown as small black 
circles at the intersection points in Fig. 4. The width of 
each lobe is a little greater than would be obtained if the 
cross were replaced by a rectangular antenna array 
having sides of the dimensions of the two arms of the 
cross. 

In using this array for scanning the sun, the latter is 
allowed to drift in an EW direction through one of the 
antenna lobes in the manner described for a single mul-
tiple interferometer. After a short interval the sun en-

counters the next lobe. If this is to cover a new part of 
the sun, it is necessary that the second scan should take 
place with the antenna lobe slightly displaced in a NS 
direction with respect to the first, and the next displaced 
still further and so on. This happens naturally if ob-
servations are made in the morning or afternoon, since 
the sun moves in a circular path around the NS axis 
of the earth while the antenna lobes lie along circles 
about a horizontal NS line at the place of observation. 
Except at the equator these do not coincide, and at 
times other than at midday, the two sets of circles are 
inclined to one another. To make successive scans of the 
sun, one may then use the natural NS shift of the sun 
with respect to the antenna lobes. It is more convenient, 
however, to have some means for moving the lobes, and 
this can be done using phase shifters between adjacent 
antennas in the NS array. With these, successive scans 
may be separated by convenient amounts, so that the 
whole solar disk is adequately investigated. The results 
of all the scans are finally combined to produce a two-
dimensional map of radio brightness over the solar disk. 

IV. THE SYDNEY CROSSED MULTIELEMENT 
INTERFEROMETER 

Each of the 64 individual elements of this array con-
sists of a 19-foot parabolic reflector; each is fed by a half-
wave dipole backed by a plane reflector. The antennas 
are mounted on individual equatorial mounts, as illus-
trated in Fig. 5 so that during the day only one move-
ment is required to keep each antenna directed towards 
the sun. 

Fig. 5—Photograph of crossed multielement at Fleurs, near Sydney. 

The antennas are arranged in two lines, one EW and 
the other NS, with a spacing of 40 feet between adjacent 
antennas. Each line, therefore, is 1240 feet long. 
A branching system of closely spaced twin-wire feeder 

lines connects the antennas to the receiver. The length 
of transmission line between each antenna and the re-
ceiver is the same; thermal expansion of the feeder lines 
therefore affects all antennas equally. 
To shift the antenna lobes in a NS direction it is 

necessary to vary the phase between adjacent antennas 
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through angles up to 360°. This is done by means of 
noncontacting slides (utilizing quarter-wave sections) 
which can move along the feeder lines, altering the posi-
tions of the junction points. These slides have a further 
function; they divide the power unequally at each 
branch (except the central one) to produce a "tapered" 
array. As is explained in the accompanying article on 
the Mills Cross," tapering is necessary with a cross-type 
antenna if side lobes are to be kept small. 
At the receiver, the output from the EW array is 

passed through a transmission-line network in which 
there are alternate paths differing in length by a half-
wavelength. A rotating capacity switch causes the signal 
to change from one path to the other at a frequency 
equal to half that of the main power supply. By this 
means the signal from the EW array is 180° phase modu-
lated. The output from this switched network is then 
combined with the output (unmodulated) from the NS 
array and fed to a superheterodyne receiver. 
The receiver is of a conventional type with a tuned 

filter for image suppression followed by a crystal mixer, 
an IF amplifier, an audio amplifier tuned to the modula-
tion frequency, a phase-sensitive detector, and finally 
at the receiver output, a chart recorder. 

IF amplifiers of different bandwidth are employed. 
When the source under observation is near the zenith, a 
bandwidth of several mc is used. For sources far from 
the zenith, such as the sun in midwinter, the band-
width has to be reduced to about 0.3 mc, which has the 
effect of increasing the amplitude of noise fluctuations. 
The narrowing of the bandwidth for directions away 
from the normal to the plane of the array is made neces-
sary by the difference of the path length from the 
source to the different parts of the array. This difference 
in path length corresponds to a difference in phase 
which is not exactly the same at all frequencies in the 
pass band of the receiver. Hence for a given direction of 
the source, the bandwidth of the receiver must be kept 
sufficiently narrow so that phase differences over the 
pass band are not large enough to cause a significant 
deterioration in the performance of the array. 

V. PERFORMANCE 

In a direction broadside to the array the beamwidth 
is 3' arc. In other directions the dimensions of the beam 
increase, because of foreshortening of the array, in pro-

12 B. Y. Mills, A. G. Little, K. V. Sheridan, and O. B. Siee, "A 
high resolution radio telescope for use at 3.5 m," this issue, p. 67. 

portion to the cosecants of the angles between the 
direction of the source and the line of each array. In 
midsummer in Sydney the sun is not far from the zenith 
at midday, and the antenna lobes used for scanning the 
sun will be approximately circular and 3' arc wide. Ob-
servations at the time of writing have been made only in 
the months of winter and for these the calculated beam-
width at midday is 3' arc in the EW direction and about 
5' arc in the NS direction. The beamwidth has, so far, 
been measured only roughly. For this, bright patches 
on the sun which are situated at the limb were used 
since they are foreshortened and hence appear smaller 
than those on the disk. The width of the beam appears 
to be approximately as calculated. A sample observa-
tion, shown in Fig. 6, is displayed with an optical sketch 

N 

Fig. 6—A white-light sketch of the sun on June 27, 1957, showing 
sunspots and a radio picture of the sun showing the contours of 
radio brightness on the same day. The contours are at unit in-
tervals from 2 to 6 on an arbitrary brightness scale and have not 
been taken down to the quiet-sun level of brightness. 

of the sun for the same day. The close connection be-
tween the optical and radio features is apparent. 

Pictures like this when obtained at daily intervals 
will allow a study to be made of the development and 
decay of individual radio sources on the sun and the 
general changes that these sources undergo during the 
solar cycle. 
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A Dynamic Spectrum Analyzer for Solar Studies* 
J. GOODMANt, MEMBER, IRE, AND M . LEBENBAUMt, SENIOR MEMBER, IRE 

Summary—A spectrum analyzer of the type originally built by 
Wild, et is described. The analyzer covers the range of 90 mc 
to 580 mc at a rate of 3 sweeps per second in three overlapping bands. 
The output information is presented on three high-resolution oscil-
loscopes in a frequency-intensity display, and the time axis is pro-
vided by the continuous motion of the film used to photograph the 
displays. Modifications and improvements are suggested. 

INTRODUCTION 

NALYSIS of solar radiation in the radio fre-
quency spectrum was carried out by many 
workers at discrete frequencies until Wild built 

a "dynamic spectrum analyzer" to cover the range of 40 
mc to 240 mc. The results were of great interest and 
stimulated further independent studies aimed at ob-
taining data at higher frequencies with systems of in-
creased sensitivity. This article describes several sys-
tems built for these studies, covering the range of about 
90 mc to 580 mc. The equipments described were built 
for use by the Harvard Radio Observatory at Fort 
Davis, Texas, and subsequently for the Observatory of 
the University of Michigan, Ann Arbor, Mich. 

GENERAL DESCRIPTION 

The dynamic spectrum analyzer consists of a series 
of swept receivers successively covering the frequency 
range of interest. They are fed from the special antenna, 
described elsewhere in this issue by Jasik, which tracks 
the sun. The outputs are fed to an indicator which con-
sists of high-resolution cathode-ray tubes, mounted one 
above the other, on which the vertical deflection is pro-
portional to frequency and the spot intensity is propor-
tional to the strength of the received signal. A camera 
photographs the oscilloscopes on continuously hori-
zontally-moving film, the resulting record being of the 
frequency-time-intensity type. Three receivers are used 
to cover the range from 90 mc to 580 mc; the three oscil-
loscope tubes are mounted as close as physically possible 
so that a single camera is used to record the data con-
tained in the entire frequency range. 
The receivers are of the superheterodyne type, utiliz-

ing two stages of rf amplification, a local oscillator, 
mixer, IF amplifier, second detector, and display cir-

* Original manuscript received by the IRE, October 18, 1957. 
t Airborne Instruments Lab., Inc., Mineola, N. Y. 
1 "Observations of the spectrum of high intensity solar radiation 

at metre wavelengths," Aust. J. Sci. Res. 
I. J. P. Wild and L. L. McCready, vol. 3, pp. 397-398; 1950. 

II. J. P. Wild, vol. 3, pp. 399-408; 1950. 
III. J. P. Wild, vol. 3, pp. 541-557; 1950. 
IV. J. P. Wild, vol. 4, pp. 36-50; 1951. 
2 J. P. Wild, J. D. Murray, and W. C. Rowe, "Harmonics in the 

spectra of solar radio disturbances," Aust. J. Phys., vol. 7, pp. 439-
459; 1954. 

cuitry. Each receiver covers about a 2:1 band, with the 
frequency ranges chosen to provide overlap at the band 
ends. A block diagram of a typical receiver and indi-
cator is shown in Fig. 1. Tuning capacitors in the plate 
circuits of the two rf amplifiers and in the local oscil-
lator tank circuit are ganged together and driven 
through a gear reduction system to give a sweep of 3 
per second. By changing gears, a second sweep speed of 
10 per second may be obtained. The receivers can also 
be used at spot frequencies by engaging a manual drive 
through a magnetic clutch. The rf drawer contains the 
rf amplifiers, mixer, local oscillator, discriminator for 
generating a sweep voltage, 30-mc IF preamplifier, and 
power supplies. The IF and video drawer contains the 
IF system (in the later model both linear and logarith-
mic amplification is provided, the latter giving a 60-db 
dynamic range), detectors, dc coupled amplifiers, sweep 
amplifiers and the sync pulse generators. The indicator 
contains the crt, magnetic deflection systems, and the 
blanking circuits. The equipment is rack mounted as 
shown in Fig. 2, a picture of the Harvard system. The 
three receivers, covering the ranges 90-180 mc, 170-330 
mc, and 300-580 mc, each occupies one bay with their 
associated power supplies, and the three oscilloscopes 
comprising the display system are contained in the 
fourth. In the center receiver bay, a frequency-time 
marker generator is provided. 

DETAILED UNIT DESCRIPTION 

RF Units 

A photograph of a typical rf drawer is shown in 
Fig. 3. The rf amplifiers, oscillator, mixer, and dis-
criminator are contained in a single subassembly. The 
rf amplifiers are both WE 416B triodes operated in 
a grounded-grid configuration. The input of the first-
stage is a broad-band, untuned circuit adjusted for a 
compromise between best noise figure and match; the 
latter being necessary because of the long transmission 
line between antenna feed and receiver input and the 
desire to maintain relatively constant gain across the 
band. The plate of the first stage feeds a parallel-tuned 
circuit with a special high-speed capacitor acting as the 
tuning element. The capacitor has a linear frequency 
vs rotation angle characteristic in both meshing and 
emerging positions; in this application, only 180° of the 
capacitor rotation is used in the rf amplifier stages, the 
display being blanked during the remaining half.' The 
output from the first stage is obtained from a tap on the 

3 The receiver is operative during the other 180°, and the f re-
quency-time characteristic is the mirror image of the first half of the 
rotation. 
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Fig. 1—Block diagram of a typical receiver and indicator. 

inductance of the tank circuit, the loading being ob-
tained from the input impedance of the second grounded-
grid stage. The second-stage tank circuit is identical to 
the first, the output tap being connected to a IN21B 
crystal mixer. 
The local oscillator is a 5675 pencil triode operating 

in a Colpitts circuit. The tuning capacitor is identical 
to those used in the amplifiers. The oscillators are on 
the high side of the signal frequency in the lower two 
bands; in the highest band, the oscillator drives the 
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Fig. 2—Photograph of the dynamic spectrum analyzer. 
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mixer as a harmonic mixer and operates at half fre-
quency (again with the second harmonic on the high 
side of the signal). A small amount of local oscillator 
power is fed to a discriminator circuit which gives a 
voltage output proportional to the frequency to which 
the local oscillator is tuned. The peak-to-peak output 
(from lowest to highest oscillator frequency) is about 1 
volt. The voltage waveform out of the discriminator is 
triangular when the oscillator is swept, since both halves 
of the condenser are used in the oscillator. Half of the 
waveform is used as the sweep for the indicator, but 
both halves are used to produce the blanking sync 
pulses. 
From the mixer, the signal is fed to a 30-mc low-noise 

preamplifier. The output from the preamplifier is fed 
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at a 50-ohm impedance level to the IF and video 
drawer. 

It is necessary, when using the 416B triode to use 
special care in turning the plate and filament power on 
and off. An automatic system has been provided which 
applies the various potentials in the proper sequence to 
insure the best operating life for the tubes." The se-
quence of operations is as follows: 

1) AC power is applied to the filaments of the 416B 
and to the dc power supply. The relay contacts 
controlling application of dc to the amplifier tube 
are open. When dc appears at the output of the 
supply, a negative 10-volt bias is applied to the 
416B. 

2) After a suitable warmup period, a thermal time-
delay relay closes, allowing plate voltage to be 
applied to the 416B. At the same time, the bias 
voltage is removed through a long time-constant 
network (about 5 seconds). 

3) Current builds up in the 416B as the bias voltage 
is removed, reaching its final operating value of 
about 30 ma in a time determined by the time-
constant network and of a value determined by a 
cathode degenerating resistor of about 1000 ohms. 

It is not possible to turn off the supply without going 
through the complete cycle when turning it back on, so 
that momentary interruptions of ac cannot damage the 
tube. 

IF and Video Drawer 

The IF from the preamplifier is fed to either a linear or 
logarithmic IF amplifier, the latter being of the "suc-
cessive detection" type' in which the plate decoupling 
filter acts as the video line. In either IF amplifier, the 
detected output is dc coupled through a viedo amplifier, 
which is, in effect, an impedance transformer. This am-
plifier delivers the signal at a low-impedance level 
through the output connecting cable to the indicator 
for direct application to the intensity grid of the oscillo-
scope. The linear IF amplifier has a large dynamic range, 
a 5763 being used in the last stage, and can develop a 
30-volt signal at its output with good linearity. The 
logarithmic amplifier accurately compresses a 60-db 
range of input signals to about 20 db at its output. 
The discriminator triangular waveform is amplified 

in dc coupled amplifiers and supplied to a deflection 
amplifier. This amplifier generates a triangular current 
waveform for driving the magnetic deflection yoke in 
the indicator unit, providing a vertical deflection pro-
portional to frequency. The amplified triangular wave-

4 Actually it is most desirable to leave the tubes on continuously, 
and to provide 1 per cent filament regulation; power failures and 
inadvertent turn-off still make it desirable to incorporate the auto-
matic turn-on procedure. 

6 For a review of the various types of logarithmic amplifiers, see 
T. H. Chambers and I. H. Page, "The high accuracy logarithmic re-
ceiver," PROC. IRE, vol. 42, pp. 1307-1314; August, 1954. 

form is also double differentiated to develop sync blank-
ing pulses at each end of the sweep. Unless the return 
sweep were blanked, the information for a small part of 
the trace at each end of a sweep on the oscilloscope 
would overlay the preceding and succeeding sweep; 
since the intelligence is contained in the intensity of the 
recorded signal, the overlay would destroy the informa-
tion. 
The power supply for the IF amplifiers is regulated to 

1 part in 10", the dc amplifiers are of the negative feed-
back type with a gain stability of 0.02 per cent, and the 
entire system, including power supplies, receives ac from 
an ac line regulator with a regulation of 1 part in 10'. 
The over-all receiver has a gain stability of better than 
0.1 db for extended periods when operated under normal 
ambient conditions. 

Indicator 

The indicator tubes are Dumont Type K1207PAX, 
having a resolution of 1000 lines across the 5-inch face. 
Magnetic deflection is used. Since the signal information 
is presented in the form of intensity modulation, the 
intensifier grid is operated at ground to simplify the 
associated signal circuits. The blanking waveform is 
developed from the sync pulses, every return sweep 
being blanked, so that the trace appears on the film as 
in a television roster. The blanking waveform is applied 
to the cathode of the oscilloscope. 

Frequency Marker Generator and Timing Generator 

Two crystal oscillators, one at 10 mc and the other 
at 50 mc are used to generate a series of markers 
throughout the entire rf range covered by the receivers. 
The amplified oscillator signal is applied to crystal 
diode harmonic generators and the resulting signal 
loosely coupled to each rf head. The timing system is 
used to apply plate power to the proper crystal oscil-
lator at a prescribed time. An ordinary 60-cycle timing 
clock with special contacts is used; one set closes for 3 
seconds every other minute and applies power to the 
50-mc oscillator; on alternate minutes, the second set 
closes, energizing the 10-mc oscillator. Once an hour, a 
third set closes for 10 seconds, holding one of the oscil-
lators on for this additional time. This allows both time 
and frequency calibration marks to be recorded di-
rectly on the film without using the limited film width 
for photographing a clock face. 

ELECTRICAL CHARACTERISTICS 

Since these receivers are developmental in nature, 
they have been modified and improved over the last 
several years. Fig. 4(a) is a graph of noise figure of two 
Band C receivers showing the improvement obtained. 
The band A receiver noise figure averages 4.6 db over 
the 90-mc to 180-mc range; Band B averages 5.7 db 
over the 170-mc to 340-mc range; Band C averages 6.6 
db. Fig. 4(b) is a plot of relative gain over the 300-mc to 
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Fig. 4(a)—Noise figure of two Band C receivers. (b)—Relative gain 
of Band C receiver as a function of frequency. 

580-mc range of Band C. It is important that the gain 
variation be small, for since the desired signal is noise, 
it cannot be distinguished from a gain fluctuation in the 
receiver. If the fluctuations are severe, some form of 
programmed gain control is required; a standard agc 

is not adequate since the signal is identical in form to 
the receiver noise. Programmed control systems are un-
desirable since they add to the complexity of the over-all 
equipment. 

IMPROVEMENTS 

There is probably some room for improvement in both 
noise figure and gain "flatness," but the results attained 
with new models of the system approach closely the best 
results attainable at fixed-frequencies. Future improve-
ments will be in the direction of simplicity and flexibil-
ity, and in improved data-handling systems. Particu-
larly in the range above 500 mc, the use of broad-band 
low-noise twt amplifiers and voltage-tuned local oscil-
lators allows great flexibility in sweep rates and in in-
creasing the duty cycle to close to 100 per cent through 
the use of sawtooth rather than triangular frequency 
sweeps. With the rf system mounted at the feed, gain 
fluctuations can be reduced, and quantized outputs can 
be used to provide amplitude contours directly. The use 
of facsimile for data recording is then feasible, with the 
advantage of almost immediate availability of the sig-
nal information in a reduced form. 
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A Wide-Band Antenna System for 
Solar Noise Studies* 
HENRY JASIKt, SENIOR MEMBER, ME 

Summary—A wide-band antenna system has been developed 
as part of a sweep frequency spectrum analyzer for solar noise studies 
in the 100 mc to 600-mc frequency range. The antenna system con-
sists of an equatorially mounted 28-foot paraboloid illuminated by a 
unique feed combination which operates over the frequency range 
in three overlapping bands. Development of the antenna system has 
been carried out with the aid of scale models and two full size sys-
tems have been constructed. The resulting antenna has an effective 

• Original manuscript received by the IRE, October 3, 1957. 
t Jasik Labs., Westbury, N. Y. 

area which is reasonably constant over the entire range before reflec-
tion losses are considered. The feed configuration is described and 
performance characteristics are given. 

INTRODUCTION 

HIS paper treats the results obtained and the 
problems encountered in the development of an 
antenna system for a dynamic spectrum analyzer 

to be used for solar noise studies in the frequency range 
from 100 to 600 mc. Coverage of this total frequency 
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range is by no means a trivial problem and it has been 
necessary to consider the systems aspects of the equip-
ment in order to decide what compromises are accept-
able in the antenna system. Some of these points have 
been treated previously in an unpublished report pre-
pared by the author for Harvard College Observatory 
entitled "Instrumentation for the dynamic spectrum 
analyzer," dated May 31, 1955. However, for the sake 
of completeness, the considerations behind the design 
philosophy will be discussed briefly. 

Basically, the performance desired of the antenna 
system is that it possess an effective collecting aperture 
of the order of 25 to 30 square meters over the frequency 
range from 100 to 600 mc. Since this antenna will pri-
marily be observing the sun, which is the strongest radio 
source in the sky, side-lobe considerations are secondary. 
A point of considerable practical and economic im-
portance is the requirement that the entire antenna 
system be capable of being mounted on a single pedestal 
with an equatorial drive. The last requirement which 
must be considered is that it be possible to use the same 
pedestal and antenna system in the frequency range of 
2000 to 4000 mc at a later date. 
The requirement of 2000 to 4000 mc operation, in addi-

tion to the 100 to 600 mc operation, makes the choice of a 
large parabolic reflector and multiple feed system vir-
tually mandatory since a single antenna system operat-
ing over a 40 to 1 frequency range is somewhat beyond 
the present state of the antenna art. If operation over 
only the 100 to 600 mc range were required, an alterna-
tive possibility would have been the use of a group of 
four large pyramidal horns, each with a ridged wave-
guide feed. This type of structure is inherently capable 
of rather broad-band operation and would provide an 
essentially constant effective aperture over the 100 to 
600-mc range with a good impedance match. However, 
the multiple horn structure would have been unusable 
at the 2000 to 4000-mc range so that an additional an-
tenna system would have been required at a later date. 
In addition, the cost of a pyramidal horn system plus its 
mounting structure was estimated to be considerably 
greater than the cost of the parobolic reflector plus its 
feed. 

For the above reasons, it was decided to use a 28-foot 
parabolic reflector of standard design and to develop a 
multiple feed system to properly illuminate the dish 
since this combination would provide the most economi-
cal arrangement for present and future use. Some re-
duction in electrical performance was to be expected 
because of the blocking of the aperture by the feed and 
the effect of the reflector on the feed impedance. How-
ever, this reduction in performance occurs primarily be-
low 200 mc and is evidenced by a somewhat higher side-
lobe level and an increase in standing-wave ratio on the 
transmission line to the feed. While the additional re-
flection losses in the cable will result in some loss of gain, 
this was not considered serious since the noise output 

from the sun is extremely high below 200 mc. The more 
difficult aspect of this problem is the fact that the gain 
will have a periodic variation over the frequency range 
due to the reinforcement and cancellation of the reflec-
tion of the feed proper with the additional reflection 
caused by the parabolic reflector. However, it had been 
decided that the over-all system gain was to be stabilized 
by applying a suitable correcting voltage in the IF por-
tion of the receivers, so that with some slight additional 
complication in the receiving equipment, it would be 
possible to compensate for the gain variations inherent 
in the reflector and multiple feed system as well as the 
gain variation of the receiver. 

Subject to the limitations just discussed, the only 
remaining problem was that of a suitable feed since a 
standard reflector and pedestal design were available 
and high-performance scanning receivers were also avail-
able. The receivers available were capable of covering a 
continuous range of 2 to 1 in frequency which could be 
located anywhere in the 100 to 600-mc region. As it was 
considered feasible to design the individual components 
of the antenna feed so that they operated properly over 
approximately a 2 to 1 frequency range, it was decided 
to cover the 100 to 600-mc frequency range in three 
ranges, each range having a separate feed and receiver. 
By using cross polarization for the middle part of the 
frequency range, it is possible for all three feeds to 
operate simultaneously in the same location without 
cross-coupling between feeds. The frequency ranges 
which were finally arrived at are as follows. 

Feed Frequency Range Polarization 

A 
B 
C 

100-180 mc 
160-320 mc 
300-600 mc 

Vertical 
Horizontal 
Vertical 

This arrangement provides continuous coverage with 
some overlap between ranges. Since the noise radiation 
from the sun normally is randomly polarized or cir-
cularly polarized, the cross polarization of Feed B is not 
expected to produce any serious problems in data in-
terpretation. However, in the overlap regions, there will 
be data available in two orthogonal polarizations, so 
that a limited amount of information will be available 
on the polarization properties of solar noise. 

In order to realize a combined feed for the three 
ranges, it was decided that an electromagnetic horn 
would be used for Feed C which covers the 300 to 600-
mc range. This horn has a short flared section fed from 
a rectangular waveguide. Connection to the coaxial 
cable is made by means of a stepped ridge in the wave-
guide which transforms the waveguide impedance down 
to the 50-ohm level of the coaxial cable. 
The frequency range of 100 to 180 mc is covered by 

Feed A which consists of a double dipole system and a 
plane reflector screen. These dipoles are located at the 
edge of the horn and are oriented to radiate energy of 
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the same polarization as that radiated by the horn. The 
side of the horn actually serves as the central part of 
each dipole radiator. Although these two feeds are 
identically polarized, there is no coupling between them 
since the axis of each dipole is located where the electric 
field in the horn is zero. Further, the dipoles cannot 
couple into the horn since the horn is below cutoff at the 
operating frequency of the dipoles. 
The overlapping frequency range of 160 to 320 mc is 

covered by Feed B which consists of a dipole and re-
flector elements arranged in the form of a corner an-
tenna. The dipole, which is center fed, is located in one 
plane of symmetry of the horn and is supported by two 
aluminum tubes which also form the balun. These two 
balun tubes in turn are supported by a square cross bar 
which fastens to two sides of the horn and is located in 
the H plane of the horn. The reflector elements are sup-
ported outside of the horn by dielectric members. Since 
Feed B is cross polarized to the other two feeds, it does 
not couple to them nor does it have any effect on their 
performance. 

Finally, a fourth feed has been supplied to allow for 
operation in the 2000 to 4000-mc region. This feed is a 
horn which is a scaled down version of Feed C and is 
positioned between the two balun tubes of Feed B. Be-
cause of the large frequency separation between this 
feed and the other feeds, there is virtually no effect on 
the other feeds by the small horn. Although the 2000 to 
4000-mc feed is slightly shadowed over a small angular 
region by the dipole of Feed B and the dielectric sup-
porting members, the total amount of shadow angle is 
small and it is believed that the operation at 2000 to 
4000 mc will be affected only slightly. 

PATTERN STUDIES ON SCALE MODEL 

Primary Patterns 

Since it would have been quite time consuming and 
costly to have conducted the pattern studies in the de-
velopment program on the full size 28-foot diameter 
paraboloid, all radiation pattern work was conducted on 
a scale model basis. For convenience, a scaling factor of 
6.82 was chosen, since this corresponded to the ratio be-
tween the 12-foot focal length of the full size reflector 
and the 21.1-inch focal length reflector which was avail-
able in spun aluminum. Since it was necessary to main-
tain the same focal length to diameter ratio for the 
model studies, the scale model reflector had a diameter 
of 49¡ inches. 

For the f/d ratio of 0.428 used on both the model and 
full scale antenna, the angle intercepted by the dish as 
seen from the feed is + 60°. In order to obtain the opti-
mum gain factor from the feed and reflector combina-
tion, the primary pattern of the feed should be such that 
the illumination at the edge of the dish is approximately 
10 db down from the illumination at the center of the 
dish. At this level, the best balance is obtained between 
the loss in gain due to energy spillover beyond the dish 

and the increase in gain due to the shape of the illumina-
tion across the dish. Actually, the curve of gain factor 
vs level of illumination at the edge is quite broad and 
values between 7 db and 20 db will not cause any undue 
loss in gain. 

Thus, the essential requirements for the feed system 
are that its pattern in both the E plane and the H plane 
be smooth and that at + 60° from the normal, the in-
tensity at the edge of the dish should have a value 
which is between 7 db and 20 db down from the in-
tensity at the center. An additional requirement is that 
the phase centers of the various feeds be as close to one 
another as possible. 

In developing the feed system, Feed C was designed 
first since the horn also acts as the central part of the 
dipole system for Feed A. Feed C actually operates in 
the 300 to 600-mc range, but all model pattern measure-
ments were taken from 2040 to 4080 mc, corresponding 
to the 6.82-scaling factor. To prevent confusion, all 
further references here will be to the full scale operating 
frequencies, rather than to the model frequencies. 

Feed C: In order to determine suitable dimensions for 
Feed C, primary patterns were measured for a number 
of horns. It was found that the most suitable radiator 
was a horn having an H-plane dimension the same as 
that of the waveguide section. The E-plane dimension 
was slightly less than the H-plane dimension and 
tapered down to the narrow waveguide dimension by 
means of a short flare section. The transition from 
rectangular waveguide to coaxial line was effected by 
the use of a three-section ridge waveguide transformer 
which changed the impedance level of the waveguide 
down to 50 ohms. Connection is made to the coaxial 
line at the back end of the low-impedance ridge. The 
back end of the waveguide is closed by a shorting plate 
which prevents rearward radiation. The position of the 
back plate with respect to the coaxial feed was chosen 
to provide a shunt reactance element which helps to 
compensate the input impedance. 
The measured patterns for Feed C show that the il-

lumination at the edge of the dish in the E plane varies 
from about 7 db down at the 300-mc end of the band to 
about 17 db down at the 600-mc end of the band. In 
the H plane, the illumination at the edge of the dish 
varies from about 6 db down at the low end of the band 
to about 12 db down at the high end of the band. Im-
pedance measurements on the scale model showed that 
the input standing-wave ratio could be held below two 
to one. 

Feed A: Feed A for the 100 to 180-mc range has the 
same polarization as Feed C. The main reason for this 
choice is that Feeds A and C are the most widely 
separated in frequency, so that the problem of reducing 
cross coupling between feeds would be considerably 
simplified. Another reason is the fact that the horn 
body must form the central portion of Feed A and if the 
frequency separation were too small, the central part of 
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Feed A would be too large in terms of wavelength to 
allow for effective control of the primary pattern. 
The configuration of Feed A is a pair of dipoles at two 

front edges of the horn backed up by a reflecting grid in 
back of the horn. At each edge, a pair of dipole elements 
at the top and bottom of the horn effectively form a sort 
of sleeve antenna with the side of the horn acting as the 
central portion of the sleeve antenna. The two sets of 
dipoles at the edges of the horn behave as a two element 
array, in order to narrow the pattern in the H plane. The 
other control on the H-plane pattern of the feed is the 
size of the reflector grid and its spacing from the dipoles. 
The E-plane pattern of the feed is controlled by the 
over-all length of the dipoles and by the reflector grid. 

In order to obtain the proper phase relationships in 
the dipole elements, it was necessary to feed the upper 
pair of elements from one side of a balun and the lower 
pair from the other side. For the scale model measure-
ments, a conventional type of balun was used. The 
balun for the full size feed was of a somewhat more com-
pact type consisting of a helical line type of structure. 

Concurrently with the pattern studies, some prelimi-
nary impedance studies were conducted to make sure 
that the resulting feed structure could be properly 
matched. After taking a considerable number of meas-
urements, a set of parameters was obtained which re-
sulted in adequate primary pattern performance and 
impedance match. 
The measured patterns in the H plane showed that 

the illumination at the edge of the dish varied from 
about 7 db down to about 10 db down over the 100 to 
180-mc band. In the E plane, the illumination varied 
from about 10 db down to about 17 db down over the 
frequency range. At 180 mc, the E-plane pattern had a 
null just on the edge of the dish so that at higher fre-
quencies the gain falls off somewhat due to the small 
area of the dish which is illuminated out of phase. This 
condition could have been corrected by shortening the 
dipole elements, but would have deteriorated the im-
pedance performance at the low-frequency end of the 
band. However, since an overlap of 20 mc was con-
sidered sufficient at the 180-mc point, the dipole ele-
ments were left long enough to give suitable impedance 
performance at 100 mc. The pattern performance of the 
feed is actually adequate down to 90 mc, but the im-
pedance characteristics leave something to be desired 
below 100 mc. 

Feed B: Feed B for the 160 to 320-mc range is cross-
polarized to Feeds A and C, so that the problem of cross 
coupling is not a factor in its desgn. However, the pres-
ence of the other feeds must be considered since Feed B 
must be so located that its center of radiation is reason-
ably close to that of the other two feeds. The structure 
finally chosen for Feed B is a balanced dipole placed 
slightly in front of the horn and located in the horn's 
H plane of symmetry. The dipole is supported by the 
two arms of its balun which in turn are supported by a 

member running across the horn. Since the horn and the 
supporting member will not support transmission at the 
frequencies used by Feed B, there is a partial reflecting 
surface in back of the dipole, giving a broad uni-
directional pattern for the dipole when it is mounted in 
front of the horn. 
However, the pattern obtained is somewhat too 

broad to provide for efficient illumination of the dish. 
To improve this situation, three reflector rods were 
placed on either side of the horn in such a configuration 
as to form a corner reflector of approximately 120° in-
cluded angle. The resulting patterns obtained from this 
arrangement provided quite satisfactory illumination 
over the frequency range. In the E plane, the illumina-
tion at the edge of the dish varied from about 8 db down 
to about 15 db down over the band, while in the H plane 
the illumination at the edge varied from about 6 db 
down to about 12 db down over the band. 

Impedance measurements on the scale model showed 
a sizeable spread in the impedance characteristics. How-
ever, the curve did appear to be capable of proper com-
pensation, as proved to be the case after the full scale 
antenna was constructed. 
A view of the completely assembled scale model used 

for the pattern tests is shown in Fig. 1. 

Secondary Patterns 

To determine the performance of the scale model feed, 
the feed was mounted in a 49k-inch diameter spun 
aluminum paraboloid. The positioning of the horn was 
such that the focal point of the reflector was located at 
a full scale distance of one inch inside of the aperture of 
the horn, Feed C. This location placed the center of 
phase of Feed C at the focal point and was close enough 
to the center of phase of the other feeds to produce a 
phase error of less than a quarter wavelength. Although 
some pattern measurements were made at positions 
slightly displaced from the above position, the original 
position proved to be the most satisfactory and all pat-
terns taken for record purposes were measured at the 
position referred to above. 

Prior to measuring a complete set of patterns, a brief 
investigation was made of the effect of the feed cable 
positioning. The mechanical and electrical complexity 
of the combined feed made it practically impossible to 
run the feed cables along the axis of the paraboloid to 
the back of the reflector. It therefore was necessary to 
run the feed cables along one of the three Fiberglas 
struts which supported the feed system. Since one of the 
feeds is cross polarized to the other two, this meant that 
the feed cables would have to be located in the E plane 
of at least one of the feeds. The secondary patterns for 
Feed B were then studied with the cable placed in both 
its E plane and its H plane. It was found that the effect 
of the cable positioning was negligible so that all further 
measurements were made with the cable located in the 
E plane of Feed B. This placed the cable in the H plane 
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Fig. 1—Scale model of antenna feed used for 
primary pattern measurements. 

Fig. 2—Close-up view of scale model feed mounted in reflector. 

of both Feeds A and C, where it has no effect since it is 
transverse to the electric field for these two feeds. 
A close-up view of the feed structure is shown in Fig. 

2. Fig. 3 shows a view of the feed structure mounted on 
the 49k-inch reflector, which in turn is mounted on a 
rotating pedestal used for pattern measurements in con-
junction with an automatic recorder. 
The principal characteristics of the secondary pat-

terns are summarized in Figs. 4-6, p. 140 which show 
the 3-db beamwidth of the main beam as a function of 

Fig. 3—Scale model of reflector and feed used for 
secondary pattern measurements. 

frequency. Although all measurements were made at 
scaled frequencies, the results are presented in terms of 
the full scale frequencies. As would be expected, the 
beamwidth decreases for increasing frequency. One ex-
ception to this is the E-plane beamwidth for Feed A 
which rises slightly between 180 and 200 mc. This is due 
to the fact that the null of the primary pattern of Feed 
A falls slightly inside the reflector above 180 mc. For 
Feed C, it will be noted that the beamwidth increases 
slightly between 520 and 600 mc. It is believed that 
this particular rise is due to the measurement technique 
rather than the primary feed, since the measured 
primary patterns were quite satisfactory. At the time 
these measurements were made, insufficient oscillator 
power was available at the very highest frequencies to 
permit secondary patterns at a distance adequate to 
satisfy the far field criterion. This results in a slight 
broadening of the beam and it is felt that this would 
not have occurred had it been possible to make pattern 
measurements at sufficient range. 
To obtain an estimate of the effective collecting aper-

ture of the full size antenna, the gain at each frequency 
was first estimated by dividing 25,000 by the product of 
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Fig. 5— Secondary pattern beamwidths for Feed B. 

320 360 

the E-plane and H-plane 3-db beamwidths. This ap-
proximate calculation in the past has been found to give 
a reasonable agreement with actual gain measurements. 
Once the gain is known, the effective aperture can be 
determined by dividing the gain by 47r and multiplying 
the result by the square of the wavelength. The results 
of this calculation appear in Fig. 7 and show estimated 
effective aperture for the final antenna. It should be 
noted that the actual collecting aperture finally realized 
will be somewhat lower due to cable losses and reflection 
losses caused by impedance mismatch. 

FULL SCALE FEED 

Mechanical Considerations 

In designing the full scale version of the feed system, 
the linear dimensions of all radiating elements were in-
creased by a factor of 6.82, corresponding to the fre-
quency scaling factor. Thus, the primary patterns of 
the full scale feed would correspond identically to those 
of the model. A few minor changes were made for 
mechanical reasons. Some of the elements, which in the 
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Fig. 6—Secondary pattern beamwidths for Feed C. 
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Fig. 7—Estimated effective aperture of antenna system. 

model were circular in cross section, were changed to 
equal leg angles for the full scale feed. In so doing, the 
size of the angle was chosen to give the same electrical 
cross section as that of the circular rods used in the 
model. Use of angle members considerably simplified 
some of the design and assembly problems. Also, the 
dielectric supporting structure for the corner reflector 
elements was redesigned to provide a more rugged 
structure. The dielectric truss work, which consists of a 
number of Fiberglas channel sections and gusset plates, 
has a strength comparable to that of aluminum alloy. 
Because of the fact that the thickness of the Fiberglas 
is quite small in relation to the wavelength at 600 mc, 
its effect on the electrical performance is negligible. 

In designing the antenna feed, structural members 
were chosen so that no element of the antennas would 
suffer permanent deformation at wind velocities below 
120 mph. For lightness and corrosion resistance, 61ST 
aluminum alloy was used throughout the structure. 
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Impedance Matching 

Although it is readily possible to make radiation pat-
tern studies on a scale model basis, the same is not true 
of impedance studies, because of the practical difficulties 
associated with the problem of scaling cable diameters 
and junction discontinuities. For this reason, it was not 
possible to design completely the impedance matching 
network on the scale model. Because the impedance 
compensating sections do not affect the radiation pat-
terns, the final design of these sections was left for the 
full scale model. 

Compensation of the full scale antenna was effected 
by a number of well-known techniques. In all cases, the 
impedance was measured when construction was com-
pleted, after which suitable compensating elements were 
added. 

Feed C, the high-frequency horn, was matched by the 
use of stepped ridges in the waveguide section feeding 
the horn. Minor corrections were effected by a small im-
pedance change in the short section of coaxial line con-
necting the ridges to the cable connector. The resulting 
input standing-wave ratio on the coaxial feed line was 
under 2 to 1 over the 300 to 600-mc range. 
The S-band horn which was placed in the aperture of 

Feed C was a scaled version of the larger horn. Its im-
pedance characteristics are such that its input standing-
wave ratio is well under 2 to 1 over the 2000 to 4000-mc 
range. 

Feed A for 100 to 180 mc consists of four dipole ele-
ments on the edges of the large horn plus its reflector 
screen. In order to obtain maximum band width, each 
element has its own compensating network since there is 
an appreciable length of cable between the dipole ele-
ments and the balun unit. The compensating network 
was a simple L section consisting of a shunt capacitive 
reactance and series inductive reactance at each dipole 
element. The balun unit itself was well matched and 
provided two pairs of balanced outputs to feed the di-
pole elements. The input standing-wave ratio of the 
antenna plus the balun was under 2.8 to 1 over the 100 
to 180-mc range. 

Feed B consists of a single balanced dipole plus its re-
flector elements. In order to compensate the dipole, it 
was necessary to use a transmission line section in series 
with the feed point to reduce the reactance spread. This 
transmission line section was located inside one of the 
dipole elements. The impedance curve was then shifted 
to the center of the impedance chart by two tandem 
transmission line transformer sections. The resulting 
impedance was such that the input standing-wave ratio 
of this antenna was under 2.8 to 1 over the 160 to 320-
mc range. 

Photographs of the complete feed system are shown 
in Figs. 8 and 9. The basic electrical configuration of the 
feed is not quite as evident as in Fig. 1, because of the 
Fiberglas truss work which was necessary to provide a 
sound mechanical structure. 

Fig. 8—Front view of full size feed. 

Fie. 9- Sidu view of full size feed. 

Following installation of the feed in a 28-foot reflector, 
impedance measurements were taken to determine the 
amount of interaction between the feed and the reflec-
tor. As anticipated, the increase in the standing-wave 
ratio was relatively small above 200 mc. Below 200 mc, 
there was a somewhat larger increase in the standing-
wave ratio at 155 mc and at 105 mc. Although this has 
the effect of reducing the effective area somewhat at 
these two frequencies because of the additional reflec-
tion loss, there is an ample amount of signal from the 
sun in this frequency range so that it is still possible to 
obtain excellent qualitative data on the noise spectrum 
of the sun. It is expected that more accurate quantita-
tive measurements of the solar flux will be obtained 
after gain compensation has been applied to the scan-
ning receivers. 
Two versions of this antenna system have been built 

to date. The first has been installed at Harvard Observa-
tory's field station at Fort Davis, Texas, and has been in 
operation for some time. Some rather interesting data 
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Fig. 10—Antenna system installed at Harvard Observatory 
Field Station, Fort Davis, Texas. 

has been obtained and it is expected that the results will 
be discussed in a paper to be published shortly by some 
members of the Harvard Observatory staff. A photo-
graph of this antenna installation is shown in Fig. 10. 
The 28 foot reflector and its equatorial mount were sup-
plied by the D. S. Kennedy Co., Cohasset, Mass. A 
second system has been in operation since August, 1957, 
at the Observatory of the University of Michigan, Ann 
Arbor, Mich. A photograph of this installation is shown 
in Fig. 11. The reflector and mount were also supplied 

Fig. 11—Antenna system installed at University of 
Michigan, Ann Arbor, Mich. 

by the D. S. Kennedy Co. and are essentially identical 
to the first installation, except for the fact that the re-
flector surface is solid rather than being open mesh. 

ACKNOWLEDGMENT 

The development work described above was carried 
out under contract with the Harvard College Observa-
tory whose work in the field of solar noise studies is being 
supported by the Geophysical Directorate of the Air 
Force Cambridge Research Center. 

The Radio Spectrum of Solar Activity* 
A. MAXWELLt, G. SWARUPt, AND A. R. THOMPSONt 

Summary—Observations of the solar radio spectrum have been 
made at the Harvard Radio Astronomy Station, Fort Davis, Texas, 
daily from sunrise to sunset since September, 1956. The equipment 
comprises three separate receivers covering the total range 100-580 

* Original manuscript received by the IRE, November 12, 1957. 
This work forms part of a research program made possible by financial 
assistance from the Geophys. Res. Dir of the USAF. 
t Harvard Radio Astronomy Station, Fort Davis, Texas. 

mc, and these are attached to a 28-foot-diameter paraboloid antenna. 
The outputs of the receivers are displayed on intensity modulated, 
high resolution cathode-ray tubes, and these are photographed by a 
continuous motion camera. Over-all, the system is approximately ten 
times more sensitive than any sweep frequency equipments used 
previously for solar observations. Examples of the records showing 
the four main types of radiation from active areas on the sun are 
given, and brief comments are made on the existing theories to ac-
count for them. 
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INTRODUCTION 

HE radio emission from the sun is composed of 
a background thermal emission from the solar at-
mosphere, and bursts of radiation, sometimes very 

intense, which originate in localized active areas on the 
disk. These bursts have complex characteristics, which 
make their classification very difficult from observations 
made with single frequency receivers. Observations over 
a large continuous band of frequencies, however, have 
made it possible to replace earlier empirical classifica-
tions of the radio bursts with a simple and natural clas-
sification based on their essential physical character-
istics. The swept frequency technique, in which a nar-
row-band tunable receiver is repeatedly swept across a 
wide frequency range, was originally used by Wild and 
McCready' for solar observations in the range 70-130 
mc, and subsequently by Wild, Murray, and Rowe' in 
the range 40-240 mc. 
This paper is concerned with a new set of observations 

which have been taken at the Harvard Radio Astronomy 
Station, Fort Davis, Texas, since September, 1956. The 
new equipment covers the range 100-580 mc; it uses an 
antenna with five times the collecting area of that used 
by Wild and his colleagues, and its receiver noise figures 
are approximately 4 db lower. Because of its large fre-
quency range and high sensitivity, the equipment is ex-
ceedingly vulnerable to interference, especially in the 
lowest 200 mc of its band, which is crowded with radio 
transmissions. It was therefore deemed necessary to set 
up the station in a remote part of the United States. 
A number of places were extensively surveyed for radio 
interference, and the site finally chosen was in the Davis 
Mountains of West Texas. The station (Fig. 1) is 
situated in a broad valley, and is surrounded by moun-
tains 1500 feet higher; these give horizons of about 
5° elevation at all azimuths. At frequencies above 35 
mc, the station is virtually free from interference, apart 
from weak television signals on channels 2, 4, and 7, 
which have field strengths equivalent to 3, 1, and 4 
microvolts at the terminals of a half-wave dipole; these 
are transmitted from the nearest large towns which are 
over 160 miles away. 

Observations are taken daily from sunrise to sunset, 
and less than 5 per cent of the possible observing time 
has been lost. The station works in close cooperation 
with the Sacramento Peak Observatory, which forms 
its optical counterpart. 

EQUIPMENT 

The frequency range of the equipment, 100-580 mc, 
is covered in three octave bands, 100-180, 170-330, and 

1 J. P. Wild and L. L. McCready, "Observations of the spectrum 
of high intensity solar radiation at metre wavelengths," Aust. J. Sel. 
Res. A, vol. 3, pp. 387-398; 1950. 

2 J. P. Wild, J. D. Murray, and W. C. Rowe, "Harmonics in the 
spectra of solar radio disturbances," Aust. J. Phys., vol. 7, pp. 439-
459; 1954. 

Fig. 1—Laboratory and 28-foot paraboloid antenna, Harvard 
Radio Astronomy Station, near Fort Davis, Texas. 

300-580 mc, by separate receivers. These sweep concur-
rently at a rate of 3 times per second, and are connected 
to separate broad-band primary arrays at the focus of a 
paraboloid antenna. The outputs are displayed on three 
intensity modulated cathode-ray tubes and recorded 
photographically. 

The Antenna 

The antenna has a diameter of 28 feet, a focal length 
of 12 feet, and is equatorially mounted. The primary 
arrays designed by Jasiks are described elsewhere in this 
issue. The low-frequency array is a double dipole and 
reflecting screen, the mid-frequency array a single dipole 
mounted in a corner reflector, and the high-frequency 
array an electromagnetic horn. They are mounted co-
axially, and the mid-frequency array is cross polarized 
with the other two. The effective collecting area of the 
antenna varies between 38 and 45 square meters over 
the frequency range; this corresponds to an efficiency 
between 67 and 79 per cent, the geometric aperture 
being 57 square meters. 

The Receivers 

The receivers were built by Airborne Instruments 
Laboratory to meet the specifications of the Station. 
They are described in detail in another paper in this 
issue.4 In each receiver the rf head consists of two 
grounded grid amplifier stages, an oscillator, and a crys-
tal mixer. The local oscillator and the amplifier plate 
circuits are tuned by variable capacitors. These are 
geared to a synchronous motor and rotate at 3 rps. The 
full frequency sweep is achieved in 180° rotation, and 
the receiver output is rejected over the following half 
cycle where it is not possible to maintain alignment. 
The noise figures are 6, 7, and 8 db for the low, middle, 
and high-frequency bands, respectively, and are achieved 
by the use of Western Electric 416B triodes in the rf 

3 H. Jasik, "A wide-band antenna system for solar noise studies," 
this issue, p. 135. 

4 J. Goodman and M. T. Lebenbaum, "A dynamic spectrum 
analyzer for solar studies," this issue, p. 132. 
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stages. The IF bandwidths are 0.3, 0.5, and 1.0 mc, that 
is, about 1/300 of the range covered in each case. 

The Display Unit 

The display unit comprises three high resolution 
cathode-ray tubes (DuMont K1207) which have a 
resolution of approximately 1000 lines across the 5-inch 
screen. A single vertical trace is produced on each tube 
by a deflection waveform which is derived from a dis-
criminator fed by the local oscillator of the associated 
receiver; the spot displacement is therefore proportional 
to the instantaneous frequency of the receiver. The 
brightness is proportional to the receiver output. The 
three tubes are mounted one above the other, and are 
photographed by a continuous motion 35-mm camera in 
which the film moves horizontally at a speed of the 
order of 12 mm per minute. The pattern on the film is 
therefore an intensity modulated plot of frequency 
against time. The film used, Kodak Linagraph Panchro-
matic, was chosen to give the best compromise between 
speed and grain size. The whole system responds to 
intensity variations over a range of 30 db. 

OPERATION AND CALIBRATION OF THE EQUIPMENT 

The equipment is switched on automatically at sun-
rise by a time clock. Minute marks are photographed on 
the films, and these are calibrated to an absolute ac-
curacy of +1 second from the WWV transmissions. The 
films are developed to photometric standards. 

After sunset each day the equipment is calibrated in 
frequency and intensity. For the frequency calibration, 
signal generators are used to provide six chosen fre-
quencies within each octave band. Thus by interpola-
tion one may deduce the frequency of the solar radio 
signals at any point on the film. 

For the intensity calibration, the output of a noise 
diode source is fed into each of the receivers at 6 differ-
ent levels covering a cange of 18 db. The film density is 

thereby calibrated in terms of noise power applied to the 
receiver. It then remains to relate this input power to 
the intensity of the solar radiation incident on the an-
tenna. This may be done as follows. 

Let N— receiver input power corresponding to an 
antenna temperature TA. N is a noise power, and is 
most conveniently expressed here in units of kToàf (the 
power available from a matched resistor at ambient 
temperature) where k-- Boltzmann's constant, To =am-
bient temperature, Af = noise bandwidth of the receiver. 
The power applied to the receiver input may also be 
expressed in terms of TA and the attenuation a in the 
antenna cable. 
Thus 

whence 

NkTotlf = [aTA -F (1 — a)To[leàf, 

1 
TA = — (N -F a — 1)To. 

a 
(1) 

The power delivered from the antenna terminals, 
kTAtif, is equal to that of the radiation absorbed by the 
antenna, that is, 

1 
kT Aàf = — f f ABet. 

2 4, 

Here A is the effective collecting area, and B the bright-
ness in watts m-2(cps) --i steradian-1 which is absorbed 
by the antenna. Both are functions of the direction of 
the solid angle d, and the factor 1/2 is introduced be-
cause the antenna absorbs radiation in one plane of 
polarization only. The integral may be evaluated in two 
separate parts, the first over the radio disk of the sun 
and the second over the remaining sky covered by the 
antenna beam. If B1 is the effective average value of the 
brightness over this remaining section of sky, then 

1 
kTA = — A o ff Bdit --ff Adf1. (2) 

2 BUR 2 4x—sun 

It has been assumed that the antenna beam is wide 
compared with the sun, so that for the first integral A, 
the effective collecting area may be taken as constant, 
and equal to Ao, the value corresponding to the center of 
the beam. On the same assumption the second integral 
is approximately that obtained by evaluating it over 471-
steradians. (This approximation is correct to I per cent 
at 100 mc, and to 3 per cfnt at 580 mc for the present 
equipment.) 

Now, 

and 

ffifeunBd9 -- I 

AdSt ff — , x2- 

(3) 

(4) 

where I= intensity of solar radiation [watts m 2(cps)1, 
and X =wavelength of the radiation. Also B1 is related 
to the equivalent value of temperature T1 by 

2k Ti 
=   (5) x2 

Combining (1) to (5), 

2k [ 1 
/ = A-0 (N a — 1)To 

Thus I, the intensity of the solar radiation, is deter-
mined in terms of N, which is directly related to the film 
density by the calibration. Of the other quantities in-
volved, a and Ao are known parameters of the equip-
ment, To=300°K, and T1 is the sky background tem-
perature. (It is generally more convenient to express the 
sky radiation in terms of temperature than of bright-
ness. The values of T1 depend on the sun's position in 
the sky; those values given in Table I indicate the 
order of magnitude.) From the value of I it remains only 
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Fig. 2—Noise storm: January 19, 1957, 2152-53 U.T. The enlargement of this record is about four times greater than that of 

Figs. 3-8. The individual cathode-ray tube traces give the fine vertical structure. 

to subtract the component due to the quiet sun to deter-
mine the intensity of the solar activity. 
Approximate minimum detectable levels of solar ac-

tivity at three frequencies are given for the present 
equipment in Table 1. 

TABLE I 

Fre-
quency 

100 mc 

300 mc 

500 mc 

Back-
ground 
Sky 

Temper-
ature (TO 

Intensity of 
Quiet Sun 

Minimum Detectable 
Solar Activity 

1000°K 

150°K 

50°K 

4 X10 -e2 watts 
m(cps) 1 

4 X10-2' watts 
m-2(cps) -1 

2 X10-21 watts 
m(cps) 1 

5 X 10-22 watts 
m -240-1 
5 X 10-2' watts 
m(cps) -L 
5X 10-21 watts 
m-2(cps)-' 

OBSERVATIONS 

The early spectral observations made by Wild and his 
co-workers established the fact that a great majority of 
the solar radio bursts belong to one of four distinct 
types. The classification is natural in the sense that the 
various types can be interpreted in terms of different 
physical processes on the sun. The present observations 
confirm that these identifications account for more than 
95 per cent of the observed phenomena, but the greater 
sensitivity and different frequency range of the present 
equipment have given further information about the 
spectrum of the bursts. In this section the character-
istics of the spectral classes are summarized briefly, and 
illustrated with examples from the records. A detailed 
description of the work will be given elsewhere, to-
gether with the correlation of the radio and optical solar 
data. 

For the frequency band 100-580 mc, the assumption 
may be made that the solar radiation at a given fre-
quency originates near a level in the solar atmosphere 
where the plasma frequency corresponds to that of the 
radiation. One may thus transform the frequency band 

100-580 mc into a height range, which, at the present 
maximum of the solar cycle, lies roughly between 500-
50-thousand km above the solar photosphere. It is 
therefore possible to interpret the frequency coordinates 
on the film records in terms of height. However, it must 
be emphasized that, although this interpretation gives 
the best physical picture so far suggested, and although 
it holds for the quiet (thermal) solar radiation, its 
validity is by no means established for the case of 
violent outbursts. 

Noise Storms 

A noise storm consists of a long series of short bursts 
continuing over hours or days. They are superimposed 
on a background of slowly varying enhanced radiation 
which has been described as a "continuum," although it 
is possible that the background may itself be composed 
of a large number of overlapping bursts. Noise storms 
are normally spread over a large frequency band but are 
rarely seen above 250 mc. On many occasions the bursts 
have bandwidths of a few megacycles and lifetimes ex-
tending from a fraction of a second to nearly one minute 
(Fig. 2). At other times bursts of bandwidth nearly 30 
mc and lifetimes less than a second may predominate 
(Fig. 3). 

Noise storms are caused by localized disturbances in 
the solar corona above active sunspot regions, but de-
tails of the radiation processes are not clearly under-
stood. 

Slow-Drift Bursts 

A slow burst appears as a narrow band of intense 
radiation which drifts gradually, and sometimes irregu-
larly, towards lower frequencies. Fig. 4 shows a typical 
example, where it will be seen that the average drift 
was —2.0 mc. The spectra sometimes show the presence 
of a second harmonic (Fig. 5), but are often so complex 
as to preclude such identifications. Forty-six slow bursts 
have been recorded during the first 14 months' observa-
tions; their duration was 225 minutes which corresponds 
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Fig. 3—Noise storm: October 12, 1957, 1835-37 U.T., showing wide-band, short duration bursts. 

1837 

TIME--> 1734 1735 1736 1737 

Fig. 4—High intensity slow-drift burst: January 7, 1957, commencing 1733.7 U.T. This burst, which is shown in its entirety, was completely 
isolated in time from any other activity. Unfortunately, there were no visual observations of the sun at that time. 
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Fig. 5—Slow-drift burst with seconcaarmonic: September 12, 1957, 2150 U.T. This was associated with a 
class-1 flare (beginning 2145, maximum 2148, end 2152 U.T.; 73° W, 12.5° S). 

to a temporal probability of occurrence of 1 in 1300. 
The characteristic velocity of the solar disturbances 

which give rise to these slow bursts may be deduced 
from their rate of change of frequency. This velocity is 
of the order of 1500 km, and as it corresponds to that of 

the so-called auroral corpuscular streams it has long 
been suggested that the stow bursts are caused by the 
passage of the streams through the solar atmosphere. 
Alternatively, the bursts may be caused by acoustic 
shock waves resulting from explosions in the lower at-
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Fig. 6—Fast-drift bursts: November 25, 1956, 2013 and 2035 U.T. There were no optical observations at the time of the former. 
The latter was associated with a class-1 flare (beginning 2030, maximum 2035, end 2040 U.T.; 36° W, 25° S). 

TABLE II 

ASSOCIATION or FAST-DRIFT RADIO BURSTS WITH SOLAR FLARES 

(SEPTEMBER 1, 1956-JUNE 30, 1957) 

Intensity in 
watts m(cps) 1 X 10- n 

5-30 (Faint) 

Number of Bursts in Group Number of Groups Recorded 
During Optical Observations 

Percentage of Groups 
Associated with Flares 

Not limited 610 47 

30-100 Moderate) <10 246 45 

30-100 (Moderate) >10 82 56 

>100 (Strong) <10 82 56 

>100 (Strong) >10 64 72 

mosphere. These waves, being propagated outward at 
some small multiple of the thermal velocity of the 
protons, would also be traveling at a velocity of the 
order of 1500 km. 

Fast-Drift Bursts 

Fast bursts, a very commonly occurring phenomenon, 
have durations of a few seconds and show exceedingly 
rapid drifts toward lower frequencies. They typically 
occur in groups of 3 to 10 with a total duration of less 
than 60 seconds, as illustrated in Fig. 6. During the 
period September 1, 1956—October 31, 1957, more than 
9400 fast bursts were recorded. No definite correlation 
has previously been found between the bursts and solar 
optical phenomena. However, a comparison of the first 
ten months' observations at Fort Davis with the optical 
data shows the following: 1) during periods when optical 
observations were being made (approximately 50 per 
cent of the radio observing time) 50 per cent of the burst 
groups were associated with flares; 2) the positions of 
these flares were approximately uniformly distributed 
across the solar disk, and 3) the reverse correlation, that 
of 1215 flares with the radio bursts, was only 31 per 
cent. Details of this work will be published elsewhere; 
the association of the bursts with flares is summarized 
in Table II. 

The observations have also revealed a new type of 
fast burst which appears on the records in the form of 
an inverted "U".5 As in the example in Fig. 7, these 
bursts show a rapid decrease in frequency followed by 
an increase, and have a duration of a few seconds. 
The source velocity which would be deduced from the 

slope of the fast bursts is of the order of 50,000 km. It 
has therefore been suggested that the bursts are caused 
by the outward passage of solar cosmic rays.6 Alterna-
tively it has been proposed that electron plasma shock 
waves may provide the mechanism.7 On this latter 
hypothesis the "U" bursts would be caused by such 
waves being guided around a magnetic field of force. 

Continuum 

The continuum radiation is a steady enhancement of 
the background level over a wide band of the spectrum, 
and, as described earlier, is often associated with noise 
storms. At times, however, an extremely intense form 
of continuum radiation is observed covering a frequency 

6 Reported by G. Swarup at the American Astronomical Society 
Meeting, Cambridge, Mass.; May, 1957. Also, A. Maxwell and 
G. Swamp, "A new spectral characteristic in solar radio emission," 
submitted to Nature. 

J. P. Wild, J. A. Roberts, and J. D. Murray, "Radio evidence of 
the ejections of very fast particles from the sun," Nature, vol. 173, 
p. 532; March 20, 1954. 

7 M. Krook, unpublished. 
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Fig. 7—Inverted "U" bursts: (a) February 26, 1957, 1441 U.T., associated with a class-1 flare (beginning before 1439. maximum 1440, end 
1450 U.T.; 75° W, 13° N). Note the noise storm between 160 and 280 me. (b) October 21, 1957, 1832 U.T. Note continuum, 200 mc 
wide, following burst. No optical observations were made at this time. 
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Fig. 8—Continuum: September 12, 1957. This is a small section from the record of a great solar radio outburst, which was associated with a 
class-2+ flare (beginning 1510, maximum 1517.5, end 1550 U.T.; intensity 35, which is the maximum; 20° W, 12° N). The continuum 
started at 1517 U.T., two minutes after the outburst commenced. Here it covers the range 180-580 mc and is gradually drifting downward 
in frequency. The end of a slow-drift burst can be seen on the low-frequency receiver, 100-180 mc. 

band of more than 300 mc (Fig. 8). It occurs only after 
great outbursts, and lasts 10-60 minutes. This radiation 
probably corresponds to that described by Boischot,8 
from single-frequency observations at 169 mc, as "Type 
IV" radiation. 

Denisse9 has suggested that it may be caused by the 
synchrotron mechanism. 

A. Boischot, "Caractères d'un type d'émission hertzienne 
associé à certaines éruptions chromosphénques," Compt. Rend., vol. 
244, pp. 1326-1329; 1957. 

9 J. F. Denisse, unpublished. 
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Studies at the McMath-Hulbert Observatory of Radio 
Frequency Radiation at the Time of Solar Flares* 

HELEN W . DODSONt 

Summary—The complex flare phenomenon is described in terms 

of its photographic aspect on Ha spectroheliograms, associated prom-
inence activity, terrestrial effects, and the general pattern of radio 
frequency emission. Flare-associated events at 2800 and 200 mc 
are reviewed, and the association between flares and the onset of 
200-mc noise storms is discussed. Records of 2800 and 200-mc radi-
ation at the time of 277 flares are compared. Flare-events at frequen-

cies less than 200 mc are considered, and a study of 496 flares at 80 
mc is summarized. 

An effort is made to compare reports of dynamic spectra at radio 
frequencies with flare data and single frequency records. 

The apparently close association between flares with "major 
early bursts" at frequencies >200 mc and geomagnetic disturbances 

is discussed. 

INTRODUCTION 

FT
HE long series of photographic records of solar 
activity at the McMath-Hulbert Observatory of 
the University of Michigan has made possible, 

throughout the past eight years, comparison of distinct 
solar events with concomitant solar emission at ra-
dio frequencies. Investigations into the relationships 
between optical features and radio frequency emissions 
have been, in large part, cooperative undertakings be-
tween staff members of the McMath-Hulbert Observa-
tory, where the optical studies have been made, and 
staff members of the laboratories primarily devoted to 
radio frequency observations. 
The work reported here stems from close cooperation 

with the School of Electrical Engineering of Cornell 
University whose excellent 200-mc solar records have 
been shared with us since 1950, and with the National 
Research Council of Canada at Ottawa, where for more 
than 10 years, A. E. Covington has recorded with great 
precision solar emission at 2800 mc. The daily 80-mc 
solar records of the Cavendish Laboratory, Cambridge, 
England, also have been made available to us and have 
been examined for the period January, 1949, to August, 

1955. 
Early in our investigations it became apparent that 

the complex solar event known as a flare was closely 
associated with many of the great enhancements at 
radio frequencies. Consequently, a large part of our 
work has been directed towards determining the general 
pattern of radio frequency emission at the time of solar 
flares. On the basis of both optical and radio frequency 
observations, a "flare" is a complex phenomenon and 
the interrelationships of its many aspects still are not 
clearly understood. 

* Original manuscript received by the IRE, November 6, 1957. 
t McMath-Hulbert Observatory, University of Michigan, Ann 

Arbor, Mich. 

THE COMPLEX FLARE PHENOMENON 

Ha and Can Brightenings 

The principal optical aspect of the "flare event," and 
the one that is both necessary and sufficient at the pres-
ent time for the identification of the phenomenon, is a 
relatively sudden increase in intensity of Ha, Call, and 
other monochromatic radiations, in portions of the sun 
covering 50 to more than 1000 millionths of the solar 
hemisphere, for time intervals of the order of tens of 
minutes to several hours. The sudden brightenings gen-
erally take place in the bright plages that accompany 
or surround sun spots. The optical flare may be confined 
to the region of original brightening or may spread with 
time to quite distant areas. 

Prominence Activity at the Time of the Ha Brightening 

Visual and photographic studies also show that flare 
brightenings frequently are accompanied by certain 
types of prominence activity. With a small number of 
flares, a rapidly rising prominence is ejected from a re-
gion near the flare during the very early stages of the 
brightening.' These ejections, with velocities of the 
order if 1000 km are most easily observed as promi-
nences when the associated flares are near the limb of 
the sun. 
A much more usual type of flare-associated promi-

nence is that indicated by the appearance on the disk of 
active dark flocculi in the postmaximum phase of flares. 
These primarily dark markings, exhibiting Doppler 
shifts of the order of a few hundreds of kilometers or 
less, probably are the disk counterparts of surge-type 
prominences seen at the limb. Visual and photographic 
records, made in the center of the Ha line, show that 
many of these active flocculi, during the first minutes of 
their lifetime, are brighter than the undisturbed Ha 
background. 

In addition, certain flare-like events near the limb 
of the sun have shown that systems of very bright loops 
may develop and increase in size during the course of a 
flare. Finally, previously existing, relatively quiescent 
prominences, visible as "filaments" on the disk, may 
become active, show Doppler shifts, and be either par-
tially or wholly dissipated during, or shortly after, 
flares in neighboring locations. 

1 H. W. Dodson, E. R. Hedeman, and J. Chamberlain, "Ejection 
of hydrogen and ionized calcium atoms with high velocity at the time 
of solar flares," Astrophys. J., vol. 117, pp. 66-72; January, 1953. 
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Terrestrial Effects of Flares 

Certain "terrestrial effects" provide evidence for ad-
ditional aspects of the complex flare phenomenon. 
Ionospheric disturbances occur in close time association 
with a majority of flares and imply an increase in ultra-
violet radiation or X rays at the time of the Ha bright-
ening. Relationships between certain flares and subse-
quent geomagnetic storms indicate that at least some 
flares are accompanied by the actual ejection of ma-
terial particles which, hours or days later, may impinge 
upon the earth's atmosphere and cause a geomagnetic 
storm and an aurora. Finally, there have been great in-
creases in cosmic rays received on the earth within 
minutes or hours after the occurrence of a small number 
of great solar flares. 

General Pattern of Radio Frequency Radiation at the 
Time of Solar flares 

Examination of daily 2800, 200, and 80-mc records 
for most of the 8-year interval, including 1949 and 1956, 
and records published in the literature for intermediate 
frequencies, has shown that the basic patterns of flare-
associated radiation, within this frequency range, are 
fundamentally similar. At these frequencies, the fully 
developed flare event exhibits two parts, but either of 
the two parts may occur separately. With many flares 
there is no distinctive enhancement at radio frequencies. 
See Fig. 1. 
The first or "early" part of the double pattern is a 

sudden burst that starts with the Ha flare and usually 
is over by the time Ha maximum has been attained. At 
2800 and 200 mc, the second part is an enhancement 
that generally starts more gradually than the first part. 
At 200 and 80 mc the second part is definitely a "late" 
component, since it begins after Ha flare maximum has 
been attained and reaches its maximum late in the 
course of the flare. It may continue long after the Ha 
flare has faded. 

FLARE EVENT AT 2800 MC2 

At 2800 mc, the first or early part of the flare-associ-
ated event is a sudden single burst which may be either 
simple or complex in structure. (See Fig. 1.) In general, 
this burst starts with the onset of the flare and is over 
by the time maximum intensity has been attained by 
Ha radiation in the flare. For the flares that we have 
studied, the maximum of the 2800-mc burst precedes 
Ha maximum by an average of 3.4 minutes. Thus, the 
sudden burst type event at 2800 mc definitely is associ-
ated in time with the period of increasing Ha intensity 
in the flare. 
The second or late part of the "flare event" at this 

frequency is a gradual diminution of excess flux. When 

2 H. W. Dodson, E. R. Hedeman, and A. E. Covington, "Solar 
flares and associated 2800 mc/sec (10.7 cm) radiation," Astrophys. J., 
vol. 119, pp. 541-563; May, 1954. 

only the second part of the flare pattern occurs, the dis-
tinctive event is classified as a "gradual rise and fall." 
This type of event at 2800 mc appears to start with the 
Ha flare but has its maximum either at the time of Ha 
maximum, or later. 
Our detailed study2 in 1953 of 2800-mc solar radia-

tion, as recorded at Ottawa, provided strong evidence 
that there is an outstanding event or disturbance in 
solar radiation at this frequency only when a flare or 
subflare is in progress. In recent years, the sensitivity of 
the Ottawa equipment has been increased, and less in-
tense and more frequent events are reported. Spot 
checks continue to provide evidence for a very close 

2000 142,144 
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Fig. 1—Examples of 2800, 200, 97, and 80-mc radiation at the time 
of solar flares. Vertical arrows indicate times of flare maxima. 
The 80-mc records were made with an interferometer and show 
maxima and minima in the interference pattern as well as changes 
in solar emission. 

association between 2800-mc events and optical phe-
nomena. For example, on July 24, 1956, the report of 
2800-mc outstanding events includes a "group of eight 
bursts," between 17h511n.2 and 24h3O'n U.T. Even though 
our calcium spectroheliograms for this date monitored 
only the large active center in the southeastern part of 
the solar disk, they showed small temporary brightenings 
in very close time association with four of the 2800-mc 
bursts. Ionospheric records, after the close of our photo-
graphic program at 2141 U.T., indicated the occurrence 
of flares with two more of the 2800-mc events. The 
data are summarized in Table I and an example of the 
brightenings is shown in Fig. 2(a). 
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TABLE I 

COMPARISON OF A GROUP OF 8 BURSTS AT 2800 MC Jutv 24,1956, (REPORTED BY COVINGTON, OTTAWA, CANADA) WITH CONCOMITANT 
PHOTOGRAPHIC AND IONOSPHERIC DATA 

2800-MC Event 

Type Time U.T. 
Peak Flux 

10-22wm-2(cps)-' 

Small Brightenings in Southeastern Plage 
(Calcium Spectroheliograms) 

Single 
Single 
Single-simple 

Single-simple 
Single-simple 
Single-simple 
Single-simple 
Precursor 
Single-simple 
Post Increase 

1751.2-1752 
1811 -1812 
1908.3-1910.8 

1934.5-1937.5 
2025.8-2027 
2048.3-2049.8 
2156.5-2207.5 
2230 
2233 -2245 
2245 ->2430 

9 
12 
19 

24 
19 
15 

*3501 
11 

200 
15 

No event in plage photographed 
1810.5-1814 
During a small flare, 1854-1920, but 

probably not associated 
1934.5-1940 
2025.5-2029 
2048 -2051 

No spectroheliograms at these times 

Flares, as Indicated 
by Sudden Short-
Wave Fades 

2158-2218 

2237-2303 

Estimated. 

(a) (b) 

Fig. 2—Spectroheliograms showing solar phenomena at the time of 
certain distinctive events at radio frequencies. (a) Calcium spec-
troheliogram, 1956 July 24d19°34.m5 showing small round dot 
over umbra of spot and larger region near it that brightened 
simultaneously with small 2800-mc burst (see Table I). (b) Ha 
spectroheliogram 1951 June 16d17b27", showing large flare associ-
ated with great increase in 200-mc noise storm. 

According to all of our studies there is very close time 
association between 2800-mc bursts and temporary 
brightenings visible on Ha and Ca+ spectroheliograms. 

FLARE EVENTS AT 200 MC' 

Outburst-Type Phenomena 

Starting times of the sudden burst-type features that 
constitute the early parts of flare events at this fre-
quency cluster closely about the starting times of the 
flares. The "early burst" generally is over before, or 
close to the time of, Ha maximum. It is unfortunate that 
the great, early bursts are off scale, and therefore un-
measurable, on almost all of the calibrated records at 

low frequencies. 
The second part of the flare-associated outburst at 

this frequency often appears to be a great increase in the 

3 H. W. Dodson, E. R. Hedeman, and L. Owren, "Solar flares and 
associated 200 mc/sec radiation," Astrophys. J., vol. 118, pp. 169-196; 
September, 1953. 
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Fig. 3—Comparison of times of onset of 200-mc noise storms with 
occurrence and duration of Ha flares. The vertical line represents 
the time of start of the noise storm, and each horizontal entry 
represents a different storm. Small rectangles give the starting 
times and durations of Ha flares. Dots indicate that time of be-
ginning or ending of a flare was not reported. 

continuum or base level, without correspondingly great 
superposed bursts (see Fig. 1). The increase in flux 
generally starts as the Ha flare begins to fade and often 
lasts long after the Ha flare has ceased to be visible as a 
distinct solar feature. In some cases, the second part of 
the flare event at 200 mc is a noise storm of long dura-
tion with very great burst activity superposed on the 
increased base level. The relationship between these two 
types of enhanced 200-mc radiation during the post 
maximum phase of Ha flares must await more informa-
tion on polarization, dynamic spectra, and better under-
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Fig. 4-200-mc record of May 16, 1951, showing onset of noise storm, and photometric light curves for concomitant flares in 
region very close to central meridian. 

standing of the physical causation of the respective phe-
nomena. The time relationships, with respect to flares, 
for the two types of enhancement are very similar. 

Noise Storms 

Frequency of Association between Flares and Onsets of 
Noise Storms: Association of very great bursts, or out-
bursts, with flares is well established, but the relation-
ship between flares and noise storms at low radio fre-
quencies is considerably less clear. Since this is the case, 
we have investigated the relationship between flares and 
all noise storms on the 200-mc Cornell records from 
April, 1950, when the daily 8-hour records were first 
made, to July, 1953. This study provides strong evi-
dence for an association between flares and the well-
defined onsets (or well-defined increases) of many noise 
storms. During this period, the Cornell records show 91 
instances of the beginning of a protracted period of en-
hanced radiation of the type described as "noise storm." 
For 57 of the 91 cases, flares or subflares are known to 
have been in progress close to the starting times of the 

200-mc enhancements. (See Fig. 3, p. 151, for a schematic 
representation of many of these cases.) In two addi-
tional cases, sudden ionospheric disturbances were re-
ported, and for a third, brightenings (possibly of a 
flare-like nature) in a prominence accompanied the on-
set of the noise storm. For the times of 29 of the remain-
ing 31 cases we have neither photographic nor visual 
observations and, therefore, cannot be certain of the 
solar circumstances. For the final 2 cases, intermittent 
visual observations were in progress at our observatory 
but flares were not reported. Thus, for 98 per cent of the 
recorded onsets of noise storms, there were either flares, 
SID's, or no observations. 
The time relationships between the flares and the on-

sets of 200-mc "noise" in this investigation confirm the 
earlier study' in which "noise storms" were recognized 
as one of the "late" aspects of the flare-associated event 
at this frequency. 

Characteristics of Flares Associated with Onsets oj 
Noise Storms: Ha flares identified and selected on the 
basis of their time association with the onsets of 200-mc 
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Fig. 5-200-mc record for June 16, 1951, showing a great increase in flux during a noise storm, and photometric light curves for 
concomitant flares in region 25 east of central meridian. 

noise storms present a certain number of common char-
acteristics. First of all, the group contains a high per-
centage of flares with such a complex structure and as-
sorted brightenings that they do not lend themselves 
readily to representation by composite, representative 
light curves. More than half of the flare phenomena as-
sociated with the onset of noise storms were what might 
be termed "multiple flare events," in the sense that at 
the time of the noise storms several flares, in the same 
plage, followed each other in close succession. Our pho-
tographic records show that the flares were usually 
brightenings of different parts of the same plage rather 
than repeated brightenings of exactly the same region as 
so often happened. The 57 flare-associated noise storms 
involved a total of 98 separately reported flares. A num-
ber of these flares seemed to spread laterally with time, 
or to break out successively in a number of different 
regions within the plage. The photometric light curves 
shown in Fig. 4, for May 16, 1951, illustrate these com-
plexities. The brightenings measured here were re-
ported as 3 flares, each with multiple maxima, and each 
in a somewhat different part of the plage. 
Many of the flares associated with the onsets of noise 

storms rose to maximum at a relatively gradual rate. 
The rate of increase of Ha intensity was often the slowest 
of the three general rates of rise found in our photo-

metric study of flares.4 The rate of decline also was 
often very slow. The photometric light curves shown in 
Fig. 5, for the flares of June 16, 1951, illustrate these 
aspects. The flare at 1500 U.T. on this date was the 
only flare in our photometric program that reached a 
maximum intensity as great as that of the continuous 
spectrum at the slowest of the three rates of rise. 
The Ha spectroheliogram of the flare of June 16, 

1951, shown in Fig. 2(b), illustrates another character-
istic of the flares associated with the onsets of noise 
storms. Frequently the "noise storm flares" must be de-
scribed by the words patchy, stringy, outlines a dark 
filament, rather than by the more usual terms compact, 
clearly outlined, round. 

In our photometric study' of flares, we have reported 
that the ionospheric effects of some of the "noise storm 
flares" were less than the large size and brightness of 
the flares led us to expect. 

Finally, the flares associated with the onset of noise 
storms showed a higher than average concentration to-
ward the central part of the solar disk. Seventy-eight 
per cent of the individual flares associated with noise 
storms occurred within 40° of the central meridian. 

4 H. W. Dodson, E. R. Hedeman, and R. R. McMath, "Pho-
tometry of solar flares," Astrophys. J. Suppl. Ser., vol. 2, suppl. no. 
20, pp. 241-270; February, 1956. 
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However, our study° of 2295 flares in the Quarterly 
Bulletin has shown that, in general, only 53 per cent of 
reported flares are observed in this portion of the solar 
disk. 

Center-To-Limb Effect in Noise Storms: If it be as-
sumed that the positions of flares associated with the 
onsets of noise storms provide information about the 
location of the source of enhanced 200-mc radiation, 
then a center-to-limb effect can be found in the relative 
intensities of continuum and superposed bursts.° When 
the flares were within 25° of the central meridian, the am-
plitude of the superposed noise storm bursts generally 
was less than the intensity of the continuum. For flares 
between 25° and 50° CMD, there were as many cases 
with burst amplitude greater than the continuum as the 
reverse. When the flares were more than 50° from the 
central meridian, the amplitude of the bursts was 
greater than the intensity of the continuum for more 
than 90 per cent of the cases. This variation from center-
to-limb in relative intensity of storm-base-level and 
burst amplitude suggests that the two aspects of a noise 
storm may originate at different levels in the solar at-
mosphere. It also should be pointed out that the identi-
fication of the noise-emitting regions by associated 
flares indicates that 200-mc "storm" radiation is re-
ceived from active regions at all meridian distances, 
even from regions on the solar limb. 
The foregoing investigations have shown that the 

great, well-defined onsets of noise storms often take 
place when flares are in progress, or just over. Further-
more, near solar minimum in 1954, enhanced 200-mc 
radiation of the noise storm type occurred during the 
transit across the solar disk, of all regions in which flares 
were observed, but not during the transit of all bright 
calcium plages, nor of all regions with strong green 
coronal emission.7 In spite of this evidence for a close 
association between flares and 200-mc noise storms, we 
have also found that there were, during the interval 
studied, certain very long periods of greatly enhanced 
200-mc radiation for which the concomitant flare oc-
currence was relatively low. These cases must be studied 
further. 

COMPARISON OF 2800-MC AND 200-MC RADIATION 
AT THE TIME OF 277 FLARES 

Morphology of the Events 

In order to permit direct comparison of flare-associ-
ated emission at 2800 and 200 mc, we have brought to-
gether data for the 277 flares between August, 1948 and 

6 L. Goldberg, H. W. Dodson, and E. A. Muller, "The width of 
Ha in solar flares," Astrophys. J., vol. 120, pp. 83-93; July, 1954. 

e H. W. Dodson, "Relation between Optical Solar Features and 
Solar Radio Emission," IAU Symp. IV in "Radio Astronomy," ed. 
H. C. van de Hu1st, Cambridge University Press, Cambridge, Eng., 
pp. 327-333; 1957. 

7 H. W. Dodson and E. R. Hedeman, "Resume of visually and 
photographically observed solar activity at time of 200 mc/sec noise 
storms near 1954 solar minimum," Astrophys. J., vol. 125, pp. 827-
830; May, 1957. 

June, 1952 for which the two radio records were avail-
able to us for study. 

For about 60 per cent of the flares, the general pat-
terns of the radio frequency events at the two frequen-
cies were basically similar, in the sense that flares that 
had "double" events at one frequency, had "double" 
events at the other, or only "early," or only "late" phe-
nomena, respectively. Of the 163 flares for which there 
was no distinctive event at 2800 mc, 63 were also "null" 
at 200 mc and 52 more were associated with only very 
low energy or poorly defined events at the lower fre-
quency. For the remaining 40 per cent of the flares, 
there were gross differences in the flare events at the 
two frequencies. 

Time Relationships 

For flares with "early," burst-like features at the two 
frequencies, the starting times of the bursts were very 
similar. The average difference was only 0.3 minute, 
and in the sense that the 2800-mc burst preceded the 
200-mc burst. It should be remembered that, at best, 
we have been able to determine times only to the near-
est tenth of a minute and that we are comparing records 
made at different institutions with different types of 
instruments. 
The second or "late" parts of the flare events have a 

much greater difference in time of onset at the two fre-
quencies than do the "early" parts. At 2800 mc, the sec-
ond part apparently starts with the flare itself, or while 
the "early" burst is still in progress. At 200 mc the 
"second" part often is well separated from the first, and 
its onset usually does not occur until after flare maxi-
mum has been passed. In the second part of the flare 
event at radio frequencies, the longer wavelength radi-
ation apparently lags behind the shorter. 

Basically Similar Flare Events at the Two Frequencies 

Direct comparison of flare-associated, distinctive 
events at the two frequencies is easiest when the events 
are the simplest. Often the single, and single-simple 

bursts at 2800 mc apparently mesh exactly with com-
parable events at 200 mc. There are even certain cases, 
though much rarer, when the "gradual rise and fall" at 
2800 mc has a similar counterpart at 200 mc. See Fig. 6. 
When the flare-associated bursts are more complex, 

even though the events may be similar in basic pattern 
at the two frequencies, they will often differ greatly in 
detail. To illustrate these complexities, we show in Fig. 7 
the photometric Ha light curves, and the 2800 and 
200-mc records for three flares of importance 2. It is 
hoped that in the future information from dynamic 
spectra will permit us to identify, on records such as 
these, the various spectral types of radio bursts, and 
the harmonics of lower frequencies. This information 
may make possible a clearer understanding of the sig-
nificance of radio frequency emission at the time of 
flares. 
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Fig. 10—Time relationships between 80-mc events and Ha flares. The vertical line represents the time of flare maximum. A dot gives the time 
of start of the flare, if known. Each horizontal entry represents, schematically, distinctive events on the 80-mc interferometer records of 
the Cavendish Laboratory at the time of a flare. The open rectangles indicate "noise storms." All flares in our study for which time of 
maximum was reported are included in the diagram. 

Basically Different Events at the Two Frequencies 

Differences between the two frequencies perhaps can 
be seen most clearly if our attention is drawn to flares 
for which there was a well developed event at one fre-
quency and no evidence for distinctive, flare-associated 
emission at the other. 
Of the 277 flares in the study, there were 100 flares for 

which we found no enhancement at 2800 mc, but for 
which there was evidence of an event at 200 mc. Of 
these 100 flares only two were of importance greater 
than one, and only 11 were accompanied by reported 
ionospheric disturbances. At 2800 mc, a high percentage 
of important flares have distinctive events and many of 
the less important flares do not. At 200 mc, the occur-
rence of flare-associated emission correlates much less 

closely with the importance of the Ha flare. Fig. 8, p 
155, shows four examples of 200-mc emission at the time 
of flares for which there was no concomitant enhance-
ment at 2800 mc. 
The converse group, null at 200 mc but with distinc-

tive events at 2800 mc, is small and includes only 15 
flares from our set of 277. However, a high percentage of 
this 200-mc "null" group were important flares, with 
reported ionospheric disturbances. Fig. 9, p. 155, shows 
three examples of 2800-mc emission at the time of flares 
for which there was no enhancement at 200 mc. 

FREQUENCIES LOWER THAN 200 MC 

Double Pattern 

Our direct information on flare-associated radiation 
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at frequencies lower than 200 mc comes from examina-
tion of the 80-mc data, Cavendish Laboratory, for 
1949-1955, from 18-mc bursts recorded July—October, 
1957, on the IGY Indirect Flare Detector, McMath-
Hulbert Observatory, and from inspection of occasional 
records published in the literature. At the lower end of 
the radio frequency spectrum, the "early" and "late" 
aspects of the flare-associated radiation apparently are 
still present. (See Fig. 1 and Fig. 10, pp. 150, 156.) 
There is some indication that the "late," postmaxi-

mum, part of the event at low frequencies is relatively 
greater, in comparison with the "early" part, than is the 
case at higher frequencies. 

Furthermore, the 80-mc records show that during the 
postmaximum phase of some flares there may be, at this 
frequency, two types of enhanced emission. At, or im-
mediately following, Ha maximum of certain flares 
there is a very great increase in flux, with duration of the 
order of tens of minutes. This great event, in turn, is 
followed by a protracted period of "storminess" with 
above average flux and many superposed bursts; see 
Fig. 1 and Fig. 10. This flare pattern, which perhaps 
should be called "triple" rather than double, is more 
obvious on the single-frequency traces at 80 mc than on 
comparable records at 200 mc. Fig. 10 shows schemati-
cally time relationships between 80-mc bursts and all 
Ha flares in our study for which the time of flare maxi-
mum was reported. 

80-MC Data 

The 80-mc records at the Cavendish Laboratory were 
examined for the times of 791 flares. The equipment was 
not in use for the times of 260. The record was "con-
fused" because of instrumental adjustments, calibra-
tion, or polarization measures at the time of 35 more. 
For the remaining 496 flares, there was evidence on the 
records for a distinctive event at the time of 261 flares, 
and no such event for 235. It should be pointed out that 
the 80-mc records were, in general, unmonitored inter-
ferometer records. Because they were unmonitored, a 
certain number of cases of terrestrial interference have 
undoubtedly been falsely identified as solar events. Be-
cause they are interferometer records, a certain number 
of flares have been designated incorrectly as "nulls" 
since their 80-mc emission may have occurred during 
the minimum in the interferometer pattern. 
There were distinctive events on the 80-mc records at 

the times of flares in all importance categories and at all 
central meridian distances. Sometimes the events were 
very great and sometimes they were only small isolated 
bursts near the start of the flare. The percentage of 
flares with distinctive events increased with increasing 
flare importance, and decreased with increasing dis-
tance from the central meridian. See Table II and 
Table III. 

It is questionable whether or not some of the lesser 
solar bursts here assigned to concomitant flares are, in 
truth, flare associated. However, until more is known 

TABLE II 

PERCENTAGE OF FLARES IN DIFFERENT IMPORTANCE CATEGORIES 
WITH DISTINCTIVE EVENTS AT 80 MC 

Flare 
Importance 

1 
1+ 
2 
3 

(?) 

Total 

Number of Flares 

With 80-MC 
Event "Null" 

Percentage of 
Flares with 

80-MC Event 

145 
59 
42 
9 
(6) 

176 
34 
21 
1 
(3) 

45 
63 
67 
90 

261 235 53 

TABLE III 

PERCENTAGE OF FLARES AT DIFFERENT DISTANCES FROM THE 
CENTRAL MERIDIAN WITH DISTINCTIVE 

EVENTS AT 80 MC 

CMD 

Number of Flares 

With 80-MC 
Event "Null" 

Percentage of 
Flares with 

80-MC Event 

0*--10° 
11°-20° 
21°-30° 
31*-40° 
41°-50° 
5?-60° 
61°-70° 
71*-80° 
81°-90° 

(?) 

Total 

40 
31 
40 
38 
32 
29 
21 
13 
13 
(4) 

26 
27 
18 
45 
32 
28 
22 
21 
16 

61 
53 
69 
46 
50 
51 
49 
38 
45 

261 235 53 

about spectra, polarization, or location of source, they 
have been included as flare events on the "circumstan-
tial" evidence of time association. 

COMPARISON OF DYNAMIC SPECTRA WITH SINGLE-

FREQUENCY DATA FOR FLARES 

The writer has not yet been able to study in detail a 
large number of flares with both single-frequency rec-
ords and dynamic spectra. Nevertheless, certain rela-
tionships are beginning to emerge from the available 
data. According to the 1955-1956 Quarterly Bulletin, the 
Type III burst, with its rapid drift from high to low 
frequencies, is a very usual event when the sun is active. 
Single bursts of this type, or groups of them, apparently 
occur very close to the starting times of certain flares. 
This statement is based on: 1) evidence made available 
to us by Haddock for a small number of cases recorded 
by the recently completed University of Michigan Solar 
Radio Spectrograph at the time of flares observed at 
the McMath-Hulbert Observatory, and 2) comparison 
of Quarterly Bulletin radio-frequency and flare data for 
January, 1955, to June, 1956. In the latter comparison, 
direct flare reports were supplemented by data from 
3750-mc bursts, on the assumption that 3750 mc re-
sembles 2800 mc in its close flare association. 
Type II bursts, with their much slower drift from 

high to low frequencies, apparently are relatively rare. 
Wild reported to the Quarterly Bulletin only 20 cases of 
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Type II bursts during the same 18 months in which he 
reported more than 1000 Type III events. Type II 
bursts seem to be closely associated with Ha flares. On 
the basis of evidence currently available to the writer, 
they tend to occur in the postmaximum, rather than in 
the premaximum stages of the flare. 

Unfortunately, there are only very few flare or iono-
spheric observations available for comparison with the 
20 cases of Type II bursts in the tables of the Quarterly 
Bulletin. However, by again assuming that a burst at 
3750 mc provides indirect data on starting (and maxi-
mum) times for Ha flares, we have prepared the dia-
gram in Fig. 11. This graph gives data for the 13 cases 
for which direct or indirect flare information could be 
located. It shows that in each case, the Type II burst, 
within the frequency range 240-40 mc, began from 1 
to 21 minutes after the flare and/or 3750-mc burst. For 
the two cases for which the time of maximum of the Ha 
flare is known, the Type II burst definitely was a post-
maximum event. These results are in agreement with 
our earlier study of Type II bursts.6.8 Type III bursts 
also are shown in the diagram in Fig. 11 whenever they 
too occurred. Wild9." already has pointed out that 
many of the radio-frequency bursts are flare associated 
and that Type II bursts frequently follow Type III 
bursts and, in turn, are sometimes followed by a long 
period of storminess (Type I). This apparently triple 
phenomenon is clearly shown in certain of the 80-mc 
records at the time of flares. See Fig. 1 and Fig. 10. 

GEOMAGNETIC DISTURBANCES FOLLOWING FLARES WITH 
"MAJOR EARLY BURSTS" AT LOW RADIO FREQUENCIES 

Radio frequency records at the time of solar flares 
not only provide new data that may lead to increased 
insight into the flare phenomenon, but they also give in-
formation that may help to identify the flares that are 
associated with geomagnetic storms. During our day by 
day examination of the Cornell 200-mc solar records, it 
was observed that flares with sudden bursts of great 
magnitude during the premaximum phase of the flare 
frequently were followed within one to four days by 
sudden-commencement geomagnetic storms. Con-
versely, certain important flares (importance 2+ or 3) 
without such "major early bursts" at 200 mc were not 
followed by geomagnetic disturbances. 

In order to test these ideas, we have investigated the 
possible geomagnetic effects of all flares, using world-
wide data, between January, 1949, and April, 1956, for 
which we had positive evidence of a "major early burst" 

8 H. W. Dodson, "The relation between observed solar features 
and solar radio emission," Proc. NEC, vol. 11, pp. 498-505; October, 
1955. 

J. P. Wild, "Radio Observations of Solar Flares," Trans. IAU, 
ed. P. Th. Oosterhoff, Cambridge University Press, Cambridge, 
Eng., pp. 661-663; 1957. 
" J. P. Wild, "Spectral Observations of Solar Activity at Metre 

Wave-Lengths," IAU Symp. IV in "Radio Astronomy," ed. H. C. 
van de Hu1st, Cambridge University Press, Cambridge, Eng., pp. 
321-326; 1957. 
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at frequencies 200 mc. In this study, we tried to in-
clude only flares with premaximum bursts of duration 
52 minutes and for which the intensity was very great. 
The study showed that flares with these great, premaxi-
mum events are relatively rare (115 cases) and that 
flares with such radio frequency emission indeed are 
followed by geomagnetic storms in a high percentage of 
cases. (See Fig. 12.) According to this study, the average 
time interval between the occurrence of flares with "ma-
jor early bursts" and onsets of the next geomagnetic 
storms is about two and a half days, a time interval 
considerably longer than that usually given in studies 
of solar-terrestrial relationships. It should be pointed 
out that the study exclusively referred to the declining 
branch of the sun spot cycle and included small as well 
as great storms. These factors may be playing a part in 
the above time relationships, but the evidence for such a 
situation is not strong within the study itself. 
The average time of two and one-half days between 

flare and start of storm, as found by the foregoing study, 
makes it very tempting to try to identify the ejection of 
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the storm-producing particles with the occurrence of the 
slowly drifting, flare-associated Type II bursts at radio 
frequencies. For Type II bursts, the inferred particle 
velocity is ,--,300-700 km, corresponding to travel 
times from sun to earth of 2-5 days.9." Future work 
may show that the above association is true. How-
ever, on the basis of present information, such an 
association is not yet justified. First, the 115 flares 
in the geomagnetic study" here considered were 
selected on the basis of a great premaximum burst, 
whereas Type II bursts, in the range 240 to 40 mc, as 
reported to date (through June, 1956, Quarterly Bulle-
tin) are primarily postmaximum phenomena. It is true 
that many of the flares with major early bursts also had 
"late" components which indeed may have been Type 
II phenomena. Future studies should permit discrimi-
nation between the several parts of the flare event at 
radio frequencies and should provide clarification of 
these points. However, we do know that certain flares of 
importance 3, with only "late" components in their 
radio frequency emission, were not followed by geo-
magnetic storms within a small number of days. 

Secondly, geomagnetic events following the 20 cases 
of Type II bursts reported through June, 1956, in the 
Quarterly Bulletin do not suggest an unusually close 
(or suitable) association between these phenomena and 
subsequent geomagnetic storms. The time interval be-
tween each reported Type II burst and the next geo-
magnetic storm is shown in Table IV. For certain bursts, 
a second time interval is also given, since particles mov-
ing with velocities of ‘--,300-700 km per second do not 
readily lend themselves to association with geomag-
netic storms that begin within less than two days after 
the time of the burst. 

CONCLUSION 

Our studies have provided growing evidence that the 
flare mechanism is in some way intimately associated 

11 H. W. Dodson and E. R. Hedeman, "Geomagnetic disturbances 
associated with solar flares with major premaximum bursts at radio 
frequencies 200 mc/s," J. Geophys. Res., in press, March, 1958. 

TABLE IV 
TIME INTERVAL BETWEEN REPORTED TYPE II BURSTS AT RADIO 

FREQUENCIES AND START OF NEXT GEOMAGNETIC STORM. 

JANUARY 1, 1955—JUNE 30, 1956 

Date and Time of Burst Intensity At* 

1955 
February 24 
June 9 
June 15 
June 21 
July 5 
July 7 
September 10 
September 19 
November 15 
November 15 
November 18 
November 24 
November 30 

0104-0124 
0001-0033 
0400-0408 
2329-2354 
0215-0224 
0206-0213 
0509-0520 
0152-0202 
0441-0505 
2205-2208 
0242-0252 
0442-0513 
0544-0549 

strong 
weak 
weak 
strong 
strong 
moderate 
weak 
weak 
weak 
moderate 
moderate 
moderate 
moderate 

3d2lh 
13 10 
7 6 
0 11 
6 22 
4 22 
1 20 
7 23 
0 01 
2 04 
111 
7 05 
1 03 

(10d16h) 

( 2 22) 

(13 06) 

( 5 16) 

1956 
January 16 
January 19 
February 14 
March 8 
April 25 
May 16 
May 30 

0031-0049 moderate 1 22 ( 3 07) 
0026-0031 strong 2 17 
0555-0620 strong 4 20 
0321-0342 strong 118 (12 08) 
2348-2419 weak 0 21 ( 2 17) 
0007-0039 moderate 4 06 
f2331-23331 moderate 0 22 (14 20) 
1 2351 f weak 

* When the time to the first succeeding storm is 2d the time to 
the next storm is given in parentheses. 

with much of the transient activity at radio frequencies. 
Either flares themselves or a stage of development of an 
active center such that flares can occur may be a nec-
essary circumstance for the emission of greatly en-
hanced solar radiation at radio frequencies. 
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A Swept-Frequency Interferometer for the Study 
of High-Intensity Solar Radiation 

at Meter Wavelengths* 
J. P. WILD f AND K. V. SHERIDAN t 

Summary—The paper describes an interferometer which has 
been constructed for studying the various spectral types of solar 
activity at meter wavelengths. The instrument is a "swept-frequency" 
interferometer and is capable of measuring the one-dimensional 
position and angular size of a transient source on the sun's disk, and 
of determining the polarization and intensity of the received radia-
tion. All these characteristics are determined as a function of 
frequency in the range 40-70 mc. Independent position measure-
ments are made at one-second intervals, and source-size measure-
ments at two-second intervals. Polarization measurements are made 
as an alternative at chosen times. The two antennas of the main 
interferometer are spaced 1 km apart on an east-west line. The 
two antennas of the polarization system are erected on a common 
axis maintained in the direction of the sun. 

Some preliminary observations have given an indication of the 
spectrum of source size for activity of spectral Types I and III. In 
both cases the angular size is found to decrease from about 10 
minutes of arc at 45 mc to about 6 minutes of arc at 65 mc. 

I. INTRODUCTION 

HE sun's electromagnetic radiation in the meter-
wavelength part of the radio spectrum is domi-
nated by a spasmodic variable component which 

originates in active areas above certain sunspots. It con-
sists of short-lived bursts of radiation lasting from a few 
seconds to several minutes, sometimes superimposed on 
a variable background continuum of longer duration. 
The majority of bursts conform to one of a relatively 
small number of spectral types of which three have been 
described in some detail.'-4 Hypotheses have been ad-
vanced to interpret these spectra in terms of physical 
processes taking place in the solar corona. For example, 
in one of the commonest types of burst (spectral Type 
II I) two frequency bands are emitted, one the second 
harmonic of the other, and these drift rapidly in the 
direction of decreasing frequency, sweeping through 
tens or hundreds of megacycles in a period of a few 
seconds. Reasons have been given for supposing that 

* Original manuscript received by the IRE, October 18, 1957. 
Radiophysics Laboratory, CS! RO, Sydney, Australia. 

1 J. P. Wild and L. L. McCready, "Observations of the spectrum 
of high-intensity solar radiation at metre wavelengths. Part I— 
The apparatus and spectral types of solar burst observed," Aust. J. 
Sci. Res., vol. A3, pp. 387-398; September, 1950. 

'J. P. Wild, "Observations of the spectrum of high-intensity 
solar radiation at metre wavelengths. Part II—Outbursts (type 
II). Part III—Isolated bursts (type III). Part IV—Enhanced 
radiation (type I)," Aust. J. &I:. Res., vol. A3, pp. 399-408; 
September, 1950, vol. A3, pp. 541-557; December, 1950, vol. A4, pp. 
36-50; March, 1951. 

3 J. P. Wild, J. D. Murray, and W. C. Rowe, "Harmonics in the 
spectra of solar radio disturbances," Aust. J. Phys., vol. 7, pp. 439-
459; September, 1954. 

J. P. Wild, J. A. Roberts, and J. D. Murray, "Radio evidence 
of the ejection of very fast particles from the sun," Nature, vol. 173, 
pp. 532-534; March, 1954. 

the physical process responsible for such a burst is the 
excitation of plasma oscillations in the solar corona by a 
disturbance (e.g., a corpuscular cloud of ionized matter) 
traveling outwards through the corona exciting levels 
of continuously decreasing plasma frequency. The de-
duced velocity of an average disturbance is some 70,000 
km and a possible connection with the cosmic rays of 
solar origin has been suggested. 
Much the same interpretation has been given for the 

longer-lived bursts of spectral Type II, though here the 
deduced velocity is typically 500 km—of the order of 
the velocity of solar corpuscles responsible for auroras 
and magnetic storms on the earth. Also there are long-
period storms of Type I bursts individually narrow in 
bandwidth, short in lifetime, and circular in polariza-
tion, which, together with other rarer spectral types, all 
remain without satisfactory explanation. In order to 
make further progress—to test the hypothesis on which 
the existing interpretations are based, and to explore 
the emissions of unknown origin—further information 
is required to supplement the spectral data. 

In particular, we wish to know the position, angular 
size, and polarization of the radiating sources. Our pres-
ent knowledge of the positions and motions of the 
sources on the sun's disk is very limited. In 1950, Payne-
Scott and Little' made valuable directional observa-
tions of these sources with a swept-phase interferometer 
operating at a single frequency (97 mc). But to obtain 
a proper understanding of the origin of the bursts it 
seems essential to study the positions over a range of 
frequencies, since different frequencies are thought to 
originate from different levels in the corona. Also our 
knowledge of the angular size of the short-lived sources 
is almost nonexistent. Previous measurements of angu-
lar size,5-8 which probably all refer to Type I storms, 
indicate that at frequencies between 97 and 200 mc the 
size is not more than a few minutes of arc. A quantita-

5 R. Payne-Scott and A. G. Little, "The position and move-
ment on the solar disc of sources of radiation at a frequency of 97 
mc. Part II—Noise storms. Part HI—Outbursts," Aust. J. Sci. 
Res., vol. A4, pp. 508-525; December, 1951, vol. A5, pp. 32-49; 
March, 1952. 

L. L. McCready, J. L. Pawsey, and R. Payne-Scott, "Solar 
radiation at radio frequencies and its relation to sunspots," Proc. 
Roy. Soc., vol. A190, pp. 357-375; August, 1947. 

7 M. Ryle and D. D. Vonberg, "An investigation of radio-fre-
quency radiation from the sun," Prot. Roy. Soc., vol. A193, pp. 98-
120; April, 1948. 

8 Y. Avignon, E. J. Blum, A. Boischot, R. Charvin, M. Ginat, 
and P. Simon, "Observation des orages radioélectriques polaires 
avec le grand interferomètre de Nancay," Comps. Rend. Acad. Sc., 
vol. 244, pp. 1460-1463; March, 1957. 
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live knowledge of source size is necessary both to gauge 
the scale and spread of the disturbed region and to cal-
culate the intrinsic radio brightness of the sources. 
Polarization observations, notably those of Payne-
Scott and Little5 and Hatanaka,5 have been more ex-
tensive, but apart from some recent observations of 
Komesaroff (in preparation), these have been restricted 
to single frequencies. 
The instrument described in this paper is an interfer-

ometer constructed with the intention of making rapid 
measurements of the position and size (both in one di-
mension) and polarization of the transient sources over 
a substantial frequency range. These data are obtained 
side by side with records of dynamic spectra using the 
radio spectrograph at Dapto (40-240 mc). Hence it is 
hoped to obtain a fairly complete set of observable 
characteristics of the different spectral types of burst. 
The instrument covers a frequency range of 40-70 

mc, the lowest range of the spectrograph. There were 
several reasons for choosing the lowest range. The first 
is dictated by the nature of emitted spectra. Reference 
has already been made to the natural emission of 
harmonic frequencies, a phenomenon common to bursts 
of Types II and III. On current evidence it appears that 
the fundamental frequencies rarely exceed 100 mc, 
while harmonics are received over a much wider range. 
By choosing a frequency range below 100 mc, therefore, 
we should be in a position to observe the sources both in 
their fundamental and harmonic emissions. Second, it 
can be shown that an interferometer of given base line 
is capable of discriminating between the 40- and 70-mc 
plasma levels at the limb of the sun more efficiently than 
between the levels of a pair of higher frequencies (e.g., 
70 and 120 mc) bearing a similar ratio"—this despite 
the sacrifice of angular resolution at the lower frequen-
cies. Finally, the technical problems in the building of an 
accurate interferometer of given base line decrease with 
frequency. A disadvantage of low-frequency operation 
is the increase in errors of position due to refraction in 
the ionized atmospheres of the sun and earth. 
To obtain a sequence of positions of sources which 

exist for no more than 5 or 10 seconds it is necessary to 
make measurements at intervals of about one second. 
Little and Payne-Scott" fulfilled this requirement at a 
single frequency by rapidly sweeping the phase of sig-
nals entering through one arm of their interferometer, 
thus causing the fringes in the antenna pattern to be 

T. Hatanaka, eolarization of solar radio bursts," in "Radio 
Astronomy," H. C. van de Hu1st, ed., Cambridge University Press, 
Cambridge, Eng., pp. 358-362; 1957. 
— "The Faraday effect in the earth's ionosphere with special 

reference to polarization measurement of the solar radio emission," 
Publ. Astron. Soc. Japan, vol. 8, pp. 73-86; 1956. 

1° This merely expresses the fact that the distribution of electron 
density, N, in the solar corona is such that N/rs,r (proportional to 
plasma frequency) decreases outwards more slowly than expo-
nentially. 
u A. G. Little and R. Payne-Scott, "The position and move-

ment on the solar disc of sources of radiation at a frequency of 97 
mc. Part I—Equipment." Aust. J. Sci. Res., vol. A4, pp. 489-507; 
December, 1951. 
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Fig. 1—The principle of the swept-frequency interferometer. 

scanned rapidly across the sky. In the present case we 
need an interferometer in which both the antenna 
pattern and the frequency are swept. This has been 
achieved in a single operation; i.e., sweeping the fre-
quency in an asymmetrical two-antenna interferometer. 
The principle of such a "swept-frequency" interferom-

eter has previously been applied by Wild and Rob-
erts" to the problem of radio-star scintillations." 

I I. THE SWEPT-FREQUENCY 
RECEIVER 

A. The Principle 

The principle of the swept-frequency interferometer 
is illustrated in Fig. 1. Plane waves incident on an 
asymmetrical two-antenna interferometer at an angle 
o with the normal plane of the interferometer travel 
through the two antennas along paths which differ by 
a sin 0+1, where a is the spacing of the antennas and 1 
the extra feeder length in one side. The interfering 
waves are received in a swept-frequency receiver and 
displayed on a cathode-ray tube which traces the pat-
tern of intensity vs frequency. It is evident that this 
pattern will be just the spectrum of the source modu-
lated with an interference pattern having maxima at 
wavelengths for which a sin 0+1=nX and minima for 
which a sin 0+1= (n +)X, where n is an integer. When 
all frequencies arrive from the same direction, such 
maxima occur at equal intervals, Af, in the frequency 
scale, given by 

is J. P. Wild and J. A. Roberts, "The spectrum of radio-star scin-
tillations and the nature of irregularities in the ionosphere," J. 
Atmos. Terr. Phys., vol. 8, pp. 55-75; February, 1956. 
u The latter instrument was also used for some preliminary solar 

observations. See R. L. Loughhead, J. A. Roberts, and M. 
McCabe, "The association of solar radio bursts of spectral Type III 
with chromospheric flares," Aust. J. Phys., in press. 
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Af —   ((0) < 7) (1) 
a sin O ± 1 

where c is the free-space velocity of light. Thus measure-
ment of the frequencies of maximum or minimum en-
ables the position angle, 0, to be measured at those fre-
quencies. Provided the instantaneous position of the 
source is approximately independent of frequency, none 
of the ambiguities in position encountered with single-
frequency interferometers arise since, for a given vlaue 
of 1, if is a unique function of O. (The value of Af can be 
adjusted to any desired value by varying the length 1.) 
Also by measuring the maximum-to-minimum ratio of 
the intensity of the interference pattern we can obtain 
a useful measure of the angular size of the source if the 
latter is no wider than about one fringe spacing and no 
narrower than about one tenth of a fringe spacing. 
While the simple interferometer shown in Fig. 1 is 

suitable for the rough measurement of position, diffi-
culties arise when measurements of high precision are 
required (e.g., a few hundredths of a fringe spacing). In 
the first place, the finite bandwidth of solar emissions 
can cause a considerable distortion of the sinusoidal 
pattern and so complicate the precise location of the 
true interference maxima and minima. Second, in the 
case of sources of relatively large angular width, the 
interference pattern is superimposed on a high-incoher-
ent background with consequent loss in the visibility of 
the pattern. We have overcome these problems by 
measuring positions with an interferometer in which the 
signals entering the two antennas are multiplied to-
gether rather than added. This technique is familiar in 
radio-star interferometry where it is desirable to elim-
inate the galactic background." Fig. 2(b) shows the 
kind of pattern obtained when a partially resolved 
source is viewed with a multiplying interferometer; this 
may be contrasted with the adding pattern shown in 
Fig. 2(a). With multiplication the receiver amplifica-
tion may be increased as desired, and the phase of the 
pattern can be accurately measured using the points at 
which the pattern crosses the zero line. 

However, the adding interferometer is still required 
for source-size measurements. Our instrument, there-
fore, has been made to combine both adding and multi-
plying facilities, and is automatically switched between 
the two conditions during alternate (i-second) sweep 
intervals. Where possible, the two systems make use of 
the same equipment. In describing them, however, it is 
convenient to regard them as two independent instru-
ments. 
So far we have restricted the discussion to problems 

of measuring position and source size. We shall continue 
to do so until Section IV-C, where it will be shown that 
polarization can be measured by replacing the spaced 
antenna system with a pair of crossed antennas. 

14 For example, see M. Ryle, "A new radio interferometer and 
its application to the observation of weak radio stars," Prot. Roy. 
Soc., vol. A211, pp. 351-375; March, 1952. 

(a) 

Frequency 

(b) 

Fig. 2—Characteristic patterns of intensity (vertical) vs frequency 
obtained with (a) an adding interferometer and (b) a multiplying 
interferometer. 

B. The Adding Interferometer 

A block diagram of the adding interferometer is 
shown in Fig. 3. For source-size measurements the sig-
nals are received in two identical broad-band, wide-
beam antennas spaced 1 km apart on an east-west 
line. Connection to the receiver is made by long feeder 
lines, one of which includes a special section capable of 
being varied from 0 to 480 m in steps of 15 m. The sig-
nals are combined in a simple junction, detected by a 
40-70 mc swept-frequency receiver' and displayed on 
a cathode-ray tube provided with a horizontal sweep 
synchronized to the receiver sweep. The receiver is 
swept at 2 revolutions per second, the operative period 
being second. Thus traces of the form shown in Fig. 
2(a) are generated twice per second, and these are 
photographically recorded. Facilities are provided for 
injecting standard power levels from a noise generator 
and frequency markers from a harmonic crystal gen-
erator. 
The function of the variable line is to provide control 

of the frequency spacing between maxima in the inter-
ference pattern [Ai' of (1)]. If this spacing is allowed to 
become too large, the interference pattern is liable to be-
come confused with the envelope of the natural spec-
trum; also we would sacrifice the number of independent 
measurements across the frequency range. If the spac-
ing becomes too small the interference pattern would 
become blurred by the finite bandwidth of the receiver 
(chosen to be fairly large, 0.5 mc, to minimize noise 
fluctuations) and the reading accuracy would decline. 
In practice the most suitable spacing is found to be 

mc, so that we need to arrange for the difference 
in the total path length from the source to the receiver 
through the two antennas to be approximately 60 m 
[see (1)]. Now as the earth rotates, the path length be-
tween the sun and the two antennas changes by up to 
± 1 km in 12 hours. The present equipment has been 
designed to operate during the interval noon ± 2 hours, 
during which the path-length difference varies by about 
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Fig. 3—The adding interferometer. 
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+ 480 m. This path length is compensated by the vari-
able line which is automatically inserted in the appro-
priate feeder line and adjusted to the correct length 
(see Section I I I-B). 
For polarization measurements the two spaced an-

tennas are replaced by two antennas having a common 
principal axis but orthogonal planes of polarization. An 
additional 60 in of feeder length is included in one arm. 
The reason for this will be discussed in Section IV-C. 

C. The Multiplying Interferometer 

A block diagram of the multiplying interferometer is 
shown in Fig. 4. The antenna and feeder arrangements 
are the same as those of the adding interferometer but 
the signals in the two arms are amplified and converted 
to the intermediate frequency (30 mc) before being 
combined. It is necessary to preserve the relative phase 
of the two signals up to the common mixing point and 
so the two converters are supplied by a common local 
oscillator. The frequency is swept by tuning, in syn-
chronism, each radio-frequency amplifier and mixer, 
and the common local oscillator. The two 30-mc signals 
are then multiplied by phase switching and phase ge-
tection; the principle of this method is contained in (6) 
of Section IV and the technical arrangement is essen-
tially similar to that used by Mills, Little, Sheridan, 
and Slee." A high switching rate of 5 kc is used because 
it is required to make several switchings during the time 

is B. Y. Mills, A. G. Little, K. V. Sheridan, and 0. B. Slee, 
high resolution radio telescope for use at 3.5 m," this issue, p. 67. 
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(,--,10-2 to 10-8 seconds) taken for the frequency to be 
swept through one receiver bandwidth. The output of 
the phase-sensitive detector is passed through a low-
pass filter to the Y plates of the cathode-ray tube. 
The factors influencing the accuracy of position 

measurement will be discussed in Section IV, but two of 
the factors require instrumentation and should be men-
tioned now. The first is the provision of accurate sharp 
frequency markers. These are inserted automatically, 
at intervals of two seconds, by injecting harmonics of 
a 2.5-mc crystal oscillator into the input terminals of 
one of the rf amplifiers; at the same time the inter-
mediate frequencies are diverted from the main IF 
amplifier (bandwidth 0.5 mc) into one of bandwidth one 
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MULDPUING 

Fig. 5—Two typical records ol Type III bursts obtained on July 3, 
1957. As indicated by the clock, time advances vertically down-
wards. Patterns of the multiplying interferometer are displayed 
at one-second intervals, and those from the adding interfer-
ometer at two-second intervals. 

kc, whence they are detected and displayed as a ver-
tical deflection on the cathode-ray tube. The appearance 
of the marker pips is shown in Fig. 5. 
The second calibration facility is the provision of a 

means of determining the relative shift in the phase of 
signals passing through the two receiver channels; the 
relative phase shift must be known as a function of fre-
quency and determined at sufficiently short intervals 
of time. This is done by replacing the antennas and 
feeders with a pair of artificial phase-coherent sources of 
noise which generate an artificial swept-frequency in-
terference pattern. Signals from a broad-band diode 
noise generator are split into two channels and attenu-
ated in identical networks to prevent interaction be-
tween them. One is fed to receiver A through a cable of 
length s, the other to receiver B through a length b. 
Thus an interference pattern is set up on the display 
corresponding precisely to that from a celestial source 
for which the path difference through space and through 
the antenna feeders is b. In practice the length b is 
chosen to be 60 m giving fringes spaced at the desirable 
interval of 5 mc. 

D. The Combined Display 

A 12-inch cathode-ray tube is used to display all the 
required information, viz., multiplying and adding inter-
ferometer patterns, and narrow-band frequency mark-
ers which are superimposed on the former. The tube is 
photographed with a 35-mm cine camera whose film is 
advanced by 1/10 inch between alternate scans (i.e., 
at one-second intervals). The final record is illustrated 
in Fig. 5 and Fig. 6. The record also includes clock 
images at 2-second intervals and a bunch of illuminated 
numbers to indicate the setting of the variable line. 

Fig. 6—Two sections of the record taken on June 20, 1957, during a 
Type I storm which was characterized by a high background 
continuum. (Note: During the "polarization" section, no adding 
pattern was recorded in this case.) 

The combined display is produced automatically by 
using magnetically operated switches to control a cycle 
of operations which covers 4 scans (2 seconds). The 
scans in each sequence are shared as follows: 1) multi-
plying interferometer, 2) adding interferometer, 3) 
multiplying interferometer, and 4) frequency markers. 
During 2) the trace is deflected to the right and the 
horizontal sweep reduced in amplitude. 

III. THE ANTENNA FEEDER SYSTEM 
AND ITS CALIBRATION 

A. Antennas and Feeders 

The spaced antennas of the interferometer are single-
wire rhombics each mounted on a wooden cross in the 
vertical north-south plane and pivoted at the center to 
allow for two different declination settings (summer 
and winter); no azimuth movement is necessary be-
cause the beamwidth of the antennas is wide enough to 
accommodate the sun's daily motion during the operat-
ing hours (noon + 2 hours). The antennas are designed 
for uniformity of effective area in the frequency range 
40-70 mc (see Wild and McCready'). Each side is of 
length 3.64 m, and the semiangle at the side corners is 
27°, giving an effective area of about 9 m2. Each antenna 
he a characteristic impedance of about 700 ohms and is 
connected directly to 700-ohm open-wire transmission 
lines." The length of each feeder is about 800 m, having 
a measured attenuation of about 4 db at 50 mc (see 
Section III-C). Near the receiving station the feeders 
are quasi-exponentially tapered to transform the char-

' These consist of a pair of copper wires of diameter 0.064 inch 
spaced 11 inches by thin perspex spacers at intervals of 30 feet and 
supported 10-15 feet above the ground on wooden poles. 
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acteristic impedance to 300 ohms to facilitate connection 
to the receivers. 

Polarization measurements are made with a different 
pair of rhombic antennas which are mounted on a com-
mon axis and with their planes perpendicular. Each 
antenna has the same dimensions as the interferometer 
antennas, but the pair is equatorially mounted and 
driven to follow the sun. This allows polarization ob-
servations to be made throughout the day. 

B. The 0-480-Meter Variable Line 

As explained in Section II-B, the function of the 
variable line is to maintain the frequency spacing be-
tween fringes in the interference pattern at a value of 
the order of 5 mc for different positions of the sun in the 
sky. While it would probably be feasible to develop a 
suitable compact nondispersive artificial line, we have 
preferred to minimize problems of matching, dispersion, 
and loss by the use of long lengths of the normal 700-
ohm open-wire line. 
The variable line consists of 5 loops of the open-wire 

line of length 15, 30, 60, 120, and 240 m, respectively. 
Each of these may be either switched into the antenna 
feeder line or by-passed with a direct connection. A 
plan view of two of the loop sections is shown in Fig. 7. 
The switches were designed to avoid appreciable re-
flections in the radio-frequency line and are operated by 
solenoids.'' 

Similar switches are used in a system to transfer the 
variable line from the eastern feeder to the western 
feeder at noon each day. 
The six banks of solenoids operating the five loops 

and the "noon transfer" system are controlled by a 
clock-regulated unit which arranges for the total length 
of the eastern feeder to be decreased in 15-m steps be-
fore noon, and then the total length of the western 
feeder to be similarly increased after noon. By this 
means the quantity a sin 0+1 in (1) is maintained in the 
vicinity of 60 m and hence the frequency interval ,dif in 
the vicinity of 5 mc. 

C. Calibration of the Antenna Feeder System 

One of the major technical problems encountered in 
making accurate position measurements with the inter-
ferometer is the determination of the electrical lengths 
of the antènna feeder system including the variable line. 
Since the switches in the variable line inevitably in-
troduce some discontinuities, it is necessary to investi-
gate carefully the consequent variations in electrical 
length with frequency. To measure apparent positions 
with an accuracy of + 1' arc (+ 3 X 10-4 radians), it is 
desirable to measure all relative electrical lengths to 
better than one part in 3 X 10', or + 30 cm in our case. 

" Each switch consists of a thin strip of phosphor bronze, one 
end of which is held in a plastic clamp; the other end contains small 
rhodium-plated contacts which bear against similar contacts in 
plastic mounts. The arm is linked through a long rigid plastic arm to 
its solenoid. 
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Fig. 7—Diagrammatic plan view of two sections of the variable line, 
in which only one of the two wires of each radio frequency line is 
seen. The complete line can be varied from 0 to 480 m in steps of 
15 m. 

Also, it will be shown that the measurement of source 
size requires that the relative attenuation of the pair 
of feeders be known as a function of frequency. 
The lines were calibrated by recording, as a function 

of frequency, the impedance at the receiver terminals 
of each line with the antenna disconnected from the line. 
Let us assume initially that the line is uniform and has 
a characteristic impedance Zo. The impedance, ZR(f), 
at the receiver terminals is then 

27rf 
ZR(f) = Zo coth i—(1L 10} , (2) 

where at, and /L denote the attenuation and electrical 
length of the line being measured, and where the ter-
mination of the line (nominally an open circuit) is repre-
sented by a short line of length 17, and attenuation an 
In the general case, the attenuation and length param-
eters vary slowly with frequency. 

In practice the attenuation per wavelength is ex-
tremely small, and so it follows from (2) that as the 
frequency is increased, ZR(f) oscillates between extreme 
values 

(ZR)max = Zo c oth (OIL OIT) 

and 

(ZR)mir, = Zo tan h(aL + 

and these occur at frequencies 

nc 

and 

f„ =   
1L ± IT 

(n + 

fn4-1/2 

IL + 

(3) 

(4) 

(5) 

respectively, where n assumes integral values. 
The phase and amplitude of the pattern of ZR(f) 
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Fig. 8—A small section of an actual record of impedance at the re-
ceiver terminals (vertical vs frequency using the system described 
in the text for measuring electrical length and attenuation. 

[see (2)] is measured by connecting the line across the 
terminals of the 40-70 mc swept-frequency receiver in 
parallel with a noise diode which acts as a current source 
of broad-band noise. The receiver includes a narrow-
band (6-kc) IF amplifier, and the detected output is 
displayed on a pen recorder. As the receiver frequency 
is mechanically swept slowly across its range, an oscil-
latory pattern in phase with ZR(f) is traced on the re-
corder.'8 A typical pattern is shown in Fig. 8. The phase 
is accurately read using frequency markers generated 
from harmonics of a crystal oscillator, and the electrical 
length /L±/T may be determined at many frequencies 
across the range using (5). Also the attenuation ceL±cer 
is determined by measuring the ratio (ZR)„,,„1(ZR),„ ir, 
with the aid of a series of calibration runs in which the 
network is replaced by several resistors of known value; 
it is calculated from (3) and (4), which give 

V (ZR). 
tanh(aL aT) = 

(ZR)m in 

The measurements are then repeated for the line be-
longing to the other arm of the interferometer, which is 
terminated by an identical terminating impedance. Let 
the attenuation and length of the second line be az,' and 
/il, respectively. As before, we determine /il±/T and 
ail-l-ar as functions of frequency, and so obtain the 
required relative length h, —//,' and relative attenuation 
aL—ceil. 
A sample set of length measurements (//,-F/T) is 

shown in Fig. 9. It is seen that the derived lengths at 
different frequencies are scattered about a mean value 
with a standard deviation of about 10 cm. This scatter 
includes the effects of the nonuniformity of the line 
(e.g., those due to switches in the variable line). Work-
ing within the required limits of +30 cm, we are 
clearly justified in regarding the line as a uniform, non-
dispersive line whose length is given by the average at 
different frequencies. 
A sample set of attenuation measurements is shown in 

Fig. 10. It is found that, within limits of about + db 
(sufficient for source-size determinations), the measured 
attenuations can be adequately represented by a linear 
function of frequency. 

18 A small additional phase shift may occur in the receiving 
system. This effect tends to be cancelled when we come to measure 
differences in length between a pair of line networks. 
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Fig. 9—A typical measurement of electrical length (IL -FIT) as a 
function of frequency. (This example refers to the west feeder with 
the variable line set to 450 m.) 
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Fig. 10—Two sample measurements of attenuation 
(cer-l-aL) as a function of frequency. 

70 

IV. THEORY OF MEASUREMENTS 

A. The Measurement of Positions on the Sun's Disk 

We now discuss the method of locating sources on the 
sun's disk with an E-W swept-frequency multiplying 
interferometer. The first step is to use the records to 
calculate the angle O between the incoming rays and 
the normal plane of the interferometer (see Fig. 1) tak-
ing into account phase shifts in the receiver. The second 
is to relate O with positions on the sun's disk. 
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1) A Determination of the Angle O: The phase of the 
recorded interference pattern is determined by the dif-
ference in phase of the two signals reaching the mixing 
point in the channel mixer (see Fig. 4). At this point let 
us represent the voltage waveform of the signal passing 
through channel A as 

EA = EA I sin 27rfot, 

where fo is the intermediate frequency. Then that of the 
signal through channel B will be of the form 

A A 
EB = I EB I sin (27rfot ± + —2 ± —2 

where the e's denote phase terms introduced by the 
difference in path length through the two channels in 
space (es), in the antenna feeder lines (01,) and in the 
receiver circuits (08). The term "7r/2 + 7/2" is included 
to take account of the two positions of the phase switch. 
Denoting the two switched values of EB by EB+ and 
EB-, the output of the phase-sensitive detector is pro-
portional to the time average 

(EA + En-)2 - (EA + Es+) 2 

= 4I EAI I EB I sin 27rfot sin (2Tfot + es + Or, 4- eB) 

= 21 EAI IEBI COS (OS + OB). (6) 

The phase terms cb, and eL are given by 

es = 27r(a/X) sin 0 

Or, = 27r(//X), 

where 1 is the length by which the western antenna 
feeder line exceeds the eastern, and a and O are defined 
in Fig. 1. Similarly, we write 

= 271- I x(x)/x 1 , 

where x(X) is the difference in path length introduced 
by the two receivers. Substituting in (6) we obtain the 
swept-frequency interference pattern 

2 EA I I EBI COS 727 fa sin / x(X)1. 

The wavelengths at which the interference pattern 
crosses the zero line occur at X„, given by 

a sin O + I + x(X„) = En 1)X„, (7) 

where n takes integral values, and is even or odd accord-
ing to the sign of the slope of the pattern as it crosses the 
zero line. 
To determine the function x(X) at a number of wave-

lengths, we replace the antenna system by the artificial 
source (noise generator) (see Fig. 4). This is connected 
to receivers by a pair of cables differing by a known 
length, b. We then obtain a second interference pattern 
whose zero points are given, by analogy with (7), by 

b x(X„,) =-- ± 1)X., 

where m takes integral values. 

The electrical length of 1 in (7) is measured by the 
method previously described and so sin 0 is calculated. 
Providing that neighboring wavelengths X„, X.+, arrive 
from approximately the same direction, no ambiguity 
in choosing n will arise. 

2) Conversion of O to Solar Disk Coordinates: The 
position of a source in the celestial sphere may be speci-
fied by the usual astronomical coordinates—hour angle, 
H, and declination, 8. These are related to the measured 
quantity. 

S = sin O 

by the well-known expression for an E-W interfer-
ometer'2 

S = sin H cos 8. (8) 

Let the position of a source on the sun be referred to the 
center (So; Ho, 80) of the disk in the form (Hod-AH, 
8o-FA8). Then, with sufficient accuracy, the small dis-
placements AH and A8 cause the value of S to become 

S = So ± 

where 

as as 
às = All +(--)A8. 

o as o (9) 

Thus for a given value of AS there is a family of possible 
positions of the source which lie on a straight line whose 
equation, in the (AH, M) plane, is (9). Let us specify 
this line in terms of its (angular) distance, r, from the 
center of the sun and its inclination, ip, with the H axis 
(see Fig. 11)—, i.e., in the form 

r = cos eAH - sin eàs. (10) 

Comparing (9) and (10) we obtain 

( aa&S )0 / aaS )0 
tan 1,1/ (11) 

and 

r - 
àS 

2 

1/{ (—nor+  {Haa )0} 

(12) 

Substituting for S in (11) and (12), using (8), we obtain 
the values of r and 1,ti in terms of the measured quantity 
S= sin 0, and the sun's position (available from the 
Nautical Almanac): 

sin O - sin Ho cos So 
r -   

/(cos 2H0 cos 24 ± 1) 

e = tan-' (tan Ho tan ô). 

(13) 

(14) 

19 The treatment given here is for a horizontal E-W interferometer. 
The actual interferometer axis lies in a surveyed E-W vertical plane 
but is tilted a small angle a, the W antenna being higher than the E. 
In this case (8) becomes S= cos a sin H cos 84-sm a(cos H cos cos 8 
-F sin 8 sin 41), where 4, is the latitude of the observing station. 
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/ LINE ON WHICH 
/ SOURCE IS LOCATED 

SCANNING 
DIRECTION 

Fig. 11—Aspect of the sun as seen at noon from 
the southern hemisphere. 

B. The Measurement of Source Size 

The method of measuring the angular size of a source 
with an adding swept-frequency interferometer is closely 
analogous to the monochromatic method originally 
used in optical astronomy by Michelson and in radio 
astronomy by McCready, Pawsey, and Payne-Scott:7 
we simply measure the ratio of the maximum-to-mini-
mum power in the interference pattern and hence cal-
culate the half-power width of the source assuming a 
plausible shape of the source. The half-power width 
does not depend critically on the assumed shape if the 
latter is a smooth, single-humped curve. Here we shall 
assume the shape to be one period of a sine wave, such 
that the line-integrated brightness, B(0'), at an angle 0' 
measured along the scanning direction is given by 

B(0') = A(1 + cos e±3)  10'1 ≤ à1 
(15) 

B(0') = 0   I O' 

where A is the half-power angular width of the source. 
The ratio P./P,„in of the maximum-to-minimum 

power in the interference pattern at any desired fre-
quency" is obtained from the records by drawing the 
upper and lower envelopes to the fringe pattern [Fig. 
12(b)]. These are calibrated using special calibration 
records in which a series of six power levels, each sepa-
rated by a 2:1 interval, is generated with a diode noise 
generator. The source-size calculation also depends on 
the relative attenuation, a, of the feeder lines which is 
measured for different settings of the variable line by 
the technique previously described. 
The dependence of source size upon P I P - max, - min and a 

is derived below. (Previous treatments describing the 
analogous monochromatic method have neglected the 
effects of attenuation which are important here. 

Let the attenuation, expressed as a power ratio, along 
the two feeder lines be kA and kB, respectively [Fig. 

" In this section all quantities relating to the source [i.e., B(4'), 
A, A, P., S and y] are functions of frequency. So also are 
the instrumental quantities lee, ka and a. 

(a) 

(b) 

Fig. 12—Defining the symbols required for 
source-size measurements. 

12(a) ]. The power received from a point source of flux 
density S at position angle 00 is then proportional to the 
time average 

[(kAS) 712 cos 12rft r(f/c)(a sin 00 + 4 } 

(kBS) 717 cos { 2rft — r(f/c)(a sin 00 -I- /)1P 
i(kA kB)S (kAkB)"S cos 12r(17c) (a sin Oo 41 • 

Similarly if the point source is replaced by a source of 
small but finite angular size having a line-integrated 
brightness B(0') at frequency f, the received power is 
proportional to 

i(kA kB) f B(0')d0' 

(kAkB) 112 f B(8') cos [27,-(f/c) { a sin (Bo + 8') ± i} ]dû' 

¡(kA k B) f B(0')de 

(kAkB)' 12 f B(0') cos {2r(f/c)(0' cos eo 

+ a sin 00 }M, 

where B(0') is taken as nonzero only for small values of 
0'. As f is varied, the above expression defines the swept-
frequency interference pattern. It is simple to show that: 
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1) The spacing between neighboring maxima is 

a sin 00 + 1 
= 

provided that B(0') does not change appreciably with 
frequency in the interval ,Cif, and 

2) The maximum and minimum envelopes of the 
interference pattern due to a symmetrical source are pro-
portional to 

1(kA kB) nao B(0')de 
—00 

± (kA kB)' 12 f B(0') cos 27ra(f/c)1Y cos eo } der. 

Denoting these envelopes by P and Pz„i„, we note 
that the visibility, e, of the fringes, defined by 

Pinaz  

max — min 

is given, by 

2(kAkB) 1/2 

E =   
kA ka 

B(0') cos 127ree (a/X) cos 01 do' 

f.B(0')de 
Thus e is just the ratio of the moduli of the Fourier com-
ponents of the source distribution at angular "fre-
quencies" (a/X) cos Bo and 0, with a factor of proportion-
ality determined by the attenuation of the lines. If the 
relative attenuation is a nepers (a =¡ log. (kA/kB)), this 
factor becomes 

2ea 
— sech a. 

e2a ± 1 

It remains to substitute the assumed source function 
(15), whence we obtain 

— 1 sech a sin 271-v 

P,„„./P„,in + 1 2irv(1 — 4v2) 

where y =.à(a/X) cos 00. 
A plot of Pmax/Pmin vs y for different values of a is 

given in Fig. 13. The conversion of y to the source size 
A for the interferometer at Dapto is also given in this 
figure. It is seen that numerical values of source size 
can be assessed in the approximate range 1 to 20 min-
utes of arc. Outside this range upper and lower limits 
can be derived. 

C. The Measurement of Polarization 

Polarization measurements are made by replacing the 
pair of spaced antennas of the interferometer by a pair 
of antennas mounted on a common axis, but with 
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Fig. 13—The chart used for calculating sources size from the maxi-
mum-to-minimum power ratio (P.IP.i.) in the interference 
pattern, and the relative attenuation of the feeders in decibles. 
The upper part of this figure is quite general, while the lower part 
contains parameters peculiar to the interferometer at Dapto. 

mutually perpendicular planes of polarization. The 
antennas are connected to the adding and multiplying 
receiving systems through feeders differing by a known 
length b(-= 60 m) as shown in Fig. 4. 
The signals generated in the two antennas by polar-

ized radiation incident upon them will in general con-
tain phase-coherent components. These components 
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will interfere with one another at the mixing point and, 
as the frequency is swept, will generate an interference 
pattern. With the multiplying system, this pattern is 
[cf. (6)] 

27rfb 
cos (  ± OR), 

where Op is the difference in phase between the two re-
ceived polarization components of the radiation, and 
OR is the relative phase change introduced in the receiv-
ers. The latter term is determined in the calibration 
process and so the polarization phase, Op, is determined 
(at 2.5-mc frequency intervals) from the frequencies of 
the null points in the interference pattern. 

Past observations have shown that polarized radia-
tion from the sun is mainly circular. In this case 47= 
+7r/2, the sign depending on the sense of rotation. 
Circular polarization can therefore be directly recog-
nized and its sense determined from measurements of 
Op; also the degree of circular polarization is given by 
the depth of modulation of the pattern of the adding 
interferometer. 
When the phase Op indicates noncircular polarization 

the problem is more complicated. Linear polarization 
gives Op =0 or w/2, but the depth of modulation de-
pends both on the angle between the planes of polariza-
tion of the antenna and the radiation, and on the degree 
of polarization. Intermediate values of cPp correspond 
to elliptical polarization. In general, however, it is 
simple to shown that the complete polarization char-
acteristics (i.e., the percentage, eccentricity, orienta-
tion, and sense-of-rotation of elliptical polarization) 
can be determined from measurements of the following: 

1) The phase, Op, of the polarization (given accurately 
by the multiplying interferometer with crossed antenna 
system). 

2) The maximum and minimum power in the polari-
zation interference pattern (given by the adding inter-
ferometer with crossed antenna system). 

3) The total power received in one polarization (given 
by the adding interferometer with the spaced antenna 

system). 
Polarization observations are made at selected times 

by operating an antenna switch (S2, shown in Fig. 4) 
which replaces the spaced-antenna system by the 
crossed-antenna system. A sample record in Fig. 6 
shows strong circular polarization in storm radiation 
(spectral Type I). 

V. PRELIMINARY RESULTS 

Trial observations with the interferometer were made 
daily between June 6 and July 6, 1957, and during this 
period numerous bursts and storms of solar radio emis-
sion were recorded. Analysis of these records is incom-

it J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," 
Clarendon Press, Oxford, Eng., pp. 59-62; 1955. 

plete at the time of writing. The preliminary results 
given below are primarily measurements of the angular 
size of Type I and Type III sources recorded on two se-
lected days. 

A. Observations of a Type I Storm—June 20, 1957, 11:30 
to 12:30 E.A.S.T. 22 

Parts of the record are reproduced in Fig. 6, and the 
analysis is summarized in Fig. 14. The storm was char-
acterized by an unusually intense background con-
tinuum in which the flux density attained a value of 
1.5 X10-19 W m-2 Ws)'. The radiation was strongly 
polarized (right-handed circular). 
At 12:08 the source was located on the line AA' in 

Fig. 14(a). 23 It was not possible to decide which of two 
large sunspot groups, one in the northern and one in the 
southern hemisphere, was associated with the source. 
However a further measurement made at 13:46 when 
the scanning angle had changed by 11¡° favored the 
northern group. 
Measurements of source size at 55 mc at intervals of 

about one minute are shown in Fig. 14(b). The frequency 
dependence of source size, averaged over the one-hour 
period, is shown in Fig. 14(c). 
The mean size is seen to decrease from about 10' arc 

at 45 mc to 6' arc at 65 mc. 
The maximum instantaneous brightness temperature 

in this period was estimated to be 2.3 X101°' K. 

B. Observations of Type III Bursts—July 3, 1957, 10:15 
to 12:30 E.A.S.T. 

In this period 26 individual bursts, or small groups of 
bursts, were analyzed (Fig. 15). Records of two are re-
produced in Fig. 5. Fig. 15(a) shows the location of a 
burst at 10:39 and indicates an origin above a large 
spot near a flare in progress. 

Detailed source-size measurements indicated that at 
any one frequency the size remained approximately 
constant in the course of the rise and fall of an individ-
ual burst. Fig. 15(b) shows the distribution of source 
size at 55 mc, for the 26 bursts, and Fig. 15(c) the aver-
age size as a function of frequency. There appears to be 
no marked difference between the angular size of Type 
I and Type III emissions. 
The maximum instantaneous brightness temper-

ature in this period was estimated to be 10"° K. 
The above results show that both Type I and Type 

III sources cover a remarkably large part of the sun's 
disk frequently exceeding one tenth of the optical disk if 
circular symmetry is assumed. The result that the size 
increases with decreasing frequency suggests that the 
emitting region in the solar corona could be funnel-
shaped, the diameter increasing with height. It should 

" Eastern Australian Standard Time is 10 hours in advance of 
Universal Time. 
" The sunspot pictures and flare observation in Figs. 14 and 15 

were kindly made available by the Division of Physics, CSIRO, 
through the courtesy of Dr. R. G. Giovanelli. 
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Fig. 14—Observations of a Type I storm. (a) A pair of instantaneous position measurements, averaged over 
frequency, (b) the variation with time of the apparent source size at 55 mc, (c) the average spectrum 

of source size over the period in (b). 
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Fig. 15—Observations of Type III bursts. (a) An instantaneous position measurement, averaged over frequency, 
(b) histogram showing the distribution of source size in the 26 bursts (55 mc), (c) the average 

spectrum of source size during the bursts referred to in (b). 

be pointed out, however, that the size we measure does 
not necessarily correspond to that of the actual emitting 
region since refraction and scattering in the solar at-
mosphere could disguise its true form. Further measure-
ments of sources at different positions on the sun's disk 
should help to resolve this question. 
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Radio Astronomy Polarization Measurements* 
MARSHALL H. COHENt, MEMBER, IRE 

Summary—Various polarization measuring schemes are dis-
cussed in terms of the Stokes parameters. The methods are sepa-
rated into three groups according to the number of components 
isolated by the antenna system. The dispersion resulting from the 
frequency dependence of the Faraday effect is considered, and the 
interpretation of polarization data in terms of these effects is dis-
cussed. Some results are that one polarization determination will 
allow limits to be placed on the axial ratio and polarization per-
centage at the source, and on the ray path integral of longitudinal 
magnetic field times electron density. A graphical presentation of 
Hatanaka's dispersion theory permits this to be done very quickly. 
With suitable assumptions, measurements at two frequencies or 
with two bandwidths will fix the three quantities. 

Radio astronomy polarization observations are surveyed. The 
ionosphere, solar corona, and Crab Nebula are considered briefly in 
the light of possible Faraday effects. Mayer, McCullough, and 
Sloanaker's 3.15-cm observations on the Crab Nebula and the optical 
results are used to analyze lower frequency attempts to find polarized 
radiation from this object. 

I. INTRODUCTION 

THIS introduction contains a brief survey of some 
polarization observations. 

Section II reviews the Stokes parameters as a 
means of describing the state of polarization of radio 
noise. It is shown how the parameters are related to 
quantities which can be measured with antennas. 

Section III is a survey of measurement techniques. A 
number of schemes are considered and categorized ac-
cording to the number of components measured. 

Section IV is a discussion of the Faraday effect. 
Several experiments for finding the parameters involved 
are considered. 

Section V is a discussion of polarization observations 
of the sun and of the Crab Nebula in terms of possible 
Faraday rotation effects. 

Circularly-polarized radiation from the sun was first 
observed in 1946, at an active time when a large sun 
spot was on the sun's disk.' The existence of the polari-
zation was presumed to be associated with the magnetic 
field of the sun spot, and subsequent investigations 
showed that the sense of rotation generally corresponded 
to the ordinary mode of the magneto-ionic theory.' 
There were reports of elliptical and linear polarizations 
seen with an interference polarimeter,2.8 but typically 
any polarized component in the solar radiation was 

* Original manuscript received by the IRE, October 14, 1957. 
Various aspects of this work have been supported by contracts with 
the Office of Naval Res. and the Rome Air Dey. Center, and by a 
grant from the Natl. Science Foundation. 
t Cornell University, Ithaca, N. Y. 
' J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Oxford 

University Press, London, Eng., p. 185; 1955. 
2 R. Payne-Scott and A. G. Little, "The position and movement 

on the solar disk of sources of radiation at a frequency of 97 mcs. 
II. Noise storms," Aust. J. Sci. Res., vol. A 4, pp. 508-525; 1951. 

3 R. Payne-Scott and A. G. Little, "The position and movement 
on the solar disk of sources of radiation at a frequency of 97 mcs. 
III. Outbursts," Aust. J. Sci. Res., vol. A 5, pp. 32-49; 1952. 

taken to be circular. A number of observatories mak-
ing routine observations of the sun made observations of 
both circular components, and computed a percentage 
of polarization on the basis that only circular polariza-
tion was present.' The circularly-polarized solar radia-
tion is characteristic of noise storms, which are asso-
ciated with sun spots. This has been observed over a 
very wide range of frequencies. At microwave frequen-
cies the storms are missing, but the "slowly varying 
component" has been seen to be partly circularly polar-
ized at 10 cm6 and at 3 cm.' 

In 1954 Hatanaka, Suzuki, and TsuchiyaLs con-
structed a telescope-type (as opposed to an interference-
type) polarimeter that made a complete determination 
of the four polarization parameters. They observed 
many partially-polarized, elliptical bursts from the sun 
at 200 mc. In 1956, however, Hatanaka' pointed out 
that at meter wavelengths the Faraday rotation in the 
earth's ionosphere would be great enough to destroy the 
precision with which orientation angle data could be 
extended back to the source. He also pointed out that 
there was a chance that the solar corona might produce 
a very large rotation and a consequent dispersion in 
orientation angles which would have the effect of de-
polarizing a wave. This raised the speculation that per-
haps some of the unpolarized solar bursts were origi-
nally linearly polarized, but became unpolarized by the 
dispersion process. 
The ionospheric Faraday effect has been directly ob-

served by Evans," who made a two-frequency radar 
experiment with the moon as the target. The Faraday 
rotation (one way) was 10 to 13 radians at 120 mc, near 
sunrise. The amount of rotation should be proportional 
to f-2 for frequencies well above the critical frequency. 

Optical measurements of the photosphere" suggest 
the existence of a general solar dipole magnetic field 
with a strength of 1 Gauss at the poles. If this type of 
field exists, a radio ray resulting from thermal radiation 

Quart. Bull. Solar Activity, Internatl. Astron. Union, Zurich, 
Switzerland; January-March, 1949, and later issues. 

5 Pawsey and Bracewell, op. cit., p. 171. 
N. L. Kaidanovsky, D. V. Korolkov, N. S. Soboleva, and 

C. E. Khaikin, "Observations of polarized radio waves from sun 
spots on a wavelength of 3 cm," Solar Data, no. 4, Acad. Sci. USSR; 
1956. 

7 S. Suzuki and A. Tsuchiya, "A time-sharing polarimeter at 200 
mc," this issue, p. 190. 

8 T. Hatanaka, S. Suzuki, and A. Tsuchiya, "Observations of 
polarization of solar radio bursts," Prot. Japan Acad., vol. 31, pp. 
81-87; 1955. 

9 T. Hatanaka, "The Faraday effect in the earth's ionosphere 
with special reference to polarization measurements of solar radio 
emission," Publ. Astron. Soc. Japan, vol. 8, pp. 73-86; 1956. 

19 J. V. Evans, "The measurement of the electron content of the 
ionosphere by the lunar radio echo method," Prot. Ploys. Soc., vol. 
B69, pp. 953-955; September, 1956. 

11 H. W. Babcock and H. D. Babcock, "The sun's magnetic field, 
1952-1954," Astrophys. J., vol. 121, pp. 349-366; March, 1955. 
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will be slightly circularly polarized because the two 
magneto-ionic modes will have different absorption co-
efficients. Smerd" has calculated the magnitude of this 
effect and has shown how the resultant polarization de-
pends on the strength of the magnetic field and on the 
electron temperature. Rays from the northern and 
southern hemispheres of the sun will have opposite 
polarizations because the longitudinal components of 
magnetic field are opposite for the two cases, so the inte-
grated flux from the whole sun will be unpolarized. 

Attempts have been made to measure the differential 
polarization between the two halves of the sun, and 
thereby determine the strength of the general magnetic 
field in the corona. The results so far have been negative 
and have only given upper limits to the magnetic field. 
Christiansen, Yabsley, and Mills," measuring at 50 cm 
during an eclipse, set an upper limit of 9 Gauss for the 
strength of the polar field. Conway," measuring with a 
N-S interferometer at 60 cm, set a limit of 2.5 Gauss. A 
more recent interferometer measurement by Conway15 
gives a preliminary estimate of 1 Gauss for the limits. 
This required equipment which could detect a polarized 
component of 0.25 per cent. 
The light from the radio source in Taurus (Crab 

Nebula) has been found to be strongly linearly polar-
ized, and since this discovery there has been consider-
able interest in a possible polarization of the radio radi-
ation." Mayer, McCullough, and Sloanaker" have re-
cently reported a polarization of about 7 per cent at 
3 cm, observed with a rotating linear antenna in the 
NRL 50-foot dish. At lower frequencies the polarization 
would probably be less because of Faraday dispersion. 
At 22 cm Westerhout15 set an upper limit of 1 per cent, 
and at 158 mc Hanbury-Brown, Palmer, and Thomp-
son" set an upper limit of 24 per cent, for the polarized 
flux, if linearly polarized. 
The sources in Cassiopeia and Cygnus also have been 

examined for polarized radiation, with negative re-

sults."-2° 

12 S. F. Smerd, "The polarization of thermal 'solar noise' and a 
determination of the sun's general magnetic field," Aust. J. Sci. Res., 
vol. A 3, pp. 265-273; June, 1950. 

U W. N. Christiansen, D. E. Yabsley, and B. Y. Mills, "Measure-
ments of solar radiation at a wavelength of 50 centimeters during 
the eclipse of November 1, 1948," Aust. J. Sci. Res., vol. A 2, pp. 
506-523; 1949. 

14 R. G. Conway, "The general magnetic field of the sun," The 
Observatory, vol. 76, pp. 106-108; June, 1956. 

15 Report to the XIIth General Assembly of URSI, Boulder, 
Colo.; August 26-September 5, 1957. 

19 J. H. Oort and T. H. Walraven, "Polarization and composition 
of the Crab Nebula," Bull. Astron. Inst. Neth, vol. 12, pp. 285-308; 
May, 1956. 

17 C. H. Mayer, T. P. McCullough, and R. M. Sloanaker, "Evi-
dence for polarized radio radiation from the Crab Nebula," A strophys 
J., vol. 126, pp. 468-470; September, 1957. 

19 G. Westerhout, "Search of polarization of the Crab Nebula 
and Cassiopeia A at 22 cm wavelength," Bull. Astron. Inst. Neth., 
vol. 12, pp. 309-311; May, 1956. 

19 R. Hanbury-Brown, H. P. Palmer, and A. R. Thompson, 
"Polarization measurements on three intense radio sources," Monthly 
Notices Roy. Astron. Soc., vol. 115, pp. 487-492; 1955. 

29 M. Ryle and F. G. Smith, "A new intense source for radio-
frequency radiation in the constellation of Cassiopeia," Nature, vol. 
162, pp. 462-463; September, 1948. 

II. POLARIZATION PARAMETERS 

The radio waves of concern are assumed to be partly-
polarized noise signals. Such waves can be uniquely re-
solved into polarized and unpolarized (randomly-polar-
ized) components.21 The polarized part has a noise 
spectrum but has coherence between components at 
right angles. Its electric vector traces out an ellipse 
which is continually fluctuating in size but maintains a 
constant orientation, axial ratio, and sense of rotation, 
for intervals long compared with the period. The polar-
ized part is specified by its intensity (I.), orientation 
(X), and axial ratio (r). The sense of rotation is con-
tained in the sign of r: r > 0 means left hand in the radio 
sense; and r<0 means right hand. See Fig. 1. The wave 
is propagating along the z axis, into the paper, and is 
right-hand polarized. The angle x is clockwise from the 
x axis, viewed in the direction of propagation. 

Fig. 1—Coordinate system. 

The unpolarized part of the wave has a similar noise 
spectrum and has components at right angles which are 
independent. It is specified by a single parameter, in-
tensity (4). The total intensity (I) is the sum of I. and 
In. If we let m = polarization fraction = I./I, the four 
parameters that specify the wave are I, m, r, and x. 
The Stokes parametersu are a set of four numbers 

that define the wave and have the advantage of being 
closely related to antenna measurements. They may be 

defined by 

I = I 

Q = I, cos 20 cos 2x 

U = I. cos 2$ sin 2x 

V = I sin 2e, 

21 S. Chandrasekhar, "Radiative Transfer," Oxford University 
Press, London, Eng., pp. 24-35; 1955. 
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13 = tan-1 r. (5) 

In these terms, the quantities m, r, and x are given by 

ni = (Q2 ± U2 + V2)1/2//, 

sin 213 = V//., 

tan 2x = U/Q. 

(6) 

(7) 

(8) 

The wave can be regarded as the sum of two inde-
pendent elliptically-polarized components, with equal 
and opposite values of r, and perpendicular orienta-
tions." These will be referred to as opposite polariza-
tions. They include perpendicular linear components, 
and oppositely rotating circular components, as special 
cases. These are the only ones we shall use. If the wave 
is resolved into components along the x and y axes (Fig. 
1), the intensities are (omitting impedance factors) 

= X2 

1„= Y' + 

/ = I. + 

In these formulas X is the rms amplitude of the x 
component of the polarized part, and Y is the rms am-
plitude of the y component of the polarized part. These 
quantities are all defined for a certain frequency inter-
val; say, the bandwidth of the receiver. The amplitudes 
X and Y have a fixed ratio so long as the polarization is 
constant. Moreover, there is a constant phase relation-
ship between corresponding frequencies of the two com-
ponents of the polarized part. Let 7„ be the angle by 
which the y components lead the x components. The 
value of 7„ is constant over the entire band under con-
sideration. 

Similar remarks can be made about components along 
the s and t axes at + 45° to the x, y axes, Fig. 1. 

= .32 + 

1g = T2 ± 

= I, ± I. 

The phase difference, 7,, is similarly defined. 
Corresponding definitions can be made in 

circular components: 

I, = R' -F 

L' 

I = If+ II. 

terms of 

R and L are the mean amplitudes of the right and left 
circular components of the polarized part of the wave, 
and -yr is the phase difference between them. For sinus-
oidal waves the circular components are defined in 
terms of the linear components: 

f? = + 

L = — 

January 

(18) 

(19) 

Except for a factor -0, this is the representation used by 
Rumsey." The interpretation of these equations is con-
sidered in Appendix I. 

In terms of the x, y components the Stokes parame-
ters are 

I = + I„ = X' ± I" ± 

Q = = X' — Y2, 

U = 2XY cos 7,, 

V = 2XY sin 7„. 

This result is derived by Chandrasekhar." In terms of 
the s, t components, 

I = I, + It, 

Q = 2ST cos ye, 

U I., 

✓ 2ST sin 7.. 

(14) 

(23) 

(24) 

(25) 

This is like the representation in x, y components with 
Q and ( — U) interchanged. This follows from (2) and 
(3); a rotation of 45° interchanges cos 2x and ( —sin 2x). 

In terms of the circular components the parameters 
are 

I = 1„ 

Q = 2RL cos 7„ 

U 2RL sin 7„ 

V = Ii — 

(17) 

(26) 

(27) 

(28) 

This is derived in Appendix I. 
The intensities I, L., etc., are proportional to the pow-

ers that will be generated in linearly and circularly-
polarized antennas. Eqs. (11), (14), (17), and (20) to 
(28) can therefore be regarded as defining the Stokes 
parameters in terms of signals induced on the appropri-
ate antennas. The quantities involved are directly 
measurable. The intensities and phase shifts can be 
found by standard techniques, and the products X Y, 
etc., are proportionat to the amplitudes of the cross-cor-
relation functions of the signals in the oppositely-polar-
ized antennas. To show this, let x(t) and u(t) be the 
voltages for the polarized and unpolarized parts, re-
spectively, in the x antenna, and similarly for the y an-
tenna. Then 

" H. G. Booker, V. H. Rumsey, G. A. Deschamps, M. L. Kales, 
and J. I. Bohnert, "Techniques for handling elliptically polarized 
waves with special reference to antennas," PROC. IRE, vol. 39, 
pp. 533-552; May, 1951. 
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[x(I) uz(t)][y(t ± + th,(/ 
P (r) = 

[x(i) u . (1) 12 [y(t) u(t)12 1/2 

x(t)v(t 

(I,1„)' 12 

The quantities m1 (or m2) and m3 are sometimes 
(29) spoken of as the circularly and linearly-polarized frac-

tions. This is misleading because linear and circular 
polarizations are not "opposite," and a wave cannot 

(30) uniquely be broken into a combination of linear and 
circular components. 

If the bandwidths are narrow, x and y are close to sine 
waves with phase difference yy, and so 

X Y 
P(T) - (I1112 cos (cor y„). (31) 

.„) 

Sometimes polarization observations which are in-
complete are made. This means that all four parameters 
are not determined, but if the wave has a known axial 
ratio the polarization percentage is fixed. Solar bursts 
have been observed in this fashion by a number of sta-
tions.* Right and left circular components are observed, 
and the quantity mt is reported: 

= (11 - V/I. (32) 

When the polarized part of the wave is circular (by far 
the most common case) Q= U=0 and m = mi by (6). In 
the general case, from (2)-(6), 

m sin 20. (33) 

When the polarization is not known a priori, all one 
can say is that mi <m. 
When the wave is circularly polarized, it is also pos-

sible to determine m by measuring the correlation prod-
uct XY and the total intensity I. Let 

1232 = 2XY/I =- ± v2)1/2/1. (34) 

When the polarized part of the wave is circular Q=0 
and m = m2, but in general, 

M2 = m(1 - cos2 20 cos2 2x )112. (35) 

Again, m2 <m. 
Linear polarization has been sought in the radiation 

from radio stars, and determinations of a parameter ma 
have been made. When the x and y intensities are meas-
ured the following quantity is computed, 

I,- I, Q 
 = — = m, cos 2x, (36) 

-F /, / 

where 

m, = m cos 2e. (37) 

When the wave is linearly polarized m3 =m, but other-
wise mi <m. This particular case by itself is of limited 
use because x is indeterminate, and m3 cannot be found 
from (36). However, if I-, and /t are also measured, 

It - Is U 
= — = m3 sin 2x, (38) 

/I -I- /, I 

and m3 can be found from (36) and (38). 

III. MEASUREMENT TECHNIQUES 

The problem of determining the state of polarization 
of a completely polarized wave has been thoroughly dis-
cussed in the literature. 22.23 If two polarization com-
ponents are measured the two intensities and the phase 
difference are required, but it is possible to avoid the 
phase measurement by measuring the intensities of 
three components. Thus, if right and left circular an-
tennas are used, the measurement of intensities gives 
I and r; x is found from the phase difference. If crossed 
linear antennas are used, all three measurements must 
be made to find either r or x, in general. If a linear an-
tenna is used it may be convenient to rotate it, in which 
case the intensities can be measured at three orienta-
tions and used to deduce the three polarization param-
eters. This method, however, does not specify the sense 
of rotation. If a continuous record is made as the an-
tenna is rotated, one gets the polarization "dumbbell" 
pattern, from which rl and x are immediately found. 

In the present case the wave is not completely polar-
ized. A fourth parameter, m, is introduced, and there-
fore a fourth independent measurement must be made. 
If only two polarization components are measured, the 
extra quantity to be determined, in addition to two in-
tensities and a phase difference, is the amplitude of the 
cross-correlation function. If three components are used, 
either phase or correlation may be measured in addition 
to the three intensities. If four independent components 
are used, the four intensities are sufficient, and neither 
phase nor correlation coefficient need be measured. 

It is apparent that there is a great variety of ways for 
measuring polarization. In this section a number of 
schemes for making the complete polarization deter-
mination will be discussed. They are classified into 
three groups according to the number of polarization 
components measured. Reference will be made to meth-
ods which have been successfully used and reported in 
the literature; an attempt will be made to show the 
relations among them, and what they measure in terms 
of the Stokes parameters. Only the general principles 
of operation will be considered. For details of construc-
tion, circuits, calibration, etc., reference must be made 
to the original papers. 
The nature of the source being studied introduces 

special requirements into the operation of a polarimeter 
for radio astronomy use. Solar bursts often are very 
short; there is not time to mechanically rotate an an-

J. D. Kraus, "Antennas," McGraw-Hill Book Co., Inc., New 
York, N. Y., pp. 464-485; 1950. 
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tenna. This, though, is not serious since electronic 
switching or sweeping can accomplish the equivalent of 
antenna rotation if desired. A different complication 
comes about when radio stars are studied since they 
shine against a diffuse background and it is desirable to 
employ interference techniques, at least at the lower 
frequencies. This requires the use of antenna pairs 
rather than single antennas, but as far as the polariza-
tion is concerned the same quantities are measured. 

A. Two Components 

If two fixed antennas are used as a polarimeter, the 
measured quantities can be the two intensities, the 
phase difference, and the amplitude of the correlation 
function. The instrument at the Cornell Radio Ob-
servatory is of this type. This instrument is discussed in 
detail in a separate article. 24 The general operation is 
considered here. The simplified block diagram (Fig. 2) 
illustrates the operation. The antennas are oppositely 
polarized; suppose they are x and y-oriented dipoles. 

-  

MIX 

Air 

PHASE 
SWEEP 

wa 

—_/-1— 

A 8 

PHASE 

1 
C D 

Fig. 2—Polarimeter which measures two components of polarization. 

With square-law detectors the outputs at A and C are 
I. and 4, and the Stokes parameters I and Q are the 
sum and difference of them. The phase of the signal 
from A2 is continuously swept at an audio rate, co.2. If the 
downcoming wave is unpolarized, the signals in the two 
channels are independent, and the mixer does not have 
an output component at the audio sweep frequency. If 
the downcoming signal is partly polarized, the signals 
in the two channels are partly correlated, and the mixer 
does have an output component at the sweep frequency. 
Its amplitude can be shown to be proportional to the 
product of the polarized components, XY, as follows. 25 
In a narrow band the x signal can be broken into two 
parts, polarized and unpolarized: 

24 M. H. Cohen, "The Cornell radio polarimeter," this issue, p. 
183. 

25 Pawsey and Bracewell, op. cit., p. 60. 

E, = X cos PI -1- 0(1)] + E.. cos [cot ± imo]. (39) 

The angles ck and lk. are independent random functions 
of time. At the mixer the y signal is 

E, = Y cos [(co ± 41+ cp(t) ± 71, J 

± Em, cos [(co ± w0)1 ± 14(0 ]• (40) 

When these are multiplied the only term at the audio 
frequency is ¡X Y cos (wat -E-7„). Some of the other terms 
may have spectra covering the audio band, but their 
amplitudes will be small, and proportional to the ratio 
of the audio to IF bandwidths. With a narrow-band 
filter and a linear detector, then, output B (Fig. 2) is 
approximately XV. The phase angle of the audio signal 
at B is -y„; it is measured by comparison with a reference 
voltage derived from the phase sweep and recorded at 
output D. The Stokes parameters U and V can now be 
found from (21) and (22), and m, r, and x from (6), (7), 
and (8). In terms of the outputs A, B, C, D (meaning, 
respectively, /z, X Y, 4, -y„) the desired parameters are 

°I = A ± C, 

m --- [(A - C)2 + 4B2]112/(A ± C), 

sin 2,3 = (2B sin D)/ [(A - C)2 + 4B2]112, 

tan- 2x--:(2B cos D)/(A - C). 

(41) 

(42) 

(43) 

(44) 

Note that m can be found from A, B, and C; but the 
phase measurement D must be made before r or x can be 
found. 
Other methods for measuring phase and correlation 

could be used. This is true here as well as in the systems 
shown later. For example, the quantities (XY cos yi,) 
and (XV sin 7„) could be generated directly by adding 
phase sensitive detectors to Fig. 2. It would also be 
possible to obtain these quantities without the phase 
sweep. Fig. 2, however, represents a method which has 
been used several times in both interference and tele-
scope instruments, and so it will be used for discussion. 

If opposite circular antennas are used in Fig. 2, the 
four outputs A, B, C, D are, respectively, L., RL, Ii, 
and -yr. The Stokes parameters can then be found from 
(17) and (26) to (28), and the polarization parameters, 
from (6) to (8), are 

I =- A + C, 

m = [(C - A) 2 ± 4B2]112/(A ± C), 

sin 2/3 = (C - A)/[(C - A) 2 ± 4B2]1/2, 

x = D. 

(45) 

(46) 

(47) 

(48) 

With circular antennas the measurements break into 
two independent sets: A, B, and C determine I, m, and 
r, and D determines X. 
The Cornell instrument has provision for using either 

crossed linear or opposite circular antennas. The circular 
antennas have been used, however, because as shown 
above, the phase measurement is not needed unless the 
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orientation data is desired. The Faraday effect in the 
earth's ionosphere changes x a great deal at meter 
wavelengths (see Section V), so that orientation data at 
these wavelengths is hard to interpret. At the present 
state of knowledge, x can be projected back through the 
ionosphere only very imprecisely. 
An interference scheme which in essence would be 

identical to the above is shown schematically in Fig. 3. 
Connections (a) and (b) of Fig. 3 represent standard phase 
sweeping interferometers with "parallel" antennas. The 
phase sweeping in effect speeds up the standard pattern, 
and the audio component out of the mixer is the desired 
signal for the point source. From the point of view of 
determining polarizations, the phase sweeping is not 
important since the earth's rotation will do the same job, 
only more slowly. 

PHASE 

SWEEP 

(a) 

1-4 
PHASE 

SWEEP 

WI% 

PHASE 

EEP 

i% 

(b) (c) 

Fig. 3—Interference polarimeter. 

PHASE 

The outputs A, B, C, and D record the same quantities 
as in Fig. 2. With regard to B, we may say that an un-
polarized wave produces no interferometer pattern 
with crossed antennas, but a partly-polarized wave does. 
Its amplitude is proportional to the product of the x and 
y components of the polarized part. As pointed out ear-
lier, the antennas can be any oppositely-polarized pair. 
The use of circularly-polarized antennas would again 
break the measurements into two independent sets, 
with D used only to find x. 
The interference technique used by Little and Payne-

Scott" is very close to the above scheme. It is simpler 
because only two antenna connections, Fig. 3(a) and 
3(c) are used, but presumably it is less sensitive because 
the fourth output is the dc level at the mixer of Fig. 
3(c), This is just the average value of the combined 
signals from the two antennas after one of them has 
been swept in phase. But since it is the average value it 
is not a result of the interferometer pattern, and so does 
not have the advantage of discrimination against a dif-
fuse background. Little and Payne-Scott, however, were 
studying solar bursts, and this disadvantage probably is 
not important in this case. 

Historically, an instrument like this was built first by 
Ryle and Vonberg. 27 It did not have a phase sweep, 

24 A. G. Little and R. Payne-Scott, "The position and move-
ment on the solar disk of sources of radiation at a frequency of 97 
mcs. I. Equipment," Aust. Sci. Res., vol. A 4, pp. 489-507; De-
cember, 1951. 

27 M. Ryle and D. D. Vonberg, "An investigation of radio-fre-
quency radiation from the sun," Proc. Roy. Soc., vol. A 193, pp. 
98-120; April, 1948. 

but rather let the earth's rotation produce the pattern. 
It was mainly used to detect the presence of circular 
polarization in solar radiation. The version by Little and 
Payne-Scott did have a phase sweep and was also used 
to study solar bursts. An interference instrument similar 
to that used by Ryle and Vonberg was used by Ryle and 
Smith2° in a search for polarized radiation from radio 
stars. The Cornell instrument" followed the work of 
Little and Payne-Scott. It was designed for solar studies 
also. 
A microwave polarimeter recently built by Akabane" 

operates on two linear components but is somewhat dif-
ferent from the instruments discussed here. The modu-
lation scheme is different from that shown in Fig. 2, 
and the quantities (X Y cos -y„) and (XV sin y„) are 
generated by synchronous detectors. The x and y in-
tensities are not recorded, but rather the quantities 
(I-E1Q) and Q, which are also generated by the modu-
lation process and isolated with synchronous detectors. 

B. Three Components 

A polarization determination with three antennas 
can be made as in Fig. 4. Five outputs are shown, but 
they are redundant. Either B or D can be not used. 
Antennas Al and A a are oppositely polarized, and Ag 
can be any different one. A convenient set is (xyt) 
oriented linear antennas (Fig. 1), but this cannot be one 
antenna which rotates since A1 and Ag must be used 
simultaneously to measure outputs B and D. If three 
linear antennas are used and the phase is not measured, 
the sense of rotation will not be determined. 
An interference version of the scheme in Fig. 4 was 

used by Hanbury-Brown, Palmer, and Thompson" in 
an attempt to measure the polarization of the signals 
from the three strongest radio sources at 158 mc. Their 
system was as shown in Fig. 5. The outputs A, B, C, E 
are the same as in Fig. 4, and the quantities they meas-
ure are shown on the diagram. The intensity along the s 
axis (Fig. 1) was also measured, although this is not 
shown in Fig. 5. This was redundant but presumably 
was useful as a check. 

C. Four Components 

The intensities measured by four antennas are suffi-
cient to specify the four polarization parameters. But 
the measurements must be independent; right and left 
circular and x and y-linear antennas will not do, whereas 
right and left circular and x and 1-linear antennas will. 
In the former case the measurements are not independ-
ent by (11) and (17). Many combinations, of course, 
are possible. 

Suzuki and Tsuchiya7 have built a polarimeter of this 
type at the Tokyo Observatory. Their antennas are 
crossed dipoles, and by appropriate connections they 
get the two circular components, and four linear com-

" K. Akabane, "A polarimeter in the microwave region," this 
issue, p. 194. 
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Fig. 4—Polarimeter which measures three 
components of polarization. 

portents: x, y, s, t. The information is redundant but 
presumably this is useful as a check. The intensity I can 
be found from (11), (14), and (17), and the other Stokes 
parameters can be found from (20), (24), and (28). 

This instrument was designed for solar work. Since 
short-duration bursts are of interest, rapid switching 
techniques are used to sample the different antenna 
connections. Even so, the measurements are made at 
different times, and errors might be introduced if the 
burst is changing very rapidly. 
This point could be overcome by using a series of net-

works to split the two dipole signals into isolated parts 
and then making all the combinations all the time, or 
by using four separate antennas. The former method 
has the disadvantage that the noise figure would ef-
fectively be raised since each network would reduce the 
signal by 3 db. The latter method has the obvious dis-
advantage of requiring twice as many antennas. Both 
methods have the further disadvantage that four sepa-
rate receiver channels would be needed. 
The two-component systems discussed in Section II I-

A above avoid this point because only two intensities are 
measured. Since they must be measured at the same 
time, two receiver channels are needed. They should 
have similar phase characteristics as well as similar gain 
and bandwidth characteristics. The absolute values of 
noise figure, gain, and phase shift do not have to be the 
same for the two channels, but they should be stable 
between calibration periods. 

IV. FARADAY ROTATION AND DISPERSION 

In a homogeneous magnetized ionized medium, a 
polarized electromagnetic wave is propagated in two 
independent modes which have different phase veloci-
ties. When the frequency is sufficiently high, the two 
modes are circularly polarized with opposite senses of 
rotation (except for the case where the magnetic field 
is almost exactly transverse). The axial ratio and sense 
of rotation of the resultant total wave do not change, 
but the plane of polarization does. The Faraday rota-
tion of the plane of polarization, 44 is given by 
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Fig. 5—Interference polarimeter. 

---- (2.36 X 10-3)f-2 f nBAz, (49) 
o 

where 

= radians, 
f= megacycles, 
n= number of electrons/cc, 
B.= longitudinal component of magnetic field (Gauss), 
= kilometers. 

This result is used by Evans," for example, in explain-
ing the fading of moon echoes by a variable Faraday 
rotation in the ionosphere. 
When the frequency is not high enough, there is a 

change in the shape of the ellipse in addition to the 
Faraday rotation. This general case has been discussed 
by Hatanaka.' 

Since ct• is a function of frequency in (49), an ellipti-
cally-polarized noise signal containing a spectrum of 
frequencies is dispersed into a continuum of ellipses with 
a spread of orientations. This is depicted in Fig. 6. The 
angular dispersion rate is, from (49) 

dcp 
= — 2 — radians/cycle. 

df 

If Aflf=(f2—f2)/f«1, then 

-  

(50) 

(51) 
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where 0 is the dispersion angle corresponding to the fre-
quency band limited byfi and f2. 
The above formulas can be applied in the corona, but 

if the lower frequencies originate higher in the corona 
and have less medium to traverse, the frequency de-
pendence may not be as great as suggested by (49) and 
(51). If a wide spectrum of frequencies originates at one 
place in the corona, high above the plasma level for the 
lowest frequency, then these equations will be correct. 
On the other hand, if each frequency originates at a 
sharp plasma level the frequency dependence will be 
slower than ,t2 and the dispersion less than the value 
given in (51). This latter picture is probably artificial 
since the corona must be somewhat irregular, and any 
volume must generate a spectrum of frequencies, all of 
which come from the same level. 

MAGNETO-IONIC MEDIUM NOISE SOURCE 

Fig. 6—Dispersion from Faraday effect. 

Let us ignore this question of frequency dependence 
and consider what happens when a polarimeter operates 
on a dispersed elliptically-polarized wave. Let the dis-
persion be as in Fig. 6. Assume that h and fs are the 
edges of the receiver pass band and that the spectrum 
is uniform between these limits. Then orientations 
spread over an angle 0 are received and interpreted as a 
partially-polarized signal. The resultant state of polari-
zations was first calculated by Hatanaka° for the case 
where the source is all polarized. His procedure was to 
integrate the Stokes parameters over the bandwidth. 
The results are 

[ sin° 0 sin°61)] 1/2 

(52) /et =  ± sin' 2,30(1 
0° 02 

[ 92 sin29 ruz 
sin 2151 =  cot2 200 ± t] — (53) 

where tan-1 fio is the axial ratio of the wave at the 
source. 

Astronomical sources cannot be expected to be fully 
polarized, in general. For example, when the source con-
sists of synchrotron radiation from electrons in a mag-
netic field, it must be considered to have an appreciable 
depth, and the radio radiation from the bottom layer of 
electrons will suffer a Faraday rotation in its passage 
through the source itself. Even if the magnetic field is 
homogeneous, all the different levels will produce differ-
ent planes of polarization at the top of the source, so it 
will be only partially polarized. This has nothing to do 
with the bandwidth; it is strictly a property of the 
source. Eq. (52) thus gives the percentage of polariza-

tion at a distant point only for that part of the flux 
which is subject to dispersion, i.e., the part which is 
polarized at the source. The net percentage of polariza-
tion is found by multiplying (52) by mo, the fraction of 
the flux which is originally polarized. 

[ sin20 sinz O )i1/2 
t12 = Mo  + sin° 2/30(1 

0° 02 
(54) 

The final axial ratio cannot be affected by the initial 
percentage of polarization, so (53) is unchanged in the 
general case. (54) can also be derived by direct recourse 
to the Stokes parameters in the way that (52) is derived. 
These relations are shown graphically in Fig. 7. The 

abscissa and ordinate are r and m/mo; in the radio as-
tronomy case r and m are measured quantities. The 
curves are the families ro = constant and 0 = constant 
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Fig. 7—Polarization parameters as functions of Faraday dispersion 

angle and initial polarization parameters. 

The wave initially is represented by some point on the 
top line, 0=0. As the wave transverses the medium (or 
as the bandwidth is increased from zero) the point 
moves down the line ro = constant, until at 0=r it 
reaches the right-hand boundary. At this point the 
polarized part, which is now circular, is smallest. As 0 
further increases, the point comes back up the ro= 
constant line until it reaches the approximate limit 
0=3r/2, the dashed line. Then it subsides until at 0 = 
2r it is again at the right-hand side. 

Fig. 7 also can be used to find the polarization of the 
source in simple cases like the above example, synchro-
tron radiation in a homogeneous magnetic field. At the 
outer boundary of the source the orientations are spread 
uniformly through the angle (k„ the rotation angle for 
the depth of the source. If mo is taken as unity and cb, 
used for 0, Fig. 7 will give the net polarization of the 
source. In the case of synchrotron radiation ro =O. 
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At this point we outline the various assumptions and 
approximations which have been used. They pertain to 
the source, to the medium, and to the equipment. They 
must all be valid if the above formulas are to hold and 
if the succeeding material is to be valid. 

1) Slowly-varying medium (homogeneous theory ap-
plies). 

2) Circular magneto-ionic modes (high frequency and 
quasi-longitudinal propagation). 

3) No selective absorption or other mechanism that 
would change the polarization. 

4) Uniform spectrum. 
5) Rectangular band-pass. 
6) Narrow band. 

The foregoing has shown that the Faraday dispersion 
may be significant whenever the product of rotation and 
relative receiver bandwidth is on the order of -4 or 
greater, for then 0 > 1 by (51). The polarization param-
eters, in this case, are not an intrinsic property of the 
wave but rather depend upon the receiver frequency 
and bandwidth. Both these characteristics of the re-
ceiver should be given if proper interpretation is to be 
given to the measured values. 
The quantities mo, ro, and xo are important because 

they specify the source. They are not the measured 
values m, r, and x whenever the Faraday effect is im-
portant, but limits can be set on mo and ro from meas-
urements of m and r. Limits can also be set on 0. This 
quantity is important because it contains information 
on the medium between the source and the observer— 
the integrated product of magnetic field and electron 

density. 
In any case where m and r are measured, one can find 

from Fig. 7 an upper limit to 0 and both upper and lower 
limits to ro. The upper limit to 0 and lower limit to ro are 
attained when mo= 1, whereas the upper limit to ro is 
attained for 0=0. Furthermore, the initial value of 
polarization, mo, is restricted because mo>m. As an 
example, when r = 0.4 and m=0.6, mo > 0.6, 0 <112°, 
and 0.22 <ro <0.4. 

In the upper right corner of Fig. 7 where the 0 = con-
stant lines converge, an accurate determination of the 
limit to 0 is critically dependent upon the measurement 
accuracy. For example, if a measured point is m = 0.98 
+ 2 per cent, r = 0.75 + 5 per cent, then the upper limit 
to 0 is somewhere between 0 and 70°. Much of the data 
reported by gHatanaka et al.8 and by Cohen" on polar-
ized bursts from the sun does fall in this region. 
The determination of the limits from Fig. 7 uses only 

two of the four parameters that characterize the burst, 
m and r. The other two, the total intensity and orienta-
tion, are of no help for this. There is some difficulty in 
using orientation data directly. If the orientation of the 
original source is known (as it is in moon-echo experi-
ments), then the total Faraday rotation can be found to 
within a half-integral number of revolutions. Astronom-

ical sources, however, generally do not have a known 
orientation. In fact, part of the problem in interpreting 
polarization data is to find the orientation of the source. 
However, the Faraday rotation in the earth's ionosphere 
alone is many radians at meter wavelengths, and this 
must be accurately known before orientation data can 
be extended outside the ionosphere. 
The above discussion has been for a measurement at 

one center frequency with a specific bandwidth. If the 
parameters of the wave are measured at two frequencies, 
or with two bandwidths, far more information can be 
obtained. If orientation angles are measured at two 
frequencies, a dispersion can be directly calculated. 
This, though, must be interpreted cautiously. Solar 
bursts at different frequencies are thought to come from 
different levels in the corona; even if the two sources are 
parallel, the media between the source and observer 
are different for the two cases. An exception occurs when 
the two bursts are harmonically related and come from 
the same source. In this case, though, the rotation for 
the lower frequency is four times that for the higher 
frequency, and it would be difficult to fix the difference 
in orientations to within mr. The ionospheric rotation 
is variable, and this by itself would be enough to con-
fuse the result unless high frequencies are used. 
The above objections may not be valid if the two fre-

quencies are so close that the bands are adjacent. The 
same information can then be obtained as from meas-
urements made at one center frequency and two band-
widths, over the same total frequency range. The two 
experiments are different because they require different 
measurements. In the two-frequency experiment the 
dispersion information comes from the difference in 
orientation angles. Once 0 is found, cl) can be estimated 
from (51). If m and r are also measured, mo and ro can 
be found from Fig. 7. In the two-bandwidth experi-
ment the orientations are the same and are not required 
for the analysis; what is needed are the values of m 
and r. Measurements of r at two bandwidths will fix ro 
and 0 to within trigonometric ambiguities. If m also is 
measured at the two bandwidths, one can find the 
polarization percentage at the source. 29 This also gives 
a check which would be useful in resolving the ambigui-
ties in ro and 0. The total rotation 4) can also be esti-
mated as with the two-frequency experiment. 

V. DISCUSSION 

A. Ionosphere 

The earth's ionosphere is a magneto-ionic medium. 
Measurements by Evans" have shown that the Faraday 
rotation in it is variable and greater than 10 radians in 
the daytime at 120 mc. At the lowest radio astronomy 
frequencies, around 20 mc, the rotation would be 

29 M. H. Cohen, "Interpretation of Radio Polarization Data in 
Terms of Faraday Rotation," Cornell Univ. School of Elec. Eng., 
Ithaca, N. Y., Res. Rep. EE 295; May, 1956. 



1958 Cohen: Radio Astronomy Polarization Measurements 181 

greater than 360 radians. If the dispersion is to be insig-
nificant (0 < 1) the relative bandwidth must be on the 
order of 0.0014 or less; so the bandwidth must be about 
28 kc or smaller at 20 mc. This restriction is not serious 
since narrow bandwidths are customarily used at the 
low frequencies. 
Even though the dispersion may be small, the rota-

tion is not, at frequencies up to at least 500 mc. A cor-
rection for this effect has to be made whenever orienta-
tion angle data are extrapolated back through the iono-
sphere. The rotation is variable, and at the lower fre-
quencies, where it is very large, the extrapolation will 
require a knowledge of the ionosphere at the time of ob-
serving the radio source. 

B. Corona 

The solar corona is ionized and presumably contains 
some magnetic field. A Faraday rotation might there-
fore be expected for rays propagating through the co-
rona. Hatanaka° has made estimates of the magnitude 
of the rotation. A model using the Allen-Baumbach 
formula for electron density and a general dipole mag-
netic field with a strength of 1 Gauss at the pole gives, 
at 200 mc, 4, from 103 to 10° radians for sources from 2 
to 0.1 solar radii above the photosphere. The magnetic 
field is artificially smooth, but it may give the right 
order of magnitude for the rotation. Even if an irregu-
lar field is assumed, the rotation will be very large. A 
30,000-km "blob" at h=0.2 radius with a homogeneous 
longitudinal magnetic field of 0.2 Gauss and the above 
electron density gives a rotation of 2 X104 radians at 
200 mc all by itself. If the magnetic field is stronger, 4, 
is proportionately greater, although if it is strong 
enough, several of the approximations listed above may 
be invalidated. The Faraday effect will still be present, 
but the results are not so simple, since the modes will 
not be circles. If the medium is highly turbulent, the 
homogeneous theory may not apply. In this case the 
two modes are coupled, and there will be no Faraday 
effect at all. However, estimates of the maximum gradi-
ents for uncoupled modes, based on Budden's theory," 
give very large values: 0.04 Gauss/km for 300 mc at a 
height of one radius." The gradients are probably 
smaller than this, so the magneto-ionic modes are un-
coupled, and the Faraday effect can take place. Also, 
as noted in the previous section, the assumption of un-
coupled modes is introduced often in explaining the 
circularly-polarized bursts by the independent propaga-
tion qualities of the two magneto-ionic modes. 

Rotations of 108 to 105 radians might give large dis-
persions with the customary bandwidths for solar in-
struments. The resulting signals, then, would be some 
combination of circular plus random. These, in fact, 
are the most commonly observed polarizations for solar 

3° K. G. Budden, "The theory of the limiting polarization of 
radio waves reflected from the ionosphere," Proc. Roy. Soc., vol. 
A 215, pp. 215-233; November, 1952. 

bursts. However, these are also the polarizations that 
would commonly result from a source distributed in 
depth, as described above. 
The polarimeter built by Suzuki and Tsuchiya' has a 

100-kc bandwidth at 200 mc, and the instrument built 
by Cohen 24 has a 10-kc band at 200 mc. If the rotation 
of a 200-mc burst is 106 radians, the dispersions would 
be 100 and 10 radians respectively, according to (51), 
and the wave would be depolarized—to circular plus 
random—for both instruments. If the dispersions were 
10 and one radians respectively, there would be sub-
stantial differences in the observations of partially ellip-
tically-polarized waves with the two instruments. If the 
dispersions are much more or much less than 10 and one 
radians, the differences will be small. 
The reported observations do show that the above 

values of dispersion are sometimes much too large. 
Payne-Scott and Little' saw several examples of lin-
early-polarized signals. Numerical values of m and r are 
not given, but presumably in Fig. 7 the points would 
have been near the left boundary, and not near the 
bottom. If their point gave 0<2, the corresponding limit 
to 4, would have been 4) < 103 radians at 97 mc. Hata-
naka et al.8 have reported some observations which, 
when plotted on Fig. 7, give several points with 0=0 
and a number with 0a90°. The points with 0=0 are 
completely polarized, elliptical, and imply that 4, =0, 
but, as discussed above, small inaccuracies in m will 
make large changes in O. The points with 0=90° give 
4, <1.6 X108 radians at 200 mc. 

C. Crab Nebula 

Mayer, McCullough, and Sloanakerl" have measured 
quantity ma (37) for the Crab Nebula at a wave-
length of 3.15 cm. The result is that the polarized com-
ponent, if linear, is about 7 per cent of the total flux. 
Optical radiation from this object is strongly linearly 
polarized in patches, with a residual linear polarization 
of 9.2 per cent." 

It seems reasonable, therefore, to assume that the 
polarized component is linear at 3.15 cm, and that 
m = ma =0.07. The reported orientation at 3.15 cm is 
about 148°, and at optical wavelengths it is 159.6°; the 
difference is therefore about 11°. 
Oort and Walraven" have estimated that at a wave-

length of 21 cm the Faraday rotation in the interstellar 
space between the Crab Nebula and the earth would be 
7 radians, and within the nebula itself the Faraday ro-
tation would be 14 radians. At 3.15 cm the correspond-
ing figures would be 0.16 and 0.31 radians respectively. 
If the 11° orientation difference measured by Mayer 
et al. is taken to result from interstellar rotation, it gives 
the value of 4, =0.19 radians; Oort and Walraven's value 
is close to that value. The orientation difference, of 
course, may be regarded as (0.19 +nr) radians, but 
even n=1 gives a rotation much greater than the theo-
retically estimated one. 
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The amount of polarization measured at 3.15 cm is 
less than that at optical wavelengths by the factor 
(0.07/0.092) =0.76. Let this be called the polarization 
factor. 

If the depolarization is taken to result from the inter-
stellar rotation, the required rotation can be deduced. 
The 3.15-cm equipment received two bands, each 5.5 
mc wide, separated by 60 mc, and with a center fre-
quency of 9530 mc. In Appendix II it is shown that 
two independent linearly-polarized waves with equal 
intensities and orientations O apart combine to give a 
polarization percentage m = cos O. If m=0.76, 0 = 40*; 
by (51) the required rotation is 55 radians. This value 
is unreasonably large, and the depolarization probably 
does not result from the interstellar rotation. 

If the polarization factor is taken to result from rota-
tion within the nebula, the internal rotation is about 
72°, from Fig. 7. That amount is four times Oort 
and Walraven's estimate of 0.31 radian. Oort and 
Walraven also pointed out that there would be extra 
radio depolarization because the less polarized outer 
parts of the nebula would contribute relatively larger 
amounts to the radio energy. This may be the source of 
most of the depolarization at 3.15 cm. 

Several attempts at lower frequencies to measure the 
polarization in the Crab Nebula radiation were unsuc-
cessful. At 22 cm Westerhout' 8 determined that m3<0.01 
for two bands, each 2 mc wide and separated by 68 mc. 
If we take the 3.15-cm interstellar rotation to be 11°, 
at 22 cm it will be 9.4 radians, and the dispersion in 68 
mc will be 52°. The polarization factor is cos 52° =0.61; 
this would reduce the polarization from 9.2 per cent to 
5.6 per cent. This effect would be eliminated by using 
only one band. The internal rotation within the nebula 
is much more important; if it is about 14 radians, at 
22 mc, the polarization factor, m/mo in (54), will be a 
maximum of about 0.07. This would reduce the polariza-
tion from 5.6 per cent to 0.4 per cent. The polarization 
might further be reduced because, as at 3 cm, the effec-
tive radiating region of the nebula may be greater than 
the optical region. 
Hanbury-Brown, Palmer, and Thompson" made 

measurements of the Crab Nebula at 158 mc with a 
bandwidth of 400 kc. They set limits for both circular 
and linear polarization: m2<0.04 and m3<0.025. This 
permits the computation of a limit for arbitrary polari-
zation, for by (35) and (37) m < (m22+ m32) la, so the 

measured value is m <0.fi47. 
The above estimates for rotation in the galaxy and in 

the interstellar medium give values smaller than these 
limits. If the interstellar rotation is 11° at 3.15 cm, it 
will be 700 radians at 158 mc; the dispersion in a 400-kc 
band is 3.5 radians. The polarization factor from Fig. 7 
will be no more than 0.2, and the polarization would be 
reduced to about 2 per cent. If the reduction in polariza-
tion from interstellar rotation is to be insignificant 
(0 <1), the bandwidth should be no more than 110 kc. 
The internal rotation in the nebula, however, would be 

1100 radians at 158 mc, according to Oort and Wal-
raven's estimate. This would reduce the polarization by 
a factor of 10', and the source would be essentially un-
polarized at 158 mc. 

APPENDIX I 

We consider the elliptically-polarized part of the wave 
to be generated by two oppositely rotating coherent 
circular components. See Fig. 8. The connection be-
tween the circular and linear components is essentially 
that used by Rumsey." For each frequency component 
(18) and (19) hold, and by combining them, we have 

Pete + (Lees)* =-V2 { X cos cot ± jI7 cos (col ± iv)1 

--- E. + jEv• (55) 

Fig. 8—Elliptical polarization. 

The quantites (Pet) and (Lete')* are interpreted as the 
right and left circular components with the real parts 
representing the x components and imaginary parts the 
y components of electric field. At the time instant shown 
in Fig. 8 the electric vector of the right-hand component, 

R, is parallel to the x axis and so (Pelee) is real. At that 
instant (Lem)* is therefore (Le:7r), where is the phase 
angle by which f? leads L The angular separation be-
tween the vectors is and since they rotate in opposite 
directions, 

"Yr = 2. (56) 
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The axial ratio, by definition, is the ratio of minor to 
major axes. From Fig. 8, 

r (L — R)/(L R). (57) 

The quantities cos 20 and sin 2/3 are needed for the 
Stokes parameters: 

1—r2 2RL 
cos 20 =   (58) 

1 + r2 I. 

2r L2— R2 
sin 213 =   

1 + r2 le 
(59) 

Upon substituting (56), (58), and (59) into (2), (3), and 
(4), we have 

Q = 2RL cos y„ 

U = 2RL sin 

V = L2 — R2 = I — Ir. 

(26) 

(27) 

(28) 

APPENDIX II 

Consider the superposition of two independent lin-
early-polarized waves traveling in the same direction, 
having equal intensities /0 with similar spectra, and 
orientations separated by the angle x. Let wave a be 
parallel to the xa xis and wave b be at angle x (Fig. 1). 
Then from (1) to (4), 

Ib = JO, 

Qb = It) cos 2x, 

Ub = II) sin 2x, 

Vb = 0. 

(60) 

(61) 

(62) 

(63) 

Since the waves are independent, the parameters for 
the total wave are the sums of the individual param-
eters; i.e., 1 =(1..+Ib), etc., and 

m = (Q2 + U2 + 172)'/2/I = cos x. 

The Cornell Radio Polarimeter* 
MARSHALL H. COHENt, MEMBER, IRE 

Summary—The Cornell polarimeter operates on 201.5 mc with a 
bandwidth of about 10 kc. This bandwidth is an order of magnitude 

smaller than previously used. The instrument is basically similar to 
the interference polarimeter built by Little and Payne-Scott, although 
it does not operate on an interference basis. The two circular com-
ponents and the phase and correlation are measured. Ratios of the 

measured quantities are used graphically to find the polarization 
percentage and axial ratio. The system is calibrated on a relative 
basis by transmitting noise from a distant vertical dipole. The errors 
introduced by inaccuracies in the antennas are discussed; it is shown 

that the measured inaccuracies might give errors on the order of 
± 0.05 in axial ratio and polarization fraction. 

The observed polarizations are similar to what has been reported 

by other observers, so qualitively there is no gross "bandwidth 
effect." Mixed and variable polarizations have been seen. An ex-
ample of a mixed polarization record is shown. 

INTRODUCTION 

AT Cornell University, a polarimeter which has 
a center frequency of 201.5 mc and a band-
width of 10 kc has been built. This instrument is 

being used to study solar bursts. The bandwidth is an 
order of magnitude smaller than that used in other in-

* Original manuscript received by the IRE, October 14, 1957. 
Various aspects of this work have been supported by contracts with 
the Office of Naval Res. and the Rome Air Dey. Center, and by a 
grant from the Natl. Science Foundation. 

t Cornell University, Ithaca, N. Y. 

(64) 

struments." Thus one of the objectives is to look for 
evidence of coronal Faraday rotation, as manifested in 
a "bandwidth effect." Hatanaka' has shown how a large 

rotation would give a polarization dispersion propor-
tional to the bandwidth; thus a narrow-band instrument 
possibly might see elliptical polarization where a wide-
band one would see only circular plus random. This ef-
fect is also discussed by Cohen.' 
The Cornell instrument is basically similar to the in-

terference polarimeter built by Little and Payne-Scott,' 
although it does not operate on an interference basis. 
The two antennas are at one place. The other major 
differences are: 1) the antennas are not linear, but rather 
are circularly polarized; and 2) the intensities of the 
signals in the two antennas are recorded individually, 

I A. G. Little and R. Payne-Scott, "The position and movement 
on the solar disk of sources of radiation at a frequency of 97 mcs, 
I. Equipment," Aust. J. Sci. Res., vol. A 4, pp. 489-507; 1951. 

T. Hatanaka, S. Suzuki, and A. Tsuchiya, "Polarization of 
solar radio bursts at 200 mc/s. I. A time sharing radio polarimeter," 
Publ. Astron. Soc. Japan, vol. 7, pp. 114-120; 1955. 

S. Suzuki and A. Tsuchiya, "A time-sharing polarimeter at 200 
mc," this issue, p. 190. 
' T. Hatanaka, "The Faraday effect in the earth's atmosphere 

with special reference to polarization measurements of solar radio 
emission," Publ. Astron. Soc. Japan, vol. 8, pp. 73-86; 1956. 

4 M. H. Cohen, "Radio astronomy polarization measurements," 
this issue, p. 172. 
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rather than using essentially the signal from one an-
tenna orientation, and the crossed-antenna dc level. 
These differences are pointed out by Cohen," where 

several different classes of polarimeters are discussed. A 
more detailed discussion of the Cornell instrument fol-
lows. 

OPERATION 

Fig. 1 shows a block diagram of the instrument. 
There are two main receiver channels which are con-
nected to right and left circular antennas. The two chan-
nels receive the same rf bands, but have them trans-
lated into IF bands shifted by 1000 cps. The IF signals 
are mixed (multiplied) and the 1000-cycle component is 
filtered out. The phase of the 1000-cycle output is meas-
ured also, with respect to a reference derived from the 
local oscillators. The signals are recorded on a six-
channel high-speed recorder. Adjustable RC integration 
circuits and dc amplifiers follow the outputs shown. 
The local oscillators differing in frequency by 1000 

cps are used to determine the cross-correlation function 
of the signals in the two channels. If an unpolarized 
wave is incident on the antennas, the two signals are 
incoherent and there is no 1000-cycle component out of 
the mixer. If it is polarized partially, the signals are 
correlated partly and, as shown by Cohen,' the mixer 
output is proportional to the product of the polarized 
components in the two antennas. The discussion by 
Cohen' involves a continuous phase shifter in one chan-
nel, but the operation with separate local oscillators is 
identical.' The phase of the 1000-cycle component at B 
is the phase difference between the two circular com-
ponents of the polarized part of the rf wave. This is just 
twice the orientation angle of the ellipse.' 
The four outputs are calibrated to read the total right 

and left intensities, I,. and II, the product of the polar-
ized components, RL, and the phase difference between 
them, -ye. These are shown in Fig. 1. In terms of these 
measurements the Stokes parameters are' 

I = 1.1+ 1, (1) 

Q = 2RL cos yr (2) 

U = 2RL sin -y,. (3) 

V = // — (4) 

In the data reduction we do not find all these parame-
ters as such, but rather get directly the percentage of 
polarization, m; axial ratio, r; and orientation angle, x. 
These quantities are given by 

m = Ie/I (5) 

sin 2e = v/1. (6) 

tan 2x = U/Q, (7) 

I R. H. Brown, H. P. Palmer, and A. R. Thompson, "A rotating-
lobe interferometer and its application to radio astronomy," Phil. 
Mag., vol. 46, pp. 857-866; 1955. 
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Fig. 1—Block diagram. 

tan 0 = r 

18 =.. (Q2 + u2 VT/2. 

When these equations are combined, we have 

m = { (1 — a) 2 4b2} 112/(1 + a), 

and 

where 

tan 2,3 = 
2r 

1 — 7.2 

X = 

a — 1 

4h 

a = 

b = RL/II 
when II> Ir 

a = 

b = RL/Ir 
when // < 

(8) 

Eqs. (9) and (10) are plotted in Fig. 2. The abscissa 
is the ratio of circular components, and the ordinate is 
the ratio of the correlator output to the larger compo-
nent. The radial lines are lines of constant axial ratio, and 
the curved set are lines of constant percentage of polari-
zation. The two quantities a and b are ratios of meas-
ured values, and r and m are read from the graph. 

Note that the phase measurement is used only to find 
the orientation angle. The other parameters, /, m, and r, 
are found independently from the other measurements, 
A, B, and C, Fig. 1. The orientation angle is often not 
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a 

I, RL 
a = -, b=— 

Il Ii 
(for L>R) 

in polarization percentage 
r --axial ratio. 

Fig. 2—Axial ratio and polarization percentage vs ratios 
of circular components. 

important because, at meter wavelengths, it is confused 
by Faraday rotation in the ionosphere.' In such cases, 
then, only three measurements need be made to find the 
three parameters of interest. This is an advantage of 
circularly-polarized antennas, for with linear antennas 
both orientation angle and axial ratio depend on the 
phase measurement. 
The design considerations were that the system 

should be able to resolve short solar bursts, small as 
well as large, and that the IF bandwidth should be 
small. These requirements are somewhat contradictory, 
since if the bandwidth is small the integration time 
must be long if small bursts are to be seen. 
The receiver output fluctuates because both the sig-

nal and the receiver noise have a statistical nature. The 
relative fluctuations in power are on the order of (Br)-1/2, 
and with B=10 kc and r = 0.1 sec this gives AP/P,-,3 
per cent. The intensities in the two channels cannot be 
measured with greater precision, unless the burst is 
relatively long and smoothed averages can be taken. 
Longer time constants are also available for slower 
variations. 

Unless the burst is large, its intensity will be smaller 
than the internal receiver noise plus the background 
noise. In this case, the measurement inaccuracy is 
greater than 3 per cent. In terms of antenna tem-
perature, the fluctuations are ATiles' f (F- 1)To+TA} 
(Br)-1/2. When looking at the quiet sun at 200 mc with a 
17-foot dish TA might be on the order of 500° K, with 
two thirds coming from the sun and one third from the 
background. If the noise figure is 6, these values give 
relative fluctuations, in terms of the quiet sun, of 

A TA/ T,28,-,18 per cent. Again, when the bursts have a 
long duration the accuracy is increased by taking an 
average value. In most cases, however, no attempt is 
made to analyze bursts which are not greater than the 
quiet sun. 

Also, there are conflicting requirements on the audio 
amplifier bandwidth. It must be wide enough to allow 
short bursts to be seen, and it must be narrow to keep 
the excess noise developed in the mixer from being 
objectionable. This excess noise is proportional to the 
ratio of audio to IF bandwidths, thus the problem be-
comes more severe as narrower IF bands are used. An 
audio bandwidth of 18 cycles is being used presently. 
The two second local oscillators are separately crystal 

controlled, with the two crystals in one oven. The fre-
quency difference does not have to be fixed, but it must 
remain within the pass band of the audio amplifier. The 
oscillators need to be adjusted about once a week. 
The phase comparator is patterned after a design by 

Kretzmer." It reads continuously from 0 to 360°, and is 
approximately linear. The measured deviations from 
linearity are less than + 5°. The entire scale is recorded 
on 40 mm of chart paper. If the accuracy of reading is 
+ 1 mm, the inaccuracies in phase are on the order of 
9°. This corresponds to orientation inaccuracies of 
+4.5°. One of the inputs to the phase comparator is a 
1000-cps sine wave; the other is a noise signal in an 
18-cps band, centered on 1000 cps, with a superposed 
1000-cps spike whenever an elliptically-polarized wave 
is incident. When the spike is absent, the phase com-
parator has a rapidly fluctuating output. An example of 
this can be seen in Fig. 4. When an elliptically-polarized 
wave of great enough amplitude is present, the phase 
comparator has a steady output. 

ANTENNAS 

The first part of the antennas consists of crossed di-
poles at the focus of a 17-foot paraboloid on an equator-
ial mounting. The signals go through baluns and imped-
ance matching arrangements to a circularly-polarized 
diplexer, and then the two circular components go to 
preamplifiers in a box on the dish. This is shown sche-
matically in Fig. 3. 

If the terminals R and L are isolated, the antenna 
polarizations will be "opposite," and if the net phase 
difference between ac and bd is 90° the two polarizations 
are circular. 
The procedure used for setting the 90° phase shift is 

as follows. Impedances are adjusted until the dipoles 
are 50 ohms, as seen at terminals c and d. Then the an-
tennas are disconnected at points a and b and the line 
stretcher is adjusted until ZaZd =2500. If the antenna 
systems are essentially the same, the impedances at c 
and d, for open circuits on a and b differ only by the extra 
length of line, and when it is 90° the above formula holds. 

4 E. R. Kretzmer, "Measuring phase at audio and ultrasonic 
frequencies," Electronics, vol. 23, pp. 114-118; 1949. 
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Fig. 3—Antennas. 

CONSTANT 

SO-OHM 

LINE STRETCHER 

SET TO 90' 

The circularity of the antennas is tested by rotating 
the dish on its axis when it is illuminated by a linearly-
polarized wave. The plane wave is generated by a ver-
tical dipole on a 20-foot tower 125 feet away. When the 
dish is rotated, the variations in receiver output are 
about 0.3 db. This means that the axial ratio of the 
antennas is about 0.97 instead of 1.00. The determina-
tion of the axial ratio of an incoming signal will be in 
error by a maximum of 0.035, from this alone. (See the 
Appendix for details.) If maximum errors of 0.01 are 
desired, the antennas must be circular within 0.08 db, 
or else all the antenna parameters must be measured 
and the determination made in terms of their actual 
values. 
A right-hand helix is also mounted on the tower sup-

porting the vertical dipole. It is used on occasions when 
cables are changed, etc., as an absolute check on right 
hand vs left hand. 
The crosstalk between the antennas, at terminals R 

and L, Fig. 3, is measured to be about —30 db. This in-
accuracy, by itself, will make an unpolarized wave read 
6 per cent polarized, linear. If the wave is entirely 
polarized, there will be no error in m, but there will be 
one in r. When the wave is circular, for example, the 
measured axial ratio will be about 0.94. (See the Ap-
pendix for details.) If the errors due to crosstalk are to 
be less than one per cent, the crosstalk must be smaller 
than —46 db. If the crosstalk is zero, the antennas are 
oppositely polarized, regardless of the circularity. Since 
the polarizations are opposite (9) or Fig. 2 will give 
correctly the percentage of polarization in this case. 

In summary, the antenna inaccuracies, adding in a 
random fashion, might result in errors of +0.05 in the 
determination of r and m. The final determination will 
be less accurate because of errors in other parts of the 
system, and the fluctuations previously discussed. 

CALIBRATION 

The system is calibrated by transmitting noise from 
the vertical dipole described above. The noise generator 

for this purpose is simply a noisy, high-gain 201.5-mc 
amplifier. An attenuator with steps of 1 db allows its 
level to be changed by known amounts. The receiving 
antenna is pointed at the dipole and receives the noise 
signal plus the background from the sky. The equivalent 
temperature at the receiver input is then 

= (F — 1)To+ Tb qT„, (14) 

where Tb is the background temperature, T. is the tem-
perature of the noise source when 40 db are inserted in 
the attenuator, and q is the factor by which the attenua-
tion is decreased; i.e., the factor by which the noise sig-
nal is increased above the —40 db reference level. 
The indicators on the channels ABC of Fig. 1 are set 

to read zero when q= 1. This level is not substantially 
bigger than that seen from the sky alone, since T.« 
{ (F —1)T 0+ Tb} . The attenuation is then decreased, 
and the three scales of channels ABC are calibrated in 
units of q. The values of q, when multiplied by T., give 
the excess antenna temperature from the source. The 
units are the same for the two circular channels because 
there is equal coupling between the dipole and the two 
circularly-polarized antennas. The same unit is used for 
the correlator channel because we wish it to be cali-
brated in units of (RL), and since the wave is com-
pletely linearly polarized R=L, and RL = R2= Ir= 
When an arbitrarily-polarized wave is incident on the 

antennas, values of (qT.) are needed to fix the three 
temperatures, of the right, left, and correlator com-
ponents. The parameters m and r, however, are deter-
mined by the ratios of these temperatures, according to 
(9) and (10). These are, for the case // > 

Ir qrns qr 
a = — = —= — , 

Ii qzT„ 
(15) 

RL Dun, viL 
— — • (16) 

qzT. 

The scale readings on the right, left, and correlator 
channels are converted into values of q,., qi, and gRL by a 
calibration curve. The factor T. drops out in (15) and 
(16), and so the absolute level of noise used is imma-
terial. 
When solar bursts are being studied the q values used 

are the differences qburet — gbeee level. This subtraction 
also eliminates errors from variations in sky tempera-
ture between the calibration point and the sun. 
The correlator output, when calibrated this way, is in 

error by the excess mixer noise which is in the audio 
pass band. This noise is proportional to the ratio of 
audio to IF bandwidths, and is, to the first order, de-
pendent only on I,. and II, and not on the correlation 
between them. Thus it can be found by generating cir-
cular and random polarizations and noting the output 
at B. This is the amount to be subtracted, when a signal 
is incident, to find the product RL. The circular and 
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random signals are simulated by increasing the gains in 
the two receiver channels. If one side has its gain in-
creased the internal noise will be amplified more, and 
the effect on the output is identical to what happens 
when a circularly-polarized wave is incident. Unpolar-
ized waves are simulated by increasing the two gains the 
same amount, when q= 0. 
The phase comparator is adjusted to read zero when 

the linear dipole is transmitting noise, and it is cali-
brated with a reversing switch connected in one input 
channel. The switch reverses the phase by 180° and 
calibrates the entire range, since the instrument is as-
sumed to be linear. Since the antenna is on an equatorial 
mounting and the calibrating source is to the south, the 
measured orientations are with respect to the north-
south line in the celestial sphere. 
The calibration procedure gives only the relative 

polarization parameters, and not the absolute intensity. 
The intensity can be found in units of the quiet sun 
radiation if corrections are made for variations in the 
galactic background for different times of the year. If 
the absolute intensity were desired, the calibrating sys-
tem would have to be compared against a standard 
noise generator. Further, the antenna gains would have 
to be known accurately. 

OBSERVATIONS 

Solar observations with the Cornell instrument have 
been made since December, 1956. The predominant 
polarizations for activity that have been seen are the 
same as those previously reported by others:7.8 unpolar-
ized, circular, and partially polarized, circular. Ellip-
tical polarizations are relatively rare, and there has been 
somewhat of a tendency for the polarization percentage 
to become smaller as the axial ratio decreases (towards 
linear). Highly polarized, near linear, bursts are ex-
tremely rare. (This type is also confused because much 
interference resembles it.) The details of the observa-
tions will be published elsewhere. 
The classes of polarizations that have been typically 

seen are what one would expect if there were a Faraday 
rotation in the sun's atmosphere that played a sub-
stantial role in the propagation.' Other observations 
with a much wider band system, however, have given 
similar results,s so that, on a qualitative basis, there has 
been no pronounced "bandwidth effect." 
The different varieties of activity (storms, isolated 

bursts, etc.) commonly have characteristic polariza-
tions.7 Many exceptions also have been seen, however. 
The storm on March 4, 1957, was unpolarized, for ex-
ample, although storms are almost always circular. Out-
bursts also have been seen in a wide range of partially 

7 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Oxford 
University Press, London, Eng., ch. V; 1955. 

8 T. Hatanaka, S. Suzuki, and A. Tsuchiya, "Observations of 
polarization of solar radio bursts," Proc. Japan Acad., vol. 31, pp. 
81-87; 1955. 

polarized, elliptical to pure circular, and to unpolarized 
states. 
Some days data show "mixed" polarizations. Some-

times this takes the form of mixed right and left circular 
storms, and at other times there have been groups of 
bursts of mixed polarizations. These mixed polarizations 
are taken to result from there being several sources on 
the sun at one time. Solar activity has been at a very 
high level since our observations began, and on days 
when we saw mixed polarizations there generally were 
several active regions on the solar disk. 

Occasionally we saw polarizations that are described 
as "variable." The polarization would drift rather than 
change in an essentially random fashion. The drifting 
occurred on slow (hours) and fast (seconds to minutes) 
time scales. These observations are probably similar to 
the variations in polarization at 97 mc during storms 
and outbursts reported by Payne-Scott and Little.9.1° 
As an example of a slow variation, on February 26, 1957, 
a storm was partially polarized, left elliptical at the 
start of the observations (1340 U.T.), and it drifted 
roughly towards completely polarized, left circular dur-
ing the first few hours. The fast variations were some-
times seen in outbursts, especially when they were ac-
companied by a so-called "second part." Several exam-
ples of this have been recorded. The drifting has been 
seen to proceed both ways, from unpolarized toward 
polarized, and vice versa. 
An example of mixed polarizations is shown in Fig. 4. 

This is a sample from the record of June 20, 1957. The 
time marks on the bottom are one minute apart. The 
channels of information are labeled A, B, C, D accord-
ing to the outputs on Fig. 1, and the gain on the corre-
lator channel is much greater than the gains on the two 
circular channels. The bursts around 2353-54 appear to 
be mixed right and left circular. The outburst starting 
at 2355 is 20-30 per cent polarized, left circular, except 
for the second major dip, where the right circular chan-
nel has an extra burst. The signal in the correlator chan-
nel is essentially all excess noise, as discussed above. 
The phase comparator does not show any coherent 
phase. 
The base levels above which the bursts occur are very 

high, since on these ranges for channels A and C the quiet 
sun is about one line. Since there are independent right 
and left circular bursts, it is simplest to assume that the 
base level increases are also independent, and there are 
two independent storms. The entire day's record sug-
gests this. Occasionally right and left circular bursts oc-
curred together. The total radiation was unpolarized or 
slightly polarized, but might have resulted from the 
chance coincidence of two of the independent storm 

• R. Payne-Scott and A. G. Little, "The 
on the solar disk of sources of radiation 
mcs. II. Noise storms," Aust. J. Sel. Res., 
1951. 

10 R. Payne-Scott and A. G. Little, "The 
on the solar disk of sources of radiation at 
III. Outbursts," Aust. J. Sci. Res., vol. A 

position and movement 
at a frequency of 97 
vol. A 4, pp. 508-525; 

position and movement 
a frequency of 97 mcs. 
5, pp. 32-49; 1952. 
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Fig. 4—Polarized solar radiation, June 20, 1957, 201.5 mc. Bandwidth 15 kc. 

bursts. The outburst at 2355, and another longer one at But 
2405, could hardly have been such chance coincidences. 

APPENDIX 

ANTENNA ERRORS 

Two antenna errors will be considered separately. 
The first is a noncircularity of the antennas, while 
maintaining complete isolation. This results when the 
antennas, assumed to be circular, are actually oppositely 
elliptically polarized. The ellipses are perpendicular and 
have r1 = — r2. The second error is a nonzero crosstalk. 

Noncircular, but Oppositely Polarized 

and 

SO 

21Îr1 = 1. 

ttt L — 
235 7 

(18) 

tan e =_- r, (19) 

r = tan (0/2). (20) 

Let k be the departure of I ri from unity, and let A0 be 
the departure of 1q51 from 7r/2: 

In = 1 — k, (21) 

101 = 7/2 — (22) 

Let M and N represent opposite elliptical polariza- Then for ¿K1 

tions, with orientations at + 45° to the x axis, and axial k (23) 
ratios r. There is no loss in generality in this discussion 
from choosing these specific orientations. A pure M An elliptically-polarized wave can be specified by its 
wave would be generated by combining x and y corn- (g, r) components, or by its (e, le) components. The 
ponents of equal amplitude and the proper phase sepa- relations between the components are 
ration, 4). To find the value of for an axial ratio r, use 
the Stokes parameter V. From Cohen4 M = (1" feio)/V2 (24) 

V = 21if71 sin (1) -= I. sin e. (17) !V re)//. (25) 
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Suppose a polarimeter has M, N antennas and a par-
tially-polarized wave is incident. It induces signals of 
intensity I,, and In: 

I,„ = I MI 2 ± (26) 

=igi 2+ 1 • (27) 

Phasors are used for convenience, although the signals 
have the quality of noise. L is the intensity of the un-
polarized part of the wave. The true Stokes parameters 
of the wave in terms of its (I, P) components are' 

= I ± I 11 2 ± 

= 11 12 ej 2 
U = 21X-171 cos -y, 

V= 21 sin 

(28) 

(29) 

(30) 

(31) 

where 1,„ is the angle by which the y component of the 
wave leads the x component. The apparent Stokes param-
eters are calculated on the basis that the antennas are 
right and left circularly polarized. Apparent values of 
/ and É can be first calculated from (24) and (25). Let 
primes represent apparent quantities, on the basis that 
=r/2. 

= + sTvvi = g 
P' = - - evvi= P exp ( — 

From (28) to (31), then: 

I' = II 2 111 2 ± = I 
Q, = 11,12 _ I 9112 = Q 

U' = 21 e É' cosy,/ = 21ÎP1 

U' = U cos AO + V sin Aq5 

V' = V cos 4. — U sin àik. 

These give 

so 

cos (-y„ — AO) 

(35) 

(36) 

(37) 

(Q'2 U'2 V'2)"2 = /6 (38) 

m' = m. (39) 

Note that this result, m' = m, does not depend on AO 
having a small value. As long as the antennas are op-
positely polarized I and I. are correctly found. 
The apparent axial ratio, r', is found from r' = tan-10', 

where 

sin 20' = r/./.1 (40) 

by (17). Eq. (37) is now substituted for V' in (40) 
When the antennas are nearly circular Ns k«1; if 
àr = r —r', this gives4 

Ar (1/2)k(1 r2) sin 2x. (41) 

In this, r is the axial ratio of the wave and ir is the error 
in its determination; k, assumed small, is the departure 
from unity of the axial ratio of the measuring antennas. 

(32) 

(33) 

Eq. (41) does not hold when the wave is nearly circular; 
in this case. 

àr k. (42) 

The measured value of k is 0.035. The error in axial 
ratio thus is less than 0.035. For polarizations near linear 
the error is less than 0.02, and for certain orientations 
the error is zero. 

CROSSTALK 

If there is crosstalk between the antennas the polari-
zations are not opposite. They cannot, for example, be 
right and left circular. In the polarimeter the measured 
crosstalk is about —30 db. Most of this comes from the 
magic ring, although a little results from asymmetry in 
the crossed dipoles. 

In a few special cases the effect of crosstalk on the 
polarization determination can be found easily. For 
example, when the wave is completely polarized there is 
no error in the determination of m, since all the com-
ponents are correlated anyway. In this case, however, 
there will be an error in axial ratio. 

Let the crosstalk factor be k; i.e., when one volt is 
applied to terminal R of Fig. 3, k volts appear at ter-
minal L. If the antennas are nearly circularly polarized, 
the apparent circular components will be, approxi-
mately, 

f?' = -F kL (43) 

(34) L' = L Us. (44) 

The extreme errors in magnitude occur for phases such 
that 

le = 'PI + JkLJ (45) 

I L'I = ILl — jkPl. (46) 

The apparent axial ratio is 

IL'I — /2/1 
r —   

+ I fel 
(47) 

This gives an upper limit to the error in the determina-
tion of axial ratio. When I kl «1, 

lArl ≤ kl (1 + r2). (48) 

This result is obtained by expanding r', (47), in powers 
of I k I and retaining only the first-order term. 
The measured value of I k I is 0.03 ( —30 db). Thus, 

when the incident wave is nearly circular, the error in r, 
àr I, is less than 0.06. When it is nearly linear, the error 

is less than 0.03. 
If the wave is unpolarized, the signals at R and L will 

be slightly correlated because of the cross coupling. In 
this case the apparent intensities are approximately 

I,' = I,r + kj 21uj (49) 

/,' = 1,a + I kI 2/,‘,. (50) 
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The total intensity is I= I.,.+I.E. The apparent polar-
ized intensity is 

I„' = -VQ'2 ± U'2 = 2R'Ll, (51) 

since V' -=0. R'L' is the average product of the corre-
lated components and equals 1 /ell. Thus 

m' = 21k1. (52) 

A 6 per cent polarization will be read for an unpolarized 
wave, when the crosstalk is —30 db. 
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A Time-Sharing Polarimeter at 200 MC* 
S. SUZUKIt AND A. TSUCHIYAt 

Summary—A radio polarimeter at 200 mc of time-sharing type is 
described. This instrument observes a set of two circular and four 
linear components of polarization in 1/200 of a second, with 1/1200 
of a second interval for each component, so that practically a simul-
taneous observation of rapidly varying phenomenon such as a solar 
burst is made possible. Some details on the electronic switching, 
the square-law detector, and the method of calibration and checking 
are discussed. 

INTRODUCTION 

I
• T IS KNOWN that four independent pieces of in-
formation are needed in order to describe the com-
plete state of polarization of an electromagnetic 

wave [1, 2]. The best way to define the state of polari-
zation is to use the Stokes parameters. Another way is 
to describe the total intensity, the degree of polariza-
tion, and the axial ratio and direction of the polariza-
tion ellipse of the radiation [3]. 

It is also important to use the same receiving system 
for each component as far as it is possible to avoid in-
evitable errors due to the difference or change in the 
gains and in the central frequencies of different receiving 
systems, especially for the observations of solar radio 
bursts which have rather narrow spectral bandwidths. 
The polarimeter which was built in 1954 at the Tokyo 

Astronomical Observatory for use at 200 mc is the first 
attempt to determine the complete state of polarization 
by observing six components of polarization [1, 2]. It 
is operated on a time-sharing scheme to satisfy the lat-
ter requirement. A different principle is used for a 
9000-mc polarimeter [4]. 

Let a pair of crossed dipoles be A and B. Let 

e. = E. sin cot 

4 = Eb sin (cot — 8) 
(1) 

* Original manuscript received by the IRE, October 14, 1957. 
t Tokyo Astronomical Observatory, University of Tokyo, Japan. 

represent the instantaneous output voltages of the an-
tennas A and B, respectively, where co is the circular 
frequency of the radiation under consideration. If we 
combine these two output voltages after putting a phase 
delay (t) to one of them, then the combined input voltage 
is 

e. -I- e.(0) = E. sin cut ± Eb sin (cot — (3 — 0), (2) 

and the power received by such a system is, by neglect-
ing a factor for the reduction of voltage into power, 

1(4)) = I + U cos o — V sin 0, (3) 

where I, U, and V are three of Stokes parameters. If 
the directions of A and B are +45° and —45° from the 
vertical, respectively, we can obtain two linears, in 
vertical and horizontal directions, and two circulars, 
right handed and left handed, by putting phase delays 
of 0, ir, r/2, and —ir/2, respectively. If we denote the 
power received with these connections by 1(v), I(h), 
/(r), and I(l), we can write, by (3), 

/(v) = /(0) = / + U 

¡(h) = I(r) = I — U 

¡(r) = I (i r/2) = I — V 

l(1) = I(— ir/2) = I + V. (4) 

The remaining parameter Q is given by 

Q = 1(a) — 1(b). (5) 

Therefore, Stokes parameters are given by combining 
(4) and (5) and we have also the following equalities for 
check: 

1 = ¡- 11(v) +1(h)) = ¡1I(r) + 1(1)1 = 1(a) + I (b). (6) 

The polarization degree, the axial ratio, and direction 
of the polarization ellipse are calculated from these 
quantities by the standard method [3]. 
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Fig. 1—Block diagram of the circuit. 

GENERAL SCHEME 

A functional block diagram of this system is given in 
Fig. 1. A pair of crossed dipoles A and B is put at the 
focus of a 10-meter paraboloid of equatorial mounting, 
the directions of the dipoles being + 45° from the north-
south direction in the celestial sphere. The antenna out-
put voltages ea and eb at 200 mc are converted into 10.7 
mc and then combined after putting suitable phase de-
lays to get the necessary information. By the use of a 
common local oscillator the voltage and phase relation-
ships are preserved in the process of frequency conver-
sion. 

After detection by a square-law detector, the six 
pieces of information are separated into six channels by 
time demodulators which are operated synchronously 
with the modulators, and are recorded by a six-pen re-
corder or other recorders. The bandwidth is 100 kc. 

ANTENNA MATCHING 

Low-loss coaxial cables, each about 40 meters in 
length, are used to feed the antenna outputs to the re-
ceiver. The matching is made at the receiver ends of 
these transmission lines since it seems difficult to make 
the matching devices stable against the outdoor weather 
conditions. The standing-wave ratios in the transmis-
sion lines are about 2. 

ELECTRONIC SWITCHING 

An electronic switching system is adopted instead of 
a combination of rotating capacity switches, since me-
chanical devices like the latter are not suitable for ob-
serving rapidly varying phenomena such as bursts. 
The relation between the time modulators and de-

modulators is shown in Fig. 2. They are controlled by 
common gate pulses each having the duration of 1/1200 
of a second. In the first 1/1200 of a second the modula-
tors A1 and B1, and the demodulator y are on. Then ea' 
and eb' (at the frequency of 10.7 mc) are combined in 
phase and give the y component of the polarization at 
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Fig. 2—Schematic diagram of the combination of 
modulators and demodulators. 
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TO IF AMP 
(LOW Z INPUT) 

the output of the demodulator v. In the next 1/1200 of a 
second A1, 133, and h are on, and the h component is 
measured, and so on. Thus, a set of six pieces of infor-
mation is picked up in 1/200 of a second. 
The gate pulses are generated by a scale-of-six count-

ing tubes specially made for our purpose. It is a single-
pulse type and has six outputs. By using somewhat 
longer control pulses there are gaps between adjacent 
gate pulses long enough to avoid the crosstalks between 
adjacent channels caused by the trails of the gate pulses. 
The construction of the time modulators is shown in 

Fig. 3. The switching is made at the suppressor grids of 
the 6AS6 pentodes; -1 12AX7's are used as the switching 
tubes to clamp the suppressor potentials to zero during 
the "on" periods. The voltage gains of A2 and B2 are ad-
justed to be 0.41 (=-v'2-1) times as that of the other 
four so as to equalize the over-all gains of six channels. 
Thus, the outputs of the six components are all equal 
when the incident wave is randomly polarized. Coaxial 
lines terminated at their ends are used as the phase 
shifters to give the phase delays of 7r/2 and ir. 

Four-diode constant output type demodulators are 
used as shown in Fig. 4. There is a cathode follower 
stage preceding the demodulators. Manual switching is 
also provided for checking purposes. 

SQUARE-LAW DETECTOR 

If a conventional linear detector is used, the deflection 
on the tape due to a solar burst is affected by the back-
ground noises which include receiver noise, galactic 
radiation, and the general radiation from the sun. So it 
is required to calculate the intensity of each component 
for each burst from the deflections of both the burst and 
the background. 
To cut down the troubles of calculation for many 

numbers of bursts, square-law detection is desirable. 

FROM 

DETECTOR 

Fig. 4—Construction of the time demodulator. 

Since the conventional square-law detectors are not 
suited for the observation of solar bursts, a new type 
of square-law detector which has fast response time and 
excellent stability has been developed in this Observa-
tory. 

In Fig. 5 the IF input signal is supplied to the two 
grids of the squaring tube 6SA7. (A similar performance 
can be obtained by 6L7.) The output circuit of the 
squaring tube is tuned to the second harmonics, i.e., 
21.4 mc in this case, of the input frequency. 

-C 

Fig. 5—Schematic diagram of the square-law detector. 

Let the input signal be 

= E sin cut. 

The plate current of the squaring tube is 

io kE2 sin2 cot 

= ¡kE2(1 — cos 24. 

Thus the second harmonic output voltage is 

eo = k'E2 cos lot. 

(7) 

(8) 

(9) 

After linear detection, a dc voltage proportional to the 
input power is obtained. It is necessary, of course, to 
make the bandwidth of the second harmonic amplifier 
wider by a factor or two of more than that of the main 
amplifier. 
The square-law characteristics against the noise input 

are checked as shown in Fig. 6. A higher IF gain than 
that used in the normal operation is used to observe 
saturation. It is seen that the output voltage is linearly 
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10 20 

NOISE DIODE CURRENT 

Fig. 6—Performance of the square-law detector. 

30 m A 

proportional to the input power until the saturation 
takes place at about 3.5 volts. 
By extrapolating the line to the left as shown in Fig. 

6 we can get the magnitude of the receiver noise. In this 
case the receiver noise corresponds to about 4 ma. Since 
the impedance is 75 ohms, the noise factor of the re-
ciever turns out to be 6. 
As is seen from its construction this square-law de-

tector has a shorter response time and a higher output 
voltage than the thermal type and better stability than 
the plate-detection type, so it seems to be suited for 
this kind of work. 

STABILIZATION BY DC FEEDBACK 

A dc feedback system, as developed by the Cornell 
Radio Astronomy Group, is applied to all rf and IF 
amplifier stages to stabilize the cathode currents. This 
stabilization was used originally for stabilizing the gain, 
but it is found to be also very effective for stabilizing 
the phase shifts in the rf amplifiers since it stabilizes the 
input impedances of the amplifier tubes. 

CALIBRATION AND CHECKING 

Built-in standard noise generators are provided at 
the input of the two rf amplifiers for the calibration and 
also for the checking and adjustment of the relative gain 
of each section. 
A dipole which is short enough not to disturb the 

field of the main dipoles is mounted approximately in 
the y direction at the vertex of the paraboloid to send 
test signals for the phase adjustment. A cw test signal 
is used at present, since a high-power noise generator 
could not be obtained. If there is a phase error A be-
tween two rf amplifiers, the outputs of r and tare 

0632 0634 

JUNE 27,1957 

Fig. 7—An example of the observed tape. 
(The sun: June 27, 1957.) 

0636 VT. 

I(r) = /(7/2 ± à) I — U sin A, 

1(1) = I(— z-/2 -I-- = I ± U sin A, 

because V=0. Thus, we can align the two amplifiers by 
adjusting the phase until the r output becomes equal to 
1 output. 
As the relative phase shift has been found to be very 

small, the adjustment is being done by a slight detuning 
of the IF transformer. It can be shown by a simple anal-
ysis that this phase alignment is correct even if the gains 
of the two rf amplifiers are not equal. Therefore, we can 
finish by adjusting the phase shift first and then the 
relative gain between two rf amplifiers. 
Although the gains of the rf amplifiers can be made 

equal by means of the noise generator, there remains 
the question of the equality of the gains of the two di-
poles. It is checked by receiving the quiet sun radiation 
which is believed to be unpolarized. 
There is a possibility that the state of polarization 

of an incident wave may be deformed before reaching 
the crossed dipoles, and if this deformation exists, it 
cannot be checked by the total power checking ex-
pressed by (6). The most doubtful point is the reflection 
caused by a ladder and stays attached in the dish. All 
one can say is that this deformation may not be so 
large, because the crosstalk between the antennas is 
—50 db. A larger value of coupling could be observed 
if there were reflections to cause deformations of polari-
zation. 
The main source of errors in this equipment may be 

the crosstalk between the two rf amplifiers, mainly 
through the common local oscillator. This crosstalk is 
kept smaller than —50 db by a careful buffering. Cross-
talk may also be caused by the leakage at the modula-
tors and the demodulators. Each of these leakages is 
smaller than —50 db, so the errors in the receiver are 
considered to be very small. 
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An example of the tape is given in Fig. 7, on p. 193, 
of the solar observation. [11 
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A Polarimeter in the Microwave Region* 
KENJI AKABANEt 

Summary—A polarimeter at the frequency of 9000 mc for the ob-
servation of the solar-radio emission is described. The method of 
phase modulation at the rf circuit is applied to detect the polarized 
components in the incident waves. The amplitude modulation by 
ferrite switching also is used to get higher accuracy for the observa-
tion. The Stokes parameters (I, Q, U, and V) in a partially-incident 
wave can be obtained directly. The minimum detectable intensities 
of these parameters are 3 for I+ Q/2 and V, and 6 for Q and U re-
spectively in the units of 10-22 mks. An example of the observation 
shows the complex polarization of a solar-radio burst at this fre-
quency. 

INTRODUCTION 

ri
i HE polarization of the solar-radio emission has 
been observed already by some workers in meter 
wavelength region.1-2 In the microwave region a 

few observations have been made, but there have been 
no detailed observations of the polarization of bursts in 
this region. However, such detailed observations seem 
quite important in relation to the magnetic field of the 
sunspot and also to the emission mechanism of the solar-
radio noise. Thus, a new type of polarimeter in the 
microwave region has been constructed to observe the 
sun on a routine basis, including the period of the Inter-
national Geophysical Year. 

PRINCIPLE OF MEASUREMENTS 

A rotating phase shifter in the waveguide modulates 
the incident wave for the detection of polarized com-
ponents. The principle of this method is briefly as fol-
lows, considering a cw incident wave as a special case. 

* Original manuscript received by the IRE, October 14, 1957. 
T Tokyo Astronomical Observatory, University of Tokyo, Japan. 
I T. Hatanaka, S. Suzuki, and A. Tsuchiya, "Observations of 

polarization of solar radio bursts," Proc. Japan Acad., vol. 31, no. 2, 
pp. 81-85, 1955. 

2 M. H. Cohen, "The Cornell radio polarimeter," this issue, p. 
183. 

INCIDENT e 
WAVE 
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Fig. 1—Principle of phase modulation. 

Ez and E, represent the incident wave at one point as 
shown in Fig. 1, and let 

= p cos cot, E5 = q cos (cot ± 4)). (1) 

The linear component parallel to the plane of the phase 
shifter is 

A (t) = p cos 0 cos cot q sin 0 cos (cut + 

Rp cos q sin O cos 0) 2 

q2 sin' O sin' OW' cos (cot ± 4'1) 

tan (DI = q sin 0 sin 0/(p cos 0 q sin 0 cos 4)), (2) 

where O =coot, and coo is the angular velocity of the 
rotating phase shifter. The other linear component per-
pendicular to the plane of the phase shifter is 

B(t) = p sin O cos cot — q cos O cos (cot ± 

= [(p sin O — q cos O cos 

q2 cos' O sin' 4d 1/2 cos (cut ± ch) 

tan 4)2 = — q cos 0 sin ct)/(p sin 0 — q cos 0 cos 0). (3) 
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Fig. 2—Block diagram of the system. 

Rs 

The B(t) component has a normal phase shift during 
the transmission in the waveguide, but the A (t) compo-
nent has an abnormal phase shift 7r/2 larger than that 
of the B(t) component. Thus, the linear components are 
modulated into the following forms: 

A(1) —› A'(1) = [(p cos O q sin O cos 0) 2 

q2 sin' O sin' 0] 112 cos cot + (1,1 — — 
2 (4) 

B(1) B'(t) = [(p sin O — q cos O cos 0)2 

q2 cos' 0 sin 0]I/2 cos (cot + 4'2) 

One linear component (Ey, in Fig. 1) of the wave repre-
sented by A'(t) and B'(t) feeds the rectangular wave-
guide as shown in Fig. 1. The other linear component 
(Ex.) is reflected to the outside of the system or ab-
sorbed by the matched load. From (4) we obtain for E. 

= A' (t) cos O ± B'(t) sin O 

= p2 q 2 pq sin 0 sin 20 Ep2 - q2) cos 46 

¡pq cos 0 sin 40] 112 cos (cot + ch), (5) 

and 

I 2 = (tp2 ± 10) pq sin 0 sin 20 

Ep2 - q2) cos 40 ± ¡pq cos 4, sin 40. (6) 

As the phase shifter rotates with the velocity of coo, the 
modulated component is expressed by 

14,12 = (p2 + q2) pq sin 4, sin loot 

Eq2 — q2) cos 4coot ¡pq cos 0 sin 4coot. (7) 

The time average of IE5. j2 and the products of 1E5,1 2 
with reference signals such as sin 2coot, cos 4coot, and 
sin 4coot provide the parameters of the polarized incident 
wave. That is, 

and 

Fig. 3—Antenna. 

1 Eld 2 = ÎP' + le = II + IQ, 1 
Eel 2 sin loot = ¡pq sin 0 =- ¡V, (8) 

I 2 COS 4C001 = l(p2 - q2) = 

!Eel 2 sin loot = ¡pq coS = ¡U, 

where I, Q, U, and V correspond to the Stokes parame-
ters. From these parameters, the elliptically-polarized 
component and the randomly-polarized component can 
be deduced for the incident wave. 
When the incident wave has a certain bandwidth 

(IF bandwidth in general), the above mentioned analy-
ses should be applied to each wave, incoherent with 
each other, existing in this bandwidth. Then I, Q, U, 
and V in (8) give the mean values over the bandwidth 
of the incident wave. 

APPARATUS 

The block diagram of the system is shown in Fig. 2. 
The antenna consists of a parabolic reflector 1.1 m in 
diameter and equatorially mounted as shown in Fig. 3. 
The feeder at the focus of the reflector is a cylindrical 
waveguide used in the H11 mode. The phase modulator 
shown in Fig. 4 rotates with a velocity of about 25 cps, 
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Fig. 4—Phase modulator-1) Feeder waveguide, 2) circular wave-
guide for modulation, 3) phase shifter, 4) choke coupling for 
transmission, 5) tapered waveguide, 6) magnet, 7) rotor for 
reference signal, and 8) coil for induction motor. 

and is connected to the rectangular waveguide by a 
tapered waveguide. The amplitude modulator operates 
also with a ferrite-switching system at a frequency of 
1000 cps which is independent of the frequency of the 
phase modulator. The IF amplifier has a central fre-
quency of 60 mc and a bandwidth of 8 mc, and the 
image band is received as well as the signal band. The 
noise figure of the IF amplifier is about 12 db with the 
ferrite-switching system in operation, considering both 
the signal and the image bands. The output of the square-
law detector' is amplified and mixed with the reference 
signal from the ferrite-switching system by the coherent 
detector. The time average of the output from the 

mixer 1 is linearly proportional to I Ee l' in (8). The 
oscillating components of the output from mixer 1 are 
amplified again and mixed with the three other refer-
ence signals from the phase modulator. That is, the 
reference signals of sin 2coot, cos 4coot, and sin 4coot are fed 
to mixers 2, 3, and 4 respectively,  and the outputs of 

these mixers give I E„.1 2 sin 2coot, I Ee l' cos 4coot, and 

14/.1 2 sin 4coot separately. The schematic diagram of 
these mixers is shown in Fig. 5. The time constants of 
the dc amplifiers are 0.3 second for I+Q/2, and 1 
second for V, Q, and U. Under these circumstances the 
minimum detectable intensities of the incident wave are 
3 units for /-F Q/2 and V, and 6 units for Q and U (one 
unit is 10-2' mks). 

CALIBRATION AND ACCURACY 

The Temperature of the Sky (Around the Zenith) 

The output of the radiometer when the reflector is 
turned towards the empty sky is regarded as a standard 
of the daily measurement. Another standard is obtained 

3 S. Suzuki, "A new type of square-law detector," Publ. Astron. 
Soc. Japan., vol. 7, no. 3, pp. 121-124; 1955. 
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Fig. 5—Mixer for coherent detection. 
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by inserting a carefully matched load between the phase 
modulator and the amplitude modulator. 
The emitted wave from the absorber in the ferrite 

system towards the reflector is partially reflected back-
wards to the receiver by the phase modulator, the 
feeder, and the parabolic reflector. When the reflector is 
pointed to the sky, the radiometer receives some radi-
ation from the sky and some amount of the reflected 
wave. This reflected wave is to be considered an appar-
ent incident wave to the receiver. Then the phase 
modulator is replaced by a carefully matched horn 
having the vswr of less than 1.05, and the horn is 
pointed directly to the clear sky. The output of the 
radiometer in this procedure is measured by the calibra-
tion of the hot load, and the temperature of the clear 
sky is roughly equal to 0°K + 10°K. When the phase 
modulator and the parabolic reflector are in operation, 
the output of the radiometer rises to 30°K +10°K for 
the clear sky. 

Antenna Gain 

A standard horn has been used to calibrate the an-
tenna gain. It has an aperture of 205 X255 mm and a 
calculated gain of 316 over an isotropic radiator. The 
output of the radiometer with this horn pointed to the 
sun is compared with the output obtained by the para-
bolic reflector pointed also to the sun. Thus, we obtain 
an antenna gain of 4830 + 5 per cent (an effective area 
of 3820 cm2) for the parabolic reflector, including the 
effect of the stays for the feeder and the mismatching of 
the feeder and the phase modulator. The half-width of 
the antenna beam is about + 1.2°. 

The Calibration of the Sensitivity 

The sensitivity for I (the total intensity of the inci-
dent wave) is calibrated by the sky temperature and the 
radiation of an absorber inserted in the input waveguide 
at the ambient temperature. The sensitivity for V (the 
difference between right-handed and left-handed circu-
lar polarizations) is calibrated by a source of circular 
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(a) (b) 

Fig. 6—Radiation source for the calibration of sensitivity-1) Circu-
lar waveguide, 2) phase shifter, and 3) lossy plate. 

waves attached at the top of the waveguide. This source 
is a quarter-wave plate at ambient temperature, and is 
shown in Fig. 6(a). One linear component of the radi-
ation emitted by the matched load in the ferrite system 
and other absorbers in the tapered waveguide, is ab-
sorbed by the lossy plate shown by 3 in Fig. 6(a), and 
the other linear component is radiated to the empty sky 
by the parabolic reflector. The source of radiation shown 
in Fig. 6(b) is used to find the sensitivities of Q and U 
(the difference of the linear components of the incident 
wave). Considering that the lossy plate in Fig. 6 is at the 
ambient temperature, we obtain calibrations on the re-
corder tapes for I, Q, U, and V. 

Accuracy 

The character of the phase modulator is dependent on 
the rf frequencies in the bandwidth of the receiver, and 
the dc outputs for Q, U, and V from the coherent detec-
tors shown in Fig. 5 are not completely independent of 
each other because of leakages between the reference 
signals. That is, Q, U, and V have a mutual coupling 
with each other, a leakage of about 15 per cent of V ap-
pears at the Q and U recorders, about 5 per cent of Q 
leaks to V and U, and about 5 per cent of U leaks to 
V and Q. This mutual coupling of Q, U, and V is a 
serious source of errors. 
Another source of errors for the observation of a 

polarized wave is the asymmetric structure of the para-
bolic reflector, including the stays supporting the feeder 
and the waveguides for the receiver. The radiation from 
the lossy plate in the ferrite system and from the other 
absorber inserted in the tapered waveguide shown in 
Fig. 4 is a randomly-polarized wave, and is radiated to 
the sky by the parabolic reflector. This radiation is par-
tially reflected by the feeder, the stays, and the wave-
guides in front of the parabolic reflector, and turns back 
again to the receiver. 
By measuring the polarization of this reflected wave, 

the asymmetry of the antenna system for the reflection 
has been roughly estimated. We concluded that the 

u 

, loo—.10-"nics 

Fig. 7—An example of the observed tape (the sun: 
July 3, 1957). 

asymmetry of the antenna system for the reflection (as 
well as for the incident wave) is less than 5 per cent for 
Q and U, and less than 3 per cent for V. This means 
that even though the incident wave has exactly random 
polarization, Q and U have apparent values of 5 per 
cent of the total intensity of the incident wave, and V 
has the apparent value of 3 per cent of the total in-
tensity. 

It might be noted that a parabolic reflector with a 
larger aperture than ours should be undesirable for the 
polarization measurement of the sun because the nar-
rower beamwidth of the antenna would give rise to 
errors in the polarization measurement. 

OBSERVATION OF THE SOLAR RADIO EMISSION 

Fig. 7 shows the outburst of solar-radio emission ob-
served with this equipment on July 3, 1957. The steady 
flux of 450 units and the left-handed excessive polariza-
tion of 6 per cent of the total flux are shown by the upper 
two diagrams in this figure. 
A slightly linear component of the steady flux is 

shown by the lower two diagrams (Q and U). An out-
burst started at about 0730, and a more intense one 
started at 0831 U.T. It can be seen that these bursts 
have certainly some polarized component varying with 
time in a complex manner. 
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Critical Frequency, Refractive Index, and Cone 
of Escape in the Solar Corona* 

R. N. BRACEWELLt, SENIOR MEMBER, rRE, AND C. V. STABLEFORD$ 

Summary—Nomograms give refractive index governing radio 
propagation in the solar corona and the semivertical angle of the 
cone of escape. 

T
HE propagation and escape of radio waves in the 
solar corona, which is fully ionized, have much in 
common with propagation in the ionosphere, and 

since the corona has proved to be a source of radio-
frequency power, radio people have become more and 
more interested in this problem. The accompanying 
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nomograms have been used to speed up the calculation 
of numerical results and are offered here for the use of 
others who are concerned with the same matter. They 
are based on an idealized model of the solar corona. 

In making calculations about propagation in the 
corona one requires to know the refractive index of the 
medium, and, in some cases, the angle of the cone within 
which the rays from a point source may emerge,' given 
the height above the photosphere and the frequency. 
Further, below a certain level, the corona is overdense 
at any given frequency and does not propagate travel-
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Nomogram A—The refractive index n of the solar corona is given as 
a function of position (h = height above photosphere, or p =num-
ber of photospheric radii from the sun's center) and frequency f 
or free-space wavelength Xo. The critical frequency for any height 
and vice versa may be read off using the condition n=0. 

* Original manuscript received by the IRE, October 3, 1957. 
t Radio Propagation Lab., Stanford Univ., Stanford, Calif. This 

work was carried out while the author was at Berkeley Astronomical 
Dept., on leave from Radiophysics Div., CSIRO, Sydney, Australia. 
t Astronomy Dept., University of California, Berkeley, Calif. 
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Nomogram B—The semivertical angle /3 of the cone of escape is 
shown as a function of the 'radial position of a source p (measured 
in photospheric radii), and the frequency! of reception. 

ling waves in the steady state at all. Nomogram A allows 
one to determine the refractive index n of the corona, 
and hence the critical level or critical frequency, by 
using the condition n =O. Nomogram B gives the semi-
vertical angle of the cone of escape. 

1 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy,* Claren-
don Press, Oxford, Eng., p. 81; 1955. 
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As basic data for nomogram A, we require the elec-
tron density N as a function of height in the corona. 
This information is available from photometry of the 
white light scattered from the coronal electrons at the 
time of total solar eclipse. It turns out that the electron 
density varies spatially and temporally, but by far the 
predominant variation is the dependence on the height 
h, above the photosphere. The adopted variation is rep-
resented by the formula' 

N = 1.55 X 10 14p-6(1 1.93p-1°) electrons/meter', 

where p is the distance from the sun's center in units of 
the photospheric radius. The refractive index n is re-
lated to the electron density of an ionized medium by 

Ne2 

n2 = 1   
eom(co° v2) 

where e and m are the charge and mass of the electron, 

2 C. W. Allen, "The spectrum of the corona at the eclipse of 1940, 
October 1," Monthly Notices Roy. Astronom. Soc., vol. 107, p. 426; 
1947. 

w is the angular frequency of the wave, to is the permit-
tivity of free space, and p is the electron collision fre-
quency. In the above formula p may be neglected since 
it is small relative to co throughout the corona.' 
Nomogram B depends on a knowledge of the ray 

paths between the source and the observer, calculated 
in the way described by Jaeger and Westfold," and in 
more detail by Bracewell and Preston.* The nomogram 
was established by an approximate method, and allows 
13 to be read off to an accuracy of about 3 degrees. 

It should be recalled that the effects of coronal ir-
regularities and magnetic fields have been neglected and 
that therefore the results yielded by the nomograms are 
in any case approximate. It is suggested that their prin-
cipal value lies in furnishing rapidly values of n and /3 
consistent with an admittedly imperfect but widely 
adopted model. 

J. C. Jaeger and K. C. Westfold, "Equivalent path and absorp-
tion for electromagnetic radiation in the solar corona," Aust. J. Sci. 
Res. A., vol. 3, pp. 376-386; 1950. 

4 R. N. Bracewell and G. W. Preston, "Radio reflection and re-
fraction phenomena in the high solar corona," Astrophys. J., vol. 123, 
pp. 14-29; January, 1956. 

Radio Sources and the Milky Way at 440 M 
N. G. ROMANt AND B. S. VAPLEEt, MEMBER, IRE 

Summary—The brighter radio sources and two regions of the 
Milky Way were surveyed at 440 mc with equipment mounted in 
the Naval Research Laboratory's 50-foot radio telescope. An attempt 
was made to keep the technique in this survey as similar as possible 
to that used at higher frequencies. Flux values are given for nine 
discrete sources and contour maps are presented for the section of 

the galactic plane near and north of the galactic center and for the 
area near the strong radio source, Cygnus A. The results obtained 
for five of the discrete sources and for two lines across the Milky 
Way are compared with the results of other observers at other fre-
quencies, in an attempt to study the radio frequency spectra of astro-
nomical objects. 

INTRODUCTION 

DI j Y 1955, the brighter radio sources had been ob-
served at numerous frequencies between 10 mc 

  and 10,000 mc. These observations indicated that, 
in most regions of the radio spectrum, the flux from radio 
stars is almost proportional to the inverse of the fre-
quency. Further, theoreticians had shown that rela-
tivistic electrons moving in a magnetic field would pro-
duce a spectrum in which the flux is proportional to 
an inverse power of the frequency. However, observa-
tionally, the proportionality constant appeared to be 

* Original manuscript received by the IRE, November 6, 1957. 
t U. S. Naval Research Lab., Washington, D. C. 

c* 

significantly different for the high and low frequencies— 
an effect unexpected theoretically. As the high-fre-
quency measurements were made with parabolic re-
flectors and the low-frequency measurements with inter-
ferometers, it was possible that the differing techniques 
might produce this difference. For the theoretical in-
terpretation of the results, it is important that its reality 
be established or disproved. 
At the Naval Research Laboratory, a 440-mc receiver 

and a horn feed were constructed for the 50-foot radio 
telescope. A horn was chosen, in spite of its bulk at this 
frequency, because its dimensions could be scaled from 
the horn used at 1420 mc. Thus the illumination of the 
parabola was identical for NRL's 1420 and 440 mc-ob-
servations. With this equipment, antenna temperature 
measurements were made of the more intense radio 
sources and of the brighter portions of the Milky Way. 

Results of several other surveys at intermediate fre-
quency have been published recently, [1]-[3]. Other 
surveys are in progress. 

EQUIPMENT 

A superheterodyne receiver, used as a dc radiometer, 
was mounted in a rectangular metal box located be-
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Fig. 1—The 440-mc feed horn and receiver mounted in the 
NRL 50-foot antenna. 

20 DB 
DIRECTIONAL 

) COUPLER 
IF AMP II DETECTOR 

Fig. 2—The block diagram of the 440-mc receiver. 

tween the center supporting post and the feed horn as-
sembly (Figs. 1 and 2). The rf amplifier consisted of a 
GL 6299 planar triode in a cavity and of a quarter-wave 
transformer to match the tube to the antenna line. For 
convenience and simplicity, a GR Type 1209-B unit 
oscillator was used as the local oscillator. The IF ampli-
fier was tuned to 30 mc with a bandwidth of approxi-
mately 1 mc. The difference between the output of the 
second detector and the bucking voltage from a battery, 
of the order of several millivolts, was dc coupled to a 
Leeds and Northrop Speedomax recorder through an 
RC network which provided various time constants for 
the radiometer output. 

For calibration, noise was injected into the rf input 
through a 20-db directional coupler. Thus it appeared 

as noise in excess of the background seen by the an-
tenna. A copper foil helix wound on a teflon tube sur-
rounding the fluorescent tube [4] coupled the noise 
from the fluorescent tube through type N connectors to 
a coaxial switch that allowed either a fluorescent tube or 
a fluorescent tube plus a 10-db attenuator to be con-
nected to the directional coupler. The output of the di-
rectional coupler was calibrated against a heated re-
sistor to determine the effective noise output in each 
position of the coaxial switch. The additional equivalent 
temperatures were 162°K and 14.9°K. 
The system was quite sensitive to temperature 

changes, but a continual flow of outside air through the 
system prevented the baseline from drifting seriously 
during an observation under normal operating condi-
tions. 
The horn was a modified Cutler feed attached to the 

receiver box through nonstandard waveguide. The E 
dimension was reduced to feed the horn properly with-
out a taper. A short length of RG 9/AU coaxial cable 
connected the waveguide, through a transition, to the 
receiver input. 
The characteristics of the antenna pattern are illus-

trated in Fig. 3 by the mean of six drift curves at decli-
nation +40°36'. The ordinate is antenna temperature, 
a measure of the intensity of the source, and the abscissa 
is right ascension; at this declination, ten minutes of 
right ascension equals approximately 1.9°. The curve 
for the point source, Cygnus A, has been reflected about 
its peak right ascension and removed from the curve of 
the extended source, Cygnus X, to illustrate the appear-
ance of the two sources if observed separately. The half-
power level for Cygnus A and the theoretical half-power 
beamwidth also are indicated on this diagram. 

OBSERVATIONS 

The location of the NRL 50-foot antenna is such that 
interference is strong at frequencies below 1500 mc. To 
avoid the strongest of this interference, observations 
had to be made between 10:00 P.M. and 7: 00 A.M. There-
fore, two observing periods were needed to cover the sky 
visible from this latitude; one was during June and July, 
1956 and the other in February, 1957. The equipment 
was unchanged between these periods and neither the 
calibration, performance, nor results showed any sys-
tematic differences between the two periods. 
To minimize the effects of interference, the observa-

tions, with only a few exceptions, were made with the 
antenna stationary. Thus, those sources of interference 
which were constant in a given direction merely caused 
a base-line shift for the entire observation. The telescope 
was set at the declination of the source, approximately 
5° ahead in hour angle; the earth's rotation carried the 
source through the antenna beam and the observation 
continued until a flat base-line was observed again, 4° 
or 5° beyond the source. As a further means of decreas-
ing the effects of random interference, several drift 
curves were made of each source. This method also 
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Fig. 3—The mean of six drift curves at declinations +40°36'. The 
solid curve is the observed curve. The ordinate is the voltage out-
put of the receiver which has been calibrated and converted to 
antenna temperature. The abscissa has been marked off in right 
ascension. At this declination, 10 minutes of right ascension equal 
1.9° of arc. The right side of the curve has been reflected about 
the right ascension of Cyngus A, 19h 57m and is shown as a dashed 
line. This intensity has then been removed from the curve of 
Cygnus X, on the right, to give the other dashed curve. Thus, 
the degree of blending of the two sources is indicated. The hori-
zontal and vertical lines of the Cyngus A curve are the observed 
half-power point and the predicted antenna beam half-width, 
respectively. 

eliminated most of the effects of base-line drift caused 
by inadequate temperature control in the receiver box. 
A drift curve of Centaurus A is illustrated in Fig. 4. 

Before and after each observation, two deflections 
were taken with each of the two fluorescent noise 
sources. As reduction of these calibration deflections in-
dicated no significant nonlinearity and little or no 
change in the gain of the equipment during a night, all 
calibration measurements for each night were averaged. 
From drift curves of Cassiopeia A and of the Sun, a 

standard drift curve was drawn. This standard drift 
curve was then photographed and reduced to various 
vertical and horizontal scales by means of a trace-scale 
converter built in the optics division of the labora-
tory [5]. Individual scans of the bright point sources 
were matched to the properly reduced standard pattern 
and their heights above the base-line measured. This 
method proved to be a rapid means of utilizing the en-
tire upper half of each drift curve rather than merely 
the peak value. This was particularly important in the 
presence of interference which distorted portions of the 
curve. The few curves with obviously tilted base lines or 
other distortions were replotted to correct these faults. 
Many of the weaker sources were lost or nearly lost in 
the noise. For these, point by point averages were made 
and the mean curve only compared to the standard 
curves. For the drifts across portions of the Milky Way, 
the drift curves at each declination were averaged. The 
times at which each average curve crossed various val-
ues of antenna temperature were read and used to draw 
the contour maps. 

Fig. 4—A drift curve of the source Centaurus A. The long vertical 
lines are time markers. The right ascensions to which the antenna 
was pointed at the times are indicated. 

RESULTS 

Table I lists the point sources observed in this in-
vestigation. The fluxes have been derived from the ob-
served antenna temperatures and an assumed antenna 
efficiency of 0.65. The errors quoted are internal mean 
errors derived from the scatter among individual meas-
urements of the drift curve heights. The large mean 
error for Cassiopeia A probably results from the inclu-
sion of scans as well as drifts of this source. For the scans, 
the antenna was driven through the position of the 
source rather than held stationary. Only the intensity of 
each source above the neighboring background emission 
was determined. 

TABLE I 

DISCRETE SOURCES 

F440 
Source TA [10-24 watt 

in-2(CPS) -11 

Remarks 

Cas A 245° +7° 57.2 
Cyg A 166° 38.7 
Tau A 56.5+2° 13.2 
Cen A 52.2 +2° 12.2 
Vir A 22.3+2° 5.2 
IC 443 14.5 3.4 
Pup A 7.5 1.8 
Her A 6.4 1.5 
NGC 2244 21.9 8.2+2 

NGC 1976 .113 
M31 < 2.4 

Hya A < 3.2 < 0.8 

Rosette Nebula 
(See Text) 

Orion Nebula 
Andromeda Nebula 

The results of the drift curves across two, regions of 
the galactic plane are given in the form of contour 
maps. Fig. 5 shows the region near and north of the 
galactic center (a=l7h43m; 8= —29°) and Fig. 6 in-
cludes the region of Cygnus A (ct = 19h57m; 8= +40°36') 
and Cygnus X. No attempt has been made to reduce the 
data from the form of the measured antenna tempera-
tures. The shapes of the outer contoùrs tend to be some-
what uncertain as a small error in temperature in the 
wings of the drift curves usually corresponds to a large 
error in the position of the contour. The uncertainties in 
these plots are probably of the order of 10° of tempera-
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Fig. 5—A contour map of the galactic center region. The dashed 
line is the position of the galactic plane on the basis of the Lund 
pole. The numbers indicate the measured antenna temperatures. 
The ordinate and the abscissa are celestial coordinates corre-
sponding to terrestrial latitude and longitude, respectively, except 
that Mi has been given in terms of true angular distance; i.e., it 
has been corrected for the convergence of meridians of longitude. 
The concentric circles in the upper right corner show the observed 
antenna diagram to the same scale. 
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H 

Fig. 6—A contour map of the Milky Way in Cygnus. Cygnus A is 
the smaller source on the right; the source on the left is Cygnus 
X. The concentric circles in the upper right corner show the ob-
served antenna diagram to the same scale. 

ture. As for the point sources, these temperatures are 
relative to the background at several degrees from the 
galactic plane. Comparisons with the surveys by McGee 
[1] and by Seeger [2] and their respective coworkers indi-
cate that about 80° should be added to the observed tem-
peratures. The concentric circles in the upper part of 
Fig. 6 indicate the observed antenna pattern for the 

equipment used. 
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The Rosette Nebula, NGC2244, probably is an ex-
tended source aild its width must be taken into account 
in computing the flux. From the measured broadening 
of the beam, a half width of 2.7° is derived for this 
source. This leads to a flux of 6.7 to 9.3 X10-24 watt 
m-2(cps)-' according to the intensity distribution as-
sumed for the source. If the Rosette were very small, 
the flux corresponding to the observed antenna tem-
perature would be 5.1 X10-24 watt m-2(cps)-'. This 
may be taken as a lower limit to the flux observed in the 
present survey, but it disagrees with the fluxes previ-
ously observed: 1.4X 10-24 watt m 2(cps) 1 at 400 mc 
[2] and 1.6 X10-24 watt m-2(cps)-' at 242 mc [6]. The 
cause of this discrepancy is unknown. There may be 
confusion with nearby sources or with the galactic 
background; also, the Rosette Nebula was near the Sun 
during the observing period. However, it seems un-
likely that side lobes from the sun, with their changing 
position with respect to the nebula, could be responsible 
for the large measured flux. No correction has been 
made for the extension of Centaurus A. 

Several unsuccessful attempts were made to observe 
the moon at 400 mc. From the estimated upper limits to 
the observed antenna temperatures and the probable 

background brightnesses, the moon appears to be fainter 
than 150°K at this frequency. 

DISCUSSION 

The fluxes quoted in Table I have been combined with 
46° others available for four of the brighter "radio stars" 

and have been plotted against frequency in Fig. 7 
44* through Fig. 10. Although observations are now quite 

numerous between 20 and 1500 mc, the scatter of the 
42* results masks any fine detail in the spectra of these 

sources. Nevertheless, some conclusions can be drawn. 

40° At frequencies above 1200 mc, the slopes of the four 
spectra are essentially identical, but at lower fre-
quencies they differ considerably. In each case the flux 

38° increases as the frequency decreases, but the increase is 
progressively steeper from Taurus A through IC 443 

36° and Cassiopeia A to Cygnus A. The spectra are still 
consistent with the schematic picture of two regions in 
which the flux is inversely proportional to the frequency 

- 6° separated by a region of lesser slope [7]. Both the 
length and the position of this flatter region vary from 
source to source, making it unlikely that it is caused 
by instrumental effects. 
The steep rise at the position of Sagittarius A (prob-

ably the galactic center) at 440 mc (see Fig. 5) can be 
explained only by the presence of a small, bright source 
superposed on the galactic background. The source ap-
pears to be a point source with a flux of 2.3 X10-24 
watt m 2(cps) 1 with the 3° beamwidth, but the flux 
may be uncertain by as much as 50 per cent and the 
diameter may be as large as 1°. The spectrum of Sagit-
tarius A is illustrated in Fig. 11. At very high frequen-
cies, a small source, not more than 10' in diameter is 
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Fig. 7—The spectrum of Cygnus A. The points measured in the 
present survey are indicated by open circles in Fig. 7-Fig. 11, 
121, [3], [81-[21]. 
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Fig. 8—The spectrum of Cassiopeia A, [2], [8], [101-[15], [21]. 
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Fig. 9—The spectrum of IC 443, [2], [3], [6], [11], [12], [18], [22]. 
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Fig. 10—The spectrum of Taurus A, [81, [1(1- [121, [14], [16], 
[181-[21], [24]. 
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Fig. 11—The high frequency spectrum of Sagittarius A, [1]-[3], 
[9], [11], [12], [14], [16j, [20], [25]-[27]. 

superposed on a much lower background, at least 1° 
across [4], [19], [20]. Therefore, at 3200 and 9530 mc, 
two points have been plotted. The lower refers only to 
the small source; the upper, to the entire flux received 
from a circular region centered on the small source and 
1° in diameter. The latter is probably more appropriate 
for a comparison with the other flux measurements for 
this source. No background source has been observed at 
16,000 mc [20]. The highest frequency points are defi-
nitely lower than those between 400 and 1500 mc. A 
spectrum of this shape can be explained by a nonthermal 
source behind a large, dense HI I region (that is, a cloud 
of ionized gas, mainly consisting of hydrogen). 
At low frequencies, the galactic background is defi-

nitely nonthermal. An attempt was made to investigate 
its character at high frequencies by comparing the con-
tours in Figs. 5 and 6 with similar contours for frequen-
cies between 400 and 3200 mc, but the uncertainty in the 
absolute level of the zero contours makes anything but 
highly tentative deductions impossible. The indications 
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are that the emission from the region of the Milky Way, 
7° north of Sagittarius A, is predominately nonthermal 
at frequencies as high as 1500 mc. In the Cygnus X re-
gion, a strong nonthermal background appears to per-
sist at 1500 mc, although emission from ionized gas also 
may be important. The latter probably predominates at 
3000 mc. 
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Flux Measurements of Cassiopeia A and Cygnus A 
between 18.5 MC and 107 MC* 

H. W. WELLSt, FELLOW, IRE 

Summary—Results of a series of measurements on the two most 

intense radio stars are given. Basic techniques for absolute and 
relative intensity measurements are described. Principal sources of 
error are discussed with special attention to the very controversial 
range below 30 mc. To minimize one common source of error, inter-
ferometer arrays using simple dipole antennas over reflecting screens 
were used for all absolute measurements of Cassiopeia A. For rela-
tive amplitude determinations, collinear arrays with higher resolu-
tion were employed. The absolute observations show flux densities 
which increase by a factor of two between 100 mc and 40-50 mc, and 
then continue a more gradual increase to 18.5 mc. The amplitude of 
Cygnus A relative to Cassiopeia A is between 0.5 and 0.6 over the 
entire range of frequencies. 

INTRODUCTION 

A
LTHOUGH cosmic radio waves were discovered in 

1932 by Jansky,' an interval of sixteen years 
elapsed before Bolton and Stanley' detected the 

presence of discrete sources of these cosmic radio waves, 
sometimes called radio "stars." Their results were 
promptly confirmed and extended by Ryle and Smith.' 
Surveys followed in England, Australia, and the United 
States, leading to the identification of more than 100 
discrete sources of radio waves from outer space. How-
ever, only a limited number have been positively associ-
ated with optical objects. 
One of the basic questions concerning a radio star is 

its spectrum: How does the intensity or flux density 
vary with frequency? Precise answers are of fundamen-
tal importance to theories concerning the mechanism of 
generation of cosmic radio waves. Furthermore, the 
ability to intercompare spectra of different radio sources 
establishes facts concerning absorption in interstellar 
space which may, in some cases, aid in the establishment 
of a distance scale, and possibly different origins of the 
radiation. 

Measurements of the intensity of the stronger radio 
sources have been made by several different investiga-
tors over a substantial range of frequencies but their 
results show a great amount of disagreement. The scat-
ter in flux determined by each individual or group testi-
fies to the inherent difficulty of making "absolute meas-
urements." This lack of agreement among separate 
workers certainly has contributed to the surprising fact 

* Original manuscript received by the IRE, November 5, 1957. 
t Carnegie Inst. of Washington, Washington 15, D. C. 
1 K. G. Jansky, "Electrical disturbances apparently of extra ter-

restrial origin," PROC. IRE, vol. 21, pp. 1387-1398; October, 1933. 
2 J. G. Bolton and G. J. Stanley, "Observations on the variable 

source of cosmic radio frequency radiation in the constellation of 
Cygnus," Aust. J. Sci. Res., vol. A 1, pp. 58-69; March, 1948. 

3 M. Ryle and F. G. Smith, "A new intense source of radio-fre-
quency radiation in the constellation of Cassiopeia," Nature, vol. 
162, pp. 462-463; September 18, 1948. 

that, as yet, we have no accepted spectrum for even the 
most intense radio star (Cassiopeia A). In a recent re-
port to Commission V of URSI, Seeger" has reviewed 
the objectives, difficulties, and present status of abso-
lute intensity measurements collected from all available 
sources of information. He pleads for more accurate 
measurements of several principal sources which subse-
quently may become reference standards for the much 
simpler relative intensity measurements. 

This report will include only the simplest of state-
ments regarding instrumentation. The reader who is 
interested in more specific information on instruments 
and other aspects of radio astronomy is referred to the 
book by Pawsey and Bracewell' which also includes a 
substantial bibliography for each chapter. The appara-
tus used for our measurements was a Ryle-type phase-
switching interferometer.' 

For absolute measurements the antennas were simple 
folded dipoles over extended ground screens. Antennas 
were constructed along east-west baselines and were 
separated by different spacings, usually between 10X 
and 20X depending on terrain factors. Each folded dipole 
was mounted between 0.1X and 0.2X above the ground 
screen so that it would match into a 50-ohm unbalanced 
transm;ssion line through a 4:1 balim. Transmission 
lines were brought in directly to a network as shown in 
Fig. 1 without any preamplifiers in the lines.7 It is seen 
that the signals from antenna No. 1 reach the receiver 
through: 1) a magic T-dividing network and 2) a ca-
pacity switch which introduces a e length of line at a 
rate of about 30 per second. Antenna No. 2 is con-
nected to the receiver through another magic T. The 
purpose of the dividing networks is to permit the ap-
plication of calibration signals from the noise source 
simultaneously with the recordings of radio stars. Ex-
perience has demonstrated that a network of this type 
is an essential factor in minimizing errors caused by re-
ceiver saturation or nonlinearity effects at frequencies 
below approximately 50 mc. The 3-db loss in each divid-
ing network is no handicap because signal levels are 
quite ample. 
The attenuator pads in each leg from the noise source 

4 C. L. Seeger, Report to URSI Commission V from Sub-Commis-
sion Vd; June, 1957. 

5 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Claren-
don Press, Oxford, Eng.; 1955. 

6 M. Ryle, "A new radio interferometer and its application to the 
observation of weak radio stars," Proc. Roy. Soc. A, vol. 211, pp. 
351-375; March, 1952. 

7 H. W. Wells, "Flux measurements of discrete radio sources at 
frequencies below 30 mc," J. Geophys. Res., vol. 61, pp. 541-545; 
September, 1956. 
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Fig. 1—Interferometer details. (Same as Fig. 1, J. Geophys. 
Res., vol. 61; September, 1956.) 

provide additional isolation and the line stretcher is 
used to compensate for any phasing unbalance in the 
separate paths of the calibrating signal. The receiver 
consists of three basic units: 1) a low-noise preamplifier; 
2) the radio frequency amplifier; and 3) the detector, 
audio amplifier, phase detector, and bridge amplifier. 
Provision is made always to monitor the detector cur-
rent since this is essential to measurements of noise 
figure and other basic adjustments. 

Principal sources of error in the making of absolute 
intensity measurements are in the determination of the 
equivalent noise power or temperature of the radio 
source at the antenna and the computation of effective 
antenna aperture. These two factors are combined in 
the basic formula for the determination of flux: 

S = kT / A 

where 

S= flux density in units of watts per square meter per 
cycle per second 

T = equivalent temperature of the source at the an-
tenna in degrees K 

A --effective aperture of the antenna in square meters. 

In practice, T is determined from scalings of the am-
plitude of a record produced by a radio source. Scaled 
values are corrected to equivalent antenna tempera-
ture, T, by applying corrections for measured losses in 
transmission lines and distribution networks. The dis-
tribution system, shown in Fig. 1, was adopted after our 
discovery of substantial errors in early measurements at 
frequencies below 20 mc caused by receiver saturation 
or nonlinearity. (Initially the receiver was discon-
nected from the antennas and switched over to a noise 
source for calibration.) The noise source used for cali-
bration was a simple device incorporating a Sylvania 
5722 saturated noise diode. The output of this instru-
ment was checked against a thermal source at each dif-

January 

ferent operating frequency. The thermal source was a 
stable 50-ohm carbon resistor terminating a short sec-
tion of special 50-ohm coaxial line. For intercomparison 
purposes the thermal source could be heated in a small 
electrical oven or immersed in boiling water. 
The recordings of Cassiopeia A are confused with 

other sources when dipole antennas are used. The main 
contribution, from Cygnus A, can be effectively re-
moved from the Cassiopeia A scalings since the position 
of the Cygnus source is well known. Most of the direct 
or absolute measurements were made on Cassiopeia A, 
while other sources were measured relative to Cassiopeia 
A using antenna arrays of higher resolution. Other er-
rors in the determination of T may be caused by radio 
star scintillation and by absorption in the ionosphere. 
At frequencies below 50 mc, scintillations are very com-
mon. Recordings must continue over a long enough 
time interval to establish accurate scalings for periods 
free of scintillation. The effects of ionospheric absorp-
tion are eliminated nominally by recording in the hours 
between midnight and sunrise when the observing fre-
quency is three or four times greater than the iono-
spheric critical frequency at vertical incidence. It has 
been demonstrated by Mitra and Shain8 that iono-
spheric absorption is negligible under these conditions. 
Although the theoretical characteristics of many an-

tennas and arrays have been computed, the properties 
actually achieved are extremely difficult to determine. 
The problem becomes worse at the meter wavelengths 
since physical dimensions get large. Usually it is neces-
sary to employ antenna arrays for resolution between 
radio sources and perhaps for greater signal power. The 
one antenna which has been the subject of the most ex• 
haustive theoretical and practical examination is the 
dipole. The fact is often overlooked that a dipole backed 
by an infinite conducting screen has a gain of 6 db over 
a dipole in free space. This is equivalent to a collecting 
area of iv as shown by Kraus,8 and normally is ade-
quate for the detection of principal radio sources up to 
200 mc or higher. Even with dipoles, the measured pat-
tern sometimes disagrees with the theoretical pattern. 

Tests were conducted to assess the efficiency of the 
ground screens. Comparisons were made between a di-
pole over a large metal plate and an identical dipole 
over the ground screen actually used for recording. A 
differential radiometer was used and a balance was ob-
tained by adjusting a variable attenuator in the leg from 
the dipole over the large metal plate. Efficiencies be-
tween 90 and 95 per cent were measured. However, it is 
fully recognized that the dimensions of all reflecting 
screens used for these measurements are finite and per-
haps too small. Plans are being made to repeat some 
measurements under conditions which more closely ap-

8 A. P. Mitra and C. A. Shain, "The measurement of ionospheric 
absorption using observations of 18.3 mc/s cosmic radio noise," J. 
Atmos. Ten. Phys., vol. 4, pp. 204-218; 1953. 

9 John D. Kraus, "Antennas," McGraw-Hill Book Co., Inc., New 
York, N. Y.; 1950. 
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proach that of an infinite reflecting screen. Any subse-
quent revision of A would probably be to smaller values 
resulting in a proportionate upgrading of S. 

For relative amplitude measurements rather simple 
4 or 5-element collinear arrays were found to be ade-
quate since the principal requirement was one of resolu-
tion between Cygnus A and Cassiopeia A. Once a radio 
source has been resolved, the other requirement reduces 
to an accurate means of intercomparing the intensity of 
the source being measured with that of the reference 
standard. Although the above remarks are oversimpli-
fied, the fact remains that relative amplitude measure-
ments are much simpler than absolute measurements 
and, as a result, are often considered to be more re-
liable. 

ABSOLUTE MEASUREMENTS OF CASSIOPEIA A 

The results of our absolute measurements on Cas-
siopeia A are shown in Table I and are plotted in Fig. 2. 

TABLE I 

MEASUREMENTS ON CASSIOPEIA A 

Frequency (mc) 
Flux density (S) in units 

of 10-24 wm-2(cps)-I 

18.5 

500 

27 

430 

50 

380 

87 

200 

108 

200 

• • 500 
o 

7 ▪ 400 

300 

e 
•E 

77, 200 

I Ill 

20 30 410 510 710 00 

Frequency in MC 

Fig. 2—Cassiopeia A, Derwood, Md., CIW, DTM (1957). 

Since authors always have a tendency to draw lines 
between points, the dashed lines of Fig. 2 show one way 
of interpreting the observations. The slope of spectrum 
from 100 mc to about 40 mc is in surprisingly good 
agreement with a composite spectrum of Cassiopeia A 
prepared by Seeger' from all available data, showing a 
slope of —0.82. But in the vicinity of 40-50 mc there 
appears to be a break or change in slope. This has been 
anticipated on theoretical grounds and it is perhaps 
surprising that the flux of Cassiopeia A is found to be 
slowly increasing even at frequencies as low as 18.5 mc. 
The same lower frequency region, below 40 mc, is also 
the area of greatest disagreement among the limited 
number of investigators who have reported "absolute" 
measurements. 

At present, measurements are being undertaken at 
207 mc in order to extend the series over three octaves 
of frequency. 
A recheck is being made at 50 mc and a new series of 

measurements are planned for about 38 mc, interference 
permitting. All of these are significant to a classification 
of the spectrum of Cassiopeia A. As soon as the present 
sunspot cycle abates sufficiently to permit operations 
below 20 mc without excessive ionospheric interference, 
it is planned to resume investigations and to extend the 
series to the lowest possible frequencies. 

Questions are frequently raised concerning the ac-
curacy of these measurements. Most of the possible 
sources of error have been discussed earlier in this report 
except perhaps errors due to the use of dipoles in a 
phase-switching interferometer such as ours. We are 
satisfied that there is no progressive error introduced by 
our use of dipoles on Cassiopeia A since the spacing in 
wavelengths between antennas of the interferometer 
was changed at each different frequency. Hence, the 
lobe structure was different at each frequency and the 
lobe including Cassiopeia A was compared with switched 
lobes in different sections of the dipole polar diagram. 
Admittedly, there remains a slight possibility that con-
ditions of geometry peculiar to any single measurement 
could influence the results. We like to think that the re-
sults around 100 mc are accurate to +10 per cent, but 
the scatter of the ratio measurements suggests that this 
is optimistic. Between 40 mc and 100 mc there is good 
agreement with Adgie and Smith.'° At 18.5 mc we esti-
mate accuracy at ±25 per cent but we are inclined to 
weigh the results more heavily toward higher values 
recognizing the possibility of some ionospheric absorp-
tion. 

RELATIVE AMPLITUDE MEASUREMENTS 

The relative amplitude measurements have been con-
ducted primarily to determine the strength of Cygnus A 
relative to Cassiopeia A. The radio source in Cygnus A 
is the second strongest but is also one of the most dis-
tant which has been identified. Baade and Minkowski" 
interpreted their optical evidence as indicating that the 
Cygnus-A source consists of two galaxies in head-on col-
lision. The distance to this nebula is estimated at nearly 
200 million light years. On the other hand, the Cas-
siopeia-A source is known as a new type of galactic 
nebulosity, a mere one thousand light years. Accord-
ingly, any significant difference in the spectra of these 
two sources could suggest a difference in the generating 
mechanism, or interstellar absorption due to distance or 
clouds of material between source and the earth. 
Our measurements of the ratio Cygnus A/Cassiopeia 

12 R. Adgie and F. G. Smith, "The radio emission spectra of four 
discrete sources and of the background radiation," Observatory, vol. 
76, pp. 181-187; October, 1956. 

11 W. Baade and R. Minkowski, "Identification of radio sources 
in Cassiopeia, Cygnus A and Puppis A," Astrophys. J., vol. 119, 
pp. 206-214; January, 1954. 
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A have been conducted with collinear arrays with suffi-
cient resolution to separate these two principal sources. 
At the lower frequencies this ratio is 0.5 to 0.6. How-
ever, measurements just completed at 87 mc indicate a 
substantial strengthening of Cygnus A, boosting the 
ratio to 0.72. At 108 mc no measurements with arrays 
have been conducted as yet. These ratios undoubtedly 
include a small contribution from Cygnus X along with 
Cygnus A since our antennas do not resolve these 
sources. However, the net augmentation of apparent 
flux is believed to be insignificant, especially at the 
lower frequencies. In view of the existing controversy 
regarding relative amplitudes, especially at the lower 
frequencies, the record in Fig. 3 showing a ratio of ap-
proximately 0.5 is particularly significant. 

75' »EST MERICVAV IIME 

, 

Fig. 3—Interferometer record of Cygnus A and Cassiopeia A at 
18.5 mc, May 27, 1956, Derwood, Md., CIW, DTM. (The ratio 
of Cassiopeia A to Cygnus A is approximately 2 to 1.) 

CONCLUSION 

It is believed that a healthy and balanced develop-
ment in the new science of radio astronomy dictates 
increased efforts toward the sound establishment of 
spectra for a few principal radio sources. Agreement, 
even on one, would be a major step forward leading per-
haps to a new yardstick for distance determination or 
to other fascinating discoveries of conditions within our 
universe. 
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The Distribution of Cosmic Radio 
Background Radiation* 

H. C. KOt, MEMBER, IRE 

Summary—The results of a survey of cosmic radio background 
radiation at 250 mc using the Ohio State University 96-helix radio 
telescope are described. The antenna has beam widths of about 1.2° 
in right ascension and 8° in declination between half-power points. 
Radio maps, covering about 75 per cent of the sky, are presented in 
celestial and galactic coordinates. The greater resolving power of the 
antenna has revealed a number of fine features of the background 
radiation as well as numerous radio stars. 

Radio maps made at other frequencies by various groups are 
summarized. To present an over-all picture of the sky at different 
frequencies, eight maps are shown for frequencies from 64 mc to 
910 mc. All maps are modified to have the same scale, coordinates 
and units to facilitate intercomparison. 

An intercomparison of these radio maps shows some consistent 
features of the galactic background radiation. These features may 
be represented by three symmetrical distributions and several un-
symmetrical or irregular distributions. The symmetrical distributions 
are as follows: 

1) a narrow belt about 3° wide lying in the galactic plane and 
concentrated towards the galactic center, 2) a very broad band of 
radiation concentrated within about 15° to 30° of galactic latitude 
and having its maximum near the galactic center, and 3) an approxi-

* Original manuscript received by the IRE, October 3, 1957. 
t Radio Observatory, Dept. of Elec. Eng., Ohio State University; 

Columbus, Ohio. 

mately isotropic distribution. The first component indicates a mixture 
of thermal and nonthermal origin, while the other two are non-
thermal. 

INTRODUCTION 

0 NE of the important observations in radio as-
tronomy is the determination of the distribution 
of continuous background radiation over the ce-

lestial sphere. The radio brightness of background radia-
tion received on the earth varies from different directions 
over the sky and may be conveniently specified by its 
equivalent brightness temperature. The brightness tem-
perature of the sky at a given frequency is defined as 
the temperature of a black body—subtending the same 
solid angle as the region of the sky under consideration 
—that would produce the same brightness as observed 
at that frequency. Radio maps of the sky are made from 
the measurements of the sky brightness temperature 
distribution. Each map at a particular frequency shows 
how the sky would appear if our eyes were sensitive to 
radio waves instead of light and were as poor in resolv-
ing power as the radio telescope antenna. 
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TABLE I 

SURVEYS OF COSMIC RADIO BACKGROUND RADIATION 

Observers Frequency (mc) Antenna 
Beamwidth (deg) 

Range of Observation 

R.A. Dec. 

1. Reber and Ellis' 
2. Friis and Feldman° 
3. Higgins and Shain° 
4. Jansky° 
5. Shain and Higgins° 
6. Shaine 
7. Franz° 
8. Herbstreit and Johler° 
9. Cottony and Johler° 

10. Moxon" 
11. Sander" 
12. Hey, Parsons, and Phillips" 
13. Baldwin" 
14. Mills" 
15. Bolton and Westfold" 
16. Hanbury Brown and Hazard" 
17. Reber° 
18. Allen and Gum" 
19. Dreige and Priester" 
20. Ko and Kraus" 
21. Atanasijevic" 
22. McGee, Slee, and Stanley" 
23. Seeger, Westerhout, and van de Hu1st" 
24. Reber" 
25. Piddington and Trent" 
26. Denisse, Leroux, and Steinberg" 
27. Westerhout" 

0.5-2.0 
9.5, 18.6 
9.15 
20.5 
18.3 
19.7 
30 
25-110 
25-110 
40, 90, 200 
60 
64 
81 
85.7 
100 
158.5 
160 
200 
200 
250 
255 
400 
400 
480 
600 
910 
1360 

16° X4°, 11°X3° 
31° X26° 
30° X37° 
17° X17° 
1.4°X 1.4° 

30° X30° 

35° X70° 
20° X30° 
13° X14° 
2° X15° 
0.8°X0.8° 
17° X17° 
2° X2° 

12° X12° 
25° X25° 
16.8°X16.3° 
1 .2°X8° 

10° X10° 
2° X2° 
2° X2° 
4° X4° 
3.3°X3.3° 
3.5°X3.5° 
1.9°X2.8° 

Oh-24° -52° to -12° 
17h-18b -22° to -33° 

Ob-24b -30° to +50° 
Ob--24b -28° to +82° 
17h-18b -34° to -24° 
Ob-24b -90° to +40° 
19b-05b +38° to +68° 
Ob-24h -40° to +90° 
Oh-24b -90° to +40° 
Oh-24h -20° to +90° 
Oh-24h -40° to +60° 
17h-04h -30° to +90° 
151L-20" -49° to -19° 
16b-19b -15° to -35° 
Ob-24h -40° to +90° 
Oh-24b -90° to +51° 
16b-22b -35° to +50° 
17b-18b -20° to -35° 

The existence of cosmic radio waves was first dis-
covered by Jansky4 in 1932 at a frequency of 20.5 mc. 
Subsequent measurements of this radiation were made 
by Rebel-17,24 who published the first maps of the cosmic 
radio radiation at frequencies of 160 mc and 480 mc. He 
confirmed that the radiation is concentrated along the 
galactic equator and towards the galactic center, and 

G. Reber and G. R. Ellis, "Cosmic radio-frequency radiation 
near one megacycle," J. Geophys. Res., vol. 61, pp. 1-10; March, 
1956. 

2 H. T. Friis and C. B. Feldman, "A multiple unit steerable an-
tenna for short-wave reception," PROC. IRE, vol. 25, pp. 841-917; 
July, 1937. 

3 C. S. Higgins and C. A. Shain, "Observations of cosmic noise at 
9.15 mc/s," Aust. J. Phys., vol. 7, pp. 460-470; September, 1954. 

K. G. Jansky, "Directional studies of atmospherics at high fre-
quencies," PROC. IRE, vol. 20, pp. 1920-1923; December, 1932. See 
also, "Electrical disturbances apparently of extraterrestrial origin," 
PROC. IRE, vol. 21, pp. 1387-1389, October, 1933. 

6 C. A. Shain and C. S. Higgins, "Observations of the general 
background and discrete sources of 18.3 mc/s cosmic noise," Aust. J. 
Ploys., vol. 7, pp. 130-149; March, 1954. 

6 C. A. Shain, "Galactic absorption of 19.7 mc/s radiation," Aust-
J. Phys., vol. 10, pp. 195-203; March, 1957. 

Kurt Franz, 92auschtemperatur des antennenstrahlungswider-
standes," Hochfreq. und Ekktroak., vol. 59, pp. 143-144; May, 1942. 

° J. W. Herbstreit and J. R. Johler, "Frequency variation of the 
intensity of cosmic radio noise," Nature (London), vol. 161, pp. 515-
516; April 3, 1948. 

° H. V. Cottony and J. R. Johler, "Cosmic radio noise intensities 
in the vhf band," PROC. IRE, vol. 40, pp. 1053-1060; September, 
1952. 

19 L. A. Moxon, "Variation of cosmic radiation with frequency," 
Nature (London), vol. 158, pp. 758-759; November 23, 1946. 
" K. F. Sander, "Measurement of galactic noise at 60 mc/s," 

J. IEE, pt. III A, vol. 93, pp. 1487-1489; 1946. 
12 J. S. Hey, S. J. Parsons, and J. W. Phillips, "An investigation of 

galactic radiation in the radio spectrum," Prot. Roy. Soc. A, vol. 
192, pp. 425-445; 1948. 

1$ J. E. Baldwin, "A survey of the integrated radio emission at a 
wavelength of 3.7 m," Monthly Notices Roy. Astron. Soc., vol. 115, 
pp. 684-689; 1955. 

also found several subsidiary maxima in regions of the 
constellations of Cygnus, Cassiopeia, and Taurus. Dur-
ing the past decade, a number of other radio surveys 
have been made at various frequencies. These surveys 
are summarized in Table I. 

14 B. Y. Mills, "The radio source near the galactic center," Ob-
servatory, vol. 76, pp. 65-67; April, 1956. 
" J. G. Bolton and K. C. Westfold, "Galactic radiation at radio 

frequencies, I. 100 mc/s survey," Aust. J. Sci. Res. A, vol. 3, pp. 
19-33; 1950. 

16 R. Hanbury Brown and C. Hazard, "A radio survey of the 
milky way in Cygnus, Cassiopeia and Perseus," Monthly Notices of 
the Roy. Astron. Soc., vol. 113, no. 2, pp. 109-122; 1953. 

17 G. Reber, "Cosmic static," Astrophys. J., vol. 100, pp. 279-287; 
November, 1944. 

18 C. W. Allen and C. S. Gum, "Survey of galactic radio-noise at 
200 mc/s," Aust. J. Sci. Res. A, vol. 3, pp. 244-233; 1950. 

19 F. Dreige and W. Priester, "Durchmusterung der allemeinen 
radiofrequenz-strahlung bei 200 mhz," Z. Astrophys., vol. 40, no. 4, 
pp. 236-248; 1956. 

29 H. C. Ko and J. D. Kraus, "A radio map of the sky at 1.2 
meters," Sky and Telescope, vol. 16, pp. 160-161; February, 1957. 

21 I. Atanasijevic, "Measures du rayonnement de la voie lactee sur 
255 mc/s," Compt. Rend. (Paris), vol. 235, pp. 130-132; July 16, 
1952. 

22 R. X. McGee, O. B. Slee, and G. J. Stanley, "Galactic survey at 
400 mc/s between declinations -17° and -49°," Aust. J. Phys., vol. 
8, pp. 347-367; September, 1955. 

23 C. L. Seeger, G. Westerhout, and H. C. van de Hulst, "The 
flux densities of some radio sources at 400 mc/s," Bull. Astron. Inst. 
Neth., vol. 13, pp. 89-99; November 26, 1956. 

24 G. Reber, «Cosmic static," PROC. IRE, vol. 36, pp. 1215-1218; 
October, 1948. 

26 J. H. Piddington and G. H. Trent, "A survey of cosmic radio 
emission at 600 mes," Aust. J. Phys., vol. 9, pp. 481-493; De-
cember, 1956. 

26 J. F. Denisse, E. Leroux, and J. L. Steinberg, "Observations du 
rayonnement galactique sur la longueur d'onde de 33 cm," Compt. 
Rend. (Paris), vol. 240, pp. 278-280; January 17, 1955. 

27 G. Westerhout, "Continuous radiation from the direction of 
the galactic center at 22 cm," Bull. Astron. Inst. Neth., vol. 13, 
pp. 105-109; November 26, 1956. 
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Fig. 1—Photograph of the Ohio State University 96-helix radio tele-
scope. The antenna has a beam approximately 1.2 degrees wide in 
right ascension and 8 degrees in declination at a frequency of 250 
mc. The telescope receiver is housed in the building adjacent to 
the antenna. 

To construct a radio map, it is necessary to measure 
the brightness temperature variation over the sky. The 
smallest measurable temperature difference is deter-
mined by the receiver sensitivity, while the measurable 
detail is a function of the antenna resolving power. Be-
cause any practical antenna has a beam width that is 
not infinitely sharp, the true brightness distribution is 
blurred and the observed distribution is smoother than 
the true one. The lower the resolving power of the an-
tenna, the greater is the smoothing effect. It has been 
shown by Bracewell and Robertethat detailed structure 
less than the half-power beam width is lost because of 
antenna smoothing and cannot be restored by subse-
quent graphical or other processes. 
Most of the older surveys were made with antennas 

of large beam widths, the order of 15 to 30 degrees be-
tween half-power points. Thus, any detailed structure 
smaller in angular size than these beam widths did not 
appear. Recently, several surveys made with antennas of 
narrow beam widths, the order of 1 to 3 degrees between 
half-power points, have been published. However, these 
surveys were either restricted to selected small regions 
of the sky or made at higher frequencies. It is obvious 
that radio surveys of large areas of the sky made with 
antennas of high resolution are of considerable interest 
and importance. Such surveys would reveal detailed 
structure of the background radiation and contribute 
to studies of the galactic structure and origin of the 
galactic radio radiation. 
The results of observations at 1.2-meters wavelength 

(250 mc) using the high resolution beam of the Ohio 
State University 96-helix radio telescope will be de-
scribed first. Some preliminary results of these observa-
tions have been presented by Kraus and Ko.2°,29 The 
present survey covers about 75 per cent of the entire 
celestial sphere. Radio isophotes of the background ra-

se R. N. Bracewell and J. A. Roberts, "Aerial smoothing in radio 
astronomy," Aust. J. Phys., vol. 7, pp. 615-640; December, 1954. 

29 J. D. Kraus and H. C. Ko, "A detailed radio map of the sky," 
Nature (London), vol. 175, pp. 159-161; January 22, 1955. 

2 

2 t00m 

NOV. 27, 1954 
DEC + 4(r5 

242 MC./SEC. 
96 HELICES 
42 DIV./MA. 

RIGHT ASCENSION 

1950.0 

CYGNUS B 

INTERFEREN0E--

CYGNUS X 

erf 

GALACTIC 

EQUATOR 

h m 
20 00 

I 5:00 PM. E.S.T. 

9 

CYGNUS A 

TIME' 
MARKS 

4:00 PM. E.S.T. 

Fig. 2—Sample profile taken with the Ohio State University 96-helix 
radio telescope in the Cygnus region. The deflections due to the 
transit of radio stars Cygnus A, Cygnus X, and Cygnus B are 
shown superposed on the gradual rise due to the general back-
ground radiation. 

diation are shown by radio maps plotted in celestial and 
galactic coordinates. The greater resolving power of the 
antenna has revealed a number of fine features of the 
background radiation as well as numerous radio stars. 

Radio maps made by others at various frequencies 
are then summarized and comparisons of the 250-mc 
survey with these maps show a number of interesting 
features. 

OBSERVATIONS 

The Ohio State University 96-helix radio telescope 
consists of a rectangular array of 96 right-handed 
helices arranged in 4 rows of 24 as shown in Fig. 1. The 
antennas are mounted on a ground plane which is 160 
feet long by 22 feet wide. The entire array pivots on a 
horizontal east-west axis and operates as a meridian 
transit-type instrument. The antenna pattern is fan-
shaped, with a half-power beam width of 1.2 degrees in 
right ascension and 8 degrees in declination at a fre-
quency of 250 mc. The directivity is about 2270. The 
main lobe occupies about 70 per cent of the total beam 
area, while the rest is distributed among the minor 
lobes. The receiving system is of the total power type. 
The observations were made by setting the antenna 

at a fixed declination, a narrow zone of declination being 
swept out by the antenna beam as the earth rotates. 
The power intercepted is recorded as a function of right 
ascension. The measurements were repeated at four de-
gree steps in declination until a sufficient number of 
good records were obtained at each step. The sky survey 
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Fig. 3.—Radio map of the sky in celestial coordinates made with The Ohio State University 96-helix radio telescope at 250 mc. The contours 
show the radio brightness of the sky background radiation while the small circles indicate the location of radio stars. 

extends from about Dec. — 40° to +60°, covering about 
75 per cent of the whole celestial sphere. 

In general, radio profile sat each declination consist of 
abrupt humps due to the presence of radio stars and 
more gradual elevations of the background where the 
galactic equator is crossed. Fig. 2 is a sample profile 
obtained at a declination of +40.5° between right 
ascension 191140m and 2110, showing radio stars Cyg-
nus A, Cygnus X, and Cygnus B as well as a general 
background rise. The narrow antenna beam has suc-
cessfully separated the detailed feature of this com-
plex region. Scores of such profiles taken at different 
declinations were then combined to produce the radio 
map. In constructing the map, the humps on the profiles 
due to radio stars were removed, so that the contours 
show only the continuous background radiation. 
The resulting map is shown in Fig. 3, which consists 

of contours of equal brightness plotted directly in ce-
lestial coordinates (Epoch 1950). The numbers on the 
contours in the map give the radio brightness tempera-
ture increase in units of 6°K above the base sky tem-
perature corresponding to the coldest part of the sky. 
The accurate measurement of this base temperature is 
very difficult because of its low value. Our measure-
ments indicate that it is about 80°K + 30°K. 

During the survey, a number of radio stars were also 
detected. The presence of a radio star is noted as an 
abrupt hump on the recorded profile as shown in Fig. 2. 
If the radio star is a point source, the signature on the 
record is a direct measure of the antenna pattern. For 
a radio star of large angular extent (radio nebula), a 
broadening of the antenna pattern is observed. The de-
tection of radio stars becomes very difficult if the stars 
are superposed on a steep continuous background rise. 
This masking effect is pronounced near the galactic 
equator, especially in the regions near the galactic cen-
ter. The positions of intense radio stars detected are 
shown in the map by solid dots for the localized radio 
stars (angular extent less than 1°) and open circles for 

the extended radio stars (angular extent 1° or more). 
The magnitude scale has been arbitrarily chosen so that 
the first magnitude corresponds to a flux density of 
10-22 watts/m2/cps. (1 magnitude =4 db.) 

DISTRIBUTION OF CONTINUOUS BACKGROUND 
RADIATION AT 250 MC 

Fig. 4 is a map of the continuous background radia-
tion at 250 mc plotted in galactic coordinates." The con-
tours give the absolute brightness temperature in de-
grees Kelvin. 
The general features of the contour lines are similar 

to those shown in earlier surveys by others. The radio 
isophotes show a concentration along the galactic 
equator. As a function of galactic longitude, the bright-
ness temperature increases toward the galactic center 
and shows a general decrease toward the galactic anti-
center. The position of the highest brightness tempera-
ture lies very close to that of the galactic center. There 
are also a number of details which were not disclosed in 
the earlier surveys. Thus, the minimum or col along the 
galactic equator does not occur at a galactic longitude 
148°, which is the direction of the anticenter, but at 
about galactic longitude 193°. The degree of concentra-
tion of isophotes toward the equator and also toward 
the galactic center is much greater than that previously 
obtained by low-resolution antennas at neighboring fre-
quencies. 
The distribution of the radiation may be conveniently 

divided into three distinct subsystems: 
1) a narrow, bright belt of radiation about 3° wide 

lying in the galactic plane and concentrated towards 
the galactic center, 

2) a very broad band of radiation concentrated with-
in about 15° to 30° of galactic latitude, and 

3) an approximately spherical component distributed 
in the whole celestial sphere. 

80 Based on the galactic pole, R. A. 1240m, Dec. +28° (1900). 
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Fig. 4.- 250 mc radio isophotes of the general background radiation in galactic coordinates. The numbers on the contours give the 
absolute brightness temperature in degrees Kelvin. 

The latitude of the ridges of maximum brightness 
temperature in the isophotes shows a significant bias to 
the south of the galactic equator at both galactic center 
and anticenter regions. The amount of bias varies with 
galactic longitude and reaches several degrees at certain 
places. This indicates that the radio galactic plane is 
biased to the south of the optical galactic plane and, in 
addition, the radio galactic pole is tilted from the Lund 
pole. 

Similar effects also have been noted by Piddington 
and Trent" at 600 mc and by Seeger and Williamson" 
at 205 mc. It also can be seen from Fig. 4 that the width 
between half-brightness points also changes with galac-
tic longitude. 

In addition to the above general features, there have 
been found a number of irregular structures. These 
structures have a well-defined boundary of large angular 
extent, the order of 5 degrees to 15 degrees. Four of 
them are in the regions of Cygnus, Orion, Vela, and 
Puppis and are probably a complex of less extended 
sources. It is significant that these complexes are lo-
cated near Gould's belt and in the areas rich in diffuse 
nebulosities, H II regions, and dark nebulas. It is very 
probable that these complexes belong to some local 
structural feature in the neighborhood of the sun. 
Another noteworthy feature of the map is a long finger 
or peninsula of radiation extending from the galactic 
equator toward the north galactic pole along galactic 
longitude 350 degrees. There is also a narrow belt of 
emission along R. A. 13h covering at least from Dec. 

n C. L. Seeger and R. E. Williamson, "The pole of the galaxy as 
determined from measurements at 205 mc/sec," Astrophys. J., vol. 
113, pp. 21-49; January, 1951. 

—15° to +15°. This belt has been attributed by Kraus 
and Ko" to radiation from the local supergalaxy. 

RADIO MAPS OF THE SKY AT OTHER FREQUENCIES 

Table I lists radio maps of the sky made to date by 
various workers at different frequencies. These surveys 
are arranged in order of increasing frequency and other 
pertinent data are also listed. The list summarizes our 
present knowledge of the radio sky. 

Published radio astronomy observations of continu-
ous background radiation cover frequencies ranging 
from less than 1 mc up to 1360 mc. Although there are a 
considerable number of radio maps made at frequencies 
between 60 mc and 900 mc, there are very few radio 
maps at lower or higher frequencies. 
The presently available radio maps are scattered in a 

wide variety of publications and are presented in various 
coordinates (galactic and celestial), different projections 
(Mercator, Aitoff, etc.), and a variety of units (antenna 
temperature, sky temperature, brightness, etc.). Thus, 
intercomparison of these maps is inconvenient and 
difficult. To show the over-all picture of the radio sky at 
various frequencies, eight maps have been selected for 
presentation here. These eight maps cover the frequency 
range 64 mc to 910 mc and each map covers a reasonably 
complete area of the whole celestial sphere. To facilitate 
convenient intercomparison between the maps, they 
have been modified from their originals so that all are 
in celestial coordinates (Epoch 1950) and of a uniform 
size, while the contours give the absolute sky brightness 

12 J. D. Kraus and H. C. Ko, "Radio radiation from the super-
galaxy," Nature (London), vol. 172, pp. 538-539; September 19,1953. 
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temperature in degrees Kelvin. These eight maps are 
presented in Fig. 5—Fig. 12, on the following page. The 
size and shape of the antenna beam used on each survey 
is also shown superposed on each map. 

In comparing the maps one must take the instru-
mental effects involved into account. For example, the 
brightness temperature measured by an antenna in a 
particular direction of the sky is not determined by the 
true brightness temperature in that direction alone, 
but by a weighted average of the brightness tempera-
ture in all the directions over the entire antenna beam. 
If the antenna beam is sharp enough compared with the 
variation of the brightness temperature distribution, 
then the observed brightness temperature is a good ap-
proximation to the true brightness temperature of that 
part of the sky under consideration. On the other hand, 
the observed temperature may differ from the true one 
considerably if the antenna beam width is much larger 
than the variation of the brightness temperature dis-
tribution. The same is true for the structure of radio iso-
photes in the maps. The observed structure is a good ap-
proximation of the true one if the antenna beam is sharp 
compared with the variation of the distribution. In gen-
eral, the observed structure is smoother than the true 
one due to poor antenna resolving power. These an-
tenna smoothing effects are most pronounced at the 
galactic equator and especially near the galactic center 
where the variation of the distribution is rapid. The 
degree of these effects depends upon the beam width of 
the antenna used. 
Another factor to be considered in comparing the 

maps is the limited receiver sensitivity at the higher 
frequencies. At frequencies above 200 mc, the bright-
ness temperature of the coldest parts of the sky is so low 
that its accurate measurement becomes very difficult. 
Thus, in many surveys at the higher frequencies, the 
relative temperature was measured above the base tem-
perature corresponding to the coldest parts of the sky, 
but the absolute value of this base temperature was not 
accurately determined. 
The accuracy of the absolute temperature in the maps 

varies from ±25 per cent to + 50 per cent. The relative 
accuracy of each map, or the temperature of one portion 
of the sky relative to another on a single map, is gener-
ally much better, being perhaps in the range of 5 to 20 

per cent. 
Besides its astronomical value, the radio maps of the 

sky are useful to radio engineers. The noise level and 
range of radio and radar equipment may be greatly 
affected by the amount of galactic noise picked up. The 
amount is a function of the antenna pattern and the 
region of the sky in the beam at the moment. By means 
of radio maps, such as presented here, a radio engineer 
may be able to make substantial improvements in the 
range and reliability of radio and radar equipment. 

DISCUSSION 

All of the sky surveys have a general similarity, but 

they differ in local structure. The general structure of 
the isophotes may be conveniently represented by sym-
metrical distributions with respect to the galactic 
equator and unsymmetrical or irregular distributions. 
In the following discussion distinctions between the dis-
tributions are made only for descriptive convenience 
and do not imply that each distribution has a different 
mechanism of radiation. Thus, there are three sym-
metrical distributions as follows. 

1) A narrow, bright belt of radiation about 3° wide 
lies in the galactic plane and concentrated towards the 
galactic center. This bright belt dominates the radio 
maps entirely at frequencies above 400 mc. At lower 
frequencies, the belt is shown only in the radio maps 
made with high resolution antennas, such as those at 
85.7 mc" and 250 mc. It is obvious that radio maps made 
at low resolution fail to resolve this narrow belt. The 
existence of this belt was first noted in the interferom-
eter measurements of the galactic plane regions by 
Scheuer and Ryle." In Shain's map' of the galactic 
center region at 19.7 mc, the radio isophotes show a 
trough near the galactic plane with a considerable rise 
in brightness on either side of the trough. The existence 
of this trough is due to absorption effects of the H II 
regions near the galactic plane. Thus, the radiation from 
this belt has both thermal and nonthermal components. 
However, the relative proportions of these components 
can not be accurately determined. 

2) A very broad band of radiation is concentrated 
within about 15° to 30° of galactic latitude and has its 
maximum brightness at the region of the galactic center. 
The brightness increases rapidly as the frequency de-
creases and this band dominates the radio maps at fre-
quencies less than about 250 mc. Above 400 mc, this 
band is very weak. The radiation from this system has a 
nonthermal spectrum. 

3) There is a roughly isotropic component of radia-
tion distributed over the whole celestial sphere. The 
brightness of this component decreases rapidly as the 
frequency increases and its spectrum is of nonthermal 
type. Above 200 mc, the brightness is so low that its 
accurate measurement becomes difficult. 

In addition to these symmetrical distributions, there 
are a number of unsymmetrical or irregular distribu-
tions, as follows: 

1) A long finger or peninsula of radiation extending 
along galactic longitude 350° from the galactic plane 
towards the north galactic pole is observed in the radio 
maps at frequencies between 64 mc and 910 mc. This 
feature is even evident in low-resolution surveys. At 600 
mc25 and 910 mc,25 this finger becomes shorter and ap-
pears as a localized source at galactic coordinates of 
about 1=360° and b= +16°. 

2) A weak band of emission appears at about /= 2 70° 

s P. A. G. Scheuer and M. Ryle, "An investigation of the H II 
regions by a radio method," Monthly Notices Royal Astron. Soc., vol. 
113, pp. 3-17; 1953. 
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Fig. 5—Map of the radio sky background at 64 mc (after Hey, Par-
sons, and Phillips"). The contours give the absolute brightness 
temperature of the radio sky in degrees Kelvin. 
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Fig. 6—Map of the radio sky background at 81 mc (after Baldwin"). 
The contours give the absolute brightness temperature of the 
radio sky in degrees Kelvin. 
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Fig. 9—Map of the radio sky background at 250 mc (after Ko and 
Kraus"). The contours give the absolute brightness temperature 
of the radio sky in degrees Kelvin. 
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Fig. 10—Map of the radio sky background at 480 mc (after Reber"). 
The contours give the absolute brightness temperature of the 
radio sky in degrees Kelvin. 
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Fig. 7—Map of the radio sky background at 100 mc (after Bolton and 
Westfold"). The contours give the absolute brightness tempera-
ture of the radio sky in degrees Kelvin. 
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Fig. 8—Map of the radio sky background at 160 mc (after Reber17). 
The contours give the absolute brightness temperature of the 
radio sky in degrees Kelvin. 
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and b= +50°. This band has been attributed to radia-
tion from the local supergalaxy. The band is observed 
at frequencies of 81 mc," 158 mc," and 250 mc." 

3) There are large radio complexes in the regions of 
Cygnus, Orion, Vela, and Puppis. These complexes have 
an angular extent of 5 to 15 degrees, and appear more 
prominent in the radio maps at higher frequencies. 
There is some evidence that these complexes have a 
thermal spectrum. 

4) There are discrepancies between some of the radio 
maps for a number of localized regions in Taurus, 
Cassiopeia, Cygnus, Virgo, and Centaurus. There are 
intense radio stars in these regions and the discrepancies 
between the maps can mostly be reconciled when allow-

e R. Hanbury Brown and C. Hazard, "An extended radio fre-
quency source of extra-galactic origin," Nature (London), vol. 172, 
pp. 997-998; November 28, 1953. 

ance is made for the effects of antenna smoothing and 
the spectra of the radio stars. 

It can be shown that these distributions are incom-
patible with the existing radio models of the galaxy, 
derived only from low-resolution surveys. A detailed 
study of this problem will be presented later. 
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A Galactic Model for Production of Cosmic 
Rays and Radio Noise* 

L. MARSHALLt 

PART I 

ECENTLY, radio surveys of several galaxies at 
3.5 meters made by Mills' have led him to con-
clude that "intermediate type" galaxies (Sb and 

Se), which are those with observable arms, are more 
efficient emitters of nonthermal radio frequency radia-
tion than other kinds of galaxies. It is the purpose of the 
present paper to suggest an explanation for Mills' ob-
servation, the significance of which has been emphasized 
by Minkowski.2 One may assume that all galaxies with 
spiral arms have magnetic fields along the galactic 
arms as does our galaxy. It is proposed here that 
the magnetic field of the spiral arms together with a 
magnetic halo which is a natural extension of the field 
of the arms make the parts of a Fermi accelerator for 
charged particles. Accordingly, galaxies having these 
two components should accelerate charged particles to 
energies such that the high energy tail approximates a 
cosmic ray spectrum and the more numerous lower 
energy particles account for the radio noise of the 

galaxy. 

• Original manuscript received by the IRE, November 11, 1957. 
t Inst. of Advanced Study, Princeton University, Princeton, N.J. 
1 B. Y. Mills, "The observation and interpretation of radio emis-

sion from some bright galaxies," Aust. J. Phys., vol. 8, pp. 368-389; 
1955. 

2 R. Minkowski, "Radio sources outside our galaxy," Sky and Tel-
escope, pp. 61-62; December, 1957. 

PART II 

The presently known features of the magnetic fields 
of our galaxy include, on the one hand, a magnetic field 
which runs parallel to the spiral arms of the galaxy and, 
on the other hand, a magnetic halo more or less spherical 
which surrounds the entire galaxy. In order to satisfy 
the condition, Div B=0, these individual parts may be 
represented respectively as the inner and outer com-
ponents of a single magnetic entity, the lines of force 
threading in through one arm and out through the other 
arm of the galaxy, returning through the halo to the 
starting point. The simplest representation having these 
properties is that of a magnetic dipole, and has been 
proposed previously by Heidmann.2 
On this assumption, the average magnetic fields of 

the halo and the galactic arm are approximately related 
according to Hhalo•-•-•Har. X3(r/R)3 in (R/r) where r is 
the radius of the optically visible galactic spiral and R 
is the radius of the halo. The ratio r/R may be taken as 
1/2 in which case Hhaio = (1/4)14., about the same ratio 
as that assumed by Burbidgeto account for the observed 
radio emission of the halo. 

3 Heidmann, "Sur un schéma de théorie de l'origine des rayons 
cosmique," Compt. Rend., vol. 240, pp. 511-513; January, 1955. 
January, 1956. 

4 G. R. Burbidge, "Halo of radio emission and origin of cosmic 
rays," Phys. Rev., vol. 101, pp. 906-907; January, 1956. 
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Fig. 1—Three views of a hypothetical galaxy made in the form of a twisted magnetic dipole. 

Three drawings of such a magnetic field are shown in 
Fig. 1, and in Fig. 2, for comparison, three photographs 
of galaxies show what may be visible parts of halos, 
NGC 2685, NGC 3718, and M 81. It is assumed 
that differential rotation of the spiral arms has twisted 
the lines of force of the original dipole into a spiral, and 
the resulting deformations extend also into the halo. 
Consider a galaxy having a differential rotation such 
that the arms trail, i.e., such that the velocity of rota-
tion first increases as a function of radius and then de-
creases. The effect of galactic rotation on any initial 
magnetic lines of force is to stretch them azimuthally, 
i.e., build an azimuthal component of H. Consequently 
after a few rotations the direction of H lies along the arm 
of the galaxy. This feature is in agreement with the in-
terpretation of experimental observations on our galaxy. 

Each arm of the galaxy is now a magnetic mirror, the 
lines of force diverging from the galactic center toward 
the halo, with a pitch of about 5° for many galaxies. In 
addition, because the differential rotation of the Milky 
Way galaxy is in such a direction that its arms are wind-
ing up,5.' the divergent lines of force of the magnetic mir-
rors are folding together with time. Consequently, a 
charged particle trapped in the arm sees the mirror mov-
ing toward it with a velocity which is the differential of 

6 H. C. van de Hu1st, C. A. Muller, and J. H. Oort, "The spiral 
structure of the outer parts of the galactic system derived from the 
hydrogen emission at 21 cm wavelength," Bull. Astron. Inst. Neth., 
vol. 12, pp. 117-149; May, 1954. 

6 K. K. Kee, C. A. Muller, and G. Westerhout, "The rotation of 
the inner parts of the galactic system," Bull. Astron. Inst. Neth., vol. 
12, pp. 211-222; December, 1954. 
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the velocity of galactic rotation with respect to radius, 
namely , 1 X106 cm. 

For at least one other galaxy, namely NGC 253, there 
is evidence.' that the galaxy is winding up, that is, that 
the arms are trailing. It is perhaps not unjustified to 
assume that all galaxies with well-defined arms are 
winding up and have magnetic fields directed along the 
arms, and therefore they have moving magnetic mirrors 
as an intrinsic feature of their structure. 
A recent reports of a violet shift of the 21-cm radio 

signal from the galactic halo may be interpreted as in-
dicating motion of lines of force of the halo toward the 
plane of the galaxy. According to the present model, this 
effect tentatively may be caused by winding up of the 
lines of force in the arms. An amplification of this state-
ment is given in the Appendix. In this case, an upper 
limit can be set for kinetic energy density of matter in 
the halo in order that the drag caused by inertia of mat-
ter be insufficient to stretch the lines of force. This limit 
is 1pv2, (2 X 10-6 Gauss)2/87r = 0.16 X 10-'2 ergs/cm', 
namely less than 1/10 of that in the disk. 

In addition, a lower limit may be set for the flux of 
electrons, in order that hydrogen atoms shall be coupled 
to and therefore forced to move with the velocity of the 
lines of force, the coupling resulting from collision with 
electrons circling around the lines of force. This limit 
is given by the requirement that the probability for 
2000 collisions in ,--,10" years be >1, where the factor, 
2000 = is the number of collisions for an electron 
to exchange energy with a proton. Assuming an electron-
atom cross section of 10-" cm2, the required flux is 
N ell> 2000/(3 X10'6 seconds) = 6 electrons/cm'. 
Looked at in somewhat finer detail, this tentative in-

terpretation requires that at intermediate galactic lati-
tudes some parts of the halo shall show a red shift and 
others a violet shift. Fig. 3(b) shows a schematic map of 
the plane of the galaxy with representative lines of force 
winding into the galactic arm. The 21-cm signal from 
hydrogen tied to the magnetic field should be red shifted 
or blue shifted depending whether the line of force at 
the particular position in question is being moved rela-
tively away from the sun or toward the sun by the wind-
ing up process. Namely, hydrogen at positions 1 and 4 
should show a blue shift, as the winding pulls them 
closer to the sun. On the other hand, hydrogen at posi-
tions 2 and 3 should show a red shift because these lines 
are winding up into the arm at a radius from the galactic 
center greater than that of the sun. Consequently, hy-
drogen at positions 2 and 3 has a smaller rotational 
velocity than does the sun and therefore gradually 
moves away from it. These features are in agreement 
with observations of 21-cm radiation at galactic lati-
tudes of + 15° to + 40° which were reported in the work 

7 D. S. Evans, "The sense of rotation of NGC 253," M.N., vol. 
116, pp. 659-661; May, 1956. 

7 H. L. Helfer and H. E. Tatel, "Preliminary 21-cm meridian 
plane surveys," Astrophys. J., vol. 121, pp. 585-603; 1955. 
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Fig. 3—Plan view of galaxy showing regions of red and violet 

shifted 21-cm signal as a function of galactic longitude. 

of Matthews' and Westerhout." At galactic longitude 
45° to 160° Matthews observed a violet shift [see Fig. 
3(a) ] of up to , 30 km. This effect can be understood in 
Fig. 3(b) as resulting from movements of lines of force 
like No. 1 toward the position of the sun. Furthermore 
he observed from galactic longitude 170° to 270° a red 
shift of up to , 60 km which in Fig. 3(b) can be repre-
sented as resulting from movements of hydrogen tied 
to lines of force No. 2 and No. 3, rotating more slowly 
than the sun and therefore gradually moving away 
from it. 
The violet shift to be expected from lines of force like 

No. 1 and No. 4 at those positions where they are ap-
proximately perpendicular to a radius vector to the sun is 
given by Vblue = v/271- where e is the velocity of winding 
up of the line of force. Taking e as , 200 km from which 
it follows that Vblue = 30 km. The red shift for lines of 
force No. 2 and No. 3 is given by Vred =e sin O where O is 
the angle between the radius vectors from the center of 
galaxy to the sun and from the sun to hydrogen at posi-
tions 2 or 3; e.g. for 0, 70°, Vred = 60 km. 

9 T. A. Matthews, "Distribution of Neutral Hydrogen between 
Galactic Longitudes 60° and 135°," Harvard Univ., Cambridge, Mass, 
Doctoral dissertation; 1956. 

private communication; 1957. 
'0 G. Westerhout, "Progress report on 21 cm research," in "Radio 

Astronomy," H. C. van de Hulst, ed., Cambridge University Press, 
Cambridge, Eng., pp. 22-28; 1957. 
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If further experimental evidence sustains this very 
tentative viewpoint, it may enable one to map the di-
rection of lines of force of the halo and their connection 
to the field of the galactic arms. 

PART III 

In the galactic arm, the moving magnetic mirror 
makes one half of a Fermi accelerator for cosmic rays, 
the other half of which is formed by fluctuations in 
magnetic lines of force, i.e., the Alfven waves, produced 
by disturbances in the halo, and traveling into the mag-
netic mirror along the connecting lines of force. The 
main source of energy for production of the necessary 
disturbances in the halo is probably that very hydrogen 
which the 21-cm radiation observations show to be 
mainly moving in toward the plane of the galaxy, 
according to the present hypothesis having recoiled 
from collision with electrons circling around the lines 
of force of the halo. Presumably, the hydrogen gas exists 
in clouds of all sizes less than the dimensions of the halo, 
producing on this account Alf yen waves of correspond-
ing wave lengths and amplitudes in the recoiling mag-
netic field lines of the halo. Because the present model 
provides that the energy for production of cosmic rays in 
the galaxy comes directly from kinetic energy of hydro-
gen clouds, the cosmic ray energy density in the entire 
galaxy can be estimated from the requirement that it 
shall not exceed the kinetic energy density of hydrogen 
in the halo, the upper limit for which we shall take from 
Part II, namely <0.16 X 10-" ergs/cm', i.e., at least 10 
times smaller than the energy density of cosmic rays in 
the galactic arms. 
The Fermi cosmic ray accelerator implicit in this 

model and composed of the two kinds of magnetic 
mirrors moving against each other has two attrac-
tive features. One point is that the rate of gaining 
energy is first order in the quantity a = ( V. /V - particle) 
because all collisions are head on. The Alfven waves are 
of all sizes (presumably even up to r•-4/10 radius of 
halo kpc); consequently, although an energetic 
particle moving out of the arm may penetrate several 
waves as it spirals along a line of force, eventually it 
meets a wave of sufficient amplitude to reverse it and 
reflect it back into the arm. 
• A second point is that the average distance between 
the two opposing mirrors is small, essentially because 
every Alfven wave travels into the arm as far as it may 
until it is damped out by ion atom collision. The re-
sult is that the heavy ions of cosmic rays can be ac-
celerated in a distance short compared with L, their 
mean free path for nuclear collision, thus removing the 
well-known difficulty of acceleration of heavy nuclei. It 
follows from this model that cosmic ray particles are ac-
celerated for the most part in the galactic arms and re-
main there during their life. Accordingly the radio signal 
from synchrotron radiation should be strongest in the 
arms and center of the galaxy. To a large extent only the 
most energetic particles are able to penetrate the bar-

rage of Alfven waves to reach the outer halo, a feature 
which fits with the suggestion of Burbidge" that the 
radio noise of the halo is produced mainly by electrons 
made in the halo in nuclear collisions of cosmic rays 
of 1-100 bey with interstellar hydrogen. All his argu-
ments and conclusions may be taken directly into the 
framework of this model, excepting his postulate that 
the energy density of cosmic radiation of the halo shall 
be equal to that in the galactic disk. Instead, in this 
framework, that for the halo must be reduced at least 
by a factor 10. 

According to the well-known Fermi cosmic accelerator 
hypothesis, the rate at which a particle gains energy E 
is given by 

dE/dt = Ea/Ti 

where a = V/v, V is the mirror velocity or in this case 
the velocity of incoming Alfven waves, y is the particle 
velocity; --d/v is the time for collision with a mirror, 
d being the distance between the mirrors. The rate for 
catastrophic processes which remove a particle from ac-
celeration is given by 

dN/dt = — N/Ts 

where N is the density of particles and T2=L/v is the 
life time for removal from acceleration, L being the 
distance for removal. Then 

N/No = 1/E 
aT2 

Plausible numbers such as V = H/N/47rp=1 X 107 cm 
for H =10-8 Gauss and p=10-27 grams/cm° in the halo, 
and d = 5 X1018 cm for average distance between mir-
rors, are consistent :with increase of energy by 101° 
in 106 years. To agree with the experimentally ob-
served cosmic ray spectrum one requires that Ti/a T2 
=1.5 from which it follows that for high energy particles 
with the catastrophic mean free path is L= en/1.5a 
=c1/1.5 V = (3 X 101°) (5 X 1018)/1.5 X 10,-40" cm. This 
length is small compared with the mean free paths for 
nuclear collision for protons, 5 X 10" cm, and for Fe 
nuclei, 4 X10" cm." Consequently the heavy nucleonic 
component may have the same energy spectrum as does 
the protonic component, provided that the catastrophic 
lifetime T2 is the same for both. 
One may ask what is the nature of the process that 

removes particles from the accelerator in a distance of 
1022 cm. On the one hand it may be leakage along the 
lines of force leading to the halo. On the other hand it 
may be collision with a hypothetical region of high 
density at the very center of the galaxy. The mass re-
quired such that essentially all cosmic rays entering the 
region make n catastrophic collisions is grams/cm°, 
and if spread over a length parsecs gives a density 
of 6 X104 hydrogen/cm° and a total mass of 100 X (1021)2 

11 G. R. Burbidge, "Galactic radio emission and the energy re-
leased in nuclear collisions of primary cosmic-ray protons," Phys. 
Rev., vol. 103, pp. 264-265; July, 1956. 

11 P. Morrison, S. Olbert and B. Rossi, "The origin of cosmic rays, 
Phys. Rev., vol. 94, pp. 440-453; April, 1954. 
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= 1044 grams. This is about equal to one half the total 
mass of the galaxy and would require to be atomic or 
molecular gas or dust, i.e., of small dimension, a some-
what awkward stipulation. Such catastrophic collisions, 
however, would produce a large number of electrons, in 
agreement with the strong radio signal observed from 
the galactic center. 

Calculations of Piddington" and Cowling" show vis-
cous damping of Alfven waves in the halo to be negligi-
ble; i.e., for H=7 X10-6 Gauss, p= 10-'1 atom/cm', at 
100°K, for amplitudes pc the damping time is ,--,1018 
years. The damping caused by charged particle accele-
ration is almost certainly greater, but an estimate of its 
magnitude depends on an estimate of leakage from the 
arms. 

APPENDIX 

A proof that winding up of the magnetic lines of force 
of the arms must cause the lines of force in the halo to be 
reeled in, i.e., shortened, is not known to the author. But 
a plausibility argument can be made from the fact that 
a galactic arm with magnetic field directed along the 
arm is stable against elongation. Using arguments simi-
lar to those of Chandrasekhar and Fermi," this is readily 
shown for a section of cylinder containing a magnetic 
field parallel to its axis, and containing incompressible 
matter uniformly distributed. The section of cylinder is 
stable against elongation in this case because such a 
deformation increases both its magnetic energy and its 
gravitational energy. 
The flux in the section of cylinder, of original radius R 

and magnetic field Ho, is TR2Ho. We require the flux to 
stay constant as the cylinder is elongated, a condition 
which gives a relation between initial and subsequent 
magnetic field, that is, HorR2=Hr(R—e)2, where e is 
the decrease in radius accompanying an elongation 1 for 
a section of cylinder of original length L. 
We require the volume to remain constant, namely 

r(R—€)2(L +1) = irR2L, which means IIL= 2 (e/R). The 
initial magnetic energy is given by 

f 

MO = 2 (1102/87r)Irrdrdz (H02/8.1.».R2L f 
and after elongation the magnetic energy is 

M=2f R-e rL-1-1 
Jo (112/87r)rrdrdz 

= (1102/87r)7rR2(L-F1) = Mo(1+1/L). 

14 j. H. Piddington, "Solar atmospheric heating by hydromagnetic 
waves," M.N., vol. 116, pp. 314-323; January, 1956. 

14 T. G. Cowling, "The dissipation of magnetic energy in an ion-
ized gas," M.N., vol. 116, pp. 114-124; November, 1956. 

16 S. Chandrasekhar and E. Fermi, "Problems of gravitational en-
ergy in the presence of a magnetic field," Astrophys. J., vol. 118, pp. 
116-141; 1953. 

The increase in magnetic energy corresponding to frac-
tional elongation IIL is M=(1/L)M0= 2 (€1R) M o. 

It may be seen immediately that elongation of the 
cylinder causes the gravitational energy term to in-
crease also. That is, the process of elongation of the cyl-
inder, if it is elongated to infinity, is the process of re-
moving the particles in the cylinder infinitely far from 
each other along the z axis, against their gravitational 
forces. 

Thus, work must be done on the system to produce 
such an elongation, work both against the gravitational 
forces and against the magnetic forces. On the contrary 
however, if the cylinder contracts its length, potential 
energy of both magnetic and gravitational fields is con-
verted to kinetic energy. In the arm where kinetic en-
ergy dominates, the differential rotation of the galaxy 
forces the arms to elongate and forces kinetic energy of 
rotation to be converted to magnetic energy of a field 
directed along the arms. In the halo, if the magnetic 
field energy dominates as has been assumed here, then 
the system moves in such a way that lines of force short-
en and magnetic energy is converted to kinetic energy. 

PART IV 

The galactic model discussed here 1) provides an ex-
planation for the experimental observation that galaxies 
with well-defined arms are radio emitters, 2) offers a ten-
tative explanation for the sign and magnitude of the ob-
served red and violet shifts of the 21-cm radio signal 
from the halo, 3) requires that the nonthermal radio sig-
nal from the arms is stronger toward the center of the 
galaxy, and 4) provides that the magnetic field direction 
of the arm should be parallel to the galactic arm after 
the galaxy has made a couple of turns. It postulates the 
same ratio of fields for halo and disk as those found by 
Burbidge to explain the observed radio noise. It pro-
vides for the acceleration of cosmic rays as a direct result 
of the structure of the magnetic fields in the spiral arms, 
and removes the previously existing difficulty with ac-
celeration of the heavy nucleonic component. It provides 
that kinetic energy of matter moving other than in the 
galactic plane shall be converted to cosmic rays. On the 
other hand, this model seems to offer no intrinsic ex-
planation for the nature of the process required to 
remove particles from the Fermi cosmic ray accelerator. 
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Absorption Techniques as a Tool for 
21-CM Research* 

A. E. LILLEYt AND E. F. McCLAINI, SENIOR MEMBER, IRE 

Summary—Hyperfine transitions between the F=0 and F=1 
levels of interstellar hydrogen gas have been observed to produce 
absorption lines in the spectra of radio stars. Elementary relations 
are developed which describe the action of an L band radiometer 
connected to an antenna, if the antenna is viewing an assembly of 
gas which is illuminated by a radio star. The consequences of the 

absorption line studies are reviewed. They include: high resolution 
studies of the interstellar gas, the structure and physical state of 
interstellar HI regions, minimum distances to radio stars, and ex-
periments of interest in cosmology. 

INTRODUCTION 

  ARLY efforts in radio astronomy were concerned 
primarily with radiation from the Sun, the Milky 

  Way, and certain of the stronger discrete radio 
sources. In all cases the radiation studied was, in effect, 
broad-band noise or continuum radiation. In some 
instances the radiation has a flat spectrum, in others, 
the intensity per unit bandwidth is an inverse function 
of the frequency. Such radiation, while yielding valuable 
information regarding the physics of the generating 
body, nevertheless possesses limitations as far as dy-
namical studies of these objects in their environment 
are concerned. A spectral line was required which would 
permit investigations in radio astronomy, based on the 
Doppler effect, similar to those which had been em-
ployed by optical astronomers. The paper by van de 
Hu1st in 1945, which predicted the existence of line 
radiation from the neutral hydrogen atom, was the first 
step which led to the present major investigative pro-
grams employing the 1420-mc hydrogen line.' While the 
existence of the line was predicted in 1945, it remained 
for Ewen and Purcell to make the first astronomical 
measurement of this radiation from a cosmic source.2 
As an indication of the significance which astronomers 
attached to the existence of this line, scientists in Hol-
land and Australia confirmed the work of Ewen and 
Purcell within weeks, so that the issue of Nature which 
carried the discovery by Ewen and Purcell also con-
tained the confirmations by the Dutch and Australians. 
Since the initial discovery in 1951, hydrogen line inves-
tigations have accounted for a major part of the effort 
in radio astronomy. 

* Original manuscript received by the IRE, October 3, 1957. 
t Yale University Observatory, New Haven, Conn. Formerly 

with Radio Astronomy Branch, U. S. Naval Research Lab., Wash-
ington, D. C. 

Radio Astronomy Branch, U. S. Naval Research Lab., Wash-
ington, D. C. 

H. C. van de Hulst, Nederl. Tij. Natuurkunde, 's-Gravenhage-
martinus Nyhoff, vol. 11, p. 201; 1945. 

2 H. I. Ewen and E. M. Purcell, "Observation of a line in the 
galactic radio spectrum," Nature, vol. 168, p. 356; September, 1951. 

In their original paper, Ewen and Purcell pointed out 
that while the hydrogen responsible for 1420 mc radi-
ation has a characteristic or state temperature, the 
radiation background against which the hydrogen might 
appear also would have a finite temperature and there-
fore, the hydrogen might be detected either as an emis-
sion line against a cold background or an absorption line 
seen against a relatively hot background. As it turned 
out, except for selected regions or positions in the sky, 
the background radiation is normally cooler than the 
hydrogen state temperature and the initial detection 
and much of the subsequent investigation utilized the 
emission from ground state hydrogen. Notable among 
the studies based primarily on emission have been the 
work of Heeschen,3 Utley,' and Menon5 at Harvard, 
who were concerned with specific regions of the Milky 
Way the work of the Dutch investigators who, until 
recently, have been concerned primarily with mapping 
the northern Milky Way, and the Australians who, in 
addition to mapping the southern Milky Way, have 
made extensive investigations of emission from the 
Magellanic Clouds. 

Early in 1954, Hagen and McClain, at the Naval Re-
search Laboratory, became interested in continuum 
emission from radio sources at a wavelength of 21 cm 
just outside the hydrogen emission band.6 A hydrogen 
radiometer was employed for the continuum studies 
and since the radio sources constitute the necessary hot 
background, the first measurements of hydrogen in 
absorption were obtained. The initial measurements 
employed the source in the direction of the galactic 
center and the radio source Taurus A as sources of 
background radiation. Almost simultaneously, Williams 
and Davies made similar studies in the direction of the 
radio sources Cassiopeia A and Cygnus A.7 Subse-
quently, Hagen, Lilley, and McClain, made a detailed 
study of absorption in the direction of Cassiopeia A 
which revealed unexpected fine structure in the ab-

* D. S. Heeschen, "Some features of interstellar hydrogen in the 
section of the galactic center," Astrophys. J., vol. 121, pp. 569-584; 
May, 1955. 

4 A. E. Lilley, "Association of gas and dust from 21-cm hydrogen 
radio observations," Astrophys. J., vol. 212, pp. 559-568; May, 1955. 

6 T. K. Menon, "A 21-cm investigation of the Orion region," Doc-
toral dissertation, Harvard University, Cambridge, Mass.; April, 1956. 

6 J. P. Hagen and E. F. McClain, "Galactic absorption of radio 
waves," Astrophys. J., vol. 120, pp. 368-369; September, 1954; paper 
read at joint meeting of URSI, IRE, and AGU (abstr), Washington, 
D. C.; May, 1954. 

7 D. R. W. Williams and R. D. Davies, "A method for the meas-
urement of the distance of radio stars," Nature, vol. 173, pp. 1182-
1183; June, 1954. 
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sorption profile.8 As will be explained later, these initial 
investigations, utilizing absorption rather than emission, 
have resulted in the beginnings of an independent dis-
tance scale to the radio sources. In addition, they have 
opened new studies of astrophysical and cosmological 
interest. 
A block diagram of one type of hydrogen receiver is 

shown in Fig. 1. Two pass bands are so arranged that 
one having a width of approximately 2 mc is used as a 
reference against which to compare a second narrow 
band which is tuned across the hydrogen line. If such 
a receiver is connected to a directive antenna and 
pointed at an isolated hydrogen cloud the hydrogen 
recorder will display only an emission profile. The height 
or intensity of the profile is determined by the state 
temperature of the gas, the number of atoms in the line 
of sight and the line broadening mechanism. The width 
is determined primarily by the Doppler effect due to 
thermal motions and any turbulence which may be 
present in the cloud. If the cloud possesses gross motions 
toward or away from the antenna, the center frequency 
of the profile will of course be shifted to a higher or 
lower frequency respectively. In this case, with no back-
ground radiation field, the comparison band does not 

see a signal and no indication will be present on the 
continuum recorder. 
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Fig. 1—Block diagram of NRL hydrogen radiometer. The receiver 
is an L band radiometer employing a crystal mixer and double 
conversion. Signal and comparison bands provide a comparison 
of the spectral intensity received by the antenna in two regions 
of the spectrum. A stable local oscillator is tuned in frequency, 
translating the signal and comparison bands through the spec-
trum. The difference in energy received in the two bands is pre-
sented at the recorder. 

If the same radiometer system is pointed at a discrete 
radio source or "radio star," the signal and comparison 
bands will see equal temperatures and the continuum 
recorder will display the antenna temperature of the 
radio star, while the hydrogen recorder will indicate 
zero temperature difference between signal and compari-
son bands. If one now places a hydrogen cloud behind 
the radio source, and provided the angular extent of the 

• J. P. Hagen, A. E. Lilley, and E. F. McClain, "Absorption of 21 
cm radiation by interstellar hydrogen," Astrophys. J., vol. 122, pp. 
361-375; November, 1955. 

radio star is small compared to the antenna beam width, 
the signal band would receive additional radiation and 
would plot the true hydrogen profile as the receiver was 
tuned. The continuum recorder would continue to indi-
cate the antenna temperature of the radio source. The 
term antenna temperature requires some clarification. 

ANTENNA TEMPERATURE 

In the absorption problem we are confronted with a 
gaseous medium which is a monochromatic emitter and 
absorber. Imbedded in this medium are the radio stars 
which are emitting a continuum of radiation. We will 
examine some simple relations which govern the action 
of the interstellar gas on the spectrum of the radio 
stars. 

It is convenient in treating many problems in radio 
astronomy to make use of "temperatures" by use of the 
Rayleigh-Jeans formula relating temperature and in-
tensity. The radiation transfer problem can then be 
treated in terms of temperatures. Both the optical and 
some radio investigations indicate that radio stars are 
not uniformly bright in appearance but rather, exhibit 
a filamentary appearance. The surface brightness of such 
a radio star may be represented by a temperature dis-
tribution T(0, 4,), the effective temperature presented 
by the source in an element of solid angle whose position 
is specified by 0 and 4). Effective temperature is used 
without specifying whether the radiation mechanism of 
the source is thermal or nonthermal. By effective tem-
perature is meant the temperature required by a black 
thermal emitter (having the same geometrical configura-
tion and location as the actual source) in order to pro-
duce the same flux observed at the antenna. 
With the definition given above for the source, we 

may write the antenna temperature presented by the 
source as 

i r 
TA f  -=•• T(0, ik)G(0, (k)dco 

47r 
(1) 

where G(0,0) is the gain function of the antenna over an 
isotropic radiator. 

However, because of the generally small size of radio 
telescopes, the beam widths in use are quite large com-
pared to the angular sizes subtended by the radio stars. 
This condition enables us to make use of an average 
brightness temperature, TB and an average solid angle, 
as, for each source. Then for a particular antenna, the 
main beam may also be assigned an effective solid angle 
SIB and the antenna temperature may be written simply 
as 

TA = TB— • 
nD 

(2) 

THE ABSORPTION EFFECT 

If an antenna views a cloud of gas which is spectrally 
emitting and absorbing microwave radiation (see Fig. 2) 
then the observed line intensity may be written as 
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TH(v) = T0(1 — e-T(0 ). (3) 

In (3), To is the temperature which is effective in estab-
lishing the population of the two states responsible for 
the spectral line, and r(v) is the opacity of the cloud. 
The opacity of the cloud may be regarded in one sense 
as an attenuation factor, viz.: if /0 were the intensity of 
some extraneous radiation passing through the cloud, 
then the emergent radiation intensity would be given 
by /0e-r(v). 

Profiles produced by hydrogen gas in the interstellar 
medium are spectrally confined to widths generally less 
than one megacycle and thus their radiation excites only 
the signal band of the radiometer. 

Fig. 2—Antenna viewing an interstellar cloud of hydrogen gas. This 
is a schematic representation of an antenna viewing a spectrally 
emitting gas cloud which completely fills the antenna beam. 

Fig. 3—Antenna viewing an interstellar cloud illuminated by a con-
tinuum source. The spectrally-emitting cloud fills the antenna 
beam and the cloud is illuminated from behind by a continuum 
source of uniform brightness temperature re 

The gaseous profile can be altered in shape and ampli-
tude from the form given by (3) if the antenna also 
views a continuum radiation field. Suppose that behind 
the cloud there exists a uniform radiating source of sur-
face brightness temperature TB and that both the cloud 
and the continuum source completely fill the antenna 
beam as shown in Fig. 3. We write down the thermal 
contribution to both the signal and the comparison 
bands, respectively TS and Tc, 

Ts = Ta(1 — e-r(0) Tse-Too 

Tc = TB 

(4) 

(5) 

and the difference between (4) and (5) is the quantity 
displayed by the radiometer, given by 

A T'(v) = (Ta — T3)(1 — e-r(0). (6) 

It is evident from (6) that the relative sizes of To and 
TB determine whether there will result an emission line, 
no line, or an absorption line. 
Most of the radio stars are small in angular extent, 

however, and (6) must be modified to take this into 
account. We may still regard the gaseous medium as 
filling the beam, but we shall assign a solid angle as to 
the radio star. 

Using the diagram shown in Fig. 4, we may again 
write down the contributions ta the signal and com-
parison bands 

Ts = To(1 — e-“")) + TB— e-Tev), 
çg 

ns 
To = Ts— • 
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Fig. 4—Antenna viewing an assembly of interstellar gas clouds and a 
radio star included within the beam. Two beams are evident: the 
cone subtended by the radio star, and the cone defined by the 
beam of the antenna. Emission and absorption effects are indi-
cated in the figure. 

We distinguish between r (v), the effective opacity spread 
over flu, and rs(v), that part of r(v) which is confined to 
Sts. We also replace To(1 —e-f(0) with à T(v) and, be-
cause this represents simply the contribution of the gas 
alone, we call it the expected profile. The expected pro-
file is the profile which would be observed in the absence 
of the radio star, and may be determined by obtaining 
profiles from adjacent comparison regions or by drift 
curves through the source at various fixed frequencies. 
The difference between (7) and (8) again yields the 

observed profile, 

AT'(v) = .CkT(v) — T4(1 — e-r•s (0 ). (9) 

All the quantities in (9) are available through the ob-
servational data with the exception of 78(v). The solution 
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for this quantity in terms of the observables is 

-à—T(v) — 
rs(v) = — 1 n [1 (10) 

TA J• 

The absorption data thus permit the determination 
of the opacity rs(v), and it is this quantity which con-
tains considerable information of astronomical interest. 
One of the striking consequences is the angular resolu-
tion involved. Because rs(v) is produced by gas confined 
to the solid angle subtended by the radio star, the reso-
lution is equivalent to truly enormous antennas. Ab-
sorption investigations on some of the brighter radio 
sources present angular resolutions equivalent to an-
tennas having diameters from one-tenth to approxi-
mately a full mile. The greatest resolution available to 
21-cm research is likely to remain in absorption rather 
than emission studies. 

DISTANCE DETERMINATIONS TO RADIO STARS 

We shall take the absorption effects observed on the 
Cassiopeia A radio star to illustrate the problems of dis-
tance determination. At wavelengths near 21-cm, 
Cassiopeia A has the greatest apparent intensity of all 
the radio stars. This source of radio radiation was identi-
fied optically by Baade and Minkowski of Mount 
Wilson and Palomar Observatories, and a new type of 
filamentary nebulosity is now known by virtue of their 
studies.' 

In addition to their optical studies of the physical 
processes operating in this new type nebulosity, they 
have obtained spectra yielding radial velocities and 
photographs which demonstrate changes of position of 
the emission filaments, or transverse motions. Statisti-
cally combining the position change and radial velocity 
data, Baade and Minkowski have concluded that the 
distance to the radio source nebulosity is about 1500 
light years. 
Now let us examine the Cassiopeia A radio absorp-

tion data for distance information. All 21-cm absorption 
data show the spectrum, and hence the radial velocity 
distribution, of the absorbing gas. It is the velocity dis-
tribution, and in addition, the knowledge that the ab-
sorbing gas must lie between the observer and the radio 
source, which allows one to estimate a minimum dis-
tance to the radio source by radio observations. 
The radio data consist of the intensity distribution of 

the hydrogen radiation as a function of frequency. The 
ability to determine distances by means of hydrogen 
line profiles requires a knowledge of the large-scale dy-
namics of the interstellar medium, which allows one to 
interpret radial velocities and hence frequencies as meas-
ures of distances. In order to interpret quantitatively 
the relation between radial velocity and distance-from-
the-earth, the gross behavior of the material in the plane 

• W. Baade and R. Minkowski, "Identification of the radio 
sources in Cassiopeia, Cygnus A, and Puppis A," Astrophys. J., vol. 
119, pp. 206-214; January, 1954. 

of our own galaxy must be known. The phenomenon of 
galactic rotation describes the fundamental feature of 
the large-scale motions of material in the galactic plane. 
The interpretations of the hydrogen-line profiles, ob-

tained in the plane of our Milky Way by Dutch and 
Australian workers, show that the interstellar hydrogen 
gas is concentrated into spiral arms. These concentra-
tions are revealed by separate maxima in the hydrogen 
spectrum at particular celestial positions. 
The general shape of emission profiles which are ob-

served in directions adjacent to the Cassiopeia A radio 
star is characterized by two distinct emission maxima 
as shown in Fig. 5(a). By employing a model of galactic 
rotation the variation of radial velocity of the inter-
stellar clouds with distance from the sun along a particu-
lar line of sight may be predicted. Conversely, if the 
profile produced by the radio receiver shows maxima 
at particular radial velocities, the maxima are inter-
preted as arising from condensations of gas lying in 
spiral arms located at different distances along the line 
of sight. On this interpretative basis, the two maxima 
which characterize the profiles originating in directions 
near the Cassiopeia A radio source have been assigned 
distances from the sun. The Dutch group places the most 
distant of the Cassiopeia region spiral arms at a distance 
of about 9000 light years. Now the 21 cm profile ob-
tained for the exact direction of the Cassiopeia A source, 
Fig. 5(b), shows theeffects of absorption in both maxima.' 

WAVE LENGTH (VELOCITY) 

(a) 

WAVE LENGTH (VELOCITY) 

(b) 

Fig. 5—Behavior of 21-cm profiles in the direction of Cassiopeia 
A. Profiles obtained in the general direction of Cassiopeia A 
show a shape characteristic of the curve marked A. (a) Only 
emission is present. (b) In the exact direction of Cassiopeia A, 
the profile shows considerable distortion in shape and exhibits ab-
sorption features. The higher level of (b) is due to the antenna 
temperature of the Cassiopeia A source. 

Moreover, the absorption profile displays the strongest 
absorption effects in the frequency interval occupied by 
the gas which exists in the second and most distant of 
the two major spiral arms. Immediately there is the 
reasonable interpretation that the radio source must lie 
at a distance which is at least as great as the second 
spiral arm. If there were no other information existing 
which enabled the distance to the source to be evalu-
ated, the minimum distance to the source of 9000 light 
years resulting from the radio data would not be dis-
turbing. But the minimum radio distance is a factor of 
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six greater than the optically evaluated distance. A 
recent absorption investigation of the Cassiopeia source 
by Muller," using the Dutch 83-foot instrument, has 
verified the principal absorption features and left the 
radio distance interpretation unchanged. 
The distance problem remains unresolved and, until it 

is clarified, the exact distance to the Cassiopeia A source 
remains in doubt. The ability of the radio or optical data 
to provide valid distance information also remains 
doubtful. Admittedly, the optical determination is based 
on a statistical study of limited scope imposed by the 
source itself, but to stretch the optical data to accommo-
date the minimum radio distance is a stretch whose mag-
nitude is unacceptable to the optical investigators. A 
factor of two error in the optical distance would still 
leave the optical distance only one third of the way out 
to the minimum radio distance. Clearly, one of the dis-
tance determinations has an unknown effect which is 
misleading either the optical or the radio investigations. 
The vulnerable point of the radio data is clear. All one 
really knows about the radio absorption effect is that the 
gas responsible for the absorption lies between the ob-
server and the Cassiopeia A source. If the source is really 
as close as the optical studies place it, then the radial 
velocity distribution of the absorbing gas must be given 
an interpretation which is not straightforward. Two 
possibilities present themselves. First, we may be deal-
ing with two nearby interstellar clouds which happen 
to have anomalous radial velocities which are just equal 
to the value expected from galactic rotation in the sec-
ond spiral arm. Or second, the absorbing gas may be 
located very close to the radio source and dynamically 
associated with it. The random cloud argument is pos-
sible, but it also is "special." Gas associated with the 
source is a possibility but an adequate physical discus-
sion would be complicated. The proximity of the intense 
radio source would bathe the adjacent hydrogen gas 
clouds in microwave radiation density of a magnitude 
much greater than gas clouds normally experience in 
typical interstellar regions. The presence of the high-
radiation density would affect the absorbing properties 
of the gas, adjusting the state temperature and essen-
tially reducing the attenuating property of the gas. But 
the opacity is fixed and may be determined with reason-
able accuracyfrom the radio data.Therefore, the amount 
of gas present on this hypothesis is, for a fixed opacity, 
greater than the amount needed to produce the same 
opacity in more normal regions of interstellar space. 

Either random nearby clouds or gas physically very 
near the source with radial motions away from the 
source could produce an absorption profile which would 
mislead the radio minimum distance determined by 
means of a galactic rotation analysis. Whether the radio 
data have effects such as these involved, or whether 

io C. A. Muller, "21 cm absorption effects in the spectra of two 
strong radio sources," Astrophys. J., vol. 125, pp. 830-834; May, 
1957. 

there are unknown systematic dynamical properties of 
the optical filaments are problems that have stimulated 
studies presently in process which hopefully will satis-
factorily resolve the distance problem. 

SAGITTARIUS A 

One of the most intriguing problems today is the 
matter of the galactic center region. In this direction the 
classical model of the galaxy would display no radial 
velocity and one might expect a narrow intense emission 
line. Actually, the region exhibits a complex hydrogen 
emission profile as first pointed out by Heeschen.3 In 
addition, the region contains an intense discrete source 
of continuum radiation at longer wavelengths which has 
been suggested as the galactic center by McGee and 
Bolton." Investigations of the continuum at cm wave-
lengths by Haddock and McCullough, and Haddock, 
Mayer, and Sloanaker suggest the possibility of two 
sources, one behind the other."'" More recently Mills 
has obtained additional evidence at 3.5 meters, that the 
continuum radiation may arise from two regions at dif-
ferent distances and that the nearer source may be an 
HI! or ionized hydrogen region." 
The first hydrogen absorption measurement made by 

Hagen and McClain used the galactic center as a source 
of background radiation.6 This measurement employed a 
receiver bandwidth of 55 kc which was too wide to reveal 
a great amount of detail subsequently found by McClain 
using a bandwidth of 5 kc." Fig. 6 shows the expected 
and observed profiles obtained in the latter experiment 
using the NRL 50-foot antenna. The extent of the ab-
sorption features in velocity was compared with the 
angular extent of the gas at various velocities and a dis-
tance scale assigned to the hydrogen profile. This treat-
ment of the data indicated the probable existence of a 
continuum source at a distance between 2 and 6 kilo-
parsecs (kpc) with a most probable position at 3.4 kpc 
but did not exclude the possibility of an additional weak 
source at a greater distance. Measurements by Williams 
and Davies, utilizing a somewhat different absorption 
technique, also suggest the existence of an HIT region at 
approximately 3 kpc." 

Dutch investigators utilizing the absorption tech-
nique in combination with their new 83-foot antenna 
have recently published a partial profile of the galactic 

" R. X. McGee and J. G. Bolton, "Probable observation of the 
galactic nucleus at 400 mc," Nature, vol. 173, pp. 985-987; May, 1954. 

12 F. T. Haddock and T. P. McCullough, "Extension of radio 
source spectra to a wavelength of 3 cm," Astrophys. J., vol. 60, pp. 
161-162; June, 1955. • 

13 F. T. Haddock, C. H. Mayer, and R. M. Sloanaker, "Radio 
emission from the Orion nebula and other sources at 9.4 cm," Astro-
phys. J., vol. 119, pp. 456-459; March, 1954. 

14 B. Y. Mills, "The radio source near the galactic center," Ob-
servatory, vol. 76, pp. 65-67; April, 1956. 

15 E. F. McClain, "An approximate distance determination for 
radio source Sagittarius A," Astrophys. J., vol. 122, pp. 376-384; 
November, 1955. 

16 R. D. Davies and D. R. W. Williams, "An alternative identifica-
tion of the radio source in the direction of the galactic center," Na-
ture, vol. 175, pp . 1079-1081; June, 1955. 
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center region exhibiting an absorption feature in the 
blue wing 'at —50 km. This investigation by Woer-
den, Rougoor, and Oort suggests the presence of a small 
spiral arm near the center and requires the existence of 
a source of continuum radiation at the center or be-
yond.17 
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Fig. 6—Expected and observed profiles for Sagittarius A. In this 
diagram the ordinate is in °K and the abscissa is in kilometers 
per second. The upper curve is the emission profile expected in 
the absence of the source while the lower curve is the observed 
curve. 

HI r 

Fig. 7—Possible configuration of gas clouds and continuum emitters 
in the direction of Sagittarius A. The configuration is discussed in 
the text. 

Based on present evidence one is forced to consider at 
least two sources of continuum radiation and three 
interleaved hydrogen regions in discussing the region of 
the galactic center. A possible configuration is shown 
in Fig. 7. An alternative concentric configuration has 
been suggested by Mills. 14 In 'such a complex situation 
where the continuum sources may be either thermal or 
nonthermal and of different sizes, one should expect 

17 H. van Woerden, W. Rougoor, and J. Oort, "Expansion d'une 
structure spirale dans le noyau du systeme galactique, et position de 
la radiosource Sagittarius A," Compt. Rend. Acad. Sc., vol. 244, pp. 
1691-1695; March 25, 1957. 

profiles in which certain portions are a function of an-
tenna size and other portions may remain relatively 
unchanged with larger antennas. A complete quanti-
tative solution of the case presented in Fig. 7 requires 
the determination of at least 27 parameters. The in-
herent advantage of a larger antenna results from a 
reduction in the number of angular diameters that one 
must consider. It is probable that this region will remain 
an interesting and fruitful area of study for some time. 

EXTRAGALACTIC STUDIES 

Finally, in our survey of the observational possibilities 
of the absorption effect, we shall consider its application 
to extragalactic objects. In the early studies which were 
confined to observing the line in emission, the first step 
of the hydrogen line out of our galaxy was made by the 
Australian team of Kerr, Hindman, and Robinson? 
They succeeded in detecting 21 cm emission from the 
Magellanic Clouds and the investigators in Australia 
have profitably pursued the initial detection by study-
ing the dynamics and distribution of hydrogen gas in 
our closest extragalactic system. 
The period following the detection of the Magellanic 

Clouds saw several hydrogen line groups attempting to 
detect other of our nearby galactic neighbors. A favorite 
object was Messier 31, the great spiral nebula in the 
Constellation Andromeda. But the early attempts failed, 
primarily because of the poor resolution of antennas 
available in 1954-1955, and attempts were shelved until 
recently when larger antennas were available? It be-
came clear that in the detection of the hydrogen line re-
mote galactic objects were going to be difficult. But the 
possibility of finding the radio line in a remote system 
was intriguing. Ever since the discovery of the line, an 
interesting experiment was evident; a comparison of op-
tical and radio red shifts on a common extragalactic. 
From the work of Hubble, Humason, and others, we, 

have the red-shift law through which arises the concept 
of the expansion of the universe. The Doppler effect in-
terpretation of red-shifts of extragalactic objects shows 
that galaxies in space are receiving from each other with 
velocities which are proportional to their distances 
apart. 
There have been alternative suggestions advanced to 

explain the red-shift-distance relation exhibited by 
extragalactic nebulas which allows a red-shift-dis-
tance relation in a static universe. Even though the 
Doppler interpretation is the straightforward one, 
astronomers, physicists, and cosmologists have sought 
additional tests of the Doppler interpretation. Such 
tests are important because of their intrinsic interest 
and because the fundamental expansion property of the 

18 F. J. Kerr, J. F. Hindman, and B. J. Robinson, "Observations 
of the 21 cm line from the Magellanic Clouds," Aust. J. Phys., vol. 7, 
No. 2, pp. 297-314; 1954. 

la Heeschen and Dieter, "Extragalactic 21 cm line studies," this 
issue, p. 234. 
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universe rests observationally on the Doppler interpre-
tation of the red-shift law. 

Several tests have been proposed for examining the 
Doppler hypothesis. An obvious possibility which pre-
sented itself with the discovery of the hydrogen line, was 
the measurement of the hydrogen line red-shift on a 
distant extragalactic object having a large and an opti-
cally determined red-shift. The optical and radio red-
shifts could then be compared over a wavelength base 
in the electromagnetic spectrum that covers a wave-
length ratio of about 500,000 to 1. If the red-shifts are 
produced by the Doppler effect, then for a common test 
object, the observed shift should be the same for the op-
tical and radio determinations. 
The early emission studies, as outlined above, were 

not able to move very far into extragalactic space. But 
the discovery by Baade and Minkowski that the second 
most intense radio star was a collision of two galaxies at 
a distance of approximately 108 light years, and with the 
simultaneous development of 21-cm absorption line 
studies, an experiment suggested itself that stimulated 
interest in a red-shift experiment. 

Considering the two galaxies in collision which com-
prise the Cygnus A radio star, there is a chance that 
peripheral hydrogen associated with the two systems 
might exist in neutral, unionized form. (See Fig. 8.) 
This associated gas could absorb spectrally part of the 
continuum radiation originating in the deeper regions of 
the collision producing an absorption line in the con-
tinuum which originated at the source. Baade and 
Minkowski, using the 200-inch Hale telescope, measured 
the optical red-shift of the Cygnus A colliding system 
and found that the red-shift corresponded to a reces-
sional velocity of approximately 16,830 kilometers per 
second.° Since the peripheral gases in the Cygnus A sys-
tem are dynamically part of the system, the radio ab-
sorption line should show a Doppler shift corresponding 
to the recessional velocity of 16,830 km. For the 1420-
mc rest frequency of the 21-cm line, a radial velocity of 
16,830 km would decrease the observed frequency by 
about 81 mc. 
With these considerations in mind, the authors began 

a study in late 1955 of various ways to search observa-
tionally for the suspected absorption line. Two problems 
were evident: the suspected line was likely to be both 
weak and broad. Both the anticipated weakness and the 
breadth of the line meant that the usual scanning tech-
niques using signal and comparison bands would prob-
ably be unsatisfactory and a completely different ap-
proach would be required. 
The breadth of the absorption line is fixed and not 

subject to control but the observed line intensity would 
depend on the antenna size viewing the Cygnus A 
source. A very large antenna would assist the study 
significantly. The Cygnus A radio source has a declina-
tion such that it passes near the zenith for the geo-
graphical latitude of Washington, D. C. and so a special 

possibility presented itself. A large stationary antenna 
could be constructed which would have the Cygnus A 
source transit the antenna main beam once a day near 
the zenith. A special receiver could also be constructed 
which would record the transit of Cygnus A on a num-
ber of channels distributed in frequency outside and 
within the range where the absorption line was ex-
pected. 

ABSORBING HYDROGEN 

HOT COLLISIONAL ZONE 

Fig. 8—Schematic representation of colliding galaxies in the Cygnus 
A system. The collision produces a source of continuous radiation 
and nearby associated hydrogen can spectrally absorb part of the 
continuum radiation. 

Fig. 9—Proposed 500-foot antenna for Cygnus A absorption 
measurements. This antenna is discussed in the text. 

A 500-foot parabolic antenna made of chicken wire 
panels and mounted on telephone poles seemed to be a 
reasonable approach for a special experiment and the 
antenna was designed (see Fig. 9).2° 

During the interval when the 500-foot chicken wire 
antenna was being designed, it seemed reasonable to 
make a serious effort with the 50-foot antenna and its 
associated comparison radiometer. Scanning techniques 
were eliminated because of the anticipated line width 
and the receiver was converted to a straight radiometer, 
displaying only the energy received in the comparison 
band. 

20 W. R. Ferris, "Design of a 500-Foot-Diameter Faceted Parab-
oloidal Antenna," U. S. Naval Research Lab. Rep., No. 4881; pp. 1-
7; January 25, 1957. 
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There are many effects that can distort the output of 
a receiver connected to an antenna and a broad weak 
line is particularly susceptible to these effects. Ground 
reflections and variation of the radiometer zero with fre-
quency are two troublesome examples. Trouble can arise 
in two forms: the equipment can present a "line" which 
is purely instrumental in origin, or the equipment tuning 
effects can obscure the actual line originating in the 
gaseous assembly. 

In order to avoid such instrumental difficulties as 
these, a second source, Cassiopeia A, was used as a 
standard and a comparison was made of the relative in-
tensities of Cassiopeia A and Cygnus A at various fre-
quencies. The problem of detecting a weak line could be 
assisted by the usual method of accumulating enough 
data so that a statistical increase in sensitivity would 
result. 
The search was carried out with the 50-foot antenna 

and a weak absorption feature was found in the position 
anticipated from the Doppler interpretation." The 
position of the radio absorption feature agrees very well 
with the optical value. Slight differences would be ex-
pected because of the physically different locations and 
velocity distributions of the gases involved in the radio 
and optical studies. Since the absorption line red-shift 
measurement on the Cygnus A system, the constancy of 
AX/X for radio and optical measurements has been con-
firmed with a larger antenna. Heeschen, using the 
new 60-foot Agassiz Station Radio Telescope of Harvard 
Observatory, has succeeded in detecting a faint 21 cm 
emission line from the rich Coma cluster of galaxies. The 
red-shift of the Coma cluster is approximately only one 
third of the red-shift of the Cygnus A system, but the 
radio red-shift agrees satisfactorily with the optical red-
shift of the cluster." 
Although the Cygnus A radio red-shift represents a 

crude first attempt, the resulting demonstration of the 
constancy of AX/X for optical and radio wavelengths im-
proves our knowledge of the constancy by about 10'. 

In addition, the radio results suggest that one is likely 
to find AX/X constant for a particular extragalactic ob-
ject wherever a red-shift measurement is made in the 
electromagnetic spectrum. 
The constancy of the radio and optical red-shifts is a 

natural consequence of the Doppler interpretation. It is 
not a categorical demonstration of the expansion of the 
universe but it is very suggestive. 

The successful detection of an absorption line in the 
Cygnus A collision raises an interesting question con-
cerning the number of similar measurements which 
might be performed with larger antennas. There are 
two additional radio sources, NGC 5128 in Centaurus 
and NGC 4486 in Virgo which, although not studied as 

21 A. E. Lilley and E. F. McClain, "The hydrogen line redshift 
of radio source Cygnus-A," Astrophys. J., vol. 123, pp. 172-175; 
January, 1956. 
" D. S. Heeschen, "21-cm line emission from the Coma cluster," 

Astrophys. J., vol. 124, pp. 660-662; November, 1956. 

yet, might be detected in absorption using the NRL 
50-foot antenna. While both sources are probably rich 
in hydrogen, they exhibit antenna temperatures ap-
proximately 25 per cent of the Cygnus value, and the 
possibility of a successful measurement is reduced cor-
respondingly. If we assume that colliding galaxies are 
distributed uniformly throughout space, the number de-
tected should go as the third power of the antenna 
diameter. We might, therefore, expect an antenna in the 
500- to 600-foot range to have between 1000 and 3000 
such sources available for study." 

ADDITIONAL ABSORPTION LINE EXPERIMENT 

In our survey of the potentialities of the absorption 
technique, two points concerning the content and physi-
cal state of the interstellar medium require mentioning. 
First, concerning the content of the interstellar medium, 
the absorption technique with larger antennas presents 
an opportunity for the detection of other spectral lines. 
As antennas increase in size, the antenna temperature of 
a small source increases at a rate proportional to the 
square of the aperture. Thus the thermal amplitude of a 
given absorption line increases with increasing antenna 
size thereby increasing the signal size with respect to the 
minimum detectable temperature difference of the 
radiometer. This results in an effective increase in sensi-
tivity for line detection by virtue of significantly im-
proving the chances of detecting lines which have very 
small opacities." Small opacities will result because of 
the small cosmic abundances of atoms and radicals 
which have expected lines. 
A second point concerns the direct detection of inter-

stellar magnetic fields. Bolton and Wild have proposed 
using the Zeeman-splitting of the radio absorption lines 
to measure interstellar magnetic fields of the order 10-6 
to 10-6 Gauss." The splitting of the two cr components 
of the hydrogen line (the upper level splits into three 
components) is approximately 2.8 mc per Gauss. For a 
Gaussian line the minimum detectable magnetic field is 
given approximately by 

Hint. 4 X 10-7 
AvAT.in 

Ti 

where T1 is the maximum absorption line depth ex-
pressed as a temperature, Armin is the minimum tem-
perature change detectable by the radiometer, and 
iv is the half-width of the absorption line. 

For an antenna of the 140-foot size to be built at the 
National Radio Observatory, (11) leads to Hmin in 
the range between 10—' and 10-43 Gauss, provided the 
observations are made on the Cassiopeia A radio star. 

23 E. F. McClain, "A note on the potentialities of large radio tele-
scopes," Astrophys. J., vol. 123, pp. 367-368; March, 1956. 
" A. E. Lilley, "A note on the galactic microwave spectrum," 

Astrophys. J., vol. 122, pp. 197-198; July, 1955. 
22 J. G. Bolton and J. P. Wild, "On the possibility of measuring 

interstellar magnetic fields by 21-cm Zeeman splitting," A strophys. J., 
vol. 125, pp. 296-297; January, 1957. 



1958 Lilley and McClain: Absorption Techniques as a Tool for 2I-CM Research 229 

A variety of evidences suggest that magnetic fields of the 
order 10-6 and 10-6 Gauss may exist in the interstellar 
medium. 
A second interesting possibility exists in the measure-

ment of the density of the intergalactic medium. As yet 
no measurement has revealed the existence of material 
in average regions of intergalactic space although it is 
generally supposed that very low density hydrogen 
might be present. If ground state hydrogen were present 
it would be effective in absorbing continuum radiation 
from distant radio sources of the Cygnus A type. 
The intergalactic gas may be ionized; the time for 

recombination is expressed in billions of years. How-
ever, the physical state of the intergalactic medium is 
at present unknown and it is of considerable interest to 
ask what density of ground state hydrogen could be de-
tected in the intergalactic medium. Intergalactic gas 
lying between the observer and a source of the Cygnus 
A type would absorb continuum radiation from the 
source. The density detectable under this circumstance 
is given approximately by 

TsHATrain 
p e•-• constant 

TA 
(12) 

minimum detectable temperature of the radiometer em-
ployed and Ts is the state temperature of the inter-
galactic gas." A 140-foot radio telescope viewing the 
Cygnus A source could detect a density of the order 
10—"Ts gm cm-3. It is apparent that two major unknowns 
will control the fate of this experiment, the state tem-
perature and fractional ionization of the intergalactic 
medium. It remains nevertheless an experiment which 
radio astronomers are obligated to attempt. 
A new approach to the absorption line problem is 

being carried ahead by Bolton at the California 
Institute of Technology. He plans to apply inter-
ferometer techniques to the absorption line studies of 
galactic and extragalactic radio sources. It is clear that 
objects of the Cygnus A type can be detected and usable 
measurements made at distances significantly greater 
than distances at which similar optical measurements 
can be made provided means can be found for selection 
of suitable sources. Therefore it may be possible to ex-
tend the radio red-shift measurements to velocities 
which are significant fractions of the velocity of light. 
The future of absorption line studies with larger an-
tennas and improved receivers should be very interest-
ing and rewarding. 

where TA is the antenna temperature of the source used se A. E. Lilley, "Radio Astronomical Measurements of Interest to 
Cosmology," Conference on Role of Gravitation in Physics, Wright 

as a background, H is Bubble's constant, A Trnin is the Air Dey. Ctr. Tech. Rep., 57-216; March, 1957. 



230 PROCEEDINGS OF THE IRE January 

Hydrogen Line Study of Stellar Associations 
and Clusters* 

T. K. MENONt 

Summary—This paper describes the results of recent investiga-
tions at Harvard College Observatory on the interstellar structure 
around a number of stellar associations and clusters. The results 
were obtained from analyses of the 21-cm profiles of neutral hydro-
gen in these systems using the 24-foot and 60-foot radio telescopes 
at the Agassiz Station of Harvard College Observatory. Investiga-
tions of the associations Orion I and Orion H showed expansion of 
neutral hydrogen around these associations. Preliminary results of 
studies of other associations Lacerta, Cygnus II, Cygnus VI, NGC 
2244, and NGC 2264 are described. Observations of hydrogen content 
of some galactic clusters were found to show a strong age effect. The 
significance of the above results for studies of stellar evolution is 
discussed. 

INTRODUCTION 

T
HE discovery by Ewen and Purcelll of the 21-cm 
radiation from neutral hydrogen has proved to be 

  of very great importance for studies of the struc-
ture of our galaxy and the interstellar medium. After 
the initial surveys to obtain the broad outlines of the 
distribution of hydrogen in our galaxy, astronomers 
have started detailed investigations of specific astro-
physical problems. Those relating to stellar evolution 
have been stressed especially at the Agassiz Station of 
the Harvard College Observatory. This paper reviews 
the results obtained so far and surveys the potentiali-
ties of this field of research. 
One of the most fruitful recent hypotheses with re-

gard to stellar evolution is that due to Ambartsumian2 
who introduced the concept of a new type of stellar 
system called an association. An association is defined as 
a concentration of stars of similar spectral type. Two 
types of stellar associations have been studied in some 
detail. Those consisting of 0- and B-type supergiant 
stars are known as 0 associations; and those consisting 
primarily of variable stars of the T Tauri type, and 
other variables of similar spectra, are known as T asso-
ciations. Ambartsumian has shown that these associa-
tions cannot be stable systems and must disintegrate in 
a few million years. They are hence systems of positive 
total energy. Ambartsumian suggested that the stars in 
these systems should be expanding with a velocity of a 
few kilometers per second. A brilliant confirmation of 

* Original manuscript received by the IRE, October 18, 1957. The 
various investigations reported here have been supported by the 
National Science Foundation. 

Harvard College Observatory, Cambridge, Mass. 
1 H. I. Ewen and E. M. Purcell, "Observations of a line in the 

galactic radio spectrum. I. Radiation from galactic hydrogen at 1420 
mc/sec," Nature, vol. 168, p. 356; September, 1951. 

2 V. A. Ambartsumian, "Stellar associations," Russ. A. J., vol. 
26, p. 3; January, 1949. 

this prediction was made by Blaauw's8 analysis of the 
proper motions of the e Persei group of 0- and B- type 
stars which showed a mean expansional velocity of 12 
km and an age of 1.3 million years. Since then simi-
lar expansions have been found for the associations 
Lacerta by Blaauw and Morgan,4 Cepheus II by Mar-
karian,4 and Scorpius by Kolopov.4 

Since there is every reason to believe that these ex-
pansions are connected with the mode of origin of the 
associations, one should expect to find corresponding 
motions in the neutral hydrogen surrounding these 
associations. In selecting those for a study we have to 
bear in mind two requirements. First, the associations 
chosen should preferably be situated away from the 
galactic plane to avoid confusion due to extraneous 
hydrogen. Second, they should be situated near regions 
of small galactic rotation effect in radial velocities so 
that systematic motions other than galactic rotation 
can be studied. 
One of the first associations studied at Harvard was 

that in Orion.2'8 This is the nearest 0 association known 
at present and is also one of the largest observed. As 
long ago as 1894, Barnard observed a ring of emission 
nebulosity with a diameter of about 17° surrounding 
most of the early type stars. Since the distance of the 
association is about 450 parsecs the diameter is found to 
be about 136 parsecs. The region observed with the 24-
foot radio telescope at the Agassiz Station of Harvard 
College Observatory extended from 1=160° to 184° and 
from b= —10° to —25°. Barnard's loop is centrally 
situated within this region. From some of the 21-cm 
profiles shown in Fig. 1 it is immediately seen that the 
profiles for the region between 1=172° to 175°, b= —22° 
to —16° are asymmetrical, with a secondary maximum 
on the negative velocity side. Since the galactic rotation 
effect in radial velocity is positive for this region, the 
asymmetry can be naturally interpreted as due to an 
expansion of the neutral hydrogen in the line of sight. 
From the 21-cm profiles one can obtain the number of 

A. Blaauw, "The age and evolution of the Persei group of 0-
and B-type stars," Bull. Astron. Inst. Neth., vol. 11, p.405; June, 1952. 

A. Blaauw and W. W. Morgan, "Expanding motions in the 
Lacerta aggregate," Astrophys. J., vol. 117, p. 256; March, 1953. 

B. A. Markarian, "Expansion of the open star cluster IC 2602," 
Cont. Burakan. Obs., No. 11, p. 19; 1953. 

6 P. N. Kolopov, "Stellar association around the open cluster 
NGC 6231 in Scorpius," Russ. A. J., vol. 28, p. 472; November, 1951. 

7 T. K. Menon, "A 21-CM investigation of the Orion Region," 
!AU Symposium on Radio Astronomy, Cambridge University Press, 
Cambridge, England; 1957, in press. 

T. K. Menon, "Interstellar structure of Orion region I," Astro-
phys. J., in press. 
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hydrogen atoms in a column one square centimeter in 
cross section in the line of sight and convert this into 
density by assuming a path length. Combining this in-
formation with the shape of the profiles one can derive 
a model of the expansion of neutral hydrogen. Such a 
model is shown in Fig. 2. The center of expansion is 
found to be at 1=173.5°, b= —18°. This is in satisfac-
tory agreement with the center of expansion of three 
stars moving away from the Orion region found by 
Blaauw and Morgan?"° The age of expansion, 2.6 X10° 
years, derived from the 21-cm observations is in agree-
ment with that of the two stars found by Blaauw and 
Morgan but does not agree with the third one. This 
might have some evolutionary significance. The early 
observations with the 24-foot telescope at Harvard 

le A. Blaauw and W. W. Morgan, "The space motions of AE 
Aurigae and Columbae with respect to the Orion nebula," Astrophys. 
J., vol. 119, p. 625; May, 1954. 

10 A. Blaauw, "On the luminosities, motions, and space distribu-
tion of the nearer northern 0-B5 stars," Astrophys. J., vol. 123, p. 
408; May, 1956. 
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Fig. 2—Model of expansion of the Orion region. 
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indicate that the mass distribution in the expanding 
region is not symmetrical. This can be tentatively inter-
preted as due to the inclination of the Orion spiral arm 
to the line of sight. The total mass of neutral hydrogen 
in the expanding shell is about 50,000 solar masses. 
A number of theories have been proposed in recent 

years for the origin of stellar associations. The first one, 
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due to Opik," suggests that the explosion of a super-
nova would cause a compression and expansion of the 
surrounding interstellar medium. According to Opik, 
new stars could be formed in such compressed regions 
and hence would have the expansion velocity of the 
interstellar gas clouds from which they were formed. In 
the second theory, proposed by Oort," the role of the 
supernova is taken over by an early type star. Opik's 
theory fails to explain the Orion observations, since 
the stars near the 21-cm center of the expansion fail to 
show any expansion whereas the gas far away from the 
center is still expanding. A similar criticism applies to 
Oort's theory, in addition to the fact that it cannot pro-
vide for the expansion of the high velocity stars of 
Blaauw and Morgan. In any case, the region is a very 
complex one and has to be studied in much more detail 
both theoretically and observationally before we can 
arrive at a satisfactory interpretation of all observa-
tions. 

A study of the association Orion II, which contains 
the 0 star X Orionis, has been made by Wade" at 
Harvard. Around the star X Orionis is a large H II region 
of diameter 8° which is bordered by a dark ring. Wade 
has found from his observations with the 60-foot radio 
telescope that across a line of constant latitude passing 
through the center of the H II region the number of 
atoms in the line of sight reaches a maximum at the 
outer edge of the H II region and decreases to a mini-
mum at the center of the H II region. At the same time 
he finds that the halfwidth of the 31-cm profiles is 
minimum at the edge of the H II region and reaches a 
maximum at the center. Figs. 3 and 4 show his results. 
From these observations he has derived a model of 
radial density distribution and expansion of the H I 
shell. The total mass of neutral hydrogen in the shell is 
found to be 40,000 solar masses and the expansion 
velocity is about 8 km. 

In recent years theories of an expanding H II region 
around an early type star have been proposed by Oort 
and Spitzer" and by Savedoff and Greene." With the 
known parameters of the X Orionis system, Wade finds 
that the velocity expected from the Oort and Spitzer 
model is only 0.54 km. This value is very much 
lower than that observed. Since 96 per cent of the X 
Orionis cloud is still neutral the theory of Oort and 
Spitzer probably does not apply to this case. According 
to the theory of Savedoff and Greene, the shock front 
can be ahead of the ionization front by about 2 per cent 

" E. Opik, "Stellar associations and supernovae," Irish Asir. J., 
vol. 2, P. 219; December, 1953. 
n J. H. Oort, "Outline of a theory on the origin and acceleration 

of interstellar clouds and 0-associations," Bull. Astron. Inst. Neth., 
vol. 12, p. 177; September, 1954. 

13 C. M. Wade, "A 21-CM Study of an Expanding H II Region," 
Harvard University Doctoral dissertation; 1957. 

14 J. H. Oort and L. Spitzer, "Acceleration of interstellar gas 
clouds by 0-type stars," Astrophys. J., vol. 121, P. 6; January, 1955. 

Is M. P. Savedoff and J. Greene, "Expanding H II region," 
Astrophys. J., vol. 122, p. 477; November, 1955. 
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square centimeter column as a function of galactic longitude at 
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Fig. 4—Width of the 21-cm line between points of half-maximum 
intensity as a function of galactic longitude at b= —10.'5. 

of its radius at most. Observationally, however, the 
region in which the neutral gas is moving outwards has 
more than twice the radius of the ionized region. Hence, 
\Vade thinks that the density and velocity distributions 
that we observe must reflect the past history of the 
region as well as what is now occurring. Obviously, con-
siderable theoretical and observational work needs to 
be accomplished before we can get a clear picture of the 

phenomena. 
Among other associations being studied at Harvard 

are NGC 2244, NGC 2264, II Cygni, VI Cygni, and 
Lacerta. Preliminary observations" of NGC 2244 indi-
cate that this association is situated exactly at a branch-
ing point of the Orion spiral arm. A similir preliminary 
study" of NGC 2264 showed a decrease in 21-cm in-
tensity in the vicinity of the cluster, which indicates 
either a decrease in kinetic temperature or real paucity 
of hydrogen in its surroundings. A detailed study of 
these associations by R. J. Davis is in progress in order 
to elucidate the spiral structure in their vicinity. 
A study of the region around the associations II 

Cygni and VI Cygni has been completed by Mrs. May 

16 T. K. Menon, "A 21-cm study of NGC 2244 and NGC 2264," 
Astrophys. J., vol. 61, P. 9; February, 1956. 
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Kassim. This region is quite complicated because of ex-
cessive obscuration. She finds that there are definite 
maxima in neutral hydrogen distributions in the vicinity 
of these associations. A detailed optical and 21-cm 
analysis is in progress; it should provide interesting in-
formation about the expansion of these associations. 

In all the associations mentioned above no noticeable 
expansion of the stars has been established. Since we do 
not know the mode of formation of an expanding asso-
ciation we cannot as yet predict the relative motion of 
the gas and the stars in the cases where expansion of the 
stars has been found. Of the four associations for which 
definite expansion of the stars has been established, II 
Persei and I Lacerta have been studied at Harvard. 
Matthewsn from his observations with the 24-foot 
radio telescope found remarkable increases in neutral 
hydrogen density in the vicinity of these associations. 
He also noted that there are small discrepancies between 
the velocities of the clusters and the velocity of hydro-
gen associated with them. However, the existence of 
increased density in the cluster regions seems to be well 
established. The detailed study of I Lacerta is being 
made by W. E. Howard with the 60-foot telescope and 
his results corroborate Matthews' work. Howard finds 
an apparent relative motion of the gas and the stars, 
which could reasonably be explained as resulting from 
momentum balance. He has constructed a three-dimen-
sional model which suggests that these motions are inti-
mately connected with the origin and evolution of the 
association as a whole. 

Optical studies of many of these associations are in 
progress in many observatories throughout the world 
and in the next few years 21-cm studies will have added 
considerable new information. Since the associations 
are believed to be the youngest of stellar clusters, the 
importance of this information in solving the problem 
of star formation is obvious. 
Another aspect of stellar evolution which has been 

studied in considerable detail in recent years is the 
problem of the color-luminosity arrays of globular and 
galactic clusters. We shall restrict this discussion to the 
galactic clusters. From the study of the color-luminosity 
arrays, it has been possible to determine the relative 
ages of a number of clusters. For example, the cluster h 
and x Persei is found to be young, whereas the cluster 
M67 is found to be one of the oldest. The most massive 
stars of type 0 are known to have initial contracting 
stages of evolution lasting only a few hundred thousand 
years, whereas stars with mass of the order of one solar 
mass take many millions of years to reach the main se-
quence. Hence, one would expect to find in the youngest 
clusters and associations large numbers of overluminous 
stars above the main sequence at the lower branch of the 
main sequence. These stars would be in the process of 

17 T. A. Matthews, "The Distribution of Neutral Hydrogen Be-
tween Galactic Longitudes 60° and 135°," Harvard University Doc-
toral dissertation; 1956. 

contraction before arriving at the main sequence. This 
fact was strikingly confirmed by the discovery by 
Parenagon and Walker" of a large number of such stars 
in the Orion association and NGC 2264. The question 
then arises whether there are any stars in galactic clus-
ters still in the proto-star stage. 

Before answering we shall look at the problem from a 
different point of view. From the observational work of 
Van Rhijn," Luyten," McCusky" and others, we have 
fairly accurate values of the luminosity function ck 
(M,, sp), the density of stars in the solar neighborhood 
of absolute visual magnitude between (M„—¡) and 
(M,+ +) in a certain range of spectral class. Since stars 
of all ages exist in the galactic system, this general 
luminosity function is the sum of the distribution func-
tions at the times of star formation, modified by the 
effects of stellar evolution. Salpeter" has shown how 
one can obtain the time dependent function EM,,) from 
ck(M,), under the assumptions that 1) the rate of forma-
tion of stars in the solar neighborhood has been uniform 
since the beginning of the galaxy, and 2) that all stars 
leave the main sequence after a certain characteristic 
time when about 7 per cent of the hydrogen has been 
changed to helium. That Salpeter's arguments are es-
sentially correct is shown by the recent work of San-
dage" who extended Salpeter's work to the observed 
parts of the luminosity function of a number of galactic 
clusters and one globular cluster. From this work it is 
possible to compute the amount of mass still in the 
proto-star stage in each cluster. F. D. Drake at Harvard 
has done this for five galactic clusters, h and x Persei, 
Pleiades, Coma Berenices, Praesepe, and M67, which 
are listed in order of increasing age. From the Salpeter 
formation function and the known ages of the clusters, 
Drake finds the mass of low-mass dwarf stars in proto-
star stage for these clusters to be 3400, 63, 13, 13, and 0 
solar masses, respectively. In an effort to find out wheth-
er the gas in these proto-stars is in the form of neutral 
hydrogen, Drake has determined, using the 60-foot 
Agassiz radio telescope, the amount of excess of 21-cm 
radiation from these clusters. When he converted the 
observed excess radiation into mass of neutral hydrogen 
he found the respective masses to be 5000, 77, 25, 24, and 
less than 40 solar masses showing a strong age effect. 
Other arguments indicate that these masses are more 

19 P. P. Parenago, "The stars in the Orion nebula," Russ. A. J., 
vol. 30, P. 249; 1953. 

19 M. F. Walker, "Studies of extremely young clusters NGC 
2264," Astrophys. J., Suppl., vol. 2, p. 365; October, 1956. 

2° P. J. Van Rhijn, "The absorption of light in interstellar galactic 
space and the galactic density distribution," Groningen Pub., No. 
47; 1936. 
" W. Luyten, "The luminosity function," Ann. N. Y. Acad. Sci., 

vol. 42, p. 201; October, 1941. 
22 S. McCusky, "Variations in the stellar luminosity function 

VIII. A summary of results," Astrophys. J., vol. 123, p. 458; May, 
1956. 
" E. E. Salpeter, "The luminosity function and stellar evolution," 

Astrophys. J., vol. 121, p. 161; January, 1955. 
" A. Sandage, "Observational approach to evolution I. Lumi-

nosity function," Astrophys. J., vol. 125, p. 422; March, 1957. 
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probably in the form of condensations and not uni-
formly distributed. Since Drake's preliminary observa-
tional results do, in fact, agree remarkably well in the 
hydrogen mass with the mass of proto-stars predicted 
by the Salpeter function, we can tentatively conclude 
that the observed cluster hydrogen is actually in the 
form of proto-stars within the clusters. Further observa-
tions are in progress to improve the accuracy of the 
mass determinations, to study a few more clusters, and 
to clarify the observed positional structure in the neu-
tral hydrogen distribution in some of the bigger clusters. 
The problems described above are in general con-

nected with the large-scale systematic motions and con-
tent of neutral hydrogen in associations and clusters. 
There are a number of questions that should be studied 
in detail in order to provide some picture of the energy-

dissipative mechanisms inside these stellar systems. 
The first of these concerns the small-scale random mo-
tions inside a system and their systematic variations 
with position, both inside a system and in different parts 
of the galaxy. This will provide a clue to the interpreta-
tion of the observations that some clusters contain only 
massive stars, while others contain a mixture of massive 
and dwarf stars. The second question is that of the rela-
tive importance of gas and dust in controlling motions 
near early type stars. The third is concerned with the 
possible effects of a galactic magnetic field on general 
interstellar motions and possible ways of detecting it 
by a study of a 21-cm profile. Research along these lines 
is in progress at Harvard and is expected to add to our 
general knowledge of physical processes in the inter-
stellar medium and of stellar evolution. 

Extragalactic 21-CM Line Studies* 
D. S. HEESCHENt AND N. H. DIETERS 

Summary—The study of neutral hydrogen in extragalactic sys-

tems by means of its 21-centimeter line emission is a relatively new 

field of radio astronomy research. To date, radiation has been ob-

served from seven galaxies and three clusters of galaxies. In this 

paper some of the results of these observations are described. Al-
though the observational material presently available is quite limited, 

it does indicate the great potential power of extragalactic 21-cen-

timeter line studies. 

INTRODUCTION 

HE 21-centimeter line emission of neutral atomic 
hydrogen has proven a valuable tool for studying 
the distribution and properties of interstellar hy-

drogen in our galactic system. With the advent of larger 
antennas and more sensitive receivers, research at 21 
centimeters has naturally been extended into the 
"Realm of the Nebulae"—to other galaxies and clusters 
of galaxies. Extragalactic nebulas should provide radio 
observers, as they do optical observers, with more direct 
information about the over-all structure of stellar sys-
tems than is obtainable from observations of our own 
galaxy from within. Both radio and optical observers 
are handicapped, however, by the great distances of 
these objects. In only a few cases are the angular di-
ameters of the galaxies larger than the beamwidths of 
existing antennas, and the 21-centimeter radiation, re-
duced in proportion to the square of the distance, lies 
near the limit of detectability with present receivers. 

* Original manuscript received by the IRE, November 6, 1957. 
1' Natl. Radio Astronomical Observatory, Green Bank, \V. Va. 
Harvard College Observatory, Cambridge, Mass. 

Nevertheless, the amount of astronomical information 
to be gained is so great as to justify the considerable 
effort required. For example, 21-centimeter line obser-
vations of an extragalactic system can, in principle, 
yield directly the red shift (a Doppler-frequency shift of 
spectral lines toward long wavelengths) of the system, 
and the distribution, internal motions, and total mass 
of neutral hydrogen within the system. Indirectly, 
comparison of optical and radio data should yield 
further information concerning the nature and evolu-
tion of galaxies and clusters of galaxies. 

21-CENTIMETERS LINE EMISSION FROM GALAXIES 

Up to the present time only a few galaxies have been 
observed, but these indicate some of the results which 
can be expected from more extensive surveys. For ex-
ample, Lilley and McClain,' using the Naval Research 
Laboratory 50-foot antenna, measured the red shift of 
the Cygnus-A radio source by observing the 21-centi-
meter line absorption in the spectrum of the source. 
This is the only existing extragalactic observation of the 
21-centimeter line in absorption. It is of great signifi-
cance in that it demonstrates the constancy of the red 
shift over the wide wavelength range from optical to 
radio. It also suggests the possibility of determining the 
red shifts of very distant objects by this technique. 

I A. E. Lilley and E. F. McClain, "The hydrogen-line red shift 
of radio source Cygnus A," Astrophys. J., vol. 123, pp. 172-175; 
January, 1956. 
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Twenty-one-centimeter line absorption studies are de-
scribed in detail in another paper in this issue.' 

All other observations so far made have been of the 
emission of neutral hydrogen radiation by more or less 
normal galaxies. Galaxies may be classified according to 
their appearance, using a system introduced by Hubble.' 
Elliptical galaxies (type E) show little or no internal 
structure and very little interstellar gas and dust. The 
SO systems form a transitional group to the highly 
flattened spiral galaxies, which are subdivided as fol-
lows: Sa systems have a prominent nucleus and tightly 
wound spiral arms; Sb's, such as the Andromeda neb-
ula, show a smaller nucleus and more conspicuous spiral 
structure; Sc's, like M33 in Triangulum, have a pinwheel 
appearance of small nucleus and intricate, branching 
spiral arms. There remain the irregular systems like the 
Magellanic Clouds which ,do not fit any of these cate-
gories. The classification has greater significance than 
that of appearance alone in that the more advanced the 
spiral nature of the system, the more population I-type 
material it contains; that is, associations of young hot 
stars and interstellar dust and gas. From the point of 
view of 21-centimeter observations these normal gal-
axies fall into two groups—those that are near enough 
and large enough to permit detailed survey, and those 
that can be observed only as a whole. In the first group 
there are now only four galaxies, and we see little pros-
spect of greatly increasing the number at the present 
time. They are the large and small Magellanic Clouds 
in the southern sky, and the two great spiral nebulas, 
M31 in Andromeda and M33 in Triangulum, in the 
northern. These four (along with our own galaxy) are 
likely to provide the basic data for much of the research 
on more distant systems. Although a good deal is al-
ready known about all four systems, information about 
the neutral interstellar hydrogen within them has until 
recently been completely lacking. 
The Magellanic Clouds were the first extragalactic ob-

jects from which 21-centimeter line emission was ob-
served. They have been extensively observed by Kerr 
and his associates,“ using an antenna having a beam-
width of 1.5°. Since the clouds are the closest extra-
galactic systems, and each covers 7° or 8° in the sky, 
the Australian'observers were able to make a detailed 
study of them. From their observations they found 
directly the mass and velocity distribution of the 
neutral hydrogen within each galaxy and, from their 
observed rotational velocities, the total mass in each 

2 A. E. Lilly and E. F. McClain, "Absorption techniques as a 
tool for 21-CM research," this issue, p. 221. 

E. Hubble, "The Realm of the Nebulae," Yale Univ. Press., 
New Haven, Conn.; 1936. 

F. J. Kerr, J. V. Hindman, and B. J. Robinson, "Observations 
of the 21-cm line from the Magellanic Clouds," Aust. J. Phys., vol. 
7, pp. 297-314; June, 1954. 

6 F. J. Kerr and G. de Vaucouleurs, "Rotations and other mo-
tions of the Magellanic Clouds from radio observations," Aust. 
J. Phys., vol. 8, no. 4, pp. 508-522; 1955, and "The masses of the 
Magellanic Clouds from radio observations," Ausl. J. Phys., vol. 9, 
no. 1, pp. 90-111; 1956. 

system. These values are given in Table I, where the 
results of all available 21-centimeter line observations of 
galaxies are summarized. 

M31, the Great Nebula in Andromeda which covers 
about 6° by 1.5° in the sky, has been investigated by 
van de Hulst and Raimond,' with their 25-meter, 31-
minute beamwidth paraboloid. Their observations con-
sist effectively of velocity profiles of the HI at various 
points along the major axis of the galaxy. They derive 
the rotation curve and HI distribution in M31, as well 
as estimates of the total mass and HI mass present. 
Their results are given in Table I. There is some evi-
dence, from observations of M31 with Harvard's 60-
foot radio telescope, that considerable hydrogen may be 
present at large distances from the major axis. If so, 
this would increase the present estimate of HI mass 
in M31. 

TABLE I 

MASS OF NEUTRAL HYDROGEN AND TOTAL MASS OF GALAXIES 

1 2 3 

Dist. 
KPC 

4 5 6 7 

Type Mil/MO 0 MT/M 0 .AthriM r 
Refer-
ences 

Galaxy Sb 1.4 X107 0.7 X10 77 0.02 6 
M31 Sb 440 1.9X10' 1.5 X1071 0.01 6 
M81 Sb 2600 1.0X101° 8.2 X1070 0.12 9 
M33 Sc 425 1.2 X 107$ 1 X1070 0.12 7 
M51 Sc 1200 4.6X107 ? ? 9 
LMC* Ir 46 0.6X10' 3.0X10" 0.2 4 
SMCt Ir 46 0.4X107 1.3 X107 0.3 4 
M32 E2 440 > 8 X108 2.5 X107° >0.0003 9 

<4X107 <0.0015 

* Large Magellanic Cloud. 
t Small Magellanic Cloud. 
Not corrected for antenna efficiency. 

A survey of M33 is in progress at Harvard, with a 
49-minute beamwidth antenna, and has produced some 
interesting preliminary results.' Optically, M33 has an 
extent of about 60 minutes by 30 minutes,' so that with 
such low-angular resolution one might not expect to find 
much detail in the hydrogen distribution and velocity. 
However, the neutral hydrogen radiation comes from a 
much larger area in the sky than present photographs 
indicate for the visual radiation. Measurable signals 
have been found at 80 minutes from the center in the 
direction of the major axis, more than twice the optical 
radius, and 60 minutes from the center in the minor axis 
direction. The velocity structure is complex and not yet 
investigated in detail, but estimates of the total mass 
and the mass of neutral hydrogen have been made on 
the basis of observations to date. The results are shown 
in Table I. 

6 H. C. Vail de Hulst and E. Raimond, "Rotatie en waterstof-
dichtheid van de Andromeda Nevel afgeleid uit waarnemingen van 
de 21 cm lin," Afd. Naturrkunde, vol. 65, pp. 157-160; 1956. 

7 N. H. Dieter, "Observations of neutral hydrogen in M33," 
Publ. Astron. Soc. Pacific, vol. 69, pp. 356-357; August, 1957. 

8 N. U. Mayall and L. H. Aller, "The rotation of the spiral 
nebula Messier 33," Astrophys. J., vol. 95, pp. 5-23; January, 1942. 
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Three galaxies—M32, M51, and M81—have been 
observed at Harvard by Heeschen,9 using the 60-foot 
antenna. M32 is a small elliptical companion to M31, 
while M51 and M81 are large Sc and Sb spirals, respec-
tively. The optical size of M51 is smaller than the 49-
minute beamwidth used in the observations, but the 
angular extent of 21-centimeter line emission was found 
to be 2°. In the case of M81 too, a large angular extent 
of neutral hydrogen was found. The radial velocity of 
M81, relative to the sun, is only about —50 km, so 
there is the possibility, even though M81 is at +42° 
galactic latitude, of confusing the emission from M81 
with that from local galactic hydrogen. Because of 
this possibility, a detailed study of the distribution of 
HI in M81 is rather difficult. However, the HI emission 
shows such symmetry with respect to both the position 
and orientation of M81 as to make relatively certain the 
conclusion that there is an extensive distribution of 
neutral hydrogen in M81. The masses of neutral hydro-
gen in these two galaxies, derived from the 21-centi-
meter observations, are given in Table I. The observa-
tions of the elliptical galaxy, M32, are as yet incomplete, 
and only upper and lower limits to the mass of HI can 
be determined. The diameter of M32 is less than the an-
tenna beamwidth and, therefore, only an upper limit of 
49 minutes can be set by observations. It is probable 
that the neutral hydrogen all lies within the optical 
diameter of the galaxy, which is about 8 minutes. 

These, then, are the observations to date of external 
galaxies, and the one thing which stands out in all of the 
spirals is the large extent of HI. Each of them seems to 
be imbedded in a cloud of hydrogen that extends far 
beyond the optical limits of the galaxy, and which ac-
counts for a good part of the 21-centimeter radiation 
received. Thus, there may be two types of distribution 
of hydrogen in a spiral galaxy; the relatively dense con-
centrations associated with the spiral arms, and a less 
dense but much more extensive cloud in which the spiral 
structure is imbedded. Pickelner and Shklovskyu on 
theoretical grounds, have postulated the existence of a 
halo of neutral hydrogen around our own galaxy, and 
it may be that this is what we are observing in the above 
galaxies. If the hydrogen in M51 is assumed to be dis-
tributed in a spherical halo, the density of HI in the halo 
is about 0.006 atom per cubic centimeter, in good 
agreement with the predictions of Pickelner and 
Shklovsky. 
From galaxies in this nearby group we should be able 

to obtain new information on the structure and content 
of galaxies in general which can be applied to the more 
distant ones. We should, for example, be able to make a 
new determination of the total mass of a galaxy which 

9 D. S. Heeschen, "Neutral hydrogen in M32, M51, and M81," 
Asirophys. J., vol. 126, in press; 1957. 

10 S. B. Pickelner and I. S. Shklovsky, "On the Nature of the 
Galactic Halo." Paper presented at the symposium, Gas Dynamics of 
Cosmic Clouds, Harvard Observatory New Haven, Conn.; June, 
1957. 

is independent of the optical determination. The mass 
of a single galaxy can best be determined by its rotation 
curve; that is, the dependence of rotational velocity on 
distance from the center. Beyond the point in the galaxy 
where the velocity begins to decrease with increasing 
radius the relation is assumed to be Keplerian; that is, 
all the mass is assumed to be concentrated at the center 
and the outer mass elements considered to be moving 
independently. The observed relation between velocity 
and position then gives the total mass. Optically, the 
velocities are determined from the Doppler displace-
ment of spectral lines in small isolated emission nebulos-
ities. The 21-centimeter determination of the velocities, 
however, depends on all the gas in the line of sight 
within the rather large beamwidth. This has the ad-
vantage of averaging out any peculiar motions of small 
portions of the galaxy; but the disadvantage of possible 
confusion because of the enormous volume included. 
However, any improvement or check on the values of 
masses of these nearby galaxies is of very great im-
portance because they are the basis for the mass-
luminosity relation by which most of the masses of dis-
tant galaxies are estimated. With this or other determi-
nation of the total mass and the direct determination of 
the mass of HI we shall be able to find in each case the 
percentage of the mass of the galaxy that exists as 
interstellar neutral hydrogen. It may be hoped also that 
in the future a discussion of the variation of the mass-
luminosity ratio in different parts of a galaxy may be 

supplemented by a comparison of the luminosity and 
HI mass in the region considered. Right now, however, 
one of the most striking problems is the direct determi-
nation of how the neutral hydrogen associated with a 
galaxy is distributed in space and how it varies in ve-
locity. Even from our limited view now it seems obvious 
that 21-centimeter observations of galaxies hold rich 
and varied promise. The size of galaxies in neutral hy-
drogen radiation may permit us to include several other 
systems in group one—the group which we can study 
in some detail. If other systems exceed their optical di-
ameter by as much as those so far observed, we may be 
able to observe structure in some of them even with 
existing antennas. With the larger antennas now planned, 
or under construction, even spiral structure, at least in 
M31, may be detectable. 
The number of galaxies in the second group—in which 

only the mass and velocity dispersion of hydrogen can 
be determined—should increase very rapidly. Table II 
gives estimates of maximum antenna temperatures that 
might be expected for a number of galaxies when ob-
served with a 60-foot or 140-foot antenna. The estimates 
are obtained from9 

= 4.2 X 10'W HAV-'00-2s-2, (1) 

where 

= mass of HI (grams), 

[IT.= maximum antenna temperature (°K), 
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TABLE H 

MAXIMUM EXPECTED ANTENNA TEMPERATURES FOR SEVERAL GALAXIES 

Galaxy Type 

M82 
M101 
M66 
M104 
NGC 3115 

Ir 
Sc 
Sb 
Sa 
E6 

Mr/M o 

8X10' 
2 X109 
1 X10" 
5 X1010 

1.6 X1010 

lifn/m kpc 

¡AV AT. 

km 60 feet 140 feet 

2 X109 
3X10' 
5X109 
1 X109 
8X107 

1300 
1100 
2200 
1500 
1700 

50 
10 

100 
100 
100 

5 
6 
2 
1 
0.1 

30 
30 
10 
6 
0.4 

¿V= total line width to intensity (cm per second), 
00= observed angular diameter to intensity 

(radians), 
s = distance to the source (cm), 

y, Ay = frequency and Doppler shift. 

In Table II, the mass of HI present has been estimated 
from the type of galaxy, the total mass, and the data in 
column 6 of Table I. The total masses are from Holm-
berg." The values of à V are assumed values, based on 
the results of observations that have been made of other 
galaxies. In all cases 00 has been taken as the antenna 
beamwidth. 

Perhaps the most obvious quantity to be derived 
from such observations is the radial velocity of the 
galaxy, and this can be done quite simply and accurately 
if the system can be observed at all. For example, M51 
was found to have a velocity relative to the sun of 
+421 km ± 5 km, while the optical velocity is given as 
+438 km per second ±35 km. 12 For more distant sys-
tems the improvement in accuracy will no doubt be still 
greater. 
One of the most interesting parameters to be derived 

from 21-centimeter observations of galaxies is the varia-
tion of the amount of neutral hydrogen with galaxy 
type. From a practical point of view, this variation may 
make possible better estimates of the mass of systems 
beyond the reach of dynamical methods; that is, meth-
ods based on motions within, or interactions between, 
galaxies. If, in our local group of galaxies, we can find the 
percentage of hydrogen in the different types of galaxies 
(irregular, Sb, Sc, and E2 observed so far) we can per-
haps extrapolate this to other systems and for a par-
ticular type of galaxy estimate the total mass from the 
mass of neutral hydrogen. Since, at the present time, 
estimates are based only on a mass-luminosity relation, 
this additional criterion may be useful despite the small 
sample on which it is based. This dependence of the 
amount of interstellar neutral hydrogen on galaxy type 
is also of interest from the point of view of the age and 
evolution of the stellar systems. It can, perhaps, provide 
data for investigating the balance between condensation 

" E. Holmberg, "On the masses and luminosities of extragalactic 
nebulae," Lund Meddetunde, Ser. I, no. 180, pp. 1-13; 1952. 

12 M. L. Humason, N. U. Mayall, and A. R. Sandage, "Redshifts 
and magnitudes of extragalactic nebulae," Astron. J., vol. 61, pp. 
97-162; April, 1956. 

of stars out of the original hydrogen and its return to the 
interstellar medium. For this reason a search for other 
ellipticals to supplement the information on M32 should 
certainly be carried out although the signals can be ex-
pected to be very small indeed. Perhaps those showing 
some sign of the presence of dust would be the most like-
ly objects to begin with. There are as yet no direct ob-
servations of Sa or SO systems which would be needed 
to fill in the sequence. 

21-CENTIMETER LINE EMISSION 

FROM CLUSTERS OF GALAXIES 

Twenty-one-centimeter line emission has been ob-
served from three clusters of galaxies to date.'3"4 The 
data derived from these observations are given in Table 
III, together with optical data for the clusters. The 
optical velocities are from Humason, Mayall, and 
Sandage." The probable error in radial velocity from a 
21-centimeter line measurement is about ± 200 km. 
The results shown in Table III suggest that 21-centi-
meter line observations may provide precise determi-
nations of the recessional velocities of distant clusters. 

TABLE III 

OBSERVED CLUSTERS OF GALAXIES 

Cluster Distance, 
mpc AT,. Diameter 

Radial vel 
km 

HI Optical 

Coma 
Hercules 
Corona Borealis 

25 
58 
120 

2.0 
1.5 
1.0 

5° 
4°.5 
1° 

+7000 +6680 
+10,040 +10,277 
+21,024 +21,530 

The antenna temperature in the hydrogen line, ATA, 

due to a source brightness temperature TB, is given ap-
proximately by 

ATA = TB 
fiA 

where fi, and RA are solid angles, subtended respectively 
by the source and antenna beam, to half-intensity 

13 D. S. Heeschen, "21-CM line emission from the Coma cluster," 
Astrophys. J., vol. 124, pp. 660-661; November, 1956. 

14 D. S. Heeschen, "Neutral hydrogen emission from the Hercules 
and Corona Borealis clusters of galaxies," Publ. Astron. Soc. Poet>, 
vol. 69, pp. 350-351; August, 1957. 
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points. This expression is a good approximation only for 
na«nA. For ni»su, ATA. Tg. Putting in appropriate 
expressions for 9„ and IZA we get 

TB i dy 1 HD\2 

.&ej £.2A c I 

where d is the linear diameter of the source, D its dis-
tance, 120 the solid angle subtended by the antenna at 
the undisplaced frequency of the line, and H is the 
Hubble red shift parameter. Table IV gives the antenna 
temperature expected from clusters similar to the Coma 
cluster at various distances, when observed with a 140-
foot or 1000-foot paraboloid. In using the above equa-
tion, A TA, Tg, and d were obtained from the Coma 
cluster results shown in Table III, and H was assumed 
to be 180 km per megaparsec." The table shows that 
with a 140-foot telescope we should be able to determine 
from hydrogen line observations the red shifts of clusters 
of galaxies out to at least 800 megaparsec. Such meas-
urements should be useful additions to optical measure-
ments for studying the relation between red shift and 
distance of distant clusters. 

TABLE IV 

ANTENNA TEMPERATURES EXPECTED FROM "COMA-LIKE" 
SOURCE AT VARIOUS DISTANCES 

D 
mpc àe/e v 

mc 

arm 

140 feet 1000 feet 

200 0.12 1250 2.0 
400 0.24 1080 1.0 
600 0.36 910 0.3 
800* 0.42 830 0.15 
1000 0.5 710 0.07 2.0 
1200 0.6 575 1.6 
1400 0.7 425 0.6 
1600 0.86 204 0.1 

* For this and succeeding distances, the relativistic Doppler effect 
has been used. 

By conventional optical spectroscopic techniques, red 
shifts of distant galaxies have been measured to values 
of Aviv of about 0.2. Recently Baum has developed a 
photoelectric technique with which he has measured 
red shifts and magnitudes of galaxies in clusters to 
Av/v = 0.4.'6 It is clear from Table IV that hydrogen line 
red shift measurements can also be made to this dis-
tance and may therefore provide an accurate and im-
portant check on optically determined red shifts. 
Red shift determinations of distant clusters of galaxies 

by measurements of the HI line emission are very time-
consuming at the present, involving as they do the 
measurement of antenna temperatures of less than 1° K. 
Corresponding optical determinations are still more 
time consuming, however. Optically, there seems to be 

16 One megaparsec equals 3.262 X 102 light years or 3.086 X1024 cm. 
16 W. A. Baum, "Photoelectric determinations of redshifts beyond 

0.2c," Astron. J., vol. 62, p. 6; January, 1957. 

little hope of either decreasing the time required or of 
extending the observations to still more distant clusters. 
In the case of the HI line observations, however, con-
siderable improvement may be expected. Receiver 
techniques will undoubtedly improve greatly in the next 
few years. Researches now in progress on the solid state 
maser, low temperature crystal mixers, and transistor-
ized IF amplifiers; and techniques for improving re-
ceiver stability all look promising in this respect. 
With a 1000-foot diameter antenna it appears not 

impossible that red shifts of clusters of galaxies may be 
measured to Aviv = 0.8. As far as the writers know, 
there are, at present, no definite plans anywhere for con-
struction of an antenna with 1000-foot, or greater, 
aperture. However, very large antennas are being dis-

cussed and will undoubtedly be built in the future. If 
observations with the large antennas now available or 
soon to be available bear out the predictions made here 
with regard to red shift measurements, a very con-
siderable expenditure for still larger antennas would be 
justified on this basis alone. As receiver techniques im-
prove, a point will be reached where antenna noise 
rather than receiver noise is the limiting factor in the 
measurement of weak signals. Improvement of signal to 
noise ratio at this stage can be accomplished only by in-
creasing antenna gain and efficiency. 
The 21-centimeter line observations needed to meas-

ure the red shift of a cluster of galaxies also serve to 
determine the random motion and total mass of neutral 
hydrogen within the cluster. In addition, it should be 
possible to determine the distribution of hydrogen 
within some of the nearer clusters. Table V gives data 
for some of the better known nearby clusters of galaxies. 

TABLE V 

PREDICTED ANTENNA TEMPERATURES FOR CLUSTERS OF GALAXIES 

Cluster 

Peg I 
Pisces 
Cancer 
Perseus 
U Ma I 
Haufen A 
Leo 
Gemini 
Bootes 
U Ma II 

Distance, 
mpc 

Radial 
velocity, 
km 

No. of 
galaxies 

Predicted Arm 

60 feet 

21 
26 
27 
30 
86 
88 
108 
130 
218 
224 

3800 
4700 
4900 
5433 

15,519 
15,781 
19,489 
23,365 
39,367 
40,360 

100 
30 
150 
500 
300 
420 
300 
200 
150 
200 

10°K 
2 
9 
6 
3 
3 
2 
0.9 
0.2 
0.2 

140 feet 

10°K 
2 
9 
6 
4 
3 
3 
2 
1 
1 

The predicted antenna temperatures shown in the last 
two columns are based on the assumptions that the 
ratio of hydrogen to number of galaxies in the cluster is 
the same for these clusters as it is for the Coma cluster, 
and that the mean random motion is the same. All of 
these clusters have easily detectable hydrogen line 
emission if the above assumptions are correct. The ques-
tion of the validity of the assumptions is an important 
topic for investigation. Is the density of hydrogen in a 
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cluster constant from one cluster to another, and if not, 
on what does it depend? Is the hydrogen mass depend-
ent on the number of galaxies in the cluster? Is it de-
pendent on the types of galaxies in the cluster, or on 
the mass-luminosity ratio of the cluster? Is it dependent 
on the age of the cluster? We hope some progress toward 
answering these questions can be made through 21-centi-
meter line observations and related optical studies. 
The antenna temperature produced by 21-centimeter 

line emission from a cluster of galaxies is given by (1) 
used previously for individual galaxies, 

,Cà TÁ = 4.2 X 101°MHAV-100-2s-2. (2) 

All of the quantities in this equation except Mg and s 
can be directly determined from observations. Thus if 
the distance to a cluster is known from optical measure-
ments the mass of hydrogen may be obtained from the 
21-centimeter observations. The mass of hydrogen in 
clusters is of value in assessing the mean density of 
matter in the universe, a quantity of great importance 
to cosmological theories. If, from 21-centimeter line and 
optical studies of clusters with known distances, we can 
find a relationship between the mass of hydrogen 
within a cluster and some other measurable property of 
the cluster, it may be possible to use this relation to ob-
tain the distance of more distant clusters. At the present 
time all distances of faint clusters are determined from 
the magnitudes of the brightest galaxies in the cluster. 
Such determinations can be quite accurate, but un-
certainties arise because assumptions and corrections to 
the observational data are required. Another, com-
pletely independent, method for the determination of 
distances of faint clusters is highly desirable. It is hoped 
that 21-centimeter line observations will provide the 
answer. 
The hydrogen line observations that so far have been 

made of clusters of galaxies do not suffice to determine 
the important question of whether the neutral hydrogen 
observed is concentrated principally in the galaxies, or 

in the intergalactic region, of a cluster. Most clusters 
appear to consist mainly of type E and SO galaxies— 
population II objects with presumably little HI. It has 
been suggested17 that the reason so few spiral galaxies 
are to be found in clusters is that collisions between 
galaxies sweep out the gas and dust before spiral structure 
has time to develop. The Coma cluster observations 
suggest that the hydrogen is between the galaxies, 
rather than in them; the large mass of hydrogen found, 
1014M 0 appears to be too great to be due to the 1000 
galaxies of the cluster, particularly since most of the 
galaxies are types E and SO. The evidence is far from 
conclusive, however, and more observations with an-
tennas of high resolution are needed. Higher resolutions 
studies may enable us to compare the distribution of 
hydrogen in a cluster with that of the galaxies in the 
cluster and thereby shed some light on this problem. 
If it should be established that the neutral hydrogen in 
clusters of galaxies is intergalactic, the question still 
remains as to whether it is there as the result of col-
lisions, or whether some or all of the intergalactic hy-
drogen is the residue of a primordial gas cloud from 
which the cluster formed. It is possible, for example, 
that much of the hydrogen swept out of galaxies by col-
lisions would remain ionized and therefore not con-
tribute to the 21-centimeter line emission. 

It is clear that 21-centimeter line observations poten-
tially provide a very powerful means for studying the 
properties of galaxies and clusters of galaxies. Those few 
observations, described here, that are available at pres-
ent have raised many more questions than they have 
answered, and all of the work to date is in need of verifi-
cation and expansion. Extragalactic 21-centimeter line 
studies should be a fruitful and exciting field for many 
years and, together with optical studies, may be ex-
pected to add greatly to our knowledge of extragalactic 
systems and the nature of the universe. 

17 W. Baade and L. Spitzer, "Stellar populations and collisions 
of galaxies," Astrophys. J., vol. 113, pp. 413-418; March, 1957. 
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Excitation of the Hydrogen 21-CM Line* 
GEORGE B. FIELD 

Summary—The importance of spin temperature for 21-cm line 
studies is reviewed, and four mechanisms which affect it are studied. 
Two of the mechanisms, collisions with free electrons and interac-
tions with light, are studied here in detail for the first finie. The 
results are summarized in Table II of Section VI, in the form of 
certain efficiencies which can be used with (15) to calculate the spin 
temperature. In Section VI the results are applied to a variety of 
astronomical situations, and it is shown that in the usual situation 
collisions with H atoms are very effective in establishing the spin 

temperature equal to the kinetic temperature. Under conditions of 
low-density and/or high-radiation intensity, however, important 
deviations from the usual are noted. The significance of such devia-
tions for absorption studies of radio sources and the galactic halo is 
discussed. In Section VII the deuterium line at 91.6 cm is considered 

in like fashion. It is shown that for deuterium also, the spin tempera-
ture probably is close to the kinetic temperature. 

I. INTRODUCTION 

G1 REAT advances have been made in the under-standing of the interstellar medium by studying 

the distribution of 21-cm emission. (See, for ex-
ample, van de Hulst, Muller, and Oort,' and Muller 
and Westerhout.2) Absorption by interstellar clouds of 

radiation emitted by radio sources has also been ob-
served, particularly by Williams and Davies,' Hagen, 
Lilley, and McClain,' and Muller.' The phenomenon of 
absorption, when connected with radio sources, has per-
mitted studies of hydrogen distribution with the high-
effective angular resolution resulting from the small di-
ameters of the sources observed. The same phenomenon, 
when connected with emission features, has complicated 
interpretation of emission profiles as saturation is ap-
proached. 

Several authors, including Hagen, Lilley, and Mc-
Clain,' have discussed the theory of 21-cm absorption. 
For our purpose, the equation for a simple case is suffi-
cient. Let a cloud (large compared to a beamwidth) of 
"spin temperature" TS be placed in front of a radio 
source of antenna temperature TB in the continuum. If 

* Original manuscript received by the IRE, November 6, 1957. 
t Harvard College Observatory, Cambridge, Mass.; presently at 

Princeton Univ. Observatory, Princeton, N. J. 
1 H. C. van de Hulst, C. A. Muller, and J. H. Oort, "The spiral 

structure of the outer part of the galactic system derived from hydro-
gen emission at 21-cm wavelength," Bull. Astron. Inst. Neth., vol. 12, 
pp. 117-149; May, 1954. 

2 C. A. Muller, G. Westerhout, et al., "A catalogue of 21-cm line 
profiles," Bull. Astron. Inst. Neth., vol. 13, pp. 151-195; March, 1957, 
and the four papers following in the same number. 

3 D. R. W. Williams and R. D. Davies, "A method for the meas-
urement of the distance of radio stars," Nature, vol. 173, pp. 1182--
1183; June, 1954; also, Phil. Mag., Ser. 8, vol. 1, p. 622; July, 
1956. 

J. P. Hagen, A. E. Lilley, and E. F. McClain, "Absorption of 
21-cm radiation by interstellar hydrogen," Astrophys. J., vol. 122, 
pp. 361-375; November, 1955. 

6 C. A. Muller, "21-cm absorption effects in the spectra of two 
strong radio sources," Astrophys. J., vol. 125, pp. 830-834; May, 
1957. 

the detector operates as a comparison system, the ob-
served antenna temperature is 

ATA = (Ts — TB)(1 — (1) 

where r, is the frequency-dependent opacity of the 
cloud. A TA is thus the sum of the diminished source radi-
ation, TBe—T, and the self-absorbed cloud radiation, 
Ts(1_ err), less the undiminished source radiation, TB, 

detected outside the line and hence subtracted from the 
total. 

If the equation is applied to a radio source and to a 
point close enough to the source to assure that the 

beam is in the same cloud as when on the source, we see 
that both (Ts — TB)(1 — e—r) and Ts(1—e-4) may in 
principle be determined. Direct radiometry outside the 
line determines TB, and hence we may obtain Ts and 
r, separately. If the equation is applied to a point with 
little continuum emission, the extra data afforded by 
absorption of a source of known brightness are missing, 
and it is impossible to obtain Ts and r, separately; only 
the combination T3(1 —e') is known. It has been the 
practice to assume (e.g., Muller, et al.') that Ts is 
everywhere equal to its value determined toward the 
galactic center, viz., 125°K, and to interpret all emission 
profiles on that basis. 

If absorption observations are made and Ts deter-
mined, the relation of Ts to properties of the cloud is of 
interest. If emission observations are made, the re-
liability of assumptions concerning the value of Ts is 
important. In either case, it is worthwhile to relate TS 
to physical properties of the cloud which may be pre-
dicted theoretically or observed in other ways. Previous 
considerations of this problem gave a simple answer; 
Ts=TK, the gas kinetic temperature of the cloud.'" In 
the present paper, this conclusion is substantiated for a 
wide variety of conditions, while in certain situations 
divergences are found. 

II. SPIN TEMPERATURE 

The 21-cm line is a transition between the two hyper-
fine states of the 124 2 ground level of hydrogen. These 
states differ only in the value of the total spin angular 
momentum F, which is the sum of electron and proton 
spins: 

F_=- S + I. (2) 

6 H. I. Ewen and E. M. Purcell, "Radiation from galactic hydro-
gen at 1420 mgc," Nature, vol. 168, p. 356; September, 1951. 

7 S. A. Wouthuysen, "On the excitation mechanism of the 21-cm 
interstellar hydrogen emission line," Astrophys. J., vol. 57, pp. 31-
32; April, 1952. 

E. M. Purcell and G. B. Field, "Influence of collisions upon 
population of hyperfine states in hydrogen," Astrophys. J., vol. 124, 
pp. 542-549; November, 1956. 
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Since S and I are each (in units h), F takes the value 
0 or 1, splitting the ground level into a hyperfine dou-
blet. In a magnetic field, the F=1 state is further split 
into three components and is therefore called a triplet; 
the F=0 state is a singlet. The triplet state lies above 
the singlet an amount hvio with vio= 1420.405 mc, so the 
1-4) transition results in the emission of a quantum of 
21-cm radiation. The energy difference between the 
singlet and triplet is due to the different orientations of 
electron and proton magnetic moments (parallel in the 
singlet, antiparallel in the triplet) which results in a 
magnetic interaction analogous to that between two bar 
magnets. The I -->0 transition then is equivalent to a 
"spin flip," the electron spin going from parallelism with 
the proton spin to antiparallelism. 
The probability for a spontaneous 1--+0 transition is 

given by the Einstein A quoted by Wild :9 

64n482 
A,0 =   — 2.85 10—" sec-1, (3) 

3hX3 

where e is the Bohr magneton. Such an extremely small 
value for A corresponds to a lifetime of the triplet state 
of 1.1 X107 years against spontaneous radiation and is 
responsible for the importance of collisions as against 
radiation in establishing the population of the triplet. 
Twenty-one-cm radiation incident on the atom can 
cause 0-4 transitions (absorptions) and 1—)0 transi-
tions (induced emissions). These processes have prob-
abilities given by 

and 

X2/, 
/,Bol =-- — BloI, = 3A 

go 2hvie 

X2.4 

IrBio = A10 
2hvio 

(4) 

respectively. In these equations I,= the specific in-
tensity of 21-cm radiation and g=2F +1 the statistical 
weight of the state. 
A beam of 21-cm radiation, therefore, causes absorp-

tion and induced emission on passing through a hydro-
gen cloud. Absorptions subtract photons from the beam 
while induced emissions add them; consequently the 
induced emissions act like negative absorptions. Sup-
pose that we know the absorption coefficient, per cm, 
calculated on the assumption that all atoms are in the 
singlet state. If we call this quantity Kol, the effective 
absorption coefficient is 

K = Koi(1 — gondgino), (5) 

when corrected for stimulated emission, as can be seen 
from the relative probabilities expressed in (4). If the 
cloud were in thermodynamic equilibrium at some tem-
perature T, we could say that 

9 J. P. Wild, "The radio-frequency line spectrum of atomic hy-
drogen and its applications in astronomy," Astrophys. J., vol. 115, 
pp. 206-221; March, 1952. 

gondgino = exp (—hv Io/kT), (6) 

according to Boltzmann's law. Even if it is not in ther-
modynamic equilibrium, it is convenient to define a 
"spin temperature," Ts, by such a relation, so that 

gondgino = exp (—hvio/k Ts). (7) 

At this point a radical difference emerges between ordi-
nary and radio astronomy. Interstellar temperatures 
which are directly observable are in the range 100°K to 
10,000°K, with few exceptions. But hv/k for most opti-
cal lines is 20,000°K or more. Hence in the optical case 
the exponential is small, most atoms are in the ground 
state, and a determination of K then refers to Ko1 and 
hence to practically all of the atoms. For the 21-cm line, 

hvio/k = T* = 0.0681°K, (8) 

and the exponential is close to unity. Therefore, K is de-
termined by the small difference in populations of the 
singlet and triplet, this difference depending on the 
usually unknown spin temperature, Ts. It follows that 
determinations of opacity lead directly to densities in 

the optical realm, but not in the radio. On the other 
hand, because an assignable fraction of atoms is in the 
upper state in 21-cm work, emission is easily interpreted 
in terms of numbers of atoms. 

It may be mentioned that since Ts is usually much 
greater than T*, 

K = 32,000 nof(v)/Ts (9) 

follows from (7), when we use Koi 3n0A10X2f(v)/87r, 
where f(v) is the line shape function. Eq. (9) reduces to 
one of Wild's' if we put the number of singlet atoms, no, 
equal to go/(gi+go)=1 of the total. When Kl is substi-
tuted for r), in (1) and assumed small; and if Ts = 0 so 
that only emission is effective, we see that Ts cancels; 
the observed emission is independent of Ts as long as 
there is no saturation. Thus it is that Ts is of no conse-
quence as long as we study optically thin clouds in emis-
sion. When we study absorption, however, it forms a 
vital link in the interpretation. 

III. STATISTICAL EQUILIBRIUM 

The spin temperature, Ts, is merely a convenient 
shorthand for the relative population of the singlet 'and 
triplet. What then determines these populations physi-
cally? If the cloud were isolated from space by a wall, we 
could apply statistical mechanics to calculate the dis-
tribution of the available energy over the various energy 
levels. There would then be a unique temperature for 
all kinds of energy modes, including energy of transla-
tion, radiation, and discrete atomic levels including the 
hyperfine levels. Thus the spin temperature would be 
equal to this unique temperature, whatever it might be. 
But the cloud is not isolated from space; it continu-
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ally receives radiation from the stars and emits it again 
into space. Our basic principle is to balance input and 
output. Given the rates of the various processes, it is 
then possible to compute the steady state populations. 
The final temperature which characterizes any mode of 
energy depends on the way that mode is coupled to 
other modes. There are temperatures appropriate to 
the translational energies of particles, to total radiation 
density, to the grains, to atomic levels, to the color of 
the light from stars. These can vary over wide limits de-
pending on the degree to which the mode is coupled to 
the hot stars on the one hand and to free space on the 
other. In our case there are three temperatures of special 
interest to us; the brightness temperature of 21-cm radi-
ation, averaged over all directions, TR; the kinetic tem-
perature of the atoms and electrons, Tx; and the color 
temperature of certain kinds of light, TL. The bright-
ness temperature of radio radiation at 21 cm is defined 
in the usual way: 

X2 
TR — I. 

2k 
(10) 

with 7, the brightness at 21 cm averaged over the whole 
sky and over all Doppler shifts occurring in the group 
of H atoms. TL will be defined later. 

Evidently, there are fundamentally two kinds of ex-
citation mechanisms, collisional and radiative. Each of 
these can excite the transition directly by exchange of a 
quantum of energy equal to Inu. But conceivably, 
higher levels of the hydrogen atom can be excited from 
one hyperfine state with de-excitation occurring to the 
alternate hyperfine state. Since the n=2 level is the 
lowest level above the ground state, a transition n =1 to 
n= 2, corresponding to the Lyman -a line in the spec-
trum of hydrogen (121611, and 10.2 ev.), is required to 
accomplish this. Certainly the scattering of Lyman -a 
should be taken into account, and possibly higher Ly-
man lines. But we need not consider high energy col-
lisions because the fraction of particles with energies 
enough to excite La collisionally is proportional to 
10-(51,000ind, while the fraction which can ionize the 
atom is proportional to 10-(68,000/TK). Hence if the value 
of TK is such as to make the first value significant, the 
second factor will be only slightly less, and ionization 
will occur. Thus, we find that regions hot enough for 
high-energy collisions will be ionized and thus unob-
servable. We are left with the low energy collisions and 
both low- and high-energy radiative transitions as im-
portant mechanisms. We write Pc.R.L for the rate of 
transitions (per second) caused by collisions, radio fre-
quency, and light, respectively. Using (4), (8), and (10), 
we find 

TR 
POIR = 3 — 

T* 

TR 
PlOR = (1 T A io, 

* 

P011e (1 — 
PlOR TR 

for the transitions caused by 21-cm radiation of average 
brightness, I,= 2k TR/X2. 

Collisional transitions have probabilities which will 
be calculated in Section IV, but the ratio of Poic to 
Floc is easily derived. For any type of colliding particle, 
the rate is proportional to the number of such particles, 
times some function of the kinetic temperature. Hence, 
the ratio of the upward to downward rates is a function 
of the kinetic temperature alone and is, therefore, the 
same as in a closed system at the same temperature. 
The latter will be just that for thermodynamic equilib-
rium, and (6) holds in addition to the condition of 
steady state so we find that 

gi 
noPoic = niPioc = — noPioc exp (-

go 

SO 

pcnc gi T* 
= — exp (- T*/ Tx) ‘••-• 3 (1 - (12) 

pie g o TK 

(We shall always assume all T's>>T*.) Since the argu-
ment holds for each kind of collision, it holds for any 
combination of collisions. 
We note that (12) for the ratio holds also for 21-cm 

radiation, with TK replaced by TR. Inasmuch as it fol-
lows from a thermodynamic argument involving the 
energy source, we may assume that the argument holds 
also for the case of excitation by Lyman radiation. In 
this case, the value of the "temperature of the light" 
follows from a detailed argument which will be con-
sidered in Section V. For the present let us define TL, 
the light temperature, by 

port, T* 
= ( 31-  TTL (13) 

The hypothesis of equilibrium states that the popula-
tions of singlet and triplet do not change with time. 
Therefore, the number leaving the triplet equals the 
number entering the triplet, per second. This leads to 

ni — = — exp (- T */ T 3(1 - T* 
gi 

no go T. 

T— A io + (1 - Floc (1 - 
R T* 

T* TK 

T* 

TL/ 
= 3   (14) 

A io(1 Ploc pioL 
T* 

when (6), (11), (12), and (13) are applied. Upon rear-
ranging, we find 

(11) if 

TR ± YCTK YLTI, 
T s 

T * 
Yc = 

Tic 

1 + Yc + YL 

pioc 
yL 7--TT: PA1 0L 

A io 
(15) 
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are normalized probabilities or "efficiencies." Eq. (15) 
shows that Ts is a weighted mean of the three tempera-
tures TR, TK, and TL; when any one of the efficiencies 
is very large, Ts takes on the corresponding tempera-
ture value. Our next step is to discuss the efficiencies 
and to show how they are related to certain properties 
of the interstellar medium. 

IV. COLLISIONS 

We have calculated in the previous section the ratio 
of the de-excitation to the excitation probability, which 
holds for any type of collision. Let us now consider what 
the rate of de-excitation is. Since ye is proportional to 
Pioc, we must calculate the probability for a given trip-
let atom that a de-excitation takes place via a collision 
of that atom with another particle. Evidently, since the 
large mass of the proton makes it sluggish compared to 
the electron, the forces induced in the atom by a col-
lision are much more likely to cause the electron spin 
to flip than the proton spin to do so. An electron spin 
flip can be caused magnetically by the action of mag-
netic forces on the magnetic moment of the electron, or 
electrostatically by forcing out the original electron and 
replacing it with one of opposite spin. 
The latter process of substitution of an "up" for a 

"down" electron, called spin-exchange, can occur when-
ever the colliding particle contains electrons and, in 
particular, if the colliding particle is a hydrogen atom 
or a free electron. The total density of H atoms and 
electrons is always greater than that of any other species 
since the number of H atoms plus electrons is greater 
than the number of hydrogen nuclei (protons) by the 
number of free electrons originating in the ionization of 
other elements, while the proton density usually exceeds 
the helium density by a factor 10 and other atoms by a 
factor 1000. It is clear that H atoms and free electrons 
will always play a dominant role then; the latter as-
sumes relative importance whenever the ionization of 
hydrogen is more than a few per cent. It may be added 
that the spin-exchange process for collisions with H 
atoms and free electrons is much more probable than 
the magnetic spin flip alluded to above, because the 
magnetic interaction induced by the atomic or free elec-
tron, as the case may be, is less than the electrostatic 
interaction by roughly v2/c2. This quantity is 5 X10-6 
for atomic electrons and only 4X10-8 for free electrons 
at 104°K. 

It seems very probable, therefore, that by far the 
most frequent collisions will be with other H atoms and 
free electrons. The H atom case is treated in detail by 
Purcell and Field.8 They showed that the atomic en-
counter can be treated semiclassically, and that the 
strong dependence of the interatomic forces on the 
separation makes the collision cross section relatively 
independent of energy; it was found to vary as TK-6-27 
over the range 1° to 104°K. The collision effectiveness, 
yH, was computed and presented in Table I of their 

paper. Since it is proportional to nH, the density of hy-
drogen atoms, yidnE was actually given. The resulting 
values of yH/nH are listed in Table II of the present 
paper. 
The treatment of the free electron spin exchange is of 

necessity quantum mechanical, the angular momenta of 
the important collisions being less than h because of the 
small electron mass. Although this particular problem is 
not solved in the literature, the problem of scattering of 
a polarized beam of electrons by a ground state hydro-
gen atom has been treated by many authors, in various 
energy ranges and using various approximations. An 
excellent discussion of this work is given by Seaton." 
Our problem can be related to the scattering problem 

as follows. (See Appendix for a rigorous demonstration.) 
The scattering problem results in "scattering ampli-
tudes," T(0) and S(0), which are functions of the polar 
angle of the scattered beam with the incident beam, 
and which refer to the cases in which the incident and 
atomic electrons are in the triplet state [TM], or singlet 
state [S(0)]. The differential scattering cross section in 
direction O is well known to be -1 I 712+11.512 for an un-
polarized beam. The analogous differential cross section 
for electron exchange is ¡lT — SI'. Since, however, only 
half of the exchanges are with electrons having opposite 
spin, the electron spin exchange cross section is half of this 
quantity. Furthermore, half of the electron spin ex-
changes with a hyperfine triplet result only in a tran-
sition to another component of the triplet, so the de-
excitation cross section is only half of the spin exchange 
cross section. Thus, the differential de-excitation cross 
section for which we seek is 

de 1 

—dw = I S12, 
(16) 

where dw is an element of solid angle in direction O. Now 
all of the calculations we shall use are based on S-wave 
scattering, in which T and S are independent of 0. (That 
this is a good approximation up to 10,000°K follows 
from the study of P waves by Chandrasekhar and 
Breen.") Consequently we have the total de-excitation 
cross section for triplet atoms by free electrons: 

cr = —I T — SI'. 
4 

(17) 

Naturally, the scattering amplitudes and o. depend on 
the energy of the incident electron. Here we may divide 
the energy range into two domains: one, right around 
zero energy, the other extending up to perhaps one volt. 
The higher energies were treated by two variational 

1° M. J. Seaton, "The application of variational methods to atomic 
scattering problems. V. The zero energy limit of the cross-section for 
elastic scattering of electrons by hydrogen atoms," Proc. Roy. Soc. A, 
vol. 241, pp. 522-530; September, 1957. 
" S. Chandrasekhar and F. H. Breen, "The motion of an electron 

in the Hartree field of a hydrogen atom," Astrophys. J., vol. 103, pp. 
41-70; January, 1946. 
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principles by Massey and Moiseiwitsch." The results 
using the two variational principles were in good agree-
ment for the triplet amplitude, and we can use them di-
rectly. For the singlet amplitude the results disagreed 
by 10 per cent, but the authors preferred the Hulthen 
(H) method with a free parameter (b). Thus we may 
use the H-b results for the singlet. Seaton's feels that 
the H-b results are accurate to about 20 per cent up to 
energies at which P waves become important (presuma-
bly 10,000°K). On the other hand, the low-energy data 
for the singlet are considered dubious by Seaton, who 
introduces a different trial function and finds agreement 
between his results using the two variational methods 
for zero energy of the incident electron. However, he 
found a 6 per cent discrepancy in the zero energy singlet 
amplitude which he had calculated, and the H-b singlet 
amplitude of Massey and Moiseiwitsch extrapolated to 
zero energy. I find, however, that the two agree within a 
per cent or so. 

Borowitz and Greenberg" also calculated scattering 
amplitudes near zero energy (up to 0.04 ev). Their re-
sults are presented in Table I in terms of the scattering 
amplitudes for singlet and triplet at zero energy in units 
ao = 5.3 X10-9 cm. These amplitudes are called "scatter-
ing lengths." A second parameter which gives the de-
pendence on energy near zero energy, called the "effec-
tive range," is also tabulated. For comparison, we also 
give the same quantities as calculated by Seaton's and 
deduced from Massey and Moiseiwitsch." 
We note that the zero energy triplet amplitudes agree 

well, but while Seaton agrees with Massey and Moisei-
witsch for the singlet, they both disagree with Borowitz 
and Greenberg. Furthermore, the form of the variation 
near zero energy is quite different as determined by the 
effective range in the two papers for both the singlet and 
triplet. Inasmuch as Borowitz and Greenberg do not 
attain high energies anyway and the Massey and 
Moiseiwitsch data agree with Seaton's at zero energy, 
it seems advisable to adopt Massey and Moiseiwitsch's 
results over the entire energy range. 

Their data are given in terms of phase shifts, (3, which 
are related to the amplitudes by 

T or S = sin 8.,.eisse, (18) 

where k is the momentum of the incident electron di-
vided by h. When these definitions are inserted in (17) 
for the cross section, we find 

ir 
(r = — sins (81— 8,). 

4k2 

TABLE I 

SCATTERING PARAMETERS FOR ZERO ENERGY ELECTRONS 

Author 

MM 
S 
BG 

Scattering Length Effective Range 

Singlet Triplet Singlet Triplet 

7.00 
7.01 
7.75 

2.34 
2.33 
2.35 

2.46 

3.80 

1.40 

0.81 

Energy, Atomic Units 

Fig. 1—Cross section for de-excitation of the hyperfine triplet by 
electrons. Energies are in Rydbergs (13.6 ev) and cross sections 
in units raê =8.8 X10-17 cm'. 

The resulting cross section in units raos using Massey 
and Moiseiwitsch phase shifts is plotted vs the electron 
energy in units of 13.6 ev in Fig. 1. 
The cross section may be averaged over a Maxwellian 

distribution of electron speeds, using the formula due to 
Jeans :14 

P108 -= 
4/8kTK 

ne  i(Tx), 

ir(TK) = f ue—ucr(u)du, (20) 
o 

u = meE/ukTic. 

E is the incident electron energy, and u the reduced 
mass of the electron-atom system. Since µ is about equal 
to m., u is very close to Elk T1, and we have for the 
value of y., defined by (15), 

2hviol/ 2k 
ye= F—io nei(TK)TK-1/2. (21) 

(19) The ratio between this equation and the analogous one 
of Purcell and Fields is seen to be 

12 H. S. W. Massey and B. L. Moiseiwitsch, "The application of 
variational methods to atomic scattering problems. I. The elastic 
scattering of electrons by hydrogen atoms," Proc. Roy. Soc. A., vol. 
205, pp. 483-496; March, 1951. 
u S. Borowitz and H. Greenberg, "Variational calculation of the 

scattering of electrons by hydrogen atoms at near zero energy," 
Bull. Amer. Phys. Soc., pt. II, vol. 2, p. 172; April, 1957. 

8 (inii )112 — . 
m. 

14 J. Jeans, "Dynamical Theory of Gases," Cambridge Univer-
sity Press, Cambridge, Eng., p. 36; 1925. 
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The factor 8 arises from our use here of i as the de-
excitation cross section and there as the strong collision 
cross section, and the Vi arises from the fact that here 
the relative velocity is just the electron velocity, not 
v'2 times the atom velocity. The results of averag-
ing the cross section over electron speeds are shown in 
Fig. 2, and the values of ye/ne are given in Table II. 

V. LIGHT 

In Section III we pointed out that light could cause 
hyperfine transitions in the ground level via the inter-
mediate step of transitions to higher optical levels in the 
atom. The lowest of these levels is n=2, for which the 
excitation energy is 10.2 volts, or 1216 A, the La line. 
In a complete theory, n=3, 4, • • • should be con-
sidered, as well as the continuum of levels for the 
ionized state. The principles, however, can be made 
clear by discussing only La light. Furthermore, there is 
every reason to suspect that La will be particularly im-
portant in the interstellar medium, because radiation at 
this wavelength has a very short mean free path in hy-
drogen gas and yet endures many scatterings since the 
possibility of splitting into two photons via permitted 
transitions to an intermediate level is closed to it." In 
consequence, every La photon is enormously more ef-
fective than an Le, for example, in scattering from 
ground level hydrogen atoms and hence in causing hy-
perfine transitions since the Lf3 quickly splits into Ha 
and La. 
We consider a triplet atom moving at speed y through 

an isotropic radiation field which has intensity /,(v) in 
the neighborhood of La. We see that if the atom is 
initially in the ground level hyperfine triplet it may ab-
sorb a photon and thus reach the n=2 level, returning 
however to the hyperfine singlet by emission of a more 
energetic photon. The probability of doing so depends 
on /,(v), where here is the precise frequency corre-
sponding to the upward transition in question, Doppler 
shifted by the speed v. 

Similarly, a singlet atom can absorb a slightly higher 
frequency to reach the same upper state, so that the 
rates of leaving the singlet and triplet depend on the 
relative intensities at the two frequencies in question, 
while the rate of return is independent of the latter. 
Consequently, if there are more red photons than blue, 
the singlet becomes more heavily populated than the 
triplet. 
More precisely, refer to the energy level diagram of 

Fig. 3, p. 246. 2S level is omitted, as it is connected 
with 1S only by a forbidden transition. 2P is split into 
J= .1 and 3/2 by spin-orbit interaction; each of these 
levels is again doubled by hyperfine interaction with 
F= J+ ¡. The La line consists of the totality of transi-
tions labelled in the figure. However, the transitions 

16 Although two photon processes destroy even La after many 
scatterings, via transitions through a virtual level. 

6 

5 

o 
3 10 30 100 300 1000 3000 10000 

Koete Temperature, IC 

Fig. 2—Cross section for de-excitation, averaged over electron 
speeds at temperature Tg. 

TABLE H 

EFFICIENCIES FOR COLLISIONS AND La, AND CRITICAL IONIZATION 

(1) 
Tg(°K) 

(2) 

yalna 

(3) 

y./ne 

(4) 

ya/ na 

(5) 
(n.htu)e 
per cent 

1 1200 6700 5.9X10" 18 
3 490 3900 1.1 X10" 13 
10 190 2100 1.9 X1010 9 
30 85 1200 3.6X109 7 
100 35 650 5.9X106 5 
300 16 350 1.1 X108 5 
1000 6.7 130 1.9 X107 5 
3000 3.3 66 3.6X106 5 
10000 1.3 18 5.9X105 7 

2P312-40S112 and OP112— >OS112 are forbidden since they in-
volve AF = 2 and 0—>0, respectively. The relative 
strengths for the downward transitions are noted on the 
diagram. They were found from the usual rules for LS 
coupling of the hyperfine doublets given by Condon and 
Shortley" together with the observation that the rela-
tive strengths of the P3/2 and P112 lines are 2:1 in ac-
cordance with the LS coupling to form J. In the follow-
ing we shall discuss only the transitions to and from the 
1P states since the transitions to and from 2P and oP via 
the "complementary transitions" of Fig. 3 cannot mix 
the ground state populations as they are paired with 
forbidden transitions. 

Let us call Po and vi the frequencies, Doppler shifted 
by a speed y (which we hold constant for the present) 
from the ground level singlet and triplet up to the 1P112, 
and vo' and v1' similarly up to 1P3/2. If 1.(v) is the in-
tensity at those frequencies and B the corresponding 
Einstein probability, the rate at which a singlet atom 
is excited to 1P1/2 is Bo/(v0). It has a chance A i/(A 0-FA i) 
of returning to the triplet (if we ignore stimulated emis-
sion in the La line as is legitimate in interstellar space) 
thus effectively exciting the triplet state. Since the same 
can happen with iPa/2 the rate of excitation is, for 
y atoms 

16 E. U. Condon and G. H. Shortley, "The Theory of Atomic 
Spectra," Cambridge University Press, Cambridge, Eng. p. 243; 
1953. 



246 PROCEEDINGS OF THE IRE January 

n = I 

Permitted 

Forbidden 

Complementary 

n = 2 

Fig. 3—The 1S and 2P levels of hydrogen, showing the particular 
transitions in the La line which excite the triplet (dark lines). The 
numbers in the center are relative strengths. 

Al 
pioL = BoI(vo)   Bo'l(vo')   (22) 

Ao+ Ai Ao' 

similarly, 

A o A o' 
=   BiRvi)   (22') 

Ao + Ai A o' + 

With the relations between B's and A's, and the relative 
strengths of Fig. 3, one can show that 

= BoA  [7(vo) is,)], 

Ai+ Ao 

pioL = go BoAi  [-RvI) 

gi Ai + Ao 

Each expression of (23) is correct for any speed v. The 
bar signifies averaging over all y's, I(v) being a function 
of y through the dependence of v on y in each case. 
From (23), it is clear that the probabilities depend on 

the intensity profile of the radiation near La, and hence 
on the solution of a difficult scattering problem, the 
exact premises of which depend on physical conditions. 
For example, the radiation near a star would have a 
profile which depended on the atmosphere of the star, 
while radiation which has been scattered many times in 
the interstellar medium may have a profile dependent 
on the Doppler effects in the medium. It is the latter 
case which is of greatest interest: La is generated by 
recombination in an HIT region and, scattering an enor-
mous number of times, penetrates an HI region where it 
causes observable effects on 21-cm excitation. In fact, 
Wouthuysen7 originally called attention to this possi-
bility, and while it was dropped for a time in view of the 

(23) 

h(Xc) 2 i/mH A a vio fl 

high efficiencies of collisions, it now seems that the La 
mechanism can be of import when the gas is dilute 
enough. In a forthcoming paper" the question of a La 
profile within a cloud will be treated. The work so far 
shows that if a portion of photons is scattered t times 
on the average by hydrogen atoms in a cloud having 
Doppler width z' D, the line will progressively broaden to 
+vp(2 in t)u2, while flattening in the center between 
those limits. That is, the line profile approaches an ever 
widening "mesa" function. However, the flat portion 
slopes slightly down toward the blue as a consequence 
of photon energy losses through recoil, this slope being 
constant to a first approximation and equal in slope to 
the Planck curve corresponding to the atom kinetic 
temperature, T. Thus the radiation via recoil comes to 
quasi-equilibrium with the matter in a narrow range 
around the center of La, as predicted on general 
grounds by Wouthuysen.7 
From the detailed scattered profile discussed above, 

it follows that we may put 

7( hva nac 1,1) = 2 — — 
47r 2PD 

hva nac hvio „ 
7(1,1) — I(vo) = 7(vi') — /(vo') = — — 24) 

47 2v» kTic 

where there are na La photons per cm' within +vr, of 
the line center. The error in this procedure comes from 
those scattering processes outside the straight line part 
of the line profile, i.e., at distances greater than 
vy(2 In 1) 112 from the center. But the fraction of scatter-

ings at such frequencies w s o only exp( —/2pD2) which we may take to be a very small number. Using 
ii 

(13), (23), and (24), we see that p2 t-1, 

T* hvio hp 
=   

L = TK. (25) 
T» kr» kTK 

This result, first pointed out by Wouthuysen,7 follows, 
for the special case of radiation trapped in a cloud, from 
the detailed calculations summarized here. Using it, we 
have also 

Ya = 
36rk k An Va Tx" 

(26) 

when the various constants are inserted in (23). Note 
from (15), that we may not, however, draw Wouthuy-
sen's conclusion that Ts depends only on TK (which de-
scribes the "color" of the La radiation) but not on Pioe, 
the frequency of La collisions. Clearly, this conclusion 
is valid only if La collisions dominate, i.e., if ya—> œ. In 
any case it is of interest that La does serve to couple Ts 
even more strongly to TK. The values of ya/na are given 
in Table II. 

" G. B. Field, "The time dependent scattering of a resonance line 
by a dilute gas," to be published. 
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TABLE III 

FIVE EXAMPLES OF SPIN TEMPERATURE 

Cloud Tx TR 

Atoms 

nH Yif 

1) Remote 102 10 1 35 
2) Near HI! 

(Orion) 102 20 1 35 
3) Source: 

Cygnus A 102 2 X105 1 35 
Virgo A 102 2X102 1 35 

4) Galactic 
Halo 104 10 10-2 1.3 X10-2 

5) Intergalactic 10. I pr. 6.7)00-5 

Electrons Photons 

n. Y. it« Ya 

Contributions to Ts 

Radio 

10-3 

10-5 

10-3 
10-2 

10-2 

10-2 

0.65 

0.65 

0.65 
0.65 

0.18 
0.0013 

<10-13 

4X10-8 

0 
0 

4X10-6 

<10-4 

2.4X105 

0 
0 

2.4 X104 
1.6 

0.27 

<10-5 

5450 
54.5 

<10-5 
0.38 

Atoms 

95.30 

10-2 

95.3 
95.3 

<10-2 
0.03 

Elec-
trons 

1.78 

1.8 
1.8 

0.12 
0.49 

Pho-
tons 

o 

100 

o 
O 

104 
615 

Ts 

97.35 

100.0 

5547 
151.6 

104 
616 

VI. APPLICATIONS 

In Table II we have collected the efficiencies for col-
lisions with H atoms, electrons, and La quanta. We see 
that 34/3/1/ is about 6 to 20 on a per particle basis. This 
implies that a small ionization will make electrons more 
important than atoms. The critical ratio at which this 
occurs, (n./nu)., is listed in column 5. It indicates that 
in an HI region, electrons are unimportant since 
(ne/nH)c 10-3. In the galactic halo and in the inter-
galactic medium electrons may be important because 
coexistence of roughly equal numbers of atoms and 
electrons is possible at low densities. 
ya/na exceeds the other efficiencies by large factors, 

mostly because ch is large while the cross sections are 
not so different. We may thus be led to expect that 
Wouthuysen was correct in his original estimate of the 
importance of La. Obviously what matters is na, and 
we shall see that the range of na is such as to make La 
important under some conditions, while not in others. 
We consider five examples of the application of (15) 

and Table II: 

1) A remote cloud, 
2) A cloud near a source of La (HII region), 
3) A cloud near or in a radio source, 
4) A cloud in the galactic halo, 
5) An intergalactic cloud. 

In Table III are estimates of TK, TR, nu, n., and na for 
all five cases. Although we shall to some extent justify 
these estimates, in many cases they are mere guesses. 
Table III serves only to illustrate various possibilities 
for, using the parameters therein, we may compute the 
contributions to the spin temperature implied by (15) 
and summing the results, compare Ts with TR and 
T. It should be remembered that while we have used 
TZ,= TK here in accordance with (25), one could use a 
more general light temperature defined by 

in which case, 

T* d log 7, 

TL = d(v/vio) 
(27) 

Ya = 5.9 X lOnna/TLTKI 12. (28) 

Cases 1) and 2) are meant to differ only in the amount 
of La. In a remote cloud, TR may be estimated by aver-
aging 21-cm profiles in the vicinity of the plane' over a 
band width of 15 km/sec and allowing a few degrees for 
radiation near the poles and continuous emission. Case 
2) may have a somewhat larger TR owing to the radio 
emission of the HII region. 

Case 3) is meant to demonstrate the effect of large 
TR-the other parameters can be taken as equal to 
those of a remote interstellar cloud, although it is of 
course not certain what the real parameters are, of a 
cloud imbedded in high-velocity material. Both Cygnus 
A and Virgo A are treated, the former being the bright-
est, and the latter, the faintest among the five bright 
sources at 21 cm. Tit was estimated from the measures 
of Hagen, McClain, and Hepburn's together with angu-
lar dimensions at lower frequencies from Pawsey's's list. 

Case 4) is based on Pickelner and Shklovsky'ss° model 
of the galactic halo, in which the hydrogen is about half-
ionized. Case 5) adopts speculative parameters for the 
intergalactic medium. Tic is no more than a guess, while 
TR =1°K is a reasonable extrapolation of results at 
lower frequencies near the galactic pole. The densities 
approximate the smoothed out densities of galactic 
matter, and the ionization may be 50 per cent. 
We have not yet mentioned La. Of course what is 

needed is a detailed theory of the transfer of La from 
stars into the interstellar medium. Lacking this, we may 
calculate na roughly by various means. First of all, HI 
regions such as 1) and 2) must receive tbeir La from 
stars. Near a hot star, there will be an H II region where 
La is generated copiously by recombination after photo-
ionization of the neutral hydrogen by stellar ultraviolet. 

12 J. P. Hagen, E. F. McClain, and N. Hepburn, "Detection of 
discrete radio sources at 21-cm wavelength," PRoc. IRE, vol. 42, 
p. 1811; December, 1954. 

1° J. L. Pawsey, "A catalogue of reliably known discrete sources 
of cosmic radio waves," Astrophys. J., vol. 121, pp. 1-5; January, 
1955. 

2° S. B. Pickelner and I. S. Shklovsky, "An investigation of the 
properties and energy dissipation of the galactic halo," Astrophys. J. 
USSR, vol. 34, pp. 145-158; March-April, 1957. (In Russian, English 
abstract.) 
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This process has been studied by Zanstra," who shows 
that 

R dna R 
na(center) = — —= — an,32, 

c dl 
(29a) 

n(edge) = .9.-ina(center), (29b) 

where Sm is the optical depth of La at the line center 
corresponding to the radius, R, of the nebula, an.2 is the 
number of recombinations per cm' per sec in the nebula. 
Sm for a classical HII region may be taken as 10', while 
for the Orion nebula," n.= 10 cm-8, a =4 X10-13, and 
R=1 psc. Consequently, for the Orion nebula 

na(edge) = 4 X 10-' cm-3. (30) 

On the other hand, these photons are scattered very 
frequently on their way into the HI region, and thus 
traverse large distances in order to make radial prog-
ress. It can easily be shown that the effective mean free 
path in the radial direction is reduced, because of ab-
sorption in the interstellar dust, to 

le (41) in (31) = 0.04 psc, 

for a mean free path against scattering, 4=5 X10-6 psc, 
and a mean free path against absorption, la = 300 psc. 
It follows that the density of La given by (30) holds 
only a minute distance from the edge of the Orion 
nebula and at larger distances will be reduced by e-25d, 

where d is the distance to the HII region in parsecs. 
Since the typical remote cloud will be a parsec or more 
from an HII region, 

na(remote cloud) < 10-" cm-3, (32) 

and hence is entirely negligible. For the same reasons we 
put n=0 in case 3). 

In the halo, however, La is being generated locally by 
recombination in the partially ionized gas; furthermore, 
the absorption by dust is probably very low. In this 
case, (29a) will be appropriate, giving /6=4 X1O-' cm-3 
for n6=10-2, a = 4 X 10-", and R=10 kpc. The case of 
the intergalactic medium again needs special treatment 
because of the peculiar transfer effects in an expanding 
medium. Here we find that the situation is dominated 
by the escape of red La photons from the local region; 
this will be shown elsewhere" to give P10£= 6.5 10-" and 
hence ya =1.6 for the adopted model. 

Although we must emphasize that Table III is based 
on speculative values of the parameters in many cases, 
we may draw some conclusions of a general sort. First of 
all, the contribution of the radio transitions to Ts is 
small in every case but near a radio source. There, T8 is 

21 H. Zanstra, "On scattering with redistribution and radiation 
pressure in a stationary benula," Bull. As/ron. Inst. Ne/h., vol. 11, pp. 
1-10; March, 1947. 

22 D. E. Osterbrock, "Electron densities in the Orion nebula," 
Astrophys. J., vol. 122, pp. 235-239; September, 1955. 

increased 50 per cent in the weak source, while it is 
multiplied by 50 in the stronger one over what it would 
be in the absence of radio frequency emission. We con-
clude that absorption in the vicinity of strong sources 
can not be safely interpreted" in terms of mass of HI at 
the present time, in view of (9) and Table III, as even 
the Ts of Table III is still dependent on the unknown 
parameters of the absorbing cloud. 
A comparison of cases 1) and 2) shows that while La 

can be very important in the immediate vicinity of an 
HII region, it is of no consequence at remote points. 
Even when it is important, it drives Ts toward TK just 
as collisions would. On the other hand, 3), the Ts in the 
galactic halo is apparently completely determined by 
its own La. Should La not act as we have supposed, 
Ts in the halo would drop from 104 to something nearer 
10"K. In any case, it seems quite hopeless to observe 
absorption in the halo until very large antennas are 
available, as the opacity can be expected to be between 
10-3 and 10-4. It is interesting to note that in the halo 
electrons become important, contributing 10 times the 
temperature that the atoms do, albeit a small fraction 
of the La contribution. 
The intergalactic cloud depends almost entirely on 

La; were it not present in the estimated quantity, Ts 
would fall to 1°K. Hence, the presence of La will make 
the intergalactic medium rather transparent if the tem-
perature is high. 

VII. APPLICATION TO THE DEUTERIUM LINE 

Recently there have been attempts24-26 to observe ab-
sorption at 327 mc which could be attributed to inter-
stellar deuterium. Inasmuch as the absorption coefficient 
for such a line depends inversely on the spin tempera-
ture, Ts', of the deuterium (D) atoms, it is of interest to 
see whether Ts' =TK as it does for the hydrogen (H) 
in remote interstellar clouds. Radio-frequency, col-
lisional, and optical excitations will be considered, using 
the same notation as previously, hut with primes on the 
parameters for D. 
The D hyperfine structure results from an I value of 

1 for the deuteron, giving rise to a hyperfine doublet 
F=3/2 (upper) and (lower). The separation is 327 mc 
or 91.6-cm wavelength. The partial sum line strength 
S(aB) for any one of the four levels, a, of the quartet is 
found to be (4/3)m rather than simply 02as in H. Conse-

23 A. E. Lilley and E. F. McClain, "The hydrogen-line red shift 
of radio source Cygnus A," Astrophys. J., vol. 123, pp. 172-175; 
January, 1956. 

24 G. G. Getmanzev, K. S. Stankevitch, and V. S. Troitzky, "De-
tection of the spectral line of deuterium from the center of the galaxy 
on the wavelength of 91.6 cm.» ¡AU Symposium No. 4, Cambridge 
University Press, Cambridge, Eng., pp. 90-91; 1957. Also Dole. Alead. 
Nauk. USSR, vol. 103, pp. 783-786; August, 1957. 

22 G. J. Stanley and R. Price, "An investigation of monochro-
matic radio emission of deuterium from the galaxy," Nature, vol. 
177, pp. 1221-1222; June, 1956. 
" R. L. Adgtie and J. S. Hey, "Intensity of the radio line of galac-

tic deuterium," Nature, vol. 179, pp. 370-371; February, 1957. 
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quently, the spontaneous transition probability, A', 
which is proportional to S(aB) and to X'-', is 

4 ( X 

3 I 

As a result, radio-frequency transitions are weak relative 
to those in H, and this is reflected in increased values of 
the efficiencies for collisions and light. Radio-frequency 
transitions in our formulas are specified by the quantity 
TR', which is the average brightness temperature over 
the sky at 91.6-cm wavelength. An estimate based on 
Allen and Gum's" observations at 200 mc, corrected 
by a X-2.5 law, yields Ti,' =40°K for interstellar clouds 
near the sun. 

Collisions will occur at very nearly the same rate as 
for H, differing only by reduced-mass factors near unity. 
Remembering the definition of y, (15), we have, ne-
glecting such effects, 

A' = — — A = 0.0163A = 4.65 X 10-17 sec-3. (33) 

T*' A 
yc' yc --- 14.1 y,. (34) 

T* A' 

We may put TK equal to that taken previously for a 
remote cloud, 100°K. Then y, = 35 if nH =1 and y,' =494 
and y,' TK = 49,400°K. We have ignored electron col-
lisions, as is usual for HI regions. 

Finally optical transitions take place at the rate28 

X4 dE 
Pio'L = A.  (35) 

187rhr dX  

where dE/dX is the spectral energy density at L'a. In 
the case of H, we wrote (27) in a form suited to a profile 
drastically affected by scattering in the interstellar gas. 
Here the situation is quite different owing to the isotope 
shift of L'a 0.33A shortwards of La, together with the 
small ratio n(D)/n(H)1/7000. The blue shift is about 
7 Doppler widths for La with an rms velocity of 8.5 
km, so that the interstellar scattering due to H at 
the wavelength of L'a is due to the La damping 
wings and has a coefficient of about one parsec-1, if 
nii=1 cm-3. On the other hand, D itself exhibits a 
scattering coefficient of about 27 psc-2, and hence a 
mean free path, 4, of 0.037 psc in the line center. The 
effective mean free path against absorption in the dust 
(defined in the previous section) with la= 300 psc is then 

1. = (Lismi2 ) = 31 psc, (36) 

and a considerable amount of L'a will find its way to 
remote clouds. The precise amount which does so de-
pends on a detailed calculation of the scattering, as out-
lined above. Since, however, 31 parsec is not small com-
pared to distances between the stars, we may consider 
dE/dX in (35) as given by dilution only. The best esti-

27 C. W. Allen and C. S. Gum, "Survey of glactic radio-noise at 
200 mgc," Aust. J. Sci. Res., A, vol. 3, pp. 224-233; June, 1950. 

23 This rate is taken to be that for H; there may be factors of 
order unity resulting from the exact calculation. 

mate is probably that of Lambrecht and Zimmerman," 
who found 

(dEX) d1213,1 = 1.2 X 10-18 erg cm-3(it)-i, (37) 

which, when put in (35) yields 

Pio'L = 1.310-1° sec-3, 

T*' Pio'L 45,000 
- 
TL' A' TL' 

This time it may not be wise to put TL' =Tie, which is 
true only when the La profile is shaped by many scatter-
ings. The scattering coefficients already calculated indi-
cate that the situation is marginal, so that TL' may ap-
proach TH or, on the other hand, it may more nearly 
reflect the spectral gradient to the blue of La in the 
starlight itself. Even in this case we cannot specify TL', 
for if the spectral gradient approximated that of a black 
body of temperature Tc, TL' would be near T„ or per-
haps 50,000°K." On the other hand, TL' may reflect 
primarily the structure of the stellar La line. It seems 
reasonable to suppose, however, that TL' will be be-

tween TK and Tc. We conclude that if TL' = 

= 450; y58 TL = 45,000°K, (39) 

while if TL' = Tc= 50,000°K, 

ya' = 0.90; ya'Til = 45,000°K. (40) 

Putting the results together we find that Ti,' is negli-
gible, as expected, and 

T,' = {100°K if TL' = TK, (41) 
191°K if TL' = Te, 

which indicates that an extreme assumption concerning 
the effectiveness of light at most only doubles the spin 
temperature. Therefore, it seems justified to put T,' = TH 
in discussions of the deuterium line, although a different 
result for the interstellar radiation field near La would 
upset this conclusion. 

(38) 

APPENDIX 

ELECTRON DE-EXCITATION CROSS SECTION 

Let a be an up proton spin function and a and e up 
and down electron spin functions. One component of 
the hyperfine triplet is u(r2)aa(2), where (2) refers to the 
atomic electron and u is the hydrogen ground state. 
An unpolarized beam of electrons of unit flux is 
2-112 [efra(1)+0(1)1eik,, aside from a constant velocity 
factor, where (1) refers to the incident electron and k its 
wave number...), is a random phase. Since the part of the 

beam containing a(1) cannot possibly cause a spin flip, 
the initial wave function of the system hyperfine triplet 

29 H. Lambrecht and H. Zimmermann, "New calculation of the 
interstellar radiation field, II," Wiss. Z. Fr. Schiller Univ. (Jena), 
vol. 5, pp. 217-220; 1955. 
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plus incident unpolarized beam is 2-"hi(r2)e"z'acx(2)0(1), 
which is written decomposed into an electron triplet 
and singlet as 

2-312u(r2)aeitzt 

X [{ a(2)13(1) c,(1),3(2)1 + la(2)0(1) — a(1)13(2)I]. 
Now as long as we ignore magnetic interactions, the spill 
functions do not change in the scattering. Nevertheless, 
the singlet and triplet scatter with different amplitudes 
because the requirement of over-all antisymmetry when 
r1 and r2 are comparable leads to different electrostatic 
interactions for the two cases. Hence the scattered wave 
is, in general, 

egn 
2-3/2u(r2)a — [1.2(2)/3(1) a(1)$(2)} T(01) 

r1 

± 4(2)0(1) — 

where T(O,) and S(01) are the triplet and singlet scatter-
ng amplitudes. The final spin state we are interested in 

is the hyperfine singlet 2-1/2X [0(2) —ba(2) ], and the 
product of this with the scattered wave, or 

2-2u(r2) — a(1) X [TOO — S(01)1, 
ri 

is the amplitude corresponding to de-excitation. The 
differential cross section for the process of de-excitation 
is thus r12 times the absolute square of this amplitude, 
summed over r2, or 

do-
= 2-4 1 T — SI2, 

dco 

agreeing with (16). 
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Spectral Lines in Radio Astronomy* 
A. H. BARRETTt 

Summary—A review of the elements of microwave spectroscopy 
as it concerns, or is likely to concern, radio astronomy is presented. 
This review attempts to show how atomic and molecular resonance 
lines arise in the radio frequency spectrum and to discuss the im-
portant parameters of spectral lines. Finally, it is shown how the in-
tensity of radio emission received from the galaxy is modified by the 
presence of an interstellar atomic gas having a resonance transition 
at the frequency of observation. 

I. INTRODUCTION 

r IHE frequency spectrum of radio frequency radia-
tion received from a typical region of the galaxy 

  is without discontinuities or irregularities for the 
most part. However, in a relatively narrow frequency 
interval centered about 1420.4 mc (X=21 cm) the in-
tensity is approximately double that of adjacent por-
tions of the spectrum. It was predicted in 1944 by van 
de Hulst, a Dutch astronomer, that the galactic radia-
tion at 1420.4 mc might be different from the neighbor-
ing frequencies. This was shown to be the case by 
Ewen and Purcell in 1951' and was verified immediately 
thereafter, by workers in the Netherlands2 and in Aus-

* Original manuscript received by the IRE, November 6, 1957. 
University of Michigan Observatory, Ann Arbor, Mich. 
H. I. Ewen and E. M. Purcell, "Radiation from galactic hydro-

gen at 1420 mc/sec," Nature, vol. 168, pp. 356-357; September 1, 
1951. 

2 C. A. Muller and J. H. Ort, "The interstellar hydrogen line at 
1420 mc/sec and an estimate of galactic rotation," Nature, vol. 168, 
pp. 357-358; September, 1951. 

tralia.3 Subsequently, this frequency band has become 
the most studied part of the spectrum and will most 
likely continue to be. Undoubtedly there are similar 
such increases, or decreases, in the level of galactic radi-
ation at other frequencies many times less intense 
which so far have escaped detection. It is the purpose of 
this paper to review briefly the origin of the radiation 
at 1420.4 mc and at other frequencies which might ex-
hibit similar behavior. Although this is not a new sub-
ject, it is intended here to present more background 
material than has usually been given in the more de-
tailed papers on this subject.4-2 Accordingly, this paper 

3 J. L. Pawsey of Radio Phys. Lab., CSIRO, Sydney, Australia, 
has reported in a telegram the success of W. N. Christiansen and 
J. V. Hindman in detecting the 1420-mc hydrogen line, Nature, vol. 
168, p. 358; September, 1951. 
* I. S. Shklovsky, "On the monochromatic radio radiation of the 

galaxy and the possibility of observing it," Astron. Zhur. USSR, vol. 
26, pp. 10-14; January, 1949. 

6 E. M. Purcell, "Line spectra in radio astronomy," Proc. Amer. 
Acad. Arts and Sri., vol. 82, pp. 347-349; December, 1953. 

I. S. Shklovsky, "The possibility of observing monochromatic 
radio emissions from interstellar molecules," Dok. Akad. Nauk 
USSR, vol. 92, pp. 25-28; July, 1953. 

7 C. H. Townes, "Microwave spectra of astrophysical interest," 
J. Geophys. Res., vol. 59, p. 191; March, 1954. 

8 C. H. Townes, "Microwave and Radiofrequency Resonance 
Lines of Interest to Radio Astronomy," IAU Symposium No. 4, in 
"Radio Astronomy," ed. H. C. van de Hulst, Cambridge Univ. Press, 
Cambridge, Eng. 1957. 

J. P. Wild, "The radio-frequency line spectrum of atomic hy-
drogen and its applications in astronomy," Astrophys. J., vol. 115, 
pp. 206-221; March, 1952. 
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is divided into two parts; the first is a review of the basic 
essentials of microwave spectroscopy, and the second is 
a discussion of the formation of absorption and emission 
lines as applicable to radio astronomy. It is hoped that 
this paper will provide an idea of some of the physical 
interactions in atoms and molecules which produce 
radio frequency lines and how the radiation from the 
galaxy is modified by the presence of the emitting and 
absorbing gas. 

II. ELEMENTS OF MICROWAVE SPECTROSCOPY 

The change in intensity of galactic radiation as a 
function of frequency near 1420 mc is due to the in-
herent properties of the hydrogen atom. The frequency 
at which similar abrupt changes in the level of galactic 
radiation may occur will be determined by the proper-
ties of other atoms or molecules. Thus, a discussion of 
the fundamental characteristics of atomic and molecu-
lar systems and their interaction with' electromagnetic 
radiation will be given. No attempt at completeness is 
intended; only those aspects of radio frequency spectros-
copy having a bearing on understanding and interpret-
ing the results of radio astronomy are included. Several 
excellent books which treat the material in detail are 
available on the general subject of radio frequency 
spectroscopy.11-12 In this section a summary will be 
given of the theory of energy levels, dipole matrix ele-
ments and selection rules, transition frequencies, and 
widths of spectral lines. 

A. Energy Levels 

In atomic and molecular systems the electrons and 
nuclei can take up only those motions and orientations 
that yield a discrete set of internal energies, i.e., energy 
levels or states. Since a continuous range of internal 
energies is not possible in a bound system, the energy is 
said to be "quantized." Similarly, the various angular 
momenta associated with the electrons, nucleus, or both 
are quantized. Angular momentum can be represented 
by a vector, J, whose magnitude is restricted to the 
values N/J(J+1)h/27r where J is a pure number, the 
angular momentum quantum number, and h is Planck's 
constant and equals 6.625 X10-27 erg-sec. The projection 
of the vector Jon the axis of quantization is limited to 
the values ntrh/27r, where mr is the magnetic quantum 
number and must satisfy —J<mj<J. The angular 
momenta necessary to specify the energy states of an 
atom are: 1) the total electronic orbital angular mo-
mentum L, 2) the total electronic spin momentum S, 
3) the total electronic angular momentum J=L±S, 
4) the nuclear spin momentum I, and 5) the total atomic 

10 W. Gordy, W. V. Smith, and R. F. Trambarulo, "Microwave 
Spectroscopy," John Wiley & Sons, Inc., New York, N. Y.; 1953. 

11 C. H. Townes and A. L. Schawlow, "Microwave Spectroscopy," 
McGraw-Hill Book Co., Inc., New York, N. Y.; 1955. 

12 D. J. E. Ingram, "Spectroscopy at Radio and Microwave 
Frequencies," Butterworths Scientific Publications, London, Eng.; 
1955. 

angular momentum F=I+J. The additions of these 
momentum vectors are illustrated in Fig. 1. The re-
sultant of the addition of two angular momentum vec-
tors may assume one of several possible values. Thus 
for a given value of L and S, the possible values of J are 
L±S, L±S-2, • • • I L — SI. Similar re-
marks apply to F. 

Fig. 1—Addition of atomic angular momentum vectors. 

Energy levels in atoms arise from electric and mag-
netic interactions of the atomic electrons amongst 
themselves and with the nucleus. The most important 
of these interactions from the standpoint of radio as-
tronomy is that between the magnetic field of an elec-
tron and the magnetic moment of the nucleus, the so-
called "hyperfine energy." The electron, because of its 
inherent properties and because of its motion about the 
nucleus, produces a magnetic field at the nucleus. This 
creates different energies of the system for various 
orientations of the nuclear magnetic moment with re-
spect to this field. This interaction always occurs in 
atomic systems when neither the nuclear angular mo-
mentum I nor the total electronic angular momentum J 
are zero. The semiclassical picture of the interaction is 
sufficiently quantitative to give the correct form for the 
resulting change in energy." If the internal energy of 
the atom without inclusion of hyperfine effects is Eo, 
the total internal energy becomes 

E = Eo+ Em = E0 — tir•FLT (1) 

where the magnetic interaction energy E. is the nega-
tive of the vector dot product of the nuclear magnetic 
moment p51 and the magnetic field due to the electron 
er. The nuclear magnetic moment is related to the nu-
clear spin momentum by 

12 N. F. Ramsey, "Nuclear Moments," John Wiley & Sons, Inc., 
New York, N. Y.; 1953. 
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tor = guiNI (2) 

where gr is the "nuclear g factor" which is characteristic 
of a particular nucleus and may be positive or negative, 
and AN is the nuclear magneton (5.0504 X 10—" erg 
Gauss—'). The magnetic field of the electron can be re-
solved into components parallel and perpendicular to J, 
the total angular momentum of the electron. Thus 

1/1 = H., • J J + (Hr • Ko)Ko 
J. J 

where Ko is a unit vector normal to J. Upon combining 
(1) through (3) the dot product of I and Ko results. This 
term has a time average value of zero and can be 
dropped from further consideration. The magnetic 
energy is now 

Hj • 
EM = — grew I J. 

J. J 

The magnetic field H1 is composed of two parts, the 
field due to the electron's magnetic moment and the 
field due to the motion of the electron about the nucleus. 
The first of these is just the field of a magnetic dipole 
and can be written as 

(3) 

(4) 

H, = — "rye 3(e." r) 
r3L r2 ri (5) 

and the second follows from classical electromagnetic 
theory and can be written as 

e —e 
HL = —  V X r = r X mV 

cr3 mcr3 
(6) 

where r is a radius vector from the nucleus to the elec-
tron, V is the velocity of the electron, e and m are its 
charge and mass, respectively, and c is the velocity of 
light. The electron magnetic moment tie is related to the 
electron spin momentum S by a relation analogous 
to (2). 

Ve = — 2ttoS (7) 

where go = eh/47r mc= 0.92732 X10-2° erg Gauss-1 and is 
called the Bohr magneton. Eq. (6) can be written in 
terms of the orbital angular momentum L since 

h 
L — = r X mV. 
2w 

(8) 

Combining (5)—(8) and remembering that 111 is the sum 
of HL and Hs we have 

2140 
er • J = — —[L — S 3(S• ro)ro] • (L S) (9) 

r8 

where use has been made of the relations J=L±S and 
ro=r/r. Eq. (9) must be averaged over the electron's 
motion and, when this is done, the L • ro term will aver-
age to zero and the S• ro term will average to + 1. The 

factors L • L and S• S must be replaced by their quantum 
mechanical equivalents L(L+1) and S(S+1), respec-
tively, where S=4- for a single electron atom such as 
hydrogen. Thus 

1 
Hi • J = — 2µ0[1[L(L ± 1)]. (10) 

r3 

The average of r-3 can be calculated from quantum 
mechanics. The result for hydrogen-like atoms is 

1 Z3 
(11) 

r3 ao3n3L(L 1/2)(L ± 1) 

where Z is the atomic number, cto =h2/(47r2me2) = 0.52917 
X10-8 cm, and n is a quantum number determining the 
gross characteristics of the energy of the atom, i.e., n 
largely governs the value of E0 in (1). 

Since F=I±J the /• J factor of (4) can be evaluated 
from the vector 1-elation 

FF =I•I+ J•J+ 2I•J. (12) 

Thus we can write 

I•J = —[F(F ± 1) — I(I + 1) — J(J 1)] (13) 
2 

where the quantum mechanical equivalents of the 
squares of the angular momentum vectors have been 
used, as above. It is now possible to combine (4), (10), 
(11), and (13) to get the result 

2hcRZ3 
= gr  

n' 

[F(F + 1) — I(I ± 1) — J(J 1)1 

J(J 1)(2L ± 1) 

where the "fine structure constant" a = 27re2/hc= 7.2973 
X10-3, the Rydberg constant R=2w2me4/ ch3 =1.09737 

X106 cm—', and (1.4N/µ0)—m/M where M is the nuclear 
mass. This equation represents the energy of interaction 
between the magnetic field of the electron and the nu-
clear magnetic moment. When the nuclear spin mo-
mentum is zero, corresponding to pi.= 0, F = J and (14) 
goes to zero. However, for a given I and J not zero, 
various values of F are possible corresponding to differ-
ent orientations of J relative to I and (14) yields the 
different values of the energy for the different orienta-
tions. 

Eq. (14) has been developed on a semiclassical basis 
but it may be shown to be valid by a rigorous quantum 
mechanical calculation if one ignores higher order ef-
fects." It is a curious fact that (14) is valid for all states 
of hydrogenic atoms even though it would seem from 
(10) that states having L=0, the so-called S states, 

(14) 

" H. A. Bethe and E. E. Salpeter, "Quantum Mechanics of One-
and Two-Electron Systems," in "Handbuch der Physik," Springer-
Verlag, Berlin, Ger., vol. 35, pp. 193-200; 1957. 
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would show zero hyperfine structure. The average of 
r-3 for L=0 is not infinite as (11) predicts, but remains 
finite when suitably computed for S states," thus this is 
not the way out of the dilemma. The calculations have 
assumed the nucleus to be a point particle, a particle of 
zero radius. If one removes this restriction for the L=0 
states the hyperfine effect can be calculated. It is then 
seen that an energy splitting arises because there is a 
probability of finding the electron inside the assumed 
boundaries of the nucleus. Were it not for this finite 
probability, the hyperfine splitting of the energy levels 
with L=0 would be zero. 
Another type of magnetic interaction occurs in atoms 

and causes a splitting of the energy levels larger than 
the hyperfine interaction. This effect, which gives rise 
to the "fine structure" of atomic spectra, is the inter-
action between the electron's spin momentum S and its 
orbital angular momentum L. The fine structure split-
ting can be calculated semiclassically in a manner quite 
analogous to the above hyperfine calculation. The elec-
tron revolves about the nucleus in the electric field of 
the nucleus, thus experiencing a magnetic field given by 

E X V 
H =  (15) 

C 

where the field of the nucleus E is given by 

Ze 
E — r. 

r' 
(16) 

The fine structure energy Efe is that of the interaction of 
the electron's magnetic moment with the field of (15); 
thus 

Efa = — tie • H (17) 

Combining (15) and (16), averaging H over the elec-
tron's orbit, and using (7) and (11) gives 

2a2hcRZ4 
Er, = L S. (18) 

n8L(L + 1/2)(L + 1) 

The L • S factor can be evaluated as in (13) and inserted 
in this expression. However, the rigorous derivation of 
the fine structure energy is exactly half the value ob-
tained above. The discrepancy is due to the omission 
of a relativistic effect in the above derivation; when this 
is included its effect is opposite to the magnetic inter-
action and of one half the magnitude." Thus the final 
result is 

Efe = 

agtcRZ4 

n3L(L + 1/2)(L + 1) 

[J(J + 1) — L(L + 1) — S(S + 1)1 

2 
(19) 

15 See, for example, H. E. White, "Introduction to Atomic Spec-
tra," McGraw-Hill Book Co., Inc., New York, N. Y., p. 126; 1934. 

Thus states of different J, arising from a given L and S 
and representing different orientations of L with respect 
to S, will have different energies. Note that the fine 
structure energy is of order a2hcR while the hyperfine 
energy is of order (m/.111)a2hcR. Since m/11/,-4/2000, 
the fine structure energy is about 2000 times larger than 
the hyperfine energy. 
There exists another type of fine structure splitting 

of atomic energy levels. This type, known as the "Lamb 
shift," has been extensively studied, both experimentally 
and theoretically, since its discovery by Lamb and 
Rutherford in 1947." Unfortunately, the Lamb shift is 
not adaptable to a semiclassical calculation, as above, 
but requires quantum electrodynamics for its theoreti-
cal explanation. Prior to 1947, atomic theories pre-
dicted that certain levels of the hydrogen atom would 
coincide and no strong experimental evidence existed to 
refute this prediction. However, when radio frequency 
methods were applied to the study of the energy levels 
of hydrogen it was found that these levels were not 
exactly coincident, but were separated by energies cor-
responding to radio frequencies. These energy differ-
ences had previously escaped detection because the 
energy separations were just below the limit of careful 
optical spectroscopy. The Lamb shift has been studied 
in ionized helium, also." 

Molecular systems, like atomic systems, possess en-
ergy levels that are sufficiently closely spaced that radio 
frequency transitions can occur between them. As in 
atoms, there are several properties of molecules that 
produce these levels. Perhaps the most familiar origin 
of radio frequency transitions in molecules is that of 
molecular rotation. This is also adaptable to a classical 
evaluation, at least to a first approximation. Consider 
a diatomic molecule, two atoms bound together to form 
a molecule and separated by a distance r„,, the inter-
nuclear distance. This system is capable of rotation 
about its center of mass with an angular velocity w and 
a moment of inertia /---1.tr.2 where µ is the reduced mass 

of the molecule. The rotational energy is given by the 
familiar relation 

1 1 
E = — Ico2 = — ,ur.2w2 

2 2 
(20) 

and the molecule's angular momentum is quantized so 
that 

11 
Ica = J — 

2r 
(21) 

where J is the quantum mechanical angular momentum 
vector. Combining (20) and (21) and remembering that 
the square of J must be replaced by J(J +1) gives 

16 For a review of this subject see W. E. Lamb, Jr., "Anomalous 
fine structure of hydrogen and ionized helium," Reps. Frog. 
Phys., vol. 14, pp. 19-63; 1951. See also Bethe and Salpeter, op. cit., 
p. 189. 

11 R. Novick, E. Lipworth, and P. F. Yergin, "Fine structure of 
singly ionized helium," Phys. Rev., vol. 100, pp. 1153-1173; Novem-
ber 15, 1955. 
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(22) E = Bh[J(J + 1) — A2] — 2Bh(L.J» + LAI) (25) 

where B=h/87r212r.2 is the "rotational constant" of the 
molecule. Corrections must be applied to this formula 
when the molecule is vibrating as well as rotating, but 
these are usually quite small compared to the pure rota-
tional term. 

In addition to the rotational transitions, molecules 
exhibit radio frequency spectra because of fine and hy-
perfine structure of their energy levels. Of the molecules 
having hyperfine transitions in the range of frequencies 
of interest to radio astronomy, none have been studied 
in the laboratory. Consequently, their structure and 
energy parameters have not been determined with pre-
cision. Since it is not possible to determine the frequen-
cies of the transitions of such molecules, they are not of 
immediate interest in radio astronomy. One exception 
exists, however; it is possible to calculate the energy 
levels of the ionized hydrogen molecule (H2+) with 
reasonable precision and its hyperfine structure will 
yield radio frequency lines." The calculation has not 
yet been performed. 
There are several possible forms of molecular fine 

structure which are of importance in microwave spec-
troscopy. The form of fine structure of most interest to 
radio astronomy is the so-called "A doubling" which can 
occur in many of the molecules of astrophysical impor-
tance. A detailed discussion of the origin of A doubling 
is quite complex and only a crude description of it will 
be given here. In the vast majority of molecules, the 
electrons in their lowest energy states will pair off so 
that the spin axis of one is opposite in direction to that 
of the other in the pair. Thus the total spin angular 
momentum will be zero. Clearly, molecules with an odd 
number of electrons cannot have all their spins paired 
off and these represent exceptions to the rule. The or-
bital angular momentum of the molecular electrons is 
not constant but the projection of this momentum on 
the molecular axis is constant; furthermore, this projec-
tion is quantized and denoted by the quantum number 
A. Many molecules have A =0, but those molecules for 
which A 00 will show A doubling in their spectra. The 
rotational energy of a molecule having a total angular 
momentum J and electronic orbital angular momentum 
L can be written 

E = Bh[(J. — Lx)2 (-18 — U 2] (23) 

where it has been assumed for simplicity that the total 
spin momentum is zero, that the molecular axis is the z 
axis, and that the moment of inertia about the z axis is 
zero. Since 

Jz—Lz—A and J.2+ 42+ ../.2=J(J+1), (24) 

(23) becomes 

18 B. F. Burke, "Comments at Washington conference on radio 
astronomy," J. Geophys. Res., vol. 59, p. 191; March, 1954. 

where a term B(1,24-42) has been omitted because it is 
a constant, independent of J. The first term of (25) 
represents the usual rotational energy modified by BA2, 
and is independent of the orientation of L. For example, 
if the magnitude of A is one, the rotational energy is the 
same for A = +1 or —1, corresponding to the two possi-
ble positions of A on the molecular axis. The second 
term, however, gives rise to a coupling between L and J 
which splits each rotational energy level into two levels. 
The second term is usually much smaller than the first 
term and can be treated by perturbation methods. Note 
that for L=0, (25) reduces to the expression for the 
energy of a simple rigid rotor, (22). The evaluation of 
the second term is complex because L is not a constant, 
however, quite complete theories of A doubling are 
available and reference should be made to these papers 
for actual cases. 29 ." 

B. Dipole Matrix Elements and Selection Rules 

Atoms and molecules can interact with electromag-
netic radiation by making a transition from one energy 
level to another; that is, a change from one value of 
internal energy, corresponding to a particular motion 
and orientation of the electrons and nucleus, to another 
value of the energy, corresponding to different motions 
and/or orientations. If the final energy of the atom is 
greater than the initial energy, the difference in energy 
must have been supplied by the incident radiation field, 
thus the process is one of absorption of radiation. Con-
versely, when energy is added to the radiation field the 
process is one of emission and the atom will have made a 
transition from an initial level to a final level of lower 
energy. The frequency y of radiation emitted (or ab-
sorbed) is given by the well-known Bohr condition 

Ef Ei 
v —  

h 
(26) 

where Ef and Ei are the energies of the final and initial 
states of the atom, respectively. 

It is a fortunate circumstance that transitions be-
tween any two atomic states are not possible. Were it 
not for this fact, the interpretation of atomic spectra 
would be exceedingly complicated since it would be 
difficult to assign initial and final energies to the large 
number of frequencies which would result. Very definite 
rules, called "selection rules," can be given which enable 
one to predict which pairs of levels can give rise to a 
transition and, hence, be capable of emitting or absorb-
ing radiation. 

If one inquires into the theory of the interaction of an 

18 G. C. Dousmanis, T. M. Sanders, Jr., and C. H. Townes, 
"Microwave spectra of the free radicals OH and OD," Phys. Rev., 
vol. 100, pp. 1735-1754; December, 1955. 

28 J. J. Gallagher and C. M. Johnson, "Uncoupling effects in the 
microwave spectrum of nitric oxide," Phys. Rev., vol. 103, pp. 1727-
1737; September, 1956. 
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atom or molecule with electromagnetic radiation a 
quantity arises which is a measure of the effectiveness of 
the radiation on the atom. This quantity is the dipole 
matrix element and may be thought of as the quantum 
mechanical analog of the classical dipole moment often 
encountered in the theory of radio transmission. The 
dipole matrix element depends on the initial and final 
states of the transition and, like its classical counter-
part, can be classified as either electric or magnetic. 
When a transition takes place, the intensity of emitted 
radiation is proportional to the square of the matrix ele-
ment and this provides the key to the selection rules. 
When the matrix elements are calculated quantum 
mechanically, many cases turn out to be zero and it be-
comes possible to predict quite generally which combi-
nations of initial and final state quantum numbers will 
give results different from zero. It is these transitions 
that will have intensities different from zero. As an 
example, consider a diatomic molecule rotating with 
angular momentum J and energy E-hBJ(J+1) as 
given by (22). The selection rule for this case is that the 
initial and final values of J must differ by unity. Thus, 
if the molecule absorbs a quantum of energy, its energy 
must increase in such a way that its angular momentum 
quantum number is only one unit larger than originally. 
Again, from (22), its energy must now be E = hB (J +1) 
(J+2), where J+1 has been substituted for J. From 
(26) we see that the frequency of the quanta must have 
been 2B(J+1). Similarly, if the molecule in state J 
emits radiation its energy will be less after emission cor-
responding to state J-1. The frequency of the emitted 
quanta will be 2BJ. Thus for a diatomic molecule the 
selection rule is AJ= + 1 and the frequencies for emis-
sion and absorption for a molecule originally in state J 
are: 

= 2B(J ± 1) (absorption, J -> J 1, &I -•• + 1) 

= 2BJ (emission, J-›.1 - 1, A.T = - 1). (27) 

Selection rules exist for transitions between the other 
levels discussed above. For hyperfine transitions the rule 
is A F = 0, +1; for fine structure transitions it is AJ= 0, 
+1. 
Matrix elements which are not zero have values which 

may be grouped into two ranges. This subdivision cor-
responds to a more fundamental division of matrix ele-
ments into "electric dipole" and "magnetic dipole" 
matrix elements depending on whether it is the electric 
or magnetic field of the radiation which is effective in 
producing a transition within the atom. The difference 
between the two cases is made clear by an example. 
Consider the hyperfine energy levels given by (14) 
which arise from different relative orientations of the 
electron and nuclear magnetic moments. Clearly, if the 
incident radiation is to cause a transition it must cause 
the electronic or nuclear magnetic moment to change its 
orientation with respect to the other moment, thereby 
altering the internal energy of the atom. A change of 

magnetic moment can only result from the magnetic 
field of the incident wave, thus the transition will have a 
magnetic dipole matrix element. The same is true of the 
magnetic fine structure energy levels discussed above. 
On the other hand, the "Lamb shift" fine structure 
levels, the rotational levels, and the A-doublet levels are 
connected by electric dipole matrix elements. In the 
case of a diatomic molecule composed of two different 
atoms, the center of mass of the molecule is the center 
of rotation, but the center of charge will not, in general, 
coincide with the center of mass. Thus to change the 
rotational energy of the molecule and cause a transition, 
the rotation of the center of charge must be altered and 
this is accomplished by the action of the electric field of 
the incident radiation which gives rise to electric dipole 
matrix elements. Note, that for homonuclear molecules, 
molecules composed of two identical atoms, the centers 
of mass and charge coincide and the above argument 
would predict that external radiation would be ineffec-
tive in producing rotational transitions. This is borne 
out by experimental results. The familiar microwave 
spectrum of molecular oxygen (02) is not in conflict 
with this general result. The 02 spectrum results from 
transitions between molecular fine structure levels, 
similar to A doubling, of a given rotational level. Thus 
transitions are not between rotational levels. Further-
more, a magnetic dipole matrix element is associated 
with the 02 microwave spectrum. 

Calculation of matrix elements can only be made by 
quantum mechanics, but a reliable order-of-magnitude 
estimate can be made from classical reasoning. The dis-
placement of the charge center from the mass center in 
a molecule will be of the order of 0.2 X10-8 cm, and the 
net charge displaced by this amount can be taken as one 
electron, 5 X10-1° esu, thus the electric dipole moment, 
the product of the charge and the displacement, is of the 
order of 10-18 esu. The magnetic dipole moment may be 
estimated by considering an electron revolving about a 
proton at a radius ao as in the ground state of the hydro-
gen atom. The electron constitutes a "current" of 
ev/27rao, where y is the electron velocity, and the area of 
the orbit is rao2. The classical magnetic moment of a 
circular current is IA/c, which for the revolving electron 
gives IA / c =evao/2c. The angular momentum mvao is 
of the order of h/27r, thus IA/c=eh/Lir mc which equals 
10-2° erg/Gauss. Thus the electric dipole moment is of 
the order of 100 times the magnetic dipole moment. 
More complete calculations bear out this result. Since 
the intensity of emitted radiation varies as the square 
of the dipole matrix element, electric dipole transitions 
are some 104 times as intense as magnetic dipole transi-
tions. This is an important point and we shall return to 
it later. 

C. Transition Frequencies 

Eq. (26) allows the prediction of the transition fre-
quencies if the energies of the states and selection rules 
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are known. For instance, atomic hyperfine energies of 
hydrogen are given by (14) and the selection rule for 
hyperfine transitions is ¿F= +1, 0. Thus the frequency 

TABLE I 

ATOMIC HYPERFINE TRANSITIONS 

Atom 
of the transition from a state F+1 to a state F is given   
by 

a2cRZ3 F 4- 1 
v = 2gr(1 (28) 

M n3 J(J + 1)(2L 1) 

and it is possible to predict the transition frequencies 
for all the hydrogen hyperfine levels from this expres-
sion. 

For the 12.9112 state of atomic hydrogen, for which 
n=1, L=0, S=i-, and J=1, the possible values of Fare 
1 and O. The frequency of this transition has been de-
termined very precisely in the laboratory,21.22 the fre-
quency being 1420.40576 mc. Table I gives the fre-
quencies of several hydrogen, helium, and other atomic 
hyperfine transitions. Note that for He3 the state of 
highest energy has the lower F value. This is a conse-
quence of a negative nuclear g factor [cf. (2)]. 

Radio frequency transitions can occur between fine 
structure levels also. Eq. (19) illustrates the general 
trend for hydrogen but does not include the effects of 
the Lamb shift. Fortunately, the fine structure of hy-
drogen has been studied extensively and the transition 
frequencies are accurately known. Table II gives the 
frequencies of the Lamb shift lines for the n=2 and 
n=3 levels of hydrogen and the n = 2 level of ionized 
helium. Also given in Table II are the fine structure 
lines for neutral helium. These frequencies are not pre-
dictable from (19) because various interactions present 
in atoms with more than one electron were omitted in 
the derivation of (19). 

Rotational transition frequencies have been measured 
in the laboratory for many molecules, but not many of 
these are of immediate interest to radio astronomy. 
Diatomic molecules, especially hydrides, appear to be 
the important molecules of interstellar space, but even 
the lowest rotational frequencies of these molecules are 
quite high by present standards. Table III gives the 
frequencies of a few diatomic molecules that may be 
important in interstellar regions. Some of the heavier, 
more complicated, molecules might be detected in plane-
tary atmospheres, but this does not appear imminent. 
Of the various molecular fine structure transitions, 

only A doubling has been considered here. This type of 
transition has been measured for OH" and NO". In the 
case of OH, the A-doublet frequencies were measured in 
states other than the lowest rotational state, thus one 
must rely on theory to predict the lowest A-doublet fre-
quency, which is the one of interest to radio astronomy. 
The calculation yields the frequencies 1665.0 mc and 

21 J. P. Wittke and R. H. Dicke, "Redetermination of the hyper-
fine splitting in the ground state of atomic hydrogen," Phys. Rev., 
vol. 96, pp. 530-531; October, 1954. 
" P. Kusch, "Redetermination of the hyperfine splittings of hy-

drogen and deuterium in the ground state," Phys. Rev., vol. 100, pp. 
1188-1190; November, 1955. 

HI 
HI 

H2 
He'll 
HesII 
He' 
H a 

N'a 

N'4 
Na23 

State Frequency 

12Sys 
22.5.1/2 

12Sia 
22.S1/2 

P.S1/2 
23Stts 
23S1 
13.9us 
aS3/2 

F=1->0 
F=1->0 
F=3/2->1/2 
F=3/2->1/2 
F=0-'l 
F=0->1 
F=1/2->3/2 
F=1->0 
F= 5/2 -->3/2 

*San F= 3/2 ->1/2 
F=2->1 

1420.4 mc 
177.6 
327.4 
40.9 

8665.6 
1083.4 
6739.7 
1516.7 
26.1 
15.7 

1771.6 

TABLE II 

ATOMIC FINE STRUCTURE TRANSITIONS 

Atom State Frequency 

H 
H 
H 
H 
He 
He 
He 
He 
Hell 
Heil 

eS1/2-->eiP1/2 

22P3/2-)22Sm 
32.9 1/2-432P1/2 

32P312->32Suz 
23P0->23P1 
23P1->23P2 
33P0->33P1 
33Pi->33P2 
22S1/2-4ePu2 
MP3/2-->22.S1/2 

1058 mc* 
9910* 
315* 

3250* 
29640 
2291.7 
8113.6 
658.6 

14043 
161453 

* Uncorrected for hyperfine structure. 

TABLE III 

MOLECULAR ROTATIONAL TRANSITIONS 

Molecule State Frequency 

CaH 

CO 
NO 
CS 

J= 1/2-'1/2 
J= 1 /2->3/2 
J=0->1 
J= 1/2-+3/2 
J=0->1 

250,000 mc* 

115,271.2 
150,372.8t 
48,991.0 

* Approximate frequency. 
t Uncorrected for fine and hyperfine structure. 

1667.0 mc for the two strongest hyperfine components of 
the J=3/2 A doublet of the 27r3/2 state of Oufli. The 
frequencies of these lines are currently being measured 
in the laboratory so that values will be available that 
are not dependent on molecular theory of A doublets." 
More complete listings of radio frequency spectral 

lines of interest to radio astronomy have been published 
and reference should be made to these papers for other 
cases." Perhaps it should be pointed out that Shklov-

ski has calculated the A-doublet frequency of the 
J=3/2, 27r3/2 state of CH as 7025 me but this appears 
to be in error. On the basis of improved molecular con-
stants," and improved theory," the frequency is calcu-
lated to be 620 mc. However, this calculation is based on 
constants determined from optical spectra, thus the 
constants are not accurate by microwave standards and 

28 C. H. Townes, private communication. 
24 R. Coutrez, J. Hunaerts, and A. Koeckelenbergh, "Radio emis-

sion from Comet 1956 h on 600 mc," this issue, p. 274. 
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the 620 mc might be in error by as much as 50 mc or so. 
Nevertheless, this transition might be important in ex-
plaining the radio radiation from comets, as suggested 
by Coutrez, Hunaerts, and Koeckelenbergh as a result 
of their recent observations of Comet Arend-Roland." 

D. Line Widths 

Eq. (26) and the energies of Section II-B predict that 
emission or absorption in atomic or molecular systems 
will occur at a single frequency, i.e., the processes are 
monochromatic. This property has led to the practice 
of refering to such transitions as "spectral lines," how-
ever, as might be expected, the processes are not strictly 
monochromatic. All lines have a finite width which is 
usually a very small fraction of the resonant frequency 
so that the term "line" is really quite appropriate. 
There are two sources of line width that are important 

for most cases in radio astronomy. The first of these is 
due to the fact that the atom emitting or absorbing 
radiation is not stationary but is constantly in motion. 
This leads to the familiar Doppler or thermal broaden-
ing and turbulent broadening. If the atom is moving 
along the line of sight with a velocity y, the frequency of 
its transition will appear shifted by an amount given 
by the well-known Doppler formula 

Vo 

— Vo = — V (29) 

where y is the observed frequency and vo is the resonant 
frequency of the stationary atom. If the atoms are mov-
ing with a Maxwellian velocity distribution, the prob-
ability of finding velocities between y and v±dV is 

Af 
f(v) =  e-mvzive 

V 21-kr 
(30) 

where M is the mass of the atom, k is the Boltzmann 
constant, and T is the kinetic temperature of the atoms. 
The intensity distribution of the emitted radiation will 
be given by" 

.1(v) = oe-M12kT ( 2(v—ro)2/1,02) (31) 

where /0 is the peak intensity. The line width, full width 
at half maximum, is readily found for this type of in-
tensity distribution to be 

voV2kT 
= 2 —  ln 2. 

c M 
(32) 

These equations demonstrate how an atom's velocity 
can result in a broadening of its emitted radiation. In 
actual circumstances which arise in radio astronomy, 
these formulas may have to be modified to take account 
of 1) a distribution of velocities other than Maxwellian, 
2) galactic rotation, and 3) turbulence. 
A second mechanism by which spectral lines may be 

broadened results from the possibility that one or both 

of the energy levels of the transition may have a short 
lifetime. Thus, an atom in such a level or state will not 
remain in that state if it can make a transition to a state 
of lower energy with the emission of a photon. This 
process, which can take place in the absence of an ex-
ternal radiation field, is called "spontaneous emission." 
If an atom is assumed to be in a particular state at time 
t = 0, the probability of finding the atom in that level at 
time t is e-A'. The atomic constant A, known as the 
"Einstein A coefficient," is the reciprocal of the mean 
lifetime of the state and can have a wide range of 
values. For spontaneous emission of visible radiation, 
A is of the order of 108 sec-', but for radio radiation it 
is of the order of 10-u sec-4. 

It can be seen classically that this spontaneous emis-
sion from a level gives rise to radiation that is not 
strictly monochromatic." By a Fourier analysis of the 
radiation from an oscillator whose amplitude is decaying 
with time according to e-01"' (its energy is decreasing 
at the rate e-Ag), one obtains a frequency spectrum of 
the form 

1 
1(v) = /0  (33) 

P0) 2 ± (A/4T)' 

Clearly this is a frequency distribution having a line 
width Ay = A /27r. This result is substantiated by the 
quantum mechanical theory of radiation where it is 
shown that A is a property of the energy level and any 
radiation involving that level will be broadened by this 
amount. The theory also yields the value of A:26 

64r4v3 I it 12 
A =   (34) 

3hc8 

where I 2 is the square of the dipole moment (cf. Section 
II-B). The tremendous range of values for A is accounted 
for by the variation of A as the third power of the fre-
quency of the emitted radiation. 

Line broadening can also be caused by the interaction 
of the radiating atom with other atoms. This source of 
line width, called "pressure broadening," is not impor-
tant in radio astronomy because interstellar clouds and 
interstellar space in general are so rarefied that collisions 
between atoms are insignificant. However, pressure 
broadening may be the dominant source of line width in 
planetary or solar atmospheres. 

III. FORMATION OF EMISSION AND ABSORPTION LINES 

With this brief review of microwave spectroscopy, we 
will now inquire as to how the presence of a microwave 
resonance transition in the atoms of interstellar space 
will alter the intensity of radio energy received. This 
requires a knowledge of the atom's ability to emit and 
absorb radiation at its resonant frequency when illumi-
nated by external radiation. 

" W. Heitler, "The Quantum Theory of Radiation," Oxford Uni-
versity Press, London, Eng, 3rd ed.; 1954. 
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Consider an atomic gas having n1 and no atoms per 
cm' in the upper and lower energy levels, respectively, 
and let vo be the resonant frequency defined by these 
levels. Radiation incident on this gas in a range of fre-
quencies close to vo will be absorbed by atoms initially 
in the lower state. The incident radiation will supply 
energy Iwo necessary to cause an atom to make a transi-
tion from the lower to the upper energy level and a 
photon of energy hvo will be removed from the radiation 
field. Similarly, the radiation can induce or stimulate 
transitions in the reverse direction, from the upper to 
the lower energy level, and this "stimulated emission" 
will add a photon of energy hvo to the radiation field. 
The net absorption by the gas is the difference between 
the number of absorptions and the number of emissions. 
If an atom in the lower state is capable of absorbing 
energy of frequency y, the probability of absorption per 
atom per second is Boip(v), where p(v)dv is the energy 
density of the incident radiation in the frequency range 
between y and v-I-dv, and Bo, is an atomic constant 
known as the "Einstein B coefficient." The number of 
atoms per cma capable of absorbing energy at frequency 
y can be written as ne(v) where f(v) is the fraction of 
atoms able to absorb at frequency v. The fraction f(v) 
will depend on the atomic velocities in the case of a 
Doppler broadened line, or on the width of the energy 
levels in the case of a line broadened by stimulated 
emission. In any case, f(v) is the function specifying the 

line shape and must be subject to the condition 

Jo f(v)dy = 1 (35) 

as can be seen from the definition of f(v). Thus the num-
ber of absorptions per cm' per second at frequency v is 

nof(P)Boi P(P). (36) 

Similarly, the number of induced emissions per cm' per 
second is 

nif(P)BioP(P) (37) 

where Blo, the coefficient of stimulated emission, is re-
lated to Boi by the relation 

goBoi = giBio (38) 

The statistical weights, go and go, are pure numbers of 
order unity and represent the number of sublevels 
which compose the energy levels 0 and 1, respectively. 
The net number of absorptions can be written as 

nof(v)BoiP(v)[1 
gino 

where use has been made of (38). It should be pointed 
out that (39) neglects the effects of spontaneous emis-
sion, but it can be shown that spontaneous emission is 
very small compared to stimulated emission in the radio 
frequency domain. This is not true for optical fre-

(39) 

quencies; in fact, spontaneous emission is much more 
frequent than stimulated emission for optical frequen-
cies. 
The relative number of atoms in levels 1 and 0 can 

be related by a Boltzmann distribution law 

= e—hrolkT. — 1 _ 
hvo) ni gi gi 

no go go kT. 
(40) 

where the second form of the expression follows since 
hvo/kT, is small compared to unity in the radio fre-
quency domain. Eq. (40) does not imply that the atoms 
are in thermal equilibrium, but may be taken as the 
definition of T,, the "state temperature." 
The change in energy density dp(v)dv per unit path 

length dl through the gas is hv/c times the net absorp-
tions per cm' per second and thus, from (39) and (40), 
gives 

dp(v)dv nof(P)Bow(v)h2v2 

dl ckT, 
(41) 

The absorption coefficient 7(v), the fractional change 
in energy density per unit length, becomes 

nof(v)B ollev2 
7(P) =   (42) 

ckT„ 

From the theory of the interaction of radiation with 
matter, the value of Bo to be inserted in (42) is 25 

8731 141 2 
B01 =   

3h2 
(43) 

In astronomical work, the quantity usually used to 
specify absorption is not the absorption coefficient per 
unit length 7(v) but the opacity r(v), the integrated 
absorption over the entire path length. Thus 

r(v) = f 7(v)dl. (44) 

Combining (42)—(44) and letting No be the number of 
atoms in level 0 in a coluum along the line of sight of 
one cm' cross section (No =fnod/), we finally obtain 

871-3Nov2 1 it 12  
r(v) = (45) 

3ckT, 

For a line broadened only by spontaneous emission, the 
line shape function f(v) is 

1 
f(v) = (46) 

ir (v — vo)2 (v)2 

which resembles (33) and satisfies (35). 
Having obtained an expression for the opacity of the 

gas, it is now possible to describe how the presence of 
the gas will affect the intensity of radiation received 
by a radiometer. When frequency scanning radiometer 
is tuned in the range of the resonant frequency, the 
intensity received will be 
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I(v) = — e-Tcoi (47) 

where the first term represents the radiation from the 
gas itself, and the second term represents the attenua-
tion by the gas of continuum radiation. I. is the intensity 

that would be received from the gas if it were opaque, 
r(v) = co and IA is the intensity that would be received 
if the gas were absent or transparent, r(v) =0. If the 
radiometer is tuned off resonance, r(v) = 0 and the 
intensity received is IA. Thus, the change in intensity 
of received energy as the radiometer is tuned through 
the resonant frequency is (47) minus IA, or 

M(v) = (I. — IA)[1 — e-T(')]. (48) 

In radio astronomy, it is customary to employ the 
Rayleigh-Jeans approximation whereby the intensity 
of radiation is related to a temperature by the familiar 
relation 

2k Tv2 
/(v)dv   dr. 

C2 
(49) 

Thus the temperature difference detected by a radiome-
ter with an absorbing gas in the antenna beam is 

T(v) = (T. — TA)[1 — e-T(')] (50) 

where TA is the "antenna temperature" of the continu-
um radiation, and T. is defined by (40). If r(v) is small 
compared with unity, (50) can be combined with (45) 
to give 

TA\878NoP2 12 
f (v) . (51) AT(v) = (1 

3ck 

Eq. (51) illustrates several important points. Note 
that if T.> TA, the resonance line will appear in emis-
sion, whereas if TA> T., the line will appear as an ab-
sorption line. For an emission line, if T.>>TA the radi-
ometer output will be independent of T,. 

Several assumptions are inherent in the above de-
velopment. It has been assumed that the gas is uniform 
and, also, that the source of continuum radiation lies 
entirely behind the source of resonance radiation. Re-
moval of these assumptions invalidates (47). Finally, it 
must not be assumed that T. is the kinetic temperature 
T of the atoms [cf. (30)]. In laboratory spectroscopy, 
T. is invariably equal to T (with the exception of recent 
work on masers), but in interstellar space a careful 
analysis must be made of the various processes which 
are competing to establish the relative populations of 
the energy levels. Such an analysis has been made for 
the hydrogen 1420-mc line and it is found that T.= T 
for all expected galactic densities."." However, for lines 

" E. M. Purcell and G. B. Field, "Influence of collisions upon 
population of hyperfine states in hydrogen," Astrophys. J., vol. 124, 
pp. 542-549; November, 1955. 

22 G. B. Field, "Excitation of the hydrogen 21-cm line," this issue, 
p. 240. 

having electric dipole matrix elements, T. may depart 
appreciably from T, especially for high frequency lines.28 

Equations of the form of (45), (50), and (51) are basic 
for the interpretation of spectral lines in terms of the 
number of atoms present. It should be noted that the 
opacity depends on the square of the dipole matrix 
element and, thus, the opacity of an electric dipole 
transition is some 104 times as large as that of a mag-
netic dipole transition, other factors remaining equal. 
This is an important point for it allows No to be smaller 
by 104 in the case of electric dipole transitions and still 
preserve the detectable opacity. 

IV. CONCLUSION 

At the writing of this paper, only the 1420-mc line 
of atomic hydrogen has been detected in the spectrum 
of radiation from our galaxy. The study of this line, 
however, has produced rich dividends, and still more 
can be expected. Perhaps it should be pointed out that 
the hydrogen radio line enables one to study interstellar 
hydrogen in the ground, or lowest, state which would 
otherwise be unobservable by optical methods except 
under limited circumstances. Because of this, it has 
been possible to map the hydrogen distribution in large 
regions of the galaxy where the gas is entirely in its 
ground state. 

Russian observers have reported the detection of the 
hyperfine transition in deuterium at 327.4 mc," but 
this has not been confirmed by other radio astronomers 
after extensive searches.303' The most recent of these 
efforts" is able to set an upper limit on the abundance 
ratio of deuterium to hydrogen of 1/2000 which can be 
compared with the terrestrial abundance ratio of 1/6670. 
A similar search for the OH lines at 1665 mc and 

1667 mc failed to produce any positive result." 
As advances are made in techniques, the minimum 

detectable temperature difference in radiometer output 
will undoubtedly be lowered, thus fewer atoms will be 
required to produce a detectable spectral line. Also, as 
larger antennas are constructed, it should be possible to 
study planetary atmospheres, for instance, and the 
detection of spectral lines in these atmospheres should 
be feasible. In the meantime, the study of the hydro-
gen line will have to suffice, but that will not be without 

its rewards. 

28 A. H. Barrett and A. E. Lilley, "On the detection of microwave 
spectral lines in radio astronomy," Astron. J., vol. 62, p. 4; 
January, 1957. 

29 G. G. Getmanzev, K. S. Stankevitch, and V. S. Troitsky, 
"Detection of monochromatic radio emission of deuterium from the 
center of the galaxy on a wavelength of 91.6 cm," Dok. Akad. 
Nauk USSR, vol. 103, pp. 783-786; February, 1955. 

G. J. Stanley and R. Price, "An investigation of monochromatic 
radio emission of deuterium from the galaxy," Nature, vol. 177, pp. 
1221-1222; June 30, 1956. 
" R. L. Adgie and J. S. Hey, "Intensity of the radio line of galac-

tic deuterium," Nature, vol. 179, p. 370; February, 1957. 
n A. H. Barrett and A. E. Lilley, "A search for the 18 cm line of 

OH in the interstellar medium," Astron. J., vol. 62, p. 5; January, 
1957. 
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Measurements of Planetary Radiation 
at Centimeter Wavelengths* 

C. H. MAYERt, MEMBER, IRE, T. P. McCULLOUGHt, AND R. M. SLOANAKERt 

Summary-Radiation from the planets, Venus, Mars, and 
Jupiter, has been measured at a wavelength of 3.15 cm using the 
Naval Research Laboratory 50-foot reflector and a narrow-band 
radiometer. The apparent blackbody temperatures for Mars and 
Jupiter derived from the radio measurements agree reasonably well 
with the results of infrared radiometric measurements. For the case 
of Venus, the apparent blackbody temperature derived from the 
3.15-cm measurements is about a factor of two higher than the value 
derived from the infrared measurements. A measurement of the 
radiation from Venus at 9.4-cm wavelength was made using the 
same antenna. The apparent blackbody temperature derived from 
this measurement agreed well with the value derived from the 3.15-
cm measurement, but the accuracy of the 9.4-cm result was low 
because of the small flux density of radiation and the small number 
of observations. 

INTRODUCTION 

r-ii HE PLANETS are expected to emit radio radi-ation by ordinary thermal processes; for example, 
the earth is known to radiate as a gray body at a 

temperature near 300°K. At wavelengths as long as 
radio wavelengths and for temperatures in the hundreds 
of degrees absolute, thermal radiation is governed by 
the Rayleigh-Jeans approximation. For this case, the 
flux density of radiation varies as the inverse-square of 
the wavelength. The best opportunity for the detection 
of thermal radio radiation from other planets is pre-
sented therefore at the very short radio wavelengths. 
Even here, the largest antennas available and special 
receiving and measurement techniques are necessary to 
measure the extremely weak thermal emissions of other 
planets. 

Observations of thermal radio radiation from the 
planets are of interest to supplement the infrared ob-
servations. This is especially true for the planets with 
extensive atmospheres, for in general, the much longer 
wavelength radio radiation would be expected to pene-
trate the atmospheres more readily than would the 
infrared radiation. Observations of planetary radiation 
have additional interest to the radio astronomer because 
the positions in the sky of other radio sources of small 
angular diameter are not accurately known. 

Unexpected strong bursts of long-wavelength radio 
radiation from Jupiter were discovered by Burke and 
Franklin' in 1955. These observations were subse-

* Original manuscript received by the IRE, October 3, 1957. 
Detailed descriptions of the observations are given in NRL Rep. Nos. 
4998 and 5021 and in two papers which have been submitted by the 
authors to the Astrophys. J. for publication: "Observations of Venus 
at 3.15 CM Wavelength" and "Observations of Mars and Jupiter at 
a Wavelength of 3.15 CM." 
t Radio Astronomy Branch, U. S. Naval Research Lab., Wash-

ington, D. C. 
I B. F. Burke and K. L. Franklin, "Observations of a variable 

radio source associated with the planet Jupiter," J. Geophys. Res., 
vol. 60, pp. 213-217; June, 1955. K. L. Franklin and B. F. Burke, 
"Radio observations of Jupiter," Astron. J., vol. 61, p. 177; May, 
1956. 

quently confirmed by several observers.2 A similar type 
of radiation from Venus has been detected by Kraus.3 
The generating mechanism of this radiation is not 
known, but the spectrum of the impulsive radiation 
from Jupiter apparently falls off rapidly with decreasing 
wavelength.4 This type of planetary radiation has not 
been reported at wavelengths shorter than about 11 
meters. There is no evidence at the present time to 
indicate that the long-wavelength impulsive radiation 
has any connection with the radiation at centimeter 
wavelengths which is presumably of thermal origin. 

In May, 1956, a radiometer at a wavelength of 3.15 
cm was installed in the Naval Research Laboratory 50-
foot paraboloid to observe the close approach of Venus. 
The wavelength near 3 cm was considered a good com-
promise between the desire to use as short a wavelength 
as possible, and the limitations in the aiming and 
focusing ability of the 50-foot antenna. It was esti-
mated that the flux density of radiation from Venus at 
this wavelength and at closest approach would be 
roughly 6 X 10-" watts m-2 (cps)-' which would corre-
spond to a change in antenna temperature of roughly 
2°C. Subsequently, a measurement of the radiation from 
Venus was attempted at 9.4-cm wavelength. The flux 
density of radiation at this wavelength was expected to 
be an order of magnitude below that at 3.15 cm. 

In September, 1956, the 3.15-cm radiometer was used 
with the 50-foot antenna to observe the close approach 
of Mars. The flux density of radiation from Mars at 
closest approach was expected to be about 7 X 10-26 

watts m-2 (cps)-' corresponding to a change in antenna 
temperature of about 1°C. 
A few observations of Jupiter at 3.15-cm wavelength 

were made in May and June, 1956; but, results were 
quite inaccurate because of antenna pointing errors. 
An improved series of measurements of radiation from 
Jupiter was made in March, 1957. The estimated flux 
density and antenna temperature for thermal radiation 
from Jupiter were expected to be about twice those for 
Mars. 

2 C. A. Shain, "18.3 mc/s radiation from Jupiter," Aust. J. Phys., 
vol. 9, pp. 61-73; March, 1956. J. D. Kraus, "Some observations of 
the impulsive radio signals from Jupiter," A stron. J., vol. 61, pp. 
182-183; May, 1956. 

3 J. D. Kraus, "Impulsive radio signals from the planet Venus," 
Nature, vol. 178, p. 33; July, 1956. 

-, "Radio observations of the planet Venus at a wave-length of 
11 meters," Nature, vol. 178, pp. 103-104; July, 1956. 

-, "Class II radio signals from Venus at a wave-length of 11 
meters," Nature, vol. 178, pp. 159-160; July, 1956. 

-, "Recent observations of radio signals from Venus at 11 meters 
wave-length," Astron. J., vol. 62, p. 21; January, 1957. 
' F. G. Smith, "A search for radiation from Jupiter at 38 mc/s 

and at 81.5 mc/s," Observatory, vol. 75, pp. 252-254; December, 1955. 
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APPARATUS 

3.15-CM Radiometer 

The radiometer used at 3.15-cm wavelength for the 
observations of Venus, Mars, and Jupiter was a modifi-
cation of the Dicke radiometer.' A ferrite circulator was 
used to switch the receiver alternately between the 50-
foot antenna and a small horn antenna pointed at the 
sky." This arrangement gave the advantage of increased 
radiometer stability since the antenna temperatures of 
the 50-foot antenna and the small comparison horn 
differed by only a few degrees when the 50-foot antenna 
was pointed at the sky or at weak sources of radiation 
like the planets. The inherent impedance isolation of the 
ferrite circulator greatly improved the accuracy of cali-
brating the radiometer and also further improved the 
radiometer stability by suppressing variable impedance 
errors. The radiometer circuit is diagrammed in Fig. 1. 

BALANCED 
CONVERTER 
9530 MC 

I F AMPLIFIER 
30 ±2.75MC 
DETECTOR 

AMPLIFIER 
30 CPS 

DETECTOR 
RECORDER 

30 CPS 

0.3 DB 
25 DB ---,-

FERRITE 
SWITCH 

29.3 DB 
DIRECTIONAL 
COUPL ING 

/ ILTIORN 
  ANTENNA 

NOISE SOURCE 
ARGON 

DISCHARGE 

50 -FOOT 
ANTENNA 

Fig. 1—Block diagram of 3.15-cm radiometer. 

The ferrite circulator was switched at a 30-cps rate. The 
insertion loss of the switch in the preferred direction was 
0.3 db and the switching ratio was greater than 25 db 
over the bandwidth of the receiver. The ferrite switch 
was followed by a balanced crystal converter which was 
transformer coupled to a 30-mc IF amplifier with a 
2.2-db noise factor and a bandwidth of 5.5 mc. Two 
types of mixer crystals were used at different times, the 
1N263 and the 1N23E. There was no input preselection 
except that associated with the crystal mixers, so that 
both the signal and image bands were converted to the 
intermediate frequency. The receiver noise factor meas-
ured at the feed horn terminal using an argon discharge 
noise source in waveguide was about 4.7 in power ratio. 
From this it can be inferred that the same receiver with 
reactive input preselection which would pass only the 
signal band would have a noise factor of about 8.4 in 

6 R. H. Dicke, "The measurement of thermal radiation at micro-
wave frequencies," Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946. 

6 C. H. Mayer, "Improved microwave noise measurements using 
ferrites," IRE TRANS., vol. MTT-4, pp. 24-28; January, 1956. 

—, "Improved noise power measurements through the use of fer-
rites," J. Geophys. Res., vol. 59, pp. 188-199; March, 1954. 

power ratio on the average. Since the radiometer was 
used to measure broad-band, noise-type radiation, the 
former figure is the more significant. The 30-cps modu-
lation from the second detector was amplified and the 
dc component was extracted in a half-wave coherent 
detector using two thermionic diodes. The reference 
voltage for the coherent detector and the drive for the 
ferrite switch were derived from the same audio-fre-
quency signal generator with an adjustable phase-
changer in the reference voltage line. The output of the 
coherent detector was filtered by a two-stage RC net-
work and applied to a Leeds and Northrup potenti-
ometer-type recorder with a full scale response time of 1 
second. The over-all output time constant of the radi-
ometer was 5 seconds. 
The 3.15-cm radiometer basically was calibrated with 

thermal noise sources, but an argon discharge noise 
source was used as a secondary calibration standard. As 
indicated in Fig. 1, a small noise power from the argon 
tube could be fed to the receiver input through a direc-
tional coupler in the antenna line. The secondary stand-
ard was used so that the radiometer could be calibrated 
accurately at frequent intervals during the observations. 
A second advantage was that the calibration signal was 
applied at the same input power level as was the meas-
ured signal. In order to do this directly, thermal noise 
sources at very low temperatures would be necessary. 
The change in antenna temperature when the argon 
tube was turned on was calibrated by direct comparison 
with thermal noise sources. The thermal noise sources 
were constructed using matched resistive terminations 
of the lossy-wall waveguide type. The terminations with 
their associated waveguide transmission lines were im-
mersed in agitated water baths. The temperatures of the 
water baths were measured with precision thermome-
ters. To make the calibration, the comparison horn was 
replaced by a matched termination at ambient tempera-
ture, and two such thermal noise sources were substi-
tuted for the feed horn in turn. One of the thermal noise 
sources was maintained at ambient temperature while 
the other was maintained at a temperature slightly 
above ambient by means of an immersion heater in the 
water bath. The change in the radiometer output de-
flection when the argon tube was turned on was com-
pared with the change when the two thermal noise 
sources with a known temperature difference were inter-
changed. To make accurate comparisons the tempera-
ture of the heated noise source was adjusted and allowed 
to reach equilibrium so that the changes in the radi-
ometer output deflections for the two cases were nearly 
equal. By this procedure the change in antenna tem-
perature corrresponding to the argon discharge noise 
source was found to be 13.8°C with a standard deviation 
for individual readings of about 0.3°C. A number of 
these calibrations were made at several times during the 
interval covered by the observations so that the mean 
error in this figure is much less than the standard devia-
tion for individual measurements. The error introduced 



262 PROCEEDINGS OF THE IRE January 

by the change of impedance when the noise sources were 
substituted for the antenna feed horn was tested and 
found to be negligible. 

The radio-frequency and intermediate-frequency 
circuits of the radiometer were mounted adjacent to the 
focus of the paraboloid so that rigid transmission lines 
could be used for the high frequencies. This part of the 
radiometer was located in the pyramidal box shown in 
Fig. 2. The mounting of the feed horn and the compari-
son horn also are shown. The 30-cps modulation was 
cabled to the control cabin of the antenna where the low-
frequency circuits and the power and recording units 
were located. The power line was regulated to 0.1 per 
cent with a Sorensen ac regulator. All of the vacuum 
tube filaments in critical circuits were heated by dc from 
a Sorensen Nobatron regulated to 0.2 per cent. All 
vacuum tube plates were supplied from electronically 
regulated power supplies. 

Fig. 2-3.15-cm radiometer mounted in the 50-foot reflector. 

3.15-CM Antenna 

A plane-polarized pyramidal horn used for the feed 
antenna was located at the focus of the 50-foot parabo-
loid. The horn was designed so that the illumination at 
the edge of the reflector was about 15 db below that at 
the vertex. 
The radiation patterns of the 50-foot antenna at 3.15-

cm wavelength were measured using a transmitting 
antenna mounted in the top of the Washington Monu-
ment at a distance of about 5 miles. The results of the 
pattern measurements are shown in Fig. 3 where the hor-
izontal-plane pattern and the vertical-plane pattern are 
plotted on both linear and logarithmic scales. These 
patterns were measured both for horizontal and vertical 
polarizations, but the results were nearly identical and 
the differences could be easily accounted for by meas-
urement inaccuracies. The horizontal-plane patterns 
showed a somewhat broadened beamwidth and merged 
sidelobes. A check on the horizontal-plane pattern with 
the reflector pointed to an elevation angle of about 70° 
was made using the Crab Nebula as a source. This check 

_ _J__ 
30' 20' 10' 

indicated that the half-power width of the horizontal-
plane pattern for this antenna attitude was nearly the 
same as the 8.5 minutes of arc measured for the vertical-
plane pattern at the horizon and that the broad skirts 
caused by merged sidelobes had disappeared. No com-
parable check of the vertical-plane pattern at high ele-
vation could be made. 
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Fig. 3—Radiation patterns of the 50-foot reflector measured at 
3.15-cm wavelength. 

The gain of the antenna at 3.15-cm wavelength was 
measured using a transmitting antenna at a distance of 
about 13 miles with a line of sight path. The measure-
ment was made by comparing the signal received by the 
50-foot antenna with the signal received by a standard 
horn with a gain of 22.15 db. Calibrated waveguide 
attenuators were inserted in the transmission line from 
the 50-foot antenna and a superheterodyne receiver was 
used to match the outputs. This measurement gave a 
gain of 60.7 db for the 50-foot antenna when pointed 
at the horizon. The greatest uncertainty in the gain 
measurement was considered to be the incomplete 
knowledge of the field across the paraboloid compared 
to the field sampled by the standard horn. The standard 
horn was moved horizontally across the aperture of the 
paraboloid at about the height of the lower rim and 
vertically from about this height to about the height of 
the axis of the paraboloid when it was pointed at the 
horizon. These scans indicated a maximum variation in 
the field of about 1 db. From these scans the field at the 
normal position of the standard horn was corrected by 
about db to approximate what was estimated to be a 
representative field over the aperture. Since the charac-
teristics of the antenna apparently change with eleva-
tion angle, a check was made by taking drift scans 
through the intense radio sources Cassiopeia-A and the 
Crab Nebula over a range of elevation angles. Although 
these observations did not give a highly accurate cali-
bration for the gain variation with antenna attitude, 
they indicated that the gain at the average elevation 
angle of the observations was about db higher than 
the value measured at the horizon. This correction was 
applied to the measured gain for the data reduction. The 
final estimate for the gain of the 50-foot paraboloid at 
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the average elevation angle of the observations was 61.2 
db with an estimated mean error of about -4- db. 

9.4-CM Radiometer 

The 9.4-cm radiometer used a rotating lossy-card 
chopper similar to that described by Dicke5 to effect the 
30-cps input modulation. A ferrite isolator was inserted 
in the antenna line for impedance isolation. The chopper 
was followed by a balanced converter using 1N2I C crys-
tals. The remainder of the radiometer was the same as 
the 3.15-cm radiometer. The receiver noise factor meas-
ured with an argon discharge noise source was about 
5 in power ratio including the loss of the ferrite isolator 
and considering both signal and image bands as useful. 
An argon discharge noise source was used in the same 
manner as already described for the 3.15-cm radiometer 
except that in this case the experimental error of the 
planetary measurement was so high that the same effort 
was not expended to achieve accurate calibration of the 
argon tube signal. Instead the coupling ratio of the 
directional coupler was accurately measured and the 
change in antenna temperature was calculated from the 
coupling ratio, the effective noise temperature of the 
argon tube, and the loss of the antenna line. The result-
ing change in antenna temperature when the argon tube 
was turned on was 12.7°C referred to the antenna feed 
terminal, with an estimated mean error of about 1°C. 
In this case the rf and IF circuits were mounted behind 
the vertex of the paraboloid and were connected to the 
feed antenna with a waveguide transmission line. 

9.4-CM Antenna 

The waveguide reverted-horn feed antenna which was 
used for the previous observations of radio sources at 
9.4-cm wavelength was used here.7 The antenna pat-
terns were not remeasured. The antenna gain has not 
been measured at this wavelength. The gain was origi-
nally assumed to be 51.5 db ;7 however, in the light of the 
measured gain at 3.15 cm this figure was raised to 51.9 
db for the present analysis. 

OBSERVATIONS 

Venus 

Radiation from Venus at 3.15 cm was first detected 
on May 2, 1956; however, the observations were taken 
in a slight rain so these data are not included in the 
analysis. Regular observations were made on 34 days 
spread over the period May 5, 1956, to June 23, 1956, a 
period just prior to and including inferior conjunction. 
The observations were made by setting the antenna 
ahead of Venus in hour angle and letting the rotation of 
the earth sweep the beam of the antenna through the 

7 F. T. Haddock, C. H. Mayer, and R. M. Sloanaker, "Radio 
emission from the Orion nebula and other sources at X 9.4 cm," 
Astrophys. J., vol. 119, pp. 456-459; March, 1954. 

—, "Radio observations of ionized hydrogen nebulae and other 
discrete sources at a wave-length of 9.4 crn,-" Nature, vol. 174, p. 
176; July, 1954. 
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position of Venus or through a position above or below 
Venus. In all, about 1400 such drift curves were made. 
From these, about 600 were selected for which the peak 
of the antenna beam missed the position of Venus by 
less than 1 minute of arc. These peak drift curves were 
averaged for each day and the average antenna tem-
peratures are plotted in Fig. 4. The data from June 20 to 
June 23 are less reliable because during this period 
Venus and the Sun were in nearly the same direction and 
solar radio radiation was picked up in the sidelobes of 
the antenna. As Venus approached the earth during the 
period, the solid angle subtended by the visible disk in-
creased as indicated by the solid curve in Fig. 4. It can 
be seen that the measured antenna temperature changed 
very nearly according to the solid angle of the visible 
disk. Since the maximum angular diameter of Venus was 
small compared with the half-power width of the an-
tenna beam, no correction is needed for source size and 
this result indicates that the radiating temperature of 
Venus was nearly constant over this period. No dif-
ferences in the amplitudes of single drift curves during 
a day were noted which could not have been caused by 
radiometer output variations or antenna pointing errors. 

7 
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o 

Fig. 4—Daily averages of the measured antenna temperatures for 
Venus plotted along with the change in the solid angle subtended 
by the optical disk of Venus. 

The temperature of a blackbody radiator which would 
subtend the same solid angle as Venus and which would 
correspond to the measured flux density of radiation 
was 620 + 110°K (mean error) near the beginning of the 
period, and 560 + 73°K (mean error) near the end of the 
period. A sample of the radiometer output trace during 
a drift scan through Venus on June 17, 1956, is repro-
duced in Fig. 5(b). 
An attempt was made to put rough limits on the spec-

trum of the radio radiation from Venus by making two 
observations at 9.4-cm wavelength. Observations were 
made on June 24, 1956; however, the interference of the 
Sun in the sidelobes of the antenna was more serious 
that at 3.15-cm wavelength and no usable data were 
obtained. On June 25, the interference from the Sun was 
still present but was sufficiently lessened to allow four 
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Fig. 5—Summary of the measurements of planetary radiation. 
(a) Average of eleven drift scans through Venus made at a wave-
length of 9.4 cm. (b) A reproduction of the output trace of the 
3.15-cm radiometer as Venus drifted through the beam on June 
17, 1956. (c) Average of forty-five drift scans through Jupiter 
made at 3.15-cm wavelength. (d) Average of seventy-one drift 
scans through Mars made at 3.15-cm wavelength. 

usable drift scans to be made. These four drift scans 
were averaged and the result indicated a change in an-
tenna temperature of about 0.3°C. This corresponds to 
a flux density of about 8 X 10-" watts m-2 (cps)' and an 
apparent blackbody temperature for Venus of about 
430 + 215°K (mean error). Because of the added uncer-
tainty due to sun interference in the sidelobes of the 
antenna, the 9.4-cm radiometer was again installed in 
the 50-foot antenna on July 27, 1956. At this time seven 
good drift scans through Venus were obtained which 
when averaged gave a change in antenna temperature 
at the position of Venus of about 0.25°C. This corre-
sponds to a flux density of about 6 X 10-26 watts 
m-2 (cps) -1 and an apparent blackbody temperature for 
Venus of about 740 + 370°K (mean error). The average 
of the two 9.4-cm measurements of the blackbody tem-
perature of Venus was 580°K which compares favorably 
with the result at 3.15-cm wavelength. Although the 
accuracy of the 9.4-cm results is very poor, these meas-
urements suggest that no great percentage of the radio 
radiation from Venus at centimeter wavelengths has a 
spectrum very different from that of thermal radiation. 
An average of the eleven drift scans through Venus at 
9.4-cm wavelength is plotted in Fig. 5(a). 

Jupiter 

During May, 1956, a limited number of drift scans 
through or near the position of Jupiter were made. An 
average line was drawn through the radiometer output 

traces for twenty-nine scans, the values of the average 
lines were read off at specified intervals, and the twenty-
nine scans were averaged together numerically. The 
drawing of the average line was checked by reading the 
actual recorder trace at discrete points. The average of 
the twenty-nine scans indicated a change in antenna 
temperature of 0.21°C. However, the antenna pointing 
calibration using the Crab Nebula radio source indicated 
that the peak of the antenna beam missed the position 
of Jupiter by several minutes of arc for many of the 
drift scans included in the average. A large correction 
had to be applied to the measured antenna temperature 
to take this into account. After this correction and a 
small correction for atmospheric absorption, the best 
estimate for the change in antenna temperature with 
Jupiter at the peak of the main beam was about 0.35°C. 
This corresponds to a blackbody temperature for Jupiter 
of about 140°K using the solid angle calculated from the 
mean diameter of the visible disk. The uncertainty on 
this value was so high, perhaps 40 per cent mean error, 
that it was not considered to be of much quantitative 
value. 
A second series of observations of Jupiter with im-

proved accuracy was made on seven days between 
March 23 and April 1, 1957. The radio sources associated 
with the Crab Nebula and the Orion Nebula were used 
as pointing objects. In this series of observations drift 
scans were made not only at the expected declination of 
Jupiter, but also at declination settings 4 minutes of arc 
above and below the expected declination. A change in 
antenna pointing of 4 minutes of arc from the peak of 
the beam corresponds roughly to half-power response. 
These extra measurements indicated that the declina-
tion settings for the central scans were accurate to about 
minute of arc so that no appreciable correction was 

necessary for systematic pointing errors. The result of 
averaging forty-five drift scans at the central declination 
setting is shown in Fig. 5(c). The measured change in 
antenna temperature was 0.48°C and after corrections 
of 2 per cent for atmospheric absorption and 4 per cent 
for random antenna pointing errors the corrected an-
tenna temperature was 0.51°C. This corresponds to an 
incident flux density of 1.4 X10-25 watts m-2 (cps) -2 and 
a temperature for a blackbody radiator which would 
subtend the same angle as the mean diameter of the disk 
of Jupiter of about 145°K. The estimated mean error is 
18 per cent. 

Mars 

The observations of Mars were made on seven days 
between September 9 and September 21, 1956. The 
pointing of the antenna beam was checked each day 
against the radio source associated with the Omega 
Nebula. The average of seventy-one drift scans through 
the position of Mars is shown in Fig. 5(d). The measured 
change in antenna temperature was 0.2°C. The antenna 
pointing was uncertain because the true position of the 
Omega Nebula radio source is not accurately known. 
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Planet 

Infrared 
Blackbody 
Temperature 

bK 

Date of 
Observation 

Wavelength 
of 

Observation 
cm 

Antenna 
Temperature* 

°K 

Flux Density 
watts M -2 (cps) -1 

Radio 
Blackbody 

Temperaturet 
°K 

Venus 2408 June 25 and July 27, 1956 
May 5-18, 1956 
June 15-23, 1956 

9.4 
3.15 
3.15 

0.28 
1.42 
3.54 

7 X10-28 
3.8X10-28 
9.6X10-28 

580 ±230 (ME) 
620 -110 
560 - 73 

Jupiter 130° May 13 and May 31, 1956 
March 23 to April 1, 1957 

3.15 
3.15 

0.35 
0.51 

9.5 X10-26 
1 .4 X10-2° 

140 ±56 
145 ±26 

Mars 26010 September 9-21, 1956 3.15 0.24 6.5X10-20 218 ± 76 

* Corrected for atmospheric absorption and antenna pointing errors. 
t Based on the solid angle calculated from the average diameter of the visible disk. 

For this reason a sizeable correction and comparable un-
certainty were applied to the measured value. An addi-
tional correction of 2.3 per cent was applied for atmos-
pheric absorption. The resulting best estimate for the 
change in antenna temperature due to Mars at the peak 
of the antenna beam and in the absence of atmospheric 
absorption was 0.24°C. This corresponds to a flux 
density from a point source of 6.5 X10-22 watts m-2 
(cps)' and a temperature for a blackbody radiator which 
would subtend the same solid angle as Mars of 218°K. 
The estimated mean error is about 35 per cent. 

DISCUSSION 

The radiometer output response due to Venus was 
sufficiently large that individual drift scans could be in-
spected and no definite evidence for short-time vari-
ability in the received radiation was observed. Because 
of the altitude-azimuth mounting of the antenna, the 
plane of polarization accepted by the antenna rotated 
by more than 90° with respect to the meridian through 
Venus from rising to setting. No systematic change in 
the measured radiation with this rotation was noted 
which indicates that no substantial part of the radiation 
was plane polarized. In this case, the usual assumption 
that the antenna will accept only -4 of the incident flux 
was partially justified experimentally. The same as-
sumption was made for Mars and Jupiter. 
The antenna temperature for a given antenna is speci-

fiedu by 

1.6 Dff (—A )dn 4 —7 Ao 
(1) 

where D is the directivity of the antenna at the peak 
of the main lobe, A/A0 is the normalized antenna pat-

8 E. Pettit and S. B. Nicholson, "Temperatures on the bright and 
dark sides of Venus," Pub. Astron. Soc. Pacific, vol. 67, pp. 293-
303; October, 1955. W. M. Sinton: Cited from D. H. Menzel and 
F. L. Whipple. "The case for H20 clouds on Venus," Pub. Astron. 
Soc. Pacific, vol. 67, pp. 161-168; June, 1955. 
• D. H. Menzel, W. W. Coblentz, and C. O. Lampland, "Plane-

tary temperatures derived from water-cell transmissions," Astrophys. 
J., vol. 63, pp. 177-187; April, 1926. 
" G. de Vaucouleurs, "Physics of the Planet Mars," Eng. ed., 

Faber and Faber Ltd., London, Eng., p. 171; 1954. 
11 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Claren-

don Press, Oxford, Eng., p. 24; 1955. 

tern, and Tb is the brightness temperature. In the case 
of the small comparison horn, the beamwidth was 
about 37° between half-power points, and the directivity 
was so small that no known source of radiation in the 
sky except the sun would produce a detectable response. 
The antenna temperature of the comparison horn during 
the observations can be considered constant during a 
drift scan. The change in the measured antenna tem-
perature during a drift scan is then a measure of the 
change in the integral for the 50-foot antenna. Since 
the brightness temperature of the sky background is 
very small compared to the brightness temperatures of 
the planets for short wavelengths, and since the radi-
ation collected from the earth may be considered con-
stant during a drift curve, the change in antenna tem-
perature during a drift curve is a measure of the flux 
density of radiation from the planet. 
The total flux density of radiation S from a point 

source is related to the maximum change in antenna 
temperature AT4 during a drift scan by 

21zà,T. 
S   

A o 
(2) 

where k is Boltzmann's constant, and Ao is the effective 
area of the antenna for reception at the peak of the 
beam. 
The total flux density of radiation at a wavelength 

X from a blackbody radiator at a temperature T, sub-
tending a solid angle 2, is given to sufficient accuracy 
by the Rayleigh-Jeans approximation. 

2kTS1 
S = 

X2 
(3) 

The flux densities of radiation and the corresponding 
blackbody temperatures for the planets can be calcu-
lated from the observed change in antenna temperature 
using these expressions. The angular diameters of the 
planets were small compared with the half-power diame-
ter of the antenna beam so that no appreciable error is 
introduced by the finite size of the source. The errors 
caused by reflected solar radiation from the planets is 
estimated to be negligible. 
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The present measurements are summarized in Table 
I, p. 265, along with the blackbody temperatures meas-
ured by infrared radiometric methods. The region of 
emission of the radio radiation is probably not the same 
as for the infrared radiation for the cases of Venus 
and Jupiter, and consequently the blackbody tem-
peratures would not necessarily agree. The trans-
parencies of the atmospheres are difficult to predict 
because of possible molecular absorptions, and no 
attempt to do this will be made in the present discus-
sion. Appreciable absorption in a heavily-ionized at-
mosphere does not seem very likely at these wave-
lengths, but this possibility cannot be rejected com-
pletely without further study. The great apparent 
discrepancy between the blackbody temperatures for 
Venus measured at radio and infrared wavelengths is as 
yet unexplained. For the case of Mars there does not 
seem to be much possibility for large atmospheric ab-
sorption of radio waves, but they may be emitted from a 
different level in the crust. 

The measurements suggest that the blackbody tem-
perature of Venus decreased slightly over the measure-
ment period. Such a decrease could be connected with 
the rotation of the planet or with the phase of solar 
illumination. Over this period the sunlit crescent of 
Venus decreased from about 36 per cent of the visible 
disk to nearly zero. The present radio observations are 
considered inadequate to define a correlation. 
The accuracy of these first measurements of planetary 

radiation at centimeter wavelengths is not high; how-
ever, these experiments demonstrate that such measure-
ments are practical with existing apparatus and present 
techniques. 
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Planetary and Solar Radio Emission at 11 Meters 
Wavelength* 

JOHN D. KRAUSt, FELLOW, IRE 

Summary—Observations are described of radio emissions from 
the Sun, Jupiter, and Venus during 1956 and early 1957 at a wave-
length of 11 meters. Records are presented of solar 11-meter radia-
tion at the time of a large (importance 3) flare on August 31, 1956, 
and during other periods of solar activity. The effect of scintillation 
on records of radio stars also is illustrated. 

A number of records of impulsive radiation from Jupiter at both 
slow and fast recorder speeds is shown. The radiation is of a bursty 
or intermittent nature which can be classified into two main types: 
one which may persist for several seconds and produces a rumbling 

sound in the loudspeaker and another which is of very short dura-
tion (10 milliseconds or less) and produces a cracking or clicking 
sound. Many of the short pulses consist of distinct pairs or triplets 

which fall into two main groups, one having pulse separations of 
about one-quarter second and the other, pulse separations of about 
one tenth this value. An echo mechanism to explain the multiple 
pulses is postulated and observed trends in pulse separation com-
pared to those expected with such a mechanism. The stronger Jupiter 
pulses indicate a peak radiated radio power at the source of the order 
of 10 kilowatts per cps bandwidth. 

Observations of 11-meter radio emission from Venus are de-

scribed and one record is presented for which the probability is only 
about one in a hundred thousand that it is due to a random process 
instead of Venusian radiation. 

• Original manuscript received by the IRE, October 14, 1957. 
t Radio Observatory, Ohio State University, Columbus 10, Ohio. 

INTRODUCTION 

r 1HE discovery of radio emission from Jupiter by 
Burke and Franklin' has opened a new phase of 
"long-wave" radio astronomy. The impulsive 

Jupiter signals have been observed only at wavelengths 
of the order of 10 to 15 meters, which is in the long wave-
length range of the radio astronomy spectrum. 

Observations of Jupiter signals began at Ohio State 
University early in 1956, following the construction of 
an interferometer antenna consisting of two colinear 
arrays each made up of six horizontal half-wavelength 
elements one-quarter wavelength above ground. Each 
array was backed up by a reflector element, which 
formed, with the ground, a rudimentary corner re-
flector." 
The colinear arrays were separated by about 400 feet 

on an east-west axis or about 11 wavelengths at the 11-

B. F. Burke and K. L. Franklin, "Observations of a variable 
radio source associated with the planet Jupiter," J. Geophys. Res., 
vol. 60, pp. 312-317; June, 1955. 

J. D. Kraus, "The corner reflector antenna," Paoc. IRE, vol. 
28, pp. 513-519; November, 1940. 

a J. D. Kraus, "Antennas," McGraw-Hill Book Co., Inc., New 
York, N. Y., pp. 328-338; 1950. 
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meter wavelength employed. The beam envelope was 
fan-shaped with the beam maximum adjusted to various 
azimuthal angles by orienting the colinear arrays in 
different but always parallel directions. The receiver 
consisted of a radio frequency preamplifier, a standard 
communications receiver with 50-kc bandwidth, a one-
stage dc amplifier with variable time constant (one-
fourth to two seconds), and an Esterline-Angus re-
corder. With this equipment set up on the author's 
farm near Columbus, Ohio, observations of Jupiter sig-
nals were made from January to March of 1956, and 
also of solar and Venusian emissions later in the year. 

In November, 1956, the receiving equipment was 
moved to the site of the Ohio State-Ohio Wesleyan 
Radio Observatory near Delaware, Ohio, where it was 
connected to an interferometer array consisting of two 
colinear arrays each of two horizontal half-wavelength 
elements about one-quarter wavelength above ground. 
Each array was oriented east-west and the arrays were 
separated by about five wavelengths (180 feet). The 
beam envelope was fan-shaped and fixed with the maxi-
mum on the meridian. This system was in operation for 
several months and with it one very significant record 
of Venus radiation was obtained on November 30, 1956. 

Late in February, 1957, a new lobe-sweeping antenna 
was put into operation on 27 mc at the Observatory 
site. The antenna consists of three right-handed helical 
beam antennas* 24 feet long by 11 feet in diameter 
mounted side-by-side on an east-west line, as shown in 
Fig. 1, with the helix axes pointing at the intersection of 

Fig. 1—Three-helix lobe-sweeping antenna at the Ohio State-Ohio 
Wesleyan Radio Observatory. The center helix is fixed while the 
outer two rotate in opposite directions. 

the meridian and the celestial equator. The helices have 
2.5 turns each and are spaced 50 feet apart. The center 
helix is fixed while the outside helices rotate on their 
axes in opposite directions at a constant synchronous 
speed of about 30 revolutions per hour. Depending on 
the rotation direction, the rotation of the helix advances 
or retards the phase of the received wave by an electrical 

4 Ibid., pp. 173-216. 

angle equal to the angle through which the helix is 
turned. As a result of the continuous rotation, a fan 
beam, about 12° wide in right ascension by about 60° in 
declination, is swept over a sector of the zodiac several 
hours in right ascension both sides of the meridian once 
every two minutes. With this arrangement a celestial 
source appears to move across the sky by a small incre-
ment for each sweep. The system is well adapted for ob-
serving variable radio sources, particularly those which 
may emit sporadically for only a few minutes at a time. 

In the following discussion, the above three radio 
telescope systems will be referred to as the 11-wave-
length interferometer, 5-wavelength interferometer, and 
the rotating helix (or lobe-sweeping) array. 

SOLAR OBSERVATIONS 

Using the 11-wavelength interferometer, a large num-
ber of observations were made of 11-meter solar radia-
tion. One of the most interesting occurred on August 31, 
1956, at the time of a large (importance 3) solar flare. 
Associated with the flare was an intense radio outburst, 
producing the record shown in Fig. 2(a). The outburst 
began on 11 meters at 7:37.5 A.M. (EST) and one-half 
minute later the recorder was off scale. Within a few 
minutes the disturbance subsided but secondary peaks 
occurred at 7:42.5 and 7:45 A.M. 
The outburst shows prominently even though the sun 

was far outside the main beam of the antenna. The beam 
envelope is about 1.5 hours wide at half-power with 
maximum on the meridian. On August 31, the sun was 
on the meridian about 12:32 P.M. The interferometer 
pattern can be distinguished near noon on August 31 
[Fig. 2(a) ], but was much clearer on the preceding day, 
as shown in Fig. 2(b). The interferometer pattern is 
sketched in Fig. 2(c). The envelope is shown by the 
dashed curve.' Note that the pattern in Fig. 2(c) is in 
rectangular coordinates while the patterns of Fig. 2(a) 
and 2(b) are in the curved coordinates of the recorder. 

Since the antenna response is well down five hours 
from the meridian, the intensity of the outburst on 
August 31 was actually of the order of 50 times the 
noon intensity that day instead of twice as large as in-
dicated on the record. Between 8:30 and 11:00 A.M. on 
August 31 it would appear that solar activity was at a 
relatively high level (considerably above the noon 
level) but well below the peak outburst level. 

According to data of the Bureau of Standards and the 
High Altitude Observatory,' the radio outburst was ob-
served to begin on 167 and 460 mc at 7:37.1 A.M. (EST), 
while the flare of importance 3 was observed optically 
to reach a maximum at 7:58 A.M. 
The fact that the outburst was observed on 167 mc 

0.4 minute before it appeared at 27 mc may be of signifi-

6 The pattern is in relative power and all records in this paper 
are in relative power or nearly so. 

4 "Preliminary Reports of Solar Activity," High Altitude Ob-
servatory and Natl. Bur. Stand., Boulder, Colo.; 1956. 
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Fig. 2—(a) Record of 11-meter solar radiation on August 31, 1956, at and following a large solar flare. The large deflection labeled "out-
burst" occurred close to the time of the flare. (b) Record of solar noise on August 30, 1936. (c) Interferometer antenna lobe pattern 
with envelope (dashed). 
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5 

Fig. 3—Record of 11-meter solar noise on July 6, 1956. 

cance as an indication of the rate of movement of the 
disturbance outward through the solar corona. 

It is interesting to note that the deflections at merid-
ian transit on August 30 are larger than on August 31 
after the outburst. Also, the fluctuations due to individ-
ual small bursts are more intense, rapid, and numerous 
on August 30 than on August 31. 

Solar observations are useful not only as records of 
solar activity but also as a means of checking or cali-
brating the antenna pattern. Radio stars such as Cygnus 
A are also valuable for calibrating the antenna pattern. 
Another record of solar activity obtained on July 6, 
1956, is shown in Fig. 3. In this case the antenna beam 
was oriented so the sun crossed through the envelope 
maximum about 4:00 P.M. (EST). On most days the 
solar activity was too low to give a record, because the 
equipment sensitivity was too small to detect the quiet 
or undisturbed sun at 11 meters wavelength. 

SCINTILLATION OBSERVATIONS 

A solar related phenomenon readily observed on 11 
meters is the scintillation or fluctuation in intensity of 
radio stars. This effect is of ionospheric origin' and 
while ordinarily not large, may be very pronounced on 
some occasions. Two records of strong scintillation of 
Cygnus A obtained with the 11-wavelength interferom-
eter on May 24 and June 1, 1956, are shown in Fig. 4. 
The recorder time constant was about one-fourth sec-
ond. The upper record (May 24) shows large and rapid 
fluctuations, some peaks being several times the normal 
peak amplitude of the source. The fact that the strong 
scintillation effects of May 24 and June 1 occurred 
seven and 15 days, respectively, after a large solar flare 

7 C. G. Little, "A diffraction theory of the scintillation of stars 
on optical and radio wavelengths," Monthly Notices Roy. Astros. 
Soc., vol. 111, P. 289; 1951. 
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Fig. 4—Interferometer lobe patterns of Cygnus A showing large scintillation effect. 
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Fig. 5-11-meter Jupiter noise recorded February 14, 1956, at a tape speed of three inches per hour. 

(importance 3) may be of significance.8 The scintillation 
undoubtedly indicates that the ionosphere was in a 
disturbed or turbulent condition on these dates and that 
this condition was produced by slow particles emitted 
from the sun bombarding the ionosphere. 

In Fig. 4 the time of meridian transit is indicated by 
the arrows. On May 24 the beam was directed 18° north 
of west so that the response to Cygnus A is greatest 
after meridian transit, while on June 1 the beam was re-
versed (directed 18° south of east) so that the response 
is strong before meridian transit. 

JUPITER OBSERVATIONS 

The discovery of Jupiter radiation by Burke and 
Franklin' (on 22 mc) was confirmed by Shaine on some 
18.3 mc records taken in 1950-1951 which showed a se-

J. D. Kraus, "Relation of 11-meter solar system phenomena to 
solar disturbances," Nature, vol. 179, pp. 371-372; February 16, 
1957. 

9 C. A. Shain, "18.3 mcs radiation from Jupiter," Aust. J. Phys., 
vol. 9, pp. 61-73; March, 1956. 

• :rRIDIAN 
TRANSIT - 

• CYGNUS A 

ries of bursts previously assumed to be terrestrial inter-
ference. Shain demonstrated that the phenomenon 
seems to be related to one or more localized regions on 
the planet, a principal region of activity in 1950-1951 
appearing to have been associated with one of the white 
spots of the South Temperate Belt. However, observa-
tions during the winter of 1955-1956 by Franklin and 
Burke" show some evidence of a correlation between 
the large Red Spot and the occurrence of the radio emis-

sions. 
During January and February, 1956, extensive ob-

servations of the Jupiter signals were made at about 27 
mc at Ohio State University with the 11-wavelength 
interferometer."2 Fig. 5 shows a record obtained on 
the night of February 13-14 during one of the most ac-

1° K. L. Franklin and B. F. Burke, "Radio observations of 
Jupiter," (abstract), Astron. J., vol. 61, p. 177; May, 1956. 
" J. D. Kraus, "Radio noise from Jupiter," Sky and Telescope, 

vol. 15, p. 358; June, 1956. 
12 J. D. Kraus, "Some observations of the impulsive radio signals 

from Jupiter," (abstract), Astron. J., vol. 61, p. 182; May, 1956. 
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Fig. 6-11-meter Jupiter noise on January 25, 1956, recorded at a tape speed of six inches per minute. The noise 
corresponds to the peaks beginning about 3:37.5 A.M. and extending to about 3:41.5 A.M. 

tive periods in the months of January and February. Be-
tween 11:30 and 11:45 P.M. (EST) there was strong 
activity followed by about 15 minutes of inactivity, 
after which an intense active period began that lasted 
almost without interruption for about one hour and 10 
minutes. Some of the breaks in the activity on the record 
apparently occurred when Jupiter drifted through the 
nulls of the interferometer pattern. The calculated null 
positions are shown in Fig. 5 by the small solid circles. 
However, it is to be noted that the null at 12:28 is very 
indistinct, possibly because the Jupiter emission was ex-
ceptionally strong at the time. The recorder time con-
stant was about one-fourth second and it is to be noted 
that even with so short a time constant the background 
noise level was noticeably raised for intervals of nearly 
25 minutes while Jupiter was between the nulls of the 
antenna pattern. 
Owing to the highly variable intensity of the Jupiter 

signals, the interferometer patterns were generally quite 
indistinct. The pattern in Fig. 5 was the best one ob-
tained. The unique characteristics of the Jupiter sig-
nals, however, made it possible to correlate the observed 
noise with Jupiter with some certainty without the need 
in every case of distinct interferometer patterns for 
identification. 

The Jupiter signals are characterized by their im-
pulsive or pulse-like nature, in many respects appearing 
similar to static from a terrestrial thunderstorm. In the 
early days of radio, the terrestrial static or "atmos-
pherics" were commonly classified into "clicks" and 
"grinders." The Jupiter signals are reminiscent of these 
types, since some are of very short duration and have a 
clicking or popping sound when listened to with a loud-
speaker, while others are of a more sustained character 
and exhibit a rumbling or grinding sound. The clicks 
may be of only a few milliseconds duration and may be 
single or multiple. The multiple clicks are usually 
double with an occasional triplet. The spacing between 
these multiple clicks is of the order of one-fourth second 

3,38 

or less. Individual rumbles or grinders, however, may 
last for several seconds, and these may come in suffi-
ciently rapid succession to raise and sustain the back-
ground noise at an enhanced level for several minutes. 
A recorder with a long integration time responds well to 
these rumble groups while a very short recorder time 
constant is necessary to respond to the short pulses or 
clicks. 
Another characteristic of the Jupiter signals is their 

very intermittent nature; a period of activity was ob-
served only once in many days of listening. When a 
source on Jupiter is active it can sometimes be observed 
for 60° of planet rotation before and after the central 
meridian passage. However, there may be many days of 
negligible detectable activity even at those times when 
the presumed active region is on or near the central 
meridian. When activity does occur, it may persist 
with some interruptions for several hours, the activity 
tending to occur in a succession of noisy periods. On the 
other hand, the active period may persist for only 10 or 
15 minutes. Sometimes isolated clicks may occur with-
out other evidence of activity. 

In Fig. 5 the recorder tape speed was three inches per 
hour. Fig. 6 shows a record with a tape speed of 360 
inches per hour (six inches per minute) and it is possible 
to see more fine structure. This activity occurred on the 
morning of January 25, 1956. Starting at about 3:37.5 
A.M. (EST) there are a series of peaks corresponding to 
rumbles that occurred roughtly at five-second intervals 
in groups of four or five. The groups are spaced about 
one-half minute apart. The record of Fig. 6 was obtained 
as a re-recording of the rectified audio signal recorded 
on a magnetic sound tape operated at 11- inches per 
second. 

Fig. 7 is another re-recording of a magnetic sound tape 
taken on January 20, 1956. At 5:44 A.M. (EST) a 
strong rumble occurred, preceded about five seconds by 
a double crack or pair of sharp clicks with a separation 
of about one-fourth second. The actual peak intensity 
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Fig. 7-11-meter Jupiter noise of January 20, 1956, recorded at six 
inches per minute showing small peak due to very short double 
crack or click followed about five seconds later by a strong rumble. 

of these clicks was probably greater than that of the 
strong rumble, but their duration was only of a few 
milliseconds, so the actual deflection was small with 
the recorder time constant about one-half second. The 
phenomenon in Fig. 7 occurred about three minutes 
after the start of a 10-minute series of bursts. 
The multiple clicks appear to fall into at least two 

main groups, one group having pulse separations of 
about one-fourth second and the other group, pulse 
separations of one tenth this value. The individual 
pulses are of the order of 10 milliseconds or less. 

Fig. 8 shows cathode-ray oscillograms of three double 
and two triple pulses or cracks re-recorded from a mag-
netic sound tape made during an active period on the 
morning of February 2, 1956. Time increases to the left 
as on the other records. The time interval between 
pulses is shown in seconds. It is to be noted that in all 
cases the second pulse is weaker than the first and, 
where a third is present, it is weaker than the second. 
This is suggestive of an echo phenomenon in which the 
second and third pulses are echos of the first. The triple 
pulse with approximately 0.3-second spacing is particu-
larly significant in this connection since each succeeding 
pulse not only becomes smaller in amplitude, but more 
spread out in time. 
Another approach to the problem is illustrated by 

Fig. 9 in which about 50 strong multiple pulses, which 
occurred during a three-hour period of Jupiter activity 
on February 2, 1956, are analyzed on a time diagram. 
The pulse separation time is plotted as ordinate and 
elapsed time as abscissa. The open circles are double 
pulses or cracks while the solid circles are triple pulses. 
Where two solid circles are connected by a vertical line, 
it signifies that the time between the first and second 
pulses was different than that between the second and 
third. 
The pulse separation times fall mostly into three 

groups: a short interval of about 25 milliseconds, an 
intermediate interval of about one-fourth second, and 

' I 

.01 89C 

01.1 

Fig. 8—Cathode-ray oscillograms of 11-meter Jupiter multiple pulses 
or cracks showing three pulse pairs and two triplets. The pulse 
separation is given in seconds. Photograph partly retouched for 
clarity. 
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Fig. 9—Chart in which pulse separation (ordinate) is presented as a 
function of time of observation (abscissa) for about 50 strong 
multiple Jupiter pulses or cracks observed during a three-hour 
period on February 2, 1956. The position of the presumed source 
on Jupiter with respect to the central meridian is shown along 
the top and the distance equivalent to the pulse separation is 
given at the right (velocity of light assumed). 

a long interval of the order of one second. It is uncertain 
whether the pulses belonging to this long interval group 
are single pulses which happened to occur close together 
or genuine doublets or triplets. Note, however, that this 
long interval corresponds approximately to the time 
required for a signal to travel once around the planet. 

Excluding this long interval group, an apparent trend 
is evident in the other two as indicated by the dashed 
lines. Thus, the longest intermediate intervals occurred 
at the same time as the shortest short intervals. Fur-
thermore, as determined by independent data based on 



272 PROCEEDINGS OF THE IRE January 

CENTRAL 
MERIDIAN 

SHORT 
INTERVAL PAIR 

SOURCE..s. 

"k 

SURFACE OF 
PLANET 

INTERMEDIATE 
INTERVAL PAIR 

35,000 
KM 

IONOSPHERE 

Fig. 10—Diagram illustrating possible wave paths for explaining 
multiple Jupiter pulses separated by short and intermediate 
intervals by means of an echo mechanism. 

previous activity periods and a knowledge of the rota-
tion period, the radio source was presumed to be on the 
central meridian of Jupiter at this same time. On this 
basis the source position, with respect to the central 
meridian, is shown along the top of Fig. 9. 

Postulating an echo phenomenon, the variation of the 
time separation of the pulses of the intermediate inter-
val group can be explained with the aid of Fig. 10. As-
suming that at a height of about 35,000 km the planet 
has an ionosphere which is partially transparent at the 
frequency of observation, the direct and reflected ray 
paths of a pulse pair might be as suggested. As the 
source rotates farther from the central meridian the re-
flected ray path becomes slightly shorter, which corre-
sponds to the observed decrease in the longest intervals 
in the intermediate group. With still further rotation the 
rays become totally internally reflected by the iono-
sphere, which would account for the observed disappear-
ance of activity considerably before the source reaches 
the limb of the planet. Although the echo phenomenon 
provides a plausible explanation for the multiple pulses, 
the observations are not adequate to draw definite con-
clusions and the multiple pulses may be caused by some 
other phenomenon. 
The intermittent and sporadic nature of the Jupiter 

signals is well illustrated by their behavior on February 
26, 1957. On this date, as Jupiter crossed the meridian 
at 2:09 A.M. (EST), a tremendous burst of activity be-
gan which lasted about 18 minutes. About 29 minutes 

after meridian transit or at 2:38 A.M., another almost 
as intense burst took place for about 18 minutes. Finally, 
about 61 minutes after meridian transit or at 3:10 A.m., 
a third period of activity began which lasted for 17 
minutes and which, although intense, was weaker than 
the second period. About one hour before meridian 
transit there had also been a precursor interval of 
activity lasting about 15 minutes (from 1:09 to 1:24 
A.m.) but this period was considerably weaker than the 
three periods of activity following meridian transit. 
Aside from occasional weak activity and a few isolated 
strong brief bursts there was no other activity for three 
hours before and after meridian transit. 

Strong Jupiter activity was recorded also on February 
27 and 28 and March 1 and 2, 1957, but little or no 
Jupiter activity was recorded during the following 15-
week period; no observations were made after June 14, 
1957. 

It is of interest that the intense Jupiter activity of 
February 26, 1957, occurred about four and a half days 
after a very large solar flare on February 21 rated of 
importance 3+.6 Also, the intense Jupiter activity of 
February 14, 1956, shown in Fig. 5, occurred about 
three and a third days after the great eruptive solar 
prominence (rated as an importance 3 flare) which shot 
off the solar disk at the record velocity of 1100 km" on 
February 10. The February 14, 1956, Jupiter activity 
was the strongest observed from the planet during 
January and February. Although these sequences may 
be entirely coincidental, they do suggest the possibility 
that the mechanism producing the Jupiter radiation 
may be initiated or triggered by particles emitted from 
the sun. 
During the January-February, 1956, observations 

the times of occurrence of Jupiter activity indicated 
that it originated in a localized region on the planet. 
However, the February 26 to March 2, 1957, observa-
tions suggested that the activity was widespread or 
originated in two or more localized regions. 

Peaks of Jupiter activity are commonly observed 
which are at least 10 times the intensity of Cygnus A. 

Taking the intensity of Cygnus A as 38 X10-24 janskys 
(watts meter-2 cps-1) at 250 mc and assuming a spec-
trum proportional to wavelength for Cygnus A, the 
peak radiated power at the source on Jupiter is about 10 
kw per cps of bandwidth. In this calculation the distance 
to Jupiter is 4.4 astronomical units, it is assumed that 
the source has a hemispherical radiation pattern, and 
that the power flux density attenuation is proportional 
to the inverse square of the distance. 

A power of 10 kw per cps is several orders of magni-
tude greater than the estimated peak radio power from 
a terrestrial lightning stroke. However, this does not 
rule out the possibility that a lightning-like mechanism 
on Jupiter is responsible, since the dense Jovian at-

18 D. H. Menzel, E. P. Smith, H. DeMastus. H. Ramsey, G. 
Schnable. and R. Lawrence, "The record prominence of 10 February 
1956," (abstract), Astron. J., vol. 61, p. 186; May, 1956. 
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Fig. 11—Interferometer pattern of radiation from Venus observed on November 30, 1956. 

mosphere may permit higher voltages to build up and 
more energy to be stored before the dielectric medium 
ruptures. 
The Jupiter observations of Burke and Franklin' 

were made at 22 mc. Shain's observations9 were made 
at 18.3 mc, while observations at the National Bureau of 
Standards have been made at 18 and 20 mc." Other ob-
servations at the Department of Terrestrial Magnetism 
have been made at 27 mc, which when compared to the 
22-mc observations indicate the Jupiter radiation is not 
part of a continuumu as there is no correlation between 
the occurrence of individual bursts. The observations 
at Ohio State have been made at about 27 mc (26.6 mc 
in 1956 and 27.6 mc in 1957). While making observa-
tions of the Jupiter signals on the morning of March 2, 
1957, Mukherjee, Ohio State University research assist-
ant, tuned the receiver repeatedly to higher frequencies 
between 2:52 and 3:10 A.M. (EST) finding peaks of in-
tensity at the following: 27.6, 29.8, 35.6, 40.0, 40.9, and 
43.0 mc. There was little or no signal observed at inter-
mediate frequencies and none above 43 mc. These ob-
servations should be regarded with caution since an-
tenna and transmission line response and resonances 
may be at least partially responsible for this peaking 
effect. However, they do suggest that the Jupiter emis-
sion may have a complex spectrum. To the best of our 
knowledge, 43 mc is the highest frequency at which the 
impulsive (nonthermal) Jupiter signals have been re-

ported. 
Smith" has reported the absence of Jupiter radiation 

at 38 mc in 1952 and 1953 and at 81.5 mc in 1955. The 
fact that no radiation was noted on 38 mc may or may 
not be significant with respect to the spectrum since 
the observations totaled only 16 days and Jupiter may 
have been quiescent at the times of observation. 
The Jupiter signals are not only of astronomical in-

terest, but should also interest the communications 
engineer looking ahead to the era of space travel and 
interplanetary communications, since their quasi-
coherent and bursty or pulse-like nature may make it 
possible to draw significant conclusions about the reli-
ability and information capacity of interplanetary radio 
circuits. This problem is complex since it involves corn-

' 4 R. M. Gallett, "The results of the observations of Jupiter's 
radio emissions on 18 and 20 mc in 1956 and 1957," (abstract), 
IRE TRANS., vol. AP-5, pp. 327-328; July, 1957. 

'5 F. G. Smith, "A search for radiation from Jupiter at 38 mcs 
and at 81.5 mcs," Observatory, vol. 75, pp. 252-254; December, 
1955. 

munications between two rotating, moving spheroids 
with a communication path through two ionospheres 
(one on each planet) and an interplanetary medium. 

VENUS AND OTHER OBSERVATIONS 

Using the 11-wavelength spacing interferometer a 
number of patterns were obtained indicating radiation 
from Venus. A record' obtained May 30, 1956, has 
minima corresponding to the interferometer pattern 
nulls for an hour before and after the meridian transit 
of Venus, with the background level raised between the 
minima. Another more significant record was obtained 
by Dr. M. Krishnamurthi using the 5-wavelength spac-
ing interferometer at the Ohio State-Ohio Wesleyan 
Radio Observatory site on November 30, 1956. This 
record, shown in Fig. 11, has an interferometer pattern 
for several hours before and after the meridian transit 
of Venus and was the only record suggesting Venusian 
radiation obtained over a two-month period of observa-
tions. The irregular line at top is the actual recording 
(time constant about three seconds). The line under the 
actual record is sketched in accordance with the 
smoothed background variation. The solid circles indi-
cate the calculated null positions for a source at the 
coordinates of Venus while the open circles indicate the 
calculated null positions for a source at the coordinates 
of the sun. All of the eight observed minima agree 
closely with those calculated for Venus whereas only 
one is close to a calculated null position for the sun. 
Known radio sources other than the sun were either 
completely out of the antenna beam during the ob-
servation period or too weak or both to be a factor. 
Furthermore, if the pattern were produced by a random 
phenomenon the probability that such a chance process 
could yield the observed agreement with the calculated 
null positions for Venus is only about one in a hundred 
thousand. Accordingly, the probability is high that the 
radiation recorded in Fig. 11 was of Venusian origin with 
the emission being of a relatively sustained type. 

Using the lobe-sweeping array, apparent sources were 

observed to cross the meridian on March 9, 10, 21, and 
24, 1957 at the meridian transit time of Venus within 
the experimental error of the system (about three 
minutes). 
On March 14, 1957, a peculiar record was obtained 

in which a source appeared for only about 45 minutes, 

14 J. D. Kraus, "Radio observations of the planet Venus at a wave-
length of 11 meters," Nature, vol. 178, pp. 103-104; July 14, 1956. 
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Fig. 12—Three-helix lobe-sweeping array patterns obtained during 
transit of source on March 14, 1957. Horizontal chart width 
corresponds to lobe displacement of 20° either side of meridian 
(vertical line). East of the meridian is to the right and west to the 
left. 

being observed to cross the meridian about 47 minutes 
before the meridian transit of the sun (about 21 minutes 
before the meridian transit of Venus). Selected tracings 
of the swept-lobe records of this source are shown in 
Fig. 12. The motion of the source (from right to left 
with time) is obvious with the source being on the 
meridian (vertical line) about 11:55 A.M. Since no 
known radio source of large enough intensity crossed 
the meridian sufficiently close to this time, the apparent 
"source" is due either to some spurious effect or else is 
a real source of transient or temporary nature. 
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Radio Emission from Comet 1956 h on 600 MC* 
R. COUTREZt, J. HUNAERTS t, AND A. KOECKELENBERGHt 

Summary—Radiation from Comet 1956 h has been observed on 
600 mc at perihelion. An attempt to identify this emission, which pre-
sented a rather stable character, has been made. It appears that this 
radiation may arise from transitions between fine structure compo-
nents resulting from A-type doubling of the level J=.3/2 of the 211312 
state of CH molecule. The observed flux density leads to a number 
of molecules of the order of 1080-10n, which is compatible with ad-
mitted numbers in cometary atmospheres. 

INTRODUCTION 

/T has long been known that a comet consists of a rather small nucleus of compact material, sur-
rounded by a highly tenuous atmosphere which may 

extend to considerable distances when the object reaches 
the vicinity of the sun. The "head" of the comet, in the 
neighborhood of the nucleus, is formed by molecules or 
free radicals (OH, NH, CH, CN, C2, Cs, CH, OH, 
NH3) together with possible other components emitted 
from compact materials, by desorption processes under 
the influence of solar heating, and possible other mecha-

* Original manuscript received by the IRE, November 6, 1957. 
t Royal Observatory of Belgium, Uccle, Belgium. 

nisms. The "tail," directed opposite to the sun under the 
effect of selective radiation pressure, contains ionized 
material and forms a plasma, often extending at consid-
erable distances from the nucleus. The mechanism by 
which a second tail or "egret" directed towards the sun 
is formed, principally for the new comets near peri-
helion, is not clearly understood at the present time, 
though this feature seems to be not infrequent for tele-
scopic comets. On the other hand, comets show activity 
in the tail; it seems that this activity occurs in con-
nection with solar activity under the effect of electro-
magnetic and corpuscular solar radiation. 
The mechanisms by which a comet may give rise to 

electromagnetic radiation on long wavelength, pertain-
ing to the radio astronomical interval, have been dis-
cussed by Poloskovi from a theoretical point of view. 

1 S. M. Poloskov, "Monochromatic radio emission of cometary 
molecules," Proc. Liege Symp. 1956, published under the title "Les 
Molécules dans les Astres," Institut d'Astrophysique, Cointe-Scles-
sin, Belgium, pp. 118-123; 1957. 
 , "Cometary radio emission," Astron. J. USSR, vol. 30, 

pp. 68-75; January-February, 1953. (In Russian.) 
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Owing to the faint electronic densities in the tail and 
the low electronic temperatures as deduced from optical 
observations, there seems to be no possibility of detect-
ing a thermal radiation with a continuous spectrum even 
for the largest comets at perihelion. However, non-
thermal radiation (from plasma effects) may be ob-
served. Another possibility is monochromatic radiation 
of molecular origin, resulting from transitions between 
fine structure components due to the so-called A-type 
doubling of rotational levels in the fundamental elec-
tronic state. Only heteropolar radicals having II levels 
are to be considered here because they only have A-type 
doubling, and particularly OH and CH owing to their 
relative abundance in the cometary heads. This obser-
vational possibility might occur exclusively for the 
largest comets in the vicinity of perihelion. However, 
there is at present no satisfactory theoretical model for 
the molecule so the predicted wavelengths for these 
transitions are still uncertain. 

OBSERVATION OF A RADIOFLUX FROM 
COMET 1956 H ON 600 MC 

The Comet 1956 h seems to belong to a class of comets 
with very long periods and has apparently carried out 

one of its first, if not the first, passages at perihelion in 
April, 1957. The large angular dimensions of the come-
tary head, as predicted from previous optical observa-
tions, and the probable abundance of free radicals at 
perihelion, engaged the radio astronomy group of the 
Royal Observatory, Uccle, Belgium, in an attempt to 
detect such an electromagnetic radiation on 600 mc. 
The observations were made at the station of Humain-
Rochefort with a Wurzburg paraboloid of 30-foot aper-
ture, mounted azimuthally, and equipped with a highly 
stable receiver, on April 9 and 12 when the comet 
passed in the vicinity of perihelion, and on April 24 
and 26 at the vicinity of minimum geocentric dis-
tance. The method used consisted simply of sweeping 
the antenna beam back and forth, from west to east and 
conversely, on the probable region of the comet as de-
termined from the Hasegawa ephemeris,2 and of record-
ing at the same time the output on a Speedomax chart. 

This sweeping was made at fixed zenithal distances. 
Passing over the comet, it seemed that a radioflux was 
detected above the level of the ordinary fluctuations of 
the receiver's output.* Moreover, this flux seemed rather 
stable, and with a slow motion in azimuth in the direc-
tion of diurnal motion or conversely, a rather clear 
difference was observed in the duration of the elongation 
as seen on the record. Extracts of these records are re-
produced in Figs. 1-7, pp. 276-277, with the correspond-
ing regions of the sky and the shape of the antenna lobe. 
The observational results are described in Table I. 

J. Hasegawa, IAU Circular No. 1580; January 10,1957. 
8 R. Coutrez and P. Bourgeois, IAU Circular No. 1954; April 11, 

1957. 

TABLE I 

COMET 1956 H MEASURED FLUX DENSITIES ON 600 MC 

April 
Time 

(U.T.) of 
observ. 

Eq. Coordinates 

a o 

r(A.U.)là(A.U.) 

(after Candy)4 

9 

12 

24 

26 

11.31 
11.40 

12.14 
14.16 

18.15 

21.43 
21.45 

Oh51m 
0.47 

0.53 
0.45 

2.33 
2.47 

— 5°10' 
— 7.04 

— 3.30 
— 3.45 

+50.50 
+50.00 

0.320 

0.343 

0.555 

0.598 

0.834 

0.717 

0.594 

0.625 

Flux density 
[wm-2 
(cps) -11 

56X10-24 
70 

56* 
42 

35t 

28$ 
28 

* Peak at 84 X10-24 wm-2 (cps) -4. 
No certain identification. 
The flux may be double. 

In Table I, r and A, the heliocentric and geocentric 
distances of the Comet 1956 h, have been deduced from 
the ephemeris computed by Candy. No certain identifi-
cation has been obtained for April 24 owing to an 
error of setting (observation made at too low a declina-
tion). Taking into account the fluctuations of the re-
ceiver's output, the flux densities are given with a prob-
able relative error of 50 per cent. Many records were 
obtained on the probable region, and it appeared clearly 
that the position of the radio source computed from the 
horizontal coordinates of the antenna beam corre-
sponded well to the position of the Comet 1956 h as 
computed from the ephemeris. Moreover, the flux 
seemed to originate in the lower part (head or egret), the 
tail producing less or no radiation on this frequency. 

It is perhaps interesting to mention that the distribu-
tion of observed centers of emission, on April 9, 1957, 
led to the impression that the comet was preceded by 
an emissive region directed towards the sun. The pres-
ence of such an "egret" was actually confirmed by sub-
sequent visual observations. 

CHARACTERISTICS OF THE RECEIVER AND 
CALIBRATION OF OUTPUT 

As measured in the laboratory at Uccle, the noise 
factor of the receiver is of the order of 6, with a total gain 
of 120 db and a bandwidth (at 3 db) of 7 mc. The image 
frequency is 540 mc with a reduction of gain of 3 
(approximately). Great care has been taken in order to 
improve the stability of the receiver (use of dc degenera-
tion in the intermediate-frequency amplifiers, highly 
stable power supplies giving a precision of 1/20,000 on 
continuous voltages and 1/4000 on heating currents, 
precision local oscillator on 570 mc in a thermostatized 
cabin). With an amplification corresponding to 100 di-
visions on the recorder's chart for 3 ma of anodic cur-
rent of an adapted noise diode (Bendix TT 1 in coaxial 
mount), the record on a dummy load was found to be a 

4 M. P. Candy, 1AU Circular No. 1585; February 20, 1957. 
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Fig. 1—Sketch of records on the Sun and Comet 1956 h, on 
600 mc. Note the zero shift for the sun. 

perfectly straight line in the laboratory conditions with 
the time constant of 1 second. However, in the observa-
tional conditions on the antenna, the record with the 
same amplification was still presenting irregular drifts 
of 1 division, with a rather short period; this fact seems 
to be due to thermal variations of the rf head. The scale 
of the record is linear in power to a few per cent. 
The antenna gain has been deduced from the lobe 

shape, taking into account the law of illumination of the 
paraboloid by the slotted dipole in focus. The compari-
son noise diode is placed right at the input of the re-
ceiver, at the extremity of the antenna line. Taking into 
account antenna gain and losses in the transmission line, 
the formulas giving the corrected antenna temperature 
and the corrected flux density are, respectively, in our 
case, 

norr = 365 /ma (diode) (°K) 

and 

S = 6.0 X 10-22/.. (diode) {Win 2 (CPS) -11 

This corresponds very well to our common base of 
30 X 10-22wm-2 (cps)-1 for 5-ma diode, as deduced from 
the comparison of our regular measurements of solar 
flux with other data.6 On the other hand, the internal 
position of the feed in the Wurzburg parabola gives a 
low antenna gain but has the advantage of lowering 
the first secondary lobe level, which is 33 db below the 
principal lobe. This excludes any possibility of a contri-
bution due to a passage of the sun's disk in the second-
ary lobe, even in case of outburst. Moreover, an exami-
nation of the relevant records has been made and it was 
found that the sun, at the dates given in Table I, has 
had no special activity on 600 mc. 

Quart. Bull. Solar Activity, IAU, 
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Fig. 2—Deviation obtained on the comet's region on April 9, 1957. 
In the upper figure the antenna beam has the same direction as 
the diurnal motion; in the lower figure, the opposite. 
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Fig. 3—Relative positions of the sun and the comet on April 9, 1957. 
The contours of antenna lobes are given. The cross indicates the 
position of the comet, after Candy's ephemeris. The black circles 
are the lobe centers for observations recorded in Fig. 2. 

The calibration of the records has been made by com-
parison with the deviation given by the sun in the an-
tenna beam. For example, on April 9, the sun gave a 
deviation of 129 divisions on the Speedomax chart; this 
deviation calibrated with the noise diode was found to 
correspond to 36 X 10—"wm-4 (cps)-1; then, if the scale 
is linear in power to this extent, a deviation of 2 di-
visions on the comet corresponds to an antenna tern-
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12 -IV-57 
Fig. 4—Deviation obtained on the comet's region on April 12, 1957. 

In the upper figure the antenna beam has the same direction as 
the diurnal motion; in the lower figure, the opposite. 
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Fig. 5—Relative positions of the sun and the comet on April 12, 1957. 
The contours of antenna lobes are given. The cross indicates the 
position of the comet, after Candy's ephemeris. The black circles 
are the lobe centers for observations recorded in Fig. 4. 

perature of 34°K or to a flux density of 36 X 10-21wm-2 
(cps) -1. The same method has been applied to the whole 
set of data entered in Table I. 

NUMBER OF EMITTED PHOTONS AND LIFETIME 
OF EMITTING SYSTEMS 

The radioflux of Comet 1956 h on 600 mc was found 

rather stable. This contrasts with the observations made 
by the German observers of the University of Bonn on 
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Fig. 6—Deviation obtained on the comet's region on April 26, 1957. 
In the upper figure the antenna beam has the same direction as 
the diurnal motion; in the lower figure, the opposite. 
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Fig. 7—Lobe contours and positions of the radio sources on April 
26, 1957. The cross indicates the position of the comet, after 
Candy's ephemeris. 

1420 mc6 and by Kraus' which detected also radioflux 
originating from this comet. On the other hand, obser-
vations made on April 9 may be taken as an example 

in order to determine the number of emitted photons 
per unit time, independently of any assumption con-
cerning the origin of this radioflux. 
We have examined the possibility of continuous emis-

sion, due to free-free transitions under the effect of ordi-
nary solar radiation; however, taking into account the 
physical conditions in the comet, this hypothesis seemed 
to us improbable. We did not examine the possibility of 

H. G. Müller, W. Priester, and G. Fischer. Universitâts 
Sternwarte, Bonn, Germany. Prepublication. These results have 
been obtained with the 25-m paraboloid at Stockert. 

7 J. D. Kraus, IAU Circular No. 1596; April 29, 1957. 
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nonthermal radiation (plasma effects), but our impres-
sion is that the radiation on 600 mc might present a 
monochromatic character and be concentrated in a line, 
of width Av. For the calculations, we adopted the values 

Ay =104 cps corresponding to a Doppler broadening at 
5000°K, and 

Av =103 cps corresponding to a Doppler broadening at 
50°K or to a natural width, respectively. 

At geocentric distance A =0.834 A.U. =133 X10" cm, 
the comet sees 1 square cm at the antenna corresponding 
to a solid angle 11=5.6 X10-27 sterad. For the whole 
sphere, the power per (cps) radiated by the whole comet 
is then 

Pv = 471-Sv/S1 = 108 erg sec-1 (cps)-1. 

If the radiation is concentrated in a line of width Av, 
and with the preceding values, the total (integrated) 
power radiated per unit time is, respectively, 

and 
P = 10" erg sec-1 = 10') 

P = 10" erg sec-1 (Av = 103). 

Since a photon at 600 mc represents an energy E =hv 
= 4X10_18 erg, the total number of photons emitted by 
the whole comet on this frequency is, respectively, 

N = 25 X 102' sec-1 (Av = 104) and 

N = 25 X 10" sec-1 (Av = 10'). 

This total number of photons represents the total 
number of emission processes per second, for the whole 
comet, on 600 mc. In correspondence with a plausible 
number of emitting systems, we therefore obtain the 
results expressed in Table II. 

TABLE II 

NUMBER AND LIFETIME OF EMITTING SYSTEMS 

Num-
ber 
of 

sys-
tems 

Number of processes 
per second and per 

system 
Lifetime of a system 

(1) 
(Av =104) 

(2) 
(Av = 103) (I) (2) 

1002 
1001 
10» 

25X10 
25 X10-3 
25X10' 

25X10 5 
25X10 
25X10' 

400 seconds 
40 
4 

4000 seconds 
400 
40 

DISCUSSION ON THE INTERPRETATION OF RADIOFLUX 
BY MONOCHROMATIC EMISSIONS 

Let us now examine on the basis of the preceding 
calculated number of emitting systems, the possibility 
of interpreting the observed radioflux emitted by the 
comet by molecular radiation resulting from transitions 
between fine structure components, due to the A-type 
doubling of rotational levels in the fundamental elec-
tronic state. Only the heteropolar radicals OH and CH 
are to be considered. 

For molecule OH, according to Poloskov, the tran-
sition between sublevels J=3/2 of Map state gives rise 

to a radiation at X =18.25 cm which excludes the possi-
bility of interpreting the emitted flux. 
The CH molecule seems to present a better possibility 

of identification. In order to improve the wavelength of 
the transition between sublevels, we have made a new 
determination of the A-type doubling of 2H state for the 
intermediate case between Hund's cases (a) and (b) by 
Van Vleck's formula' 

6v(J) =[(4-p q)(±1 2X-1 — Y X—i) 

2qX—i(J — 1)(J 1)j(J + 4-) 

X = [4(1 4-)2 Y(Y — 4)]-02 

Y = A/B. 

and 

where 

A and B are the coupling and rotational constants. 
This theoretical relation, which is not a rigorous one, 

notwithstanding is a satisfying one and represents very 
well the observational data.' These are given by the 
work of Gerei." We considered the lines from (0-0) 
bands of the A'A —X2II and B2Z — X211 transitions. The 
values of the parameters p and q deduced from this com-
putation are 

p = 0.0376; q = 0.0387. 

These values may be compared with those given by 
Mulliken and Christy," 

p = 0.032; q = 0.037. 

In Table III, opposite, we give the results of our deter-
mination, for the A-type doubling of the 2113/2 state. 
We see that the Sv resulting from the A-type doubling 

deduced by us is in better agreement with the experi-
mental values than those calculated by adopting Mul-
liken and Christy's parameters p and q. Thus the wave-
length X =50.0 cm obtained by us for the transition be-
tween sublevels J=3/2 of state W 3/2 for the CH mole-
cule appears as being more compatible with the optical 
spectrum's data than the value X = 45.45 cm as given by 
Poloskov, whose results are identical to those calculated 
with the parameters adopted by Mulliken and Christy. 
The interpretation of CH emission spectrum in the 

cometary conditions for the visible light has been made 
previously by Hunaerts" and gives the possibility of 
computing the time interval between absorption proc-
esses giving rise to this spectrum, for the conditions in 

J. H. Van Vleck, "On A-type doubling and electron spin in the 
spectrum of diatomic molecules," Phys. Rev., vol. 33, pp. 467-506; 
1929. 

9 Poloskov, loc. cit. 
19 L. GertS, "Vervollstândigung der analyse der CH-banden," Z. 

Phys., vol. 118, pp. 27-36; May, 1941. 
II R. Mulliken and R. Christy, "A-type doubling and electron 

configurations in diatomic molecules," Phys. Rev., vol. 38, pp. 87-119; 
July 1, 1931. 

12 J. Hunaerts, "Interprétation du spectre d'émission de CH dans 
les comètes," Ann. Obs. Roy. de Belgique, 3me sér., T.6, fasc. 4; 1954. 
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TABLE III 

MOLECULE CH À-TYPE DOUBLING FOR STATE 21I3/2 

Observed Calculated 

(1) (2) (3) 

1.5 
2 
2.5 
3 
3.5 
4 
4.5 
5 
5.5 
6 
6.5 
7 
7.5 

cm-1 

0.0- 85 

0.2- 75 
0.370 
0.545 
0.667 
0.860 
1.070 
1.255 
1.467 
1.795 
1.973 

cm-4 
0.020 
0.083 
0.157 
0.254 
0.370 
0.506 
0.661 
0.835 
1.029 
1.242 
1.474 
1.726 
1.997 

cm-' 
0.023 
0.080 
0.156 
0.250 
0.362 
0.486 
0.642 
0.810 
0.996 
1.201 
1.424 
1.666 
1.926 

(1) The observed values are deduced from the measurements of 
Gere4. In the case of a 2A transition we have 

óv.k(J) = Ra(J) - Rde) = Qd(f) - Qe) = P.e) - P(J) 

whereas, in the case of 2Z -211 transition, 

6pda) ± 6vd(J ± 1) = [R(J) - QM] - [Q(J + 1) - P( , ± 1)1 

and we may write 

Sv,k(J) avd.(.7 + 1) ,--,25vda 

In this case, we get in this way not the real doublet separation 
for actual values of J, but instead the separation 8v(J+1/2) for ficti-
tious J values (the entire values of Table III). 

(2) Values calculated with the parameters p and q as determined 
in this work. 

(3) Values calculated with the parameters p and q as determined 
by Mulliken and Christy. 

which the comet has been observed. This interval is 
given by 

Tabs " 1/2iLipVI 

where the sum is extended to the whole set of absorp-
tions from the same level. Here, B is the absorption 
probability and 

pp' = 13I • pv 

the solar radiation density, account being taken of the 
dilution factor 0 = 5.41 X10-er-2, of the absorption per-
centage I by the Fraunhofer lines, and of the radiation 
density pi/ = 4rX2Fx/c2 for a mean disk intensity F. 
Then, at 1 A.U. from the sun and for a wavelength in-
terval of 100 A between X 4250 and X4350 A, 

pvi = 33 X 10-21 erg cm-2. 

On the other hand, ZB has the same value 3.25 X10" for 
each rotational level and, then, 

=- 21.5 X 10-3 (at r = 1 A.U.) 

owing to the fact that each line has a double effect re-
sulting from the A-type doubling of 2H states. 
On April 9, (r =0.320), 

Bpi' = 2 X 10-2 sec-2. 

It results that the time interval between two absorp-
tions giving rise to the visible spectrum is of the order of 
5 seconds. 
An emission process giving rise to radiation on 600 mc 

from transitions between two sublevels resulting from 

A-type doubling is only admissible, when this time in-
terval between two absorptions is much less than the 
lifetime of the molecule on the upper sublevel. Refer-
ring to Table II, it appears that the number of mole-
cules which might explain the observed radioflux is of 
the order of 10" to 10". This value agrees well with that 
given by Wurm" for the atmosphere of comets. 

CONCLUSION 

A radioflux on 600 mc, which seemed rather stable, 
has been observed from the Comet 1956 h at the vicinity 
of perihelion. This stability does not mean that the flux 
may not present considerable variations from day to 
day. 
The antenna characteristics (proportion of secondary 

lobes) and the absence of relevant solar activity at the 
observation days imply that the observed deviations on 
the comet region are probably real and are not due to 
solar direct radiation on 600 mc. 
The position of the radio source, as observed, corre-

sponds well to that given by the ephemeris of the 
Comet 1956 h. 
An examination of the possibility of continuous emis-

sion by free-free transitions caused by ordinary solar 
radiation has been made; this assumption has been ex-
cluded owing to the faint electronic density and the low 
temperature. Our impression is that the radiation might 
present a monochromatic character on 600 mc. 
The number of emitted photons by the whole comet 

in the whole sphere has been determined on the assump-
tion that the linewidth is comprised between 104 and 10' 
cps, corresponding to admissible temperatures. The life-
time of an individual emitting system can be computed 
as a function of the number of systems. With reasonable 
number of molecules in cometary conditions, this life-
time lies between 4 and 4000 seconds for the observed 
flux density on 600 mc, and is inversely proportional to 
the line-width. 
There seems to be a possibility of interpreting the ob-

served radiation on 600 mc on the basis of transitions 
between sublevels J =1.5 of state 2113/2 resulting from 
A-type doubling for the molecule CH. A new determina-
tion of the wavelength of this transition has been made, 
and led to the conclusion that an improved value of this 
wavelength is 50.0 cm, rather than 45.45 cm as given 
previously. 
An emission process giving rise to radiation on 600 

mc from transitions between two sublevels J=1.5 of 
state 2113/2 of CH is only admissible, when the time in-
terval between two absorption processes giving rise to 
the optical spectrum is much less than the lifetime of 
the molecule on the upper sublevel, otherwise the opti-
cal spectrum could not be emitted. Referring to previous 
results, it is seen that the number of molecules which 
might explain the observed radioflux is of the order 10". 
to 10", which agrees well with the admitted numbers in 
the cometary atmospheres. 

13 K. Wurm, "Die natur der kometen," Vierteljahrsschr. Astron. 
Ges., vol. 78, pp. 18-87; January, 1943. 
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Lunar Thermal Radiation at 35 K 
JOHN E. GIBSONt, ASSOCIATE MEMBER, IRE 

Summary—Measurements of the thermal radiation of the moon 
were made at a frequency near 35 kmc to investigate further the 
variation of the radio-wavelength brightness temperature with lunar 
phase first observed by Piddington and Minnett at 24 kmc. The sub-
ject measurements, when referred to the equivalent blackbody tem-
perature for the center of the lunar disc, show a complex rather than 
sinusoidal variation with phase, varying between 225° and 145°K. 
The directivity of the antenna (about 0.2° of arc between half-
power points) was sufficient to indicate the lunar equatorial (east-
west) brightness distribution; this was found to vary in the expected 
manner and was in agreement with the form of the central bright-
ness variation during a lunation. Observations of two total lunar 
eclipses showed that no measurable change in lunar radiation occurs 
during the few hours of an eclipse. Comparison of these results with 
calculations by Jaeger suggests the lunar surface is composed of a 
layer of fine dust of very low thermal conductivity, the average depth 
of which is estimated as one inch or more. 

INTRODUCTION 

HERMAL radiation due to the surface heat of the 
moon is measurable by thermocouple techniques 
in the infrared frequency range and by directive 

radio receiving systems at radio frequencies. The vari-
ation in apparent temperature of the moon during the 
lunar cycle was first investigated at radio frequencies by 
Piddington and Minnett' at 24 kmc. They found an 
approximately sinusoidal variation with lunar phase, 
and deduced the apparent temperature range to extend 
from about 200°K to about 300°K. A phase lag (relative-
to-optical phase) in the occurrence of these extremes 
was observed, which was interpreted as indicative of a 
stratified lunar surface in the form of a thin surface 
cover of fine dust overlaying a subsoil of greater thermal 
conductivity. 

Following much the same method, the observations 
were repeated at the Naval Research Laboratory during 
1953, at a higher frequency near 35 kmc. The antenna 
beamwidth of 0.2° available for these observations 
greatly reduced the extrapolation required in deter-
mining lunar temperatures from observed readings. 
Moreover, this beam directivity was sufficient to permit 
the coarse measurement of the changing brightness 
variation along the lunar equatorial region. More 
recently, lunar temperature measurements at other 
radio frequency bands have been reported.2,3 

Original manuscript received October 3, 1957. Adapted from 
U. S. Naval Research Lab. Rep. 4984. 

1" Radio Astronomy Branch, U. S. Naval Research Lab., Wash-
ington, D. C. 

1 J. H. Piddington and H. C. Minnett, "Microwave thermal ra-
diation from the moon," Aust. J. Sel. Res., vol. A 2, p. 63; March, 
1949. 

1 K. Alcabane, "Lunar radiation at 3000 mc/s," Proc. Japan Acad., 
vol. 31, p. 161; March, 1955. 

3 M. R. Zelinskaya and V. C. Troitski, "Absolute methods for the 
measurement of the radio temperatures of the sun and moon at 
centimeter wavelengths, and results obtained at X=3.2 cm," USSR 
Acad. Sel., Trans. Fifth Conf. on Questions of Cosmogony, (Moscow), 
p. 99; March 9-12, 1955. (In Russian.) 

C* 

The present paper summarizes the experimental 
facilities, methods and results of the NRL observations 
at Ka-band,4 and indicates their relation to present con-
cepts of the physical characteristics and structure of the 
moon's surface. 

EQUIPMENT 

The radio system used to obtain these measurements 
was identical in electrical characteristics to the present 
Ks-band system shown in Fig. 1. The antenna mount of 
this present equipment provides greater mechanical 
stability than the modified radar pedestal used in the 
former system. 

Fig. 1—Receiving system for cosmic radiation at 35 kmc. 

The antenna reflector is ten feet in diameter and three 
feet in focal length, and was machined from an alumi-
num casting. The antenna feed is a small horn of 0.280-
inch square aperture, from which the received radiation is 
transmitted through 0.140 by 0.280-inch silver-lined 
waveguide to the receiver mounted behind the antenna. 
The receiver is the rapid-comparison type introduced 

by Dicke,' and follows quite closely the design of Dicke 
for 1.25 cm wavelength. The principal differences are 
the use of the hybrid ring instead of the Magic- T bal-
anced mixer circuit, the omission of agc, and the use 
of a twin diode rather than a pair of pentodes as the 
coherent detector. 
To provide absolute calibration signal levels, a wave-

guide switch at the receiver input permits the antenna 

4 K.-band extends from 33 to 36 kmc. 
6 R. H. Dicke, "The measurement of thermal radiation at micro-

wave frequencies," Rev. Sci. Instr., vol. 17, p. 268; July, 1946. 
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to be replaced by either a dissipative dummy antenna 
termination at ambient temperature, or by a heated 
termination whose temperature is usually about 250°C, 
but which may be increased to near 600°C if desired. 
Received noise radiation whose power corresponds to 
low noise temperatures can be measured by scaling from 
the marker levels for the calibrating terminations. For 
high noise temperatures and for determining the re-
ceiver input-output response characteristic, an argon 
gas-discharge noise tube is used in conjunction with a 
calibrated variable attenuator. 

Details of the mechanical and electrical design of the 
antenna and receiver, together with an analytical dis-
cussion of the receiver characteristics, have been given 
in a separate publication,6 and it is necessary here to 
mention only two system parameters, the antenna direc-
tivity and the receiver sensitivity. The antenna radia-
tion pattern is a pencil beam about 0.2° in width be-
tween half power points. The illumination of the re-
flector by the feed is tapered to about 15 db down at the 
edge; thus the side lobes of the radiation pattern are 
low. The plane of electric polarization is north-south. 

For a receiver of this type which is open to both the 
signal and the image channels, and in which the IF pass 
band has the approximate frequency response of a 
single-tuned resonant circuit, the rms value of the 
flicker in the output indicator is given by 

3 11 
At = [FT0 — (t — To) + • 

4V2 2 

where 

F= noise factor referred to signal channel reception 
only, in accord with the IRE definition, 

To = 290°K, 
t=noise temperature of received radiation, 
r= time constant (in seconds) of the output inte-

grator (not to be confused with the atmospheric 
opacity r mentioned later), and 

B =equivalent noise bandwidth of the IF channel, 
in cycles per second. 

For selected Sylvania type 1N53 mixer crystals, the 
noise factor ranges from 15 to 20 (12 to 13 db). With 
B ge 4 X106 and r = 1, the calculated value for ít is 1.2° 
when t e-•-•• To. The observed flicker is in good agreement, 
and is about three degrees in the peak-to-peak excursion. 

THE OBSERVATIONAL METHOD 

The variation in lunar temperature during a synodic 
month (29.53 days) can be traced adequately from 
measurements spaced about a day apart. However, ad-
verse weather conditions generally preclude the possi-
bility of obtaining an unbroken series of daily measure-
ments at Ks-band, where the attenuation due to clouds 

6 J. E. Gibson, "Comparison-Type Receivers for White Noise 
Radiation at 0.86 CM Wavelength, U. S. Naval Research Lab. Rep. 
4864; December, 1956. 

IEST 

(a) 

(b) 

Fig. 2—Recordings of lunar thermal radiation received during the 
moon's transit of the stationary antenna beam. The moon is 
shown to scale for the two cases, and is so oriented that the west-
east brightness variation across the moon is indicated by the 
corresponding recorded deflection. The receiver output time con-
stant was one second, and the recorder chart speed was three 
inches (four divisions) per minute. (a) Lunar phase 139"; ap-
parent diameter 33.07'. (b) Lunar phase 283"; apparent diam-
eter 29.75'. 

and precipitation is variable and difficult to determine. 
Therefore, the observations during the early part of 
1953, were discontinuous, and since the equipment and 
observational technique were modified somewhat in 
this period, the early observations were regarded as pre-
liminary. Finally, a long period of favorable weather in 
autumn provided the opportunity to obtain a complete 
set of data under unified conditions. 

In order to measure both lunar temperature and 
equatorial brightness distribution, a scanning method 
was followed. The antenna was pointed just west of the 
moon's position and held stationary during the transit 
of the antenna beam caused by the diurnal movement 
of the moon (Fig. 2). A representative series of these 
scans was obtained for each daily observational period. 
Following groups of two or three scans, calibration 
marker levels were recorded for a receiver input termi-
nation at about 250°C and for an ambient temperature 
termination (about 15°C). The atmospheric attenua-
tion for each day's observations was determined from 
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Fig. 3—Asymmetry of the lunar scan curve as a function of phase. 

measurements of the apparent sky temperature at ele-
vation angles of 60.2°, 16.3°, and 8.8°, taken just prior 
to or following the recording of the lunar scans. 

REDUCTION OF DATA 

Equatorial Brightness Distribution 

The scan recordings of Fig. 2 were chosen to show the 
asymmetry resulting from the radio brightness variation 
along the lunar equatorial region. Since comparable 
scans along the polar axis have not yet been obtained, 
direct analysis of these recordings in terms of relative 
brightness across the lunar disk has not been attempted. 
However, a secondary index of the brightness variation 
is the asymmetry itself, which may be defined in the 
form of a comparison of the slopes of the two sides of 
the recording. Points were marked off at 10 per cent 
and 90 per cent down from the crest, and the asymmetry 
was defined as 

Asymmetry 
Rise Time — Fall Time 

The Shorter of the Two Times 

The asymmetry data are plotted in Fig. 3. Here the 
variation in apparent lunar diameter is indicated by the 
sizes of the dots (not to scale). The curve is the esti-
mated asymmetry for the moon at its largest diameter. 
The asymmetry is seen to alternate about the axis 

according to phase in the manner suggested by Fig. 2. 
The two times at which the brightness variation across 
the moon is greatest are at about midway between first 
quarter and full moon, and shortly after third quarter, 
the latter being somewhat less pronounced. The inter-
mediate nodes do not represent occurrences of a uniform 
brightness distribution, but instead they are the occa-
sions when the sequence of the changing solar illumina-
tion brings the radio temperature of the central region 

of the lunar disk near an extreme, and the temperature 
variations from the center toward the east and west 
limbs are comparable in their integrated effect on the 
form of the scan recording. Thus at the node near 225° 
in phase the temperature decreases toward the limbs. 
The most striking feature of the asymmetry vari-
ation is its phase lag compared to the phase of solar 
illumination. The low resolution for this antenna beam 
width makes it necessary to interpret the detailed mean-
ing of the asymmetry variation jointly with the meas-
ured temperature variation. 

Lunar Apparent Temperature 

The transfer equation for the radiation received when 
pointed toward the moon may be written in terms of 
temperature in °K as 

-- aTo ± (1 — «)(T. E T " e  

where 

tm=effective temperature of noise signal at receiver 
input, 

a= fractional absorption of antenna transmission 
line, 

To = ambient temperature, 
T.= apparent temperature of the atmosphere, 
r =opacity of the atmosphere, 
z = zenith distance (90°—altitude), and 

Tm=apparent lunar temperature for a particular an-
tenna directivity. 

The coefficient of Tm is the fractional transmission 
through the atmosphere. 

If tso denotes the effective temperature of the noise 
signal appearing at the receiver input when the moon 
has passed out of the antenna beam (when Tm=0), the 
value of Tm is given by 

Tm = 
trn Isk 

(1 — COCT see z 

The temperature difference (4. —te) is readily calculable 
by means of a scale factor determined from calibration 

marker levels. For the equipment used here, the value 
of a was 0.3, corresponding to 1.5 db attenuation. The 
values of the zenith angle z were determined for the 
times of these observations by reference to the Ameri-
can Nautical Almanac and equatorial to alt-azimuth 
coordinate conversion tables. 
A major task in connection with these lunar observa-

tions was the development of a satisfactory technique 
for determining atmospheric attenuation. This has been 
treated in a separate publication,' in which the determi-
nations of the variable opacity' r for these lunar meas-
urements are given. The method used is a refinement of 

7 J. E. Gibson, "Atmospheric Attenuation at k-Band Radio Wave-
lengths," U. S. Naval Research Lab. Rep. 4966; August, 1957. 

8 The term opacity used by the author is frequently called optical 
depth. 
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that of Dicke et al.9 In brief, an expression for the appar-
ent temperature of the atmosphere was derived by 
formal integration of the product of the theoretical 
incremental fractional absorption, the temperature, 
and the fractional transmission along a ray from an 
extraterrestrial source to ground level. From this for-
mula, families of curves relating the apparent tempera-
ture T. to sec z were computed, with the ground level 
relative humidity and r as parameters. The curves were 
computed for wavelengths of 0.86 cm and 1.8 cm, and 
those for 0.86 cm are reproduced in Fig. 4. The curves 
obtained experimentally were compared with the theo-
retical curves to obtain values for r, which ranged from 
0.043 to 0.090. 
The variation of Tm with lunar phase is shown in Fig. 

5. The values plotted correspond to the maximum de-
flections recorded in scanning the moon, rather than the 
values for the antenna beam centered on the moon; 
however, the distinction is very minor. 

Since the quantity Tm considered here is the effective 
lunar brightness temperature, which is a function of the 
antenna directivity and the brightness variation over 
the lunar disc, it is of interest to determine the bright-
ness temperature more specifically, such as at the center 
of the apparent disc (normal incidence). The observed 
value Tm is the integral of the apparent temperature 
times the antenna gain over the sphere surrounding the 
antenna, or 

1 r 
Tm = T(0, 0)G(0, (b)dw, 

o  

where the temperature T and the gain G are functions 
of the coordinates O and 4), and dco is an elemental solid 
angle. The temperature at the center of the lunar disk 
may be computed using numerical integration, which 
may be formulated as 

E Tm'B(0, 0)W, 

where Tm' is the central disk brightness temperature, 
B(O, cte) is the factor by which the brightness temperature 
for a particular elemental solid angle differs from T.', 
and W is the fractional weight of the element. Since the 
brightness distribution determining B(0,0) has not been 
defined in detail experimentally, it is assumed here that 
the brightness variation with lunar longitude corre-
sponds to the variation as seen at normal incidence dur-
ing a lunation, and the brightness is assumed to vary as 
the fourth root of the cosine of the lunar latitude. The 
theoretical weights of concentric rings centered on a 
pencil-beam axis have been computed by Swanson, 
McCoy, and Hepperle.i° Since the brightness distribution 

9 R. H. Dicke, R. Beringer, R. L. Kyhl, and A. B. Vane, "Atmos-
pheric absorption measurements with a microwave radiometer," 
Phys. Rev., vol. 70, p. 340; September, 1946. 

19 L. W. Swanson, D. O. McCoy, and C. M. Hepperle, "Theoreti-
cal Analysis of the Reception of Thermal Radiation at Radio Fre-
quencies by the Use of Highly Directional Antennas," Collins Radio 
Co. Rep. CER-149; November, 1948. 
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Fig. 4—Apparent sky temperature as a function of the secant of the 
zenith angle (90° — altitude). The dependence of the opacity r upon 
atmospheric relative humidity at ground level is shown by 
plotting both as parameters. 
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Fig. 5—The maximum antenna temperature for the moon, corrected 
for atmospheric attenuation, with a pencil-beam antenna radia-
tion pattern 0.2° in width between half-power points. 

is not circularly symmetrical in the case of the moon, 
the rings may be considered in suitable segments. 

Theoretical and experimental considerations too 
lengthy to include here indicate that the summation of 
the weights out to the periphery of the moon totals 
more than 0.9 for this antenna in actual practice. On 
the basis of theoretical calculations for an idealized 
radiation pattern, the weights would total 0.97. In the 
present work, the latter value is assumed, and the pos-
sibility of the correct value being smaller is treated as 
an uncertainty which permits the deduced value for 
Tm' to be uncertain within a range up to about 10 per 
cent greater than the nominal value. 
The variation of Tm' with phase is indicated by the 
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dashed line of Fig. 6, and the solid curve is a calculated 
plot which will be discussed later. The temperature is 
seen to vary from a maximum occurring several days 
after full moon to a minimum at first quarter. Although 
the times of these extremes do not coincide with the 
times for maximum and minimum visual brilliance of 
the moon at full moon and new moon, the radio-wave-
length variation is really not at all surprising, since the 
times of the radio extremes are analogous to midafter-
noon and sunrise on earth, when similar extremes in the 
daily temperature variation are reached. The analogy is 
not overdrawn greatly, since the moon keeps one face 
toward the earth, and the temperature T.' applies to a 
fixed selenographic area. However, the lunar day is as 
long as 29 earthly days, and this slowness of rotation 
partly accounts for the relatively large temperature 
variation observed at radio wavelengths. 

LUNAR ECLIPSE OBSERVATIONS 

The radio-wavelength temperature variation for a 
more rapid change in solar illumination was investigated 
during two total lunar eclipses, those of January 29, 
1953, and January 18, 1954, both of which were observed 
with a clear sky. The former eclipse began before moon-
rise, with the visible portion beginning just before the 
start of totality. The second eclipse was visible in all 
phases. During the visible portion of each eclipse a series 
of equatorial scans were recorded, together with calibra-
tion markers. Analysis of the data showed that no im-
portant radio temperature change occurred, and the 
asymmetry during the eclipses corresponded to the 
asymmetry for full moon. 

INTERPRETATION 

Prior to the several series of microwave observations 
of recent years, infrared measurements have been avail-
able and attempts have been made to deduce from them 
information about lunar surface properties. Of these 
various studies, recent work by Jaeger11,12 is of particular 
interest. He has given the results of numerical calcula-
tions of a) the fall in surface temperature during a lunar 
eclipse as seen at infrared wavelengths, b) the variation 
in surface temperature at the lunar equator during a 
lunation, again as seen at infrared wavelengths, and c) 
the variation in microwave temperature at the equator 
during a lunation. Two models of the lunar "land" are 
considered, the first of which is a homogeneous solid 
composed of either igneous rock, or a granular or cellular 
substance such as pumice or lava gravel, or a fine dust 
in vacuo. The second model is that of a stratified soil" 
having a thin topsoil of dust of negligible heat capacity 

" J. C. Jaeger, "The surface temperature of the moon," Aust. 
J. Physics, vol. 6, P. 10; January, 1953. 
" J. C. Jaeger, "Conduction of heat in a solid with periodic bound-

ary conditions, with an application to the surface temperature of the 
moon," Proc. Cane. Phil. Soc., vol. 49, p. 355; April, 1953, 

13 The term soil is used for aptness, but does not imply organic 
matter. 
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Fig. 6—Comparison of the brightness temperature for the center of 
the lunar disk (dashed) with a calculated curve (solid) for a lunar 
surface of deep dust. 

180 

covering a subsoil of denser material having better 
thermal conductivity. 

Jaeger assumed that heat is lost by radiation accord-
ing to the fourth power law. For the calculation of the 
fall in surface temperature during an eclipse, he took the 
initial surface temperature to be 370°K and the emis-
sivity to be 1. In the calculation of the temperature 
variation during a lunation, he assumed the insolation 
of the moon's surface at normal incidence to correspond 
to 0.0258 calorie cm-2 sec-', and again assumed the 
emissivity to be 1. 

In the surface (infrared) temperature calculations the 
thermal conductivity K, the density p and the specific 
heat c are combined in the parameter (Kpc)-u2 which 
describes, the soil. Using cgs units, calorie, and °K, this 
soil parameter ranges from about 20 for rock to about 
1000 for dust in vacuo. For the dust surface Jaeger fol-
lowed Wesselink" and assumed 

K = 2.8 X 10-e cal cm-2 sec-1 (°K 

p = 1.8 gm cm-5 

c =- 0.2 cal gm-i. 

The stratified surface introduces an additional param-
eter 

D = P' 12(Kpc)-1121-1, 

where r is the thermal resistance of the top layer, P is the 
period of a lunation (P=29.53 days), and the values of 
K, p, and c are those for the subsoil. Comparison of the 
calculated curves for the infrared surface temperature 
with measurements during eclipses and through a luna-

" A. F. Wesselink, "Heat conductivity and nature of the lunar 
surface material," Bull. Astros. Inst. Neth., vol. 10, p. 351; April, 
1948. 
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Fig. 7—Calculated microwave temperatures for a homogeneous lunar 
surface for which (Kpc)-112 = 1000. The numbers on the curves are 
the values of C=a„,(KP/pc) 112. (Jaeger, Aust. J. Phys.) 

tion showed that the best agreement is obtained for 
either a homogeneous dust surface or for a dust layer 
somewhat less than one centimeter in thickness covering 
a better-conducting substratum. 

Since the attenuation of microwave radiation through 
a poor electrical conductor such as soil is much less than 
the attenuation at infrared or optical wavelengths, the 
microwave radiation originates throughout a corn para-
tively large range of depths in the soil, and the measured 
microwave temperature bears no simple relation to the 
actual temperature, either at the surface boundary or at 
a greater depth. For a homogeneous surface material the 
microwave temperature at normal incidence is given by 

= (1 — R)ot. f T(x)E-a”.xdx, 
o 

where 

R=reflectivity of the surface boundary, 
a„, =an attenuation constant, and is a function of 

the wavelength and the electrical conductivity 
of the material, 

x = depth below the surface boundary, 
T(x)= temperature as a function of depth. 

This relation simply expresses the microwave tempera-
ture as the summation of the thermal emission amT(x)dx 
from various depths, each being transmitted partially to 
the surface by the factor exp ( —a„,x). The reflectivity is 
related to the dielectric constant K by 

R = 
(V; — 1y 

± 1) 

and 1 —R is the emissivity. 
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Fig. 8—Calculated microwave temperatures for a homogeneous lunar 
surface for which (Kpc)-1/2-= 125. The numbers on the curves are 
the values of C= am (KPIPC)"2. (Jaeger, Aust. J. Phys.) 
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Fig. 9—Calculated microwave temperatures for a solid with a surface 
skin, for which D = C= V2r. The numbers on the curves are the 
values of (Kpc)-us for the substratum. (Jaeger, Aust. J. Phys.) 

In the calculation of microwave temperature two 
parameters, (Kpc) --112 and C= a„, (KP/pc)in are involved 
for the homogeneous solid model of lunar surface. The 
stratified surface model requires a third parameter, the 
D used in the infrared calculations. Jaeger's curves for 
the homogeneous model composed of dust are repro-
duced in Fig. 7, and the homogeneous pumice or lava 
gravel soil is represented by Fig. 8. Fig. 9 gives one set 
of results for the stratified model. 
The closest parallel to the NRL data is the curve for 

C= 1.25 in Fig. 7. Since Jaeger assumed the emissivity 
to be unity, it is necessary to reduce this curve some-
what in order to approximate the actual microwave 
brightness temperature T.'. If the soil dielectric constant 
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is assumed to be about 5, the emissivity is about 0.85. 
Reducing Jaeger's curve for C=1.25 by this factor, the 
solid curve in Fig. 6 is obtained. 
The agreement between the calculated and measured 

curves is seen to be fairly close, with the most obvious 
discrepancy being the high observed temperature near 
new moon. This characteristic was noted in the pre-
liminary measurements not given here, and seems to be 
a real effect. However, a satisfactory explanation is not 
known. 

The choice of the homogeneous surface of dust as the 
representation which most nearly conforms to the micro-
wave results is dependent upon two assumptions in-
volved in the curves of Fig. 6, first, that the summation 
of the antenna beam weighting factors used in determin-
ing T.' total nearly unity for the lunar disc, and 
secondly, that the lunar soil dielectric constant is about 
5. The uncertainty of the former assumption permits 
the measured curve for T.' to be raised by some factor 
not greater than 10 per cent, which would bring the 
measured results into agreement with a gravel-like soil. 
However, this possibility is countered by the uncer-
tainty in the dielectric constant; a value of 3 may be 
considered possible, in which case the calculated curve is 
increased by about 10 per cent. 
The infrared results point to a surface of dust; this 

might be compatible with the possibility a gravel soil is 
indicated by the microwave results, if the soil is strati-
fied. However, the amplitude of the calculated micro-
wave temperature variation is reduced in the case of the 
stratified soil; thus it appears the soil structure which 

corresponds best to both infrared and microwave re-
sults is the homogeneous dust model. 
The depth thus required for the dust surface need not 

be great, although it must be significantly greater than 
the thickness of the layer of negligible heat capacity 
assumed in the stratified model calculations. For the 
values of K, p, and c for dust, a value for C of 1.25 corre-
sponds to an, =0.28 per cm. If the dust layer were 10 cm 
deep, about six per cent of the radiation arising at this 
depth would appear at the surface. Thus deviations in 
the soil characteristics at depths of a few inches would 
not be evident from the observed microwave tempera-
ture variation. It seems reasonable to say that the dust 
layer is probably one inch or more in depth, as an aver-
age over the lunar surface. 
The absence of significant change in microwave tem-

perature during an eclipse indicates the temperature 
change is restricted to a very shallow depth of the soil, 
when the insolation is removed for a period of a few 
hours. This is consistent with a very low thermal con-
ductivity for the surface layer. 
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Lunar Radio Echoes* 
JAMES H. TREXLERt, ASSOCIATE MEMBER, nzE 

Summary—High-power radars at the Naval Research Laboratory 
have been used to study the reflecting properties of the earth's moon. 
Experimental work over the last six years at frequencies in the 30-mc 
to 3000-mc band has revealed a lunar surface phenomenon which 
produces a "highlight." Measurements made at 198 mc have shown 
that more than 50 per cent of the echo energy is reflected in the 
first 50 microseconds after the leading edge of a short incident 
pulse contacts the moon. This fortunate situation permits many 
interesting astronomical observations and suggests the use of wide-
band communication signals in a circuit using the moon as a passive 
relay. Many types of modulation have been successfully passed over 
the lunar circuit, including amplitude modulation by voice. 

INTRODUCTION 

r 1 HE HISTORY of attempts to study the moon by 
radio methods is a long one. One of the first pub-
lished papers describing the problem was by 

Gernsback in 1927.1 As early as 1924 and continuing 
through the 1930's, Young and his associates at the 

Naval Research Laboratory searched for moon echoes in 
their "back splash" and "round the world" research at 
frequencies up to 60,000 kc. In 1935, they probed for the 
moon with a high-power meter-wave radar and with 

* Original manuscript received by the IRE, November 11, 1957. I H. Gernsback, "Can we radio the planets," Radio News, vol. 8, 
t Naval Research Laboratory, Washington 25, D. C. pp. 946-948; February, 1927. 
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each new search-radar development an effort was made 
at the Laboratory to obtain moon echoes. By the end of 
World War II, equipment advances had progressed to 
the point where positive and repeated success theoreti-
cally was possible. At least ten groups of investigators 
from six countries have carried on such work with vary-
ing degrees of success. The United States Signal Corps 
announced successful radar contact in March, 1946, 
followed by Mofenson's paper in April.' Bay, in Hun-
gary, closely followed the US work and he also reported 
his findings in April, 1946.3 The Russians claimed almost 
simultaneous results through newspaper releases in 
Europe. Reports of experimental work and theoretical 
studies followed by Webb,' Kaufman,6 Grieg, Metzger, 
and Wear,6 Kerr, Shain, and Higgins,' DeWitt and 
Stodola,8 Kerr and Shain,9 Sulzer, Montgomery, and 
Gerks," Kerr," Bateman and Smith," Shklovski," 
Kaiser," Murray and Hargreaves," Brown, Evans, 
Hargreaves, and Murray," Winter," Lovell's and 
Kerr." In general, however, the results of the experi-
ments before 1950, had been limited by marginal con-
ditions, such as low-transmitted powers with the at-
tendant necessary narrow receiver bandwidths, and 
small antennas. It was apparent that additional work in 
this field could be very productive if equipment param-
eters were improved. With this in mind preparations 
were started in 1950, at the Naval Research Laboratory, 

2 J. Mofenson, "Radar echoes from the moon," Electronics, vol. 
19, pp. 92-98; April, 1946. 

3 Z. Bay, "Reflection of microwaves from the moon," Hung. Acta 
Phys., vol. 1, pp. 1-22; April, 1946. 

4 H. D. Webb, "Project Diana—army radar contacts the moon," 
Sky and Telescope, vol. 5, pp. 3-6; April, 1946. 

6 H. Kaufman, "A DX record; to the moon and back," QST, 
vol. 30, pp. 65-68; May, 1946. 

6 D. D. Grieg, S. Metzger, and R. Waer, "Considerations of moon-
relay communication," PROC. IRE, vol. 36, pp. 652-663; May, 1948. 

7 F. J. Kerr, C. A. Shain, and C. S. Higgins, "Moon echoes and 
penetration of the ionosphere," Nature (London), vol. 163, pp. 310-
313; February 26, 1949. 

J. H. DeWitt, Jr. and E. K. Stodola, "Detection of radio signals 
reflected from the moon," PROC. IRE, vol. 37, pp. 229-242; March, 
1949. 

9 F. J. Kerr and C. A. Shain, "Moon echoes and transmission 
through the ionosphere," PROC. IRE, vol. 39, pp. 230-242; March, 
1951. 

P. G. Sulzer, G. F. Montgomery, and I. H. Gerks, "An uhf 
moon relay," PROC. IRE, vol. 40, p. 361; March, 1952. 
" F. J. Kerr, "On the possibility of obtaining radar echoes from 

the sun and planets," PROC. IRE, vol. 40, pp. 660-666; June, 1952. 
12 R. Bateman and W. Smith, "Lunar DX on 144 mc/s," QST, 

vol. 37, pp. 11, 12, 116; March, 1953. 
73 I. S. Shklovski, "Radioastronomiya," (Radio Astronomy), 

Gosudarstvennoe izdatel'stvo Tekhniko-Teoreticheskoi Literatury, 
Moscow, Russia, p. 216; 1953. 

14 T. R. Kaiser, "Radio echoes from the aurora and the moon," 
Occ. Notes, Roy. Astr., sec. 3, no. 16, p. 50; 1954. 

16 W. A. S. Murray and J. K. Hargreaves, "Lunar radar echoes 
and the Faraday effect in the ionosphere," Nature (London), vol. 
173, pp. 944-945; May 15, 1954. 

16 I. C. Browne, J. V. Evans, J. K. Hargreaves, and W. A. S. 
Murray, "Radio echoes from the moon," Proc. Phys. Soc., vol. 69, 
pt. 9, pp. 901-920; September, 1956. 

17 D. F. Winter, "Radar Reflections from the Moon," Electronic 
Research Directorate, AF Cambridge Res. Ctr., Air Res. and Dey. 
Command, AFCRC-TR-56-106. 

19 A. C. B. Lovell, "British Work Carried out in Radio Astronomy 
Since 1954," presented at URSI 12th General Assembly, Boulder, 
Colo.; 1957. 

19 F. J. Kerr and C. A. Shain, "Reflexion of radio waves from the 
moon," Nature (London), vol. 179, p. 433; February 23, 1957. 

to assemble large radars designed specifically for moon 
work. The first of these equipments was placed in opera-
tion in the summer of 1951, followed by five additional 
systems all of which have provided data of considerable 
interest to astronomy, the radio propagation field, and 
radio communications. The first instrumentation was 
at a frequency of 198 mc and was used successfully in 
the moon circuit in October, 1951. This work was fol-
lowed by 220-mc work in 1954; 300-mc work in 1955; 
and 30-mc, 2000-mc, and 3000-mc work in 1957. This 
paper is concerned specifically with the early 198- and 
220-mc experiments. A companion paper by Yaplee et 
al., describes the more recent 3000-mc work." Descrip-
tion of the other work will be published at a later date. 

EXPERIMENTAL 

The most important element of the NRL meter-wave 
installations is a parabolic reflector which has an aper-
ture of a little over one acre. This antenna is an off-
center section of a parabola of revolution having an 
elliptical opening 220 by 263 feet along the minor and 

Fig. 1—Air view of moon radar antenna. 

major axes. Fig. 1 is an air view of the parabola which 
was cut in the earth by road-building machinery. The 
surface was paved by conventional asphalt black top 
methods with a galvanized iron grid having openings 
three inches by three inches being attached to provide 
a reflecting surface good for wavelengths of one meter or 
more. The surface, at all points, lies within three inches 
of a true parabola providing a measured antenna power 
gain of 10,000 at 198 mc. At the same frequency the 
half-power beamwidth is approximately 1.4° in both the 
E and H planes. The beam of the antenna can be steered 
in celestial coordinates of right ascension and declina-

29 B. S. Yaplee, R. H. Bruton, K. J. Craig, and N. G. Roman, 
"Radar echoes from the moon at a wavelength of 10 cm," this issue, 
p. 293. 
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tion by a set of cables that move the boom supporting 
the focal point feed structure. The boom is gimbal 
mounted at the parabola's vertex which lies 10 feet out-
side the aperture. By providing a geometry that effects 
an equatorial mount, the feed can be moved in a simple 
way by varying one cable length to follow the moon in 
its path. At 198 mc, the antenna has a useful pattern for 
about one hour for celestial targets and is very near full 
gain for approximately 20 minutes or a time equal to 
three and one-half beamwidths. This small scanning 
angle is caused by the unsymmetrical shape of the re-
flector's surface segment used and the small focal length 
to aperture ratio. If the antenna were completed around 
its axis the focal length to aperture ratio or f number 
would be about 0.22 which places the focal point well 
inside the talus rectum of the parabola. This compromise 
in design which resulted in limited steering time was 
made to simplify the feeds and to shorten the focal point 
supporting the boom. 

Fig. 2—Horn-type antenna feed on moon radar antenna. 

Fig. 2 shows one of the many feed structures used at 
the focal point which is 90 feet above the dish. Consider-
able effort was expended in tailoring the primary radia-
tion pattern and phase front of the feeds in an attempt 
to maximize the over-all antenna gain. It is very im-
portant for work in the vhf band to suppress pickup 
from terrestrial sources such as atmospherics and inter-
ference from fm and tv broadcast. As aids in this effort 
side and back gain of the feeds were reduced through 
careful shaping of the horns and the use of choke sec-
tions surrounding the structures which provide isola-
tion from currents induced in the outer surface of the 

feeds. This particular feed is for work at frequencies from 
as low as 45 mc to nearly 400 mc. The larger horn is 
more than 17 feet across. It is made of magnesium and 
weighs approximately 700 pounds. The over-all antenna 
system was measured for gain and beamwidth by using 
the sun as a source and a horn-type antenna as a gain 
standard. One of the gain standards used for 198-mc 
measurements can be seen in the lower left-hand corner 
of Fig. 2. All horn standards were modeled in pairs at 
3000 mc to check their gains precisely. 
The pulse transmitter for the 198-mc project consisted 

of a 1 megw, 12 µsec Navy radar which was later modi-
fied to produce 1.2 megw with 10 µsec pulses. A 100-
watt communication transmitter tunable from 220 mc 
to 390 mc was used for cw checks. Power outputs of all 
transmitters were measured carefully by the use of 
calorimeter techniques, and the voltage standing-wave 
ratios on the antenna transmission lines were continually 
measured and maintained below 1.1:1. All transmission 
lines were coaxial 3-inch copper, air filled. The specially 
built receivers utilized the Western Electric 416A and 
later the 416B in grounded grid triode tube circuits that 
obtained noise figures between 2 db and 3 db. Receiver 
bandwidths were adjustable in steps from as narrow as 
100 cps to as wide as 250 kc. Because of the long range 
to the target, the pulse rate stability requirements were 
exacting. Secondary frequency standards were used to 
provide the pulse rate. These secondary standards were 
equipped with counter circuits to determine range and 
comparator circuits to allow standardization with the 
basic time from the Naval Observatory. 

Fig. 3 shows a single strobe A-Scope radar trace of the 
moon's echo taken near 1310 universal time on October 
22, 1951. This trace is about average in shape, with 
some echoes being shorter and some longer. The total 
sweep length is 1000 µsec. The transmitted pulse length 
was 12 µsec, transmitter power 750 kw peak, and the 
receiver bandwidth was 250 kc to assure minimum dis-
tortion of the echo. Careful examination of many of 
these traces using a planimeter technique has indicated 
that more than half the echo power is returned in the 
first 50 µsec. Fig. 4 is an example of a short echo and 
Fig. 5 is an example of a long echo. Figs. 3-5 are of 
echoes spaced about 30 seconds apart. Fig. 6 is a plot of 
the per cent of echo energy received as a function of 
time after the beginning of the echo. The contribution 
of noise to the signal has been removed by determining 
the noise level before the echo started and assuming this 
level to be constant during the 350 µsec following the 
beginning of the echo. This plot is an average of many 
echoes randomly-sampled over a 5 minute period. Fig. 7 
shows a consecutive group of echoes at a repetition rate 
of 10 per second. The high correlation of echo shape 
from pulse to pulse can be seen. The sweep length is 
1000 µsec in Fig. 7. A slight range drift can be seen 
which carried the echo steadily across the frame at the 
rate calculated for range change over the earth-moon 
path at the time of the exposure. This was the first posi-
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Fig. 3—Typical 198-mc lunar echo. 
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Fig. 4—A short 198-nic lunar echo. 
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Fig. 5—A long 198-mc lunar echo. 
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Fig. 6—Relative energy as a function of time. 

tive check of target identification aside from range 
measurements. Visual observation of the echo gives the 
impression that several fixed or slowly moving echo 
areas exist following the first high-amplitude return. At 
signal-to-noise ratios of 12 db, the maximum delay of 
such echoes behind the leading edge was about 500 µsec 
or 600 µsec. With signal-to-noise ratios of 20 to 24 db, 
the delay was as great as 1000 µsec. 

Fig. 8 is a time exposure of an A-Scope radar trace 
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Fig. 7—Lunar echoes spaced 0.1 second apart. 

Fig. 8—Fifty superimposed !lunar echoes. 

showing the superposition of 50 moon echoes from a 
train of 10-µsec pulses. The transmitter peak power was 
1.2 megw: the pulse rate was 15 per second which placed 
some 39 pulses "in flight" at all times. The bandwidth of 
the receiver was adjusted to provide maximum signal-
to-noise ratios without disturbing the envelope of the 
signal. For this case the bandwidth is near 100 kc and 
the signal-to-rms-noise ratio is near 20 db. Note that 
none of the 50 returns falls to the baseline. 

Theoretical considerations by early workers based on 
a rough reflector had predicted that the echo from so 
short a pulse would have a fast rise but a slow fall. Since 
the limb of the moon is some 1080 miles farther away 
than the closest point, the echo should persist for about 
11.6 milliseconds which is the time required for the 
extra 2160-mile round trip to the limb. Actually, the 
theory indicates that after ten milliseconds the echo 
would drop out of sight into the noise if the peak level 
were only 20 db above the noise. Fig. 9 shows the theo-
retical signal as calculated from the US Army's Red 
Bank work.' Above and below the theoretical signal are 
two examples of the experimental signal at the same 
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Fig. 9—Comparison of theoretical and two experimental 
lunar echoes. 

signal-to-noise ratio. Experimentally there seems to be 
little echo left at the end of one millisecond and most of 
the return is in the first 100 µsec. While the old theo-
retical model indicated a circuit bandwidth of 50 cps, 
the experimental results indicate that possibly a 10,000-
cps band exists. 

Fig. 10 is an enlargement of the echo trace with a 
radar range scale in miles below it. As can be seen, the 
most distant echoes are only 100 miles beyond the lead-
ing edge. Fig. 11 shows an A-Scope photograph with the 
leading edge of the moon drawn to scale below. The 
echoes that come from 100 miles farther back than the 
leading edge must lie in a circle 900 miles in diameter or 
a circle having a diameter somewhat less than half that 
of the moon. That part of the echo that contains the 
first 50 per cent of the reflected power comes from the 
first five miles of "depth" or a circle only 210 miles in 
diameter which is almost exactly one-tenth the diameter 
of the moon. Thus, half the power in the echo is confined 
to a small "highlight" approximately three minutes of 
arc in diameter. 

All of the previous discussion assumed that the echo 
is formed at the nearest point on the moon and not by 
some peculiar formation elsewhere on the surface. 
Elaborate attempts were made to resolve this problem 
of the reflection point location by measuring the radar 
range very accurately. This was done with the crystal-
controlled counters described earlier. The method did 
not prove practical at the time, since the complex prob-
lems of earth-moon mechanics were strained to achieve 
the necessary absolute accuracy in computed range. The 
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Fig. 10—Lunar echo length in miles. 

Fig. 11—Lunar echo compared in scale to curvature of the moon. 

measurements of range made on October 22, 1951 indi-
cated a radio transit time of 2.64793 seconds at 1310 
universal time. Recent calculations of the transit time 
of the 1951 test made on the Navy's EXOS IBM 650 
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computer indicate values varying from 2.64791 to 
2.64795 seconds or a difference of 20 µsec which is a 
range error of about 2 miles. After the first five days of 
work in 1951, the transit time tests were discontinued 
with only rough checks being made through 1953. The 
trend seemed to indicate positive errors in range with 
some errors running into the milliseconds. Possibly this 
investigation could lead into many interesting f elds, 
such as a means of studying the density of matter in the 
earth-moon space and recned measurements of the 
earth-moon geometry. The paper by Yaplee, et al.," 
describes the work now underway at the Naval Research 
Laboratory in these fields. 

In all of the short-pulse echo work the leading edge of 
the echo was sharply defined with no evidence of a pre-
cursor. This led to the assumption that the sharp rise 
point was, in fact, the nearest point to the earth on the 
moon's surface. This conclusion would suggest that no 
special or peculiar surface phenomenon is responsible, 
since it is extremely unlikely that such a surface area 
would correspond exactly to the moon center as seen 
from the earth. One exception to this assumption is the 
possible existence of a tidal bulge on the moon facing 
the earth. Such a bulge, if it exists, might tend to 
sharpen the echo, but the maximum height calculated 
for such a bulge is too small to appreciably modify the 
reflecting properties of the surface. The theory of a 
remelt surface proposed by some selenologists may help 
to account for the echoes observed. Such remelts are 
described as starting beneath the surface in the moon's 
geological past then breaking through and flooding the 
valleys and crater floors leaving only the highest moun-
tains and crater rims projecting above the ocean-like 
lava seas which later cooled providing large areas that 
have only slightly roughened with time. These large 
smooth areas may provide the predominent echo com-
pletely overshadowing the random scattering from the 
mountains and crater walls. Fig. 12 is a photograph of 
the central area of the moon. The short echo results are 
not incompatible with measurements taken from the air 
above the surface of the earth. For example, Grant and 
Yaplee" have shown that dry desert-like terrain also 
produced a bright or "highlight" spot directly below the 
observing position. In the companion paper by Yaplee, 
et al.,2° it is shown that this bright spot exists on the 
moon at 3000 mc which is a frequency approximately 15 
times higher than the one used for the results shown 
here. The consistency of results over such a wide range 
of frequencies is interesting. 
The fact that the echo seems to be different in shape 

from that predicted would suggest that the echo ampli-
tude might also be different than predicted. The circuit 
loss was carefully measured and found to be 271 db 
between an isotropic radiator and collector when 10-µsec 

21 C. R. Grant and B. S. Yaplee, "Back-scattering from water and 
land at centimeter and millimeter wavelengths," PROC. IRE, vol. 
45, pp. 976-982; July, 1957. 

Fig. 12—Central area of the moon. 

pulses were used at a frequency of 198 mc. This value is 
17 db more loss than the average value of 254 db ob-
tained by other investigators working near the same fre-
quency with very long pulses. This additional loss for 
short pulse signals has been called modulation loss and 
results from the interference within the modulation 
cycle caused by echo components returned from reflec-
tion areas separated by distances large compared with 
the wavelength of the modulation frequency. The 
DeWitt-Stodola rough moon theorys predicted a 27-db 
loss for a 10-µsec pulse compared to the longer pulses 
which completely engulf the moon. This is 10 db more 
than the 17 db indicated by measurements. To check the 
measuring techniques used, a 100-watt cw transmitter 
was placed in the system as a substitute for the larger 
pulse transmitter. A circuit loss of 252.5 db, only 1.5 db 
from the average of other workers, was found. The loss 
resulting from modulation by 10-sec pulses while using 
the same terminal equipment as was used for cw, except 
for the transmitter, was 18.5 db which is still 8.5 db less 
loss than predicted theoretically. The relatively good 
check between the cw work of others and the work re-
ported here places some confidence in the pulse measure-
ments. A review of all available data on the earth-moon-
earth circuit loss indicated that the loss from an iso-
tropic radiator on the earth to the moon and back to an 
isotropic collector on the earth increases at 6 db per 
octave from 20 mc to 3000 mc passing through 258 db 
at 300 mc. An uncertainty of 4 db covers most data. The 
signal levels given here are taken from the maximum 
echo levels. This level is quite constant if polarization 
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and selective fading effects are eliminated. The polariza-
tion problem is primarily one of Faraday rotation as 
described by Murray and Hargreaves,i5 while selective 
fading manifests itself as signal level changes only for 
very narrow-band transmissions where it can be over-
come by frequency diversity. At frequencies above 
198 mc, no unaccounted-for long period fading has been 
observed. At frequencies below 30 mc where the iono-
sphere is very important, many unexplained fades are 
observed. Experience at the Naval Research Labora-
tory between 30 mc and 198 mc is as yet too limited to 
report on here. It is believed that many reports of long 
periods of low-signal level were due to polarization rota-
tion or excessive ionospheric disturbance at near hori-
zon transmission angles. A detailed analysis of the 
available data on transmission loss will be published 
soon. 
To study further the cw signal characteristics, a local 

oscillator was provided to beat against the returning 
signal. The predicted Doppler shift caused by the rela-
tive motions of the earth and the moon was observed 
and the note was steady and clean. In Fig. 13 there is an 
audio frequency spectrograph of one such echo. The 
transmitter was started five seconds to the left of the 
section shown. At time 0 the transmitter was cut off and 
during the remaining 2.6 seconds the echo was received. 
Notice the Doppler shift in frequency, the high signal-
to-noise ratio, and the steadiness of the signal. The 
upper trace is made with a narrow-band scanning filter 
providing frequency resolution. The lower trace is 
made with a broad-band filter to give time resolution. 
Amplitude modulated signals were passed over the 

circuit first with fixed tones and later with frequency-
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Fig. 13—Audio spectrograph of lunar echo. 

sweeping signal generators as modulators. Attempts 
were successfully made in 1954, to send cw and modu-
lated cw code over the circuit using the same basic 100-
watt transmitter. Finally, voice transmissions were 
tried using amplitude modulation and a receiver band-
width of 3 kc. The mean snr for these voice tests was 
near 14 db. Within the limitations of analysis possible 
with low-snr amplitude modulated signals no detectable 
loss of intelligence was noted. The voice was perfectly 
recognizable and there was no evidence of reverberation. 
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Radar Echoes from the Moon at a 
Wavelength of 10 CM* 

B. S. YAPLEEt, MEMBER, IRE, R. H. BRUTONt, K. J. CRAIGt, AND N. G. ROMAN 

Summary—Radar contact has been made with the moon with 
short pulses at 2860 mc, beginning a program of short-pulse lunar 
radar. The principal objective of the program is to obtain more ac-
curate moon-to-earth distances than presently are known. Other in-
formation may result from the program, such as the earth's diameter, 
the interplanetary electron density, and the lunar surface character-
istics. To date, the program has yielded the following results: earth-
moon distances have been measured over several days with con-
sistencies of less than one-half mile; several rough reflectivity meas-
urements have been made which indicate that the radar cross 
section of the moon is 975 square miles at 2860 mc with pulses of 
2-sec duration, and the fine structure of echoes may be correlated 
with lunar topography. 

INTRODUCTION 

ATTEMPTS to obtain radar echoes from the moon 
have had a long history. The U. S. Army Signal 
Corps' ,2 first reported successful radar contact 

with the moon in 1946. In the same year, Bay' of 
Hungary, working in comparative isolation, also was 
successful. He used a novel electrolytic signal-output 
integrator to obtain increased sensitivity. In 1951, Kerr 
and Shain4 at 20 mc showed the importance of fading 
due to libration of the moon and to ionospheric effects. 
Fading caused by Faraday rotation of polarization of 
the pulse was discovered by the group at the University 
of Manchester' in 1954. At the 1957 URSI meeting 
Trexler6 reported experiments made in 1951 at the 
Naval Research Laboratory which indicated that the 
moon was not as rough a reflecting surface as had been 
thought, but was sufficiently smooth to produce almost 
specular reflections. Lovell,' at the same meeting, re-
ported that the main scattering of the radio waves takes 
place from a small area on the visible hemisphere of the 
moon with a radius of about one third the moon's 
radius. 

In 1956, the Radio Astronomy Branch of NRL 
started a program to determine: 1) the feasibility of ob-

* Original manuscript received by the IRE, November 8, 1957. 
Radio Astronomy Branch, U. S. Naval Research Lab., Wash-

ington, D. C. 
1 J. Mofensen, "Radar echoes from the moon," Electronics, vol. 

19, pp. 92-98; April, 1946. 
2 J. H. Dewitt, Jr. and E. K. Stodola, "Detection of radio signals 

reflected from the moon," PROC. IRE, vol. 37, pp. 229-242; March, 
1949. 

3 Z. Bay, "Reflection of microwaves from the moon," Hung. Acta 
Phys., vol. 1, pp. 1-22; April, 1946. 

4 F. J. Kerr and C. A. Shain, "Moon echoes and transmissions 
through the ionosphere," PROC. IRE, vol. 39, pp. 230-242; March, 
1951. 

6 W. A. S. Murray and J. K. Hargreaves, "Lunar radar echoes and 
the Faraday effect in the ionosphere," Nature, London, vol. 173, pp. 
944-945; May 15, 1954. 

J. H. Trexler, "Lunar radio echoes," this issue, p. 286. 
7 A. B. C. Lovell, "British Work Carried Out in Radio Astronomy 

Since 1954," presented at URSI XIIth General Assembly, Boulder, 
Colo.; 1957. 

serving echoes from the moon with a radar operating at 
a frequency of 2860 mc using 2-1.tsec pulses, and 2) how 
accurately the radar distance to the moon could be 
measured. Using a high transmitter frequency, the diffi-
culties of fading encountered at lower frequencies would 
be lessened. Preliminary results indicate that the radar 
distance may be measured to within 1000 to 2000 feet. 

(a) 

(b) 

Fig. 1—(a) First echo from the moon at S band (arrow), and (b) 
expanded sweep of echo. (Fifty-usec postdetection integration 
used.) 

RESULTS 

The Signal (Circuit Loop Loss) 
The first objective was met when radar contact was 

made on the morning of February 24, 1957. Fig. 1 shows 
the radar echo with 50-µsec postdetection integration as 
photographed on that morning. One must remember, as 
he views these pictures, that the echo he sees was trans-
mitted some 600 pulses before the transmitter pulse 
shown. The magnitude of this echo as compared to the 
signal generator pulse is —108.3 db; the minimum de-
tectable signal is —114.3 db. The average peak power of 
the magnetron as measured on a power bridge is 2.3 
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Fig. 2—Distance to the moon as measured by radar for a 
single six-hour observation period. 
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megawatts. Thus the calculated loss from the trans-
mitter to the moon and back to the receiver, using the 
50-foot parabolic antenna, is 200 db, with an uncer-
tainty of 4 or 5 db. For this particular loop loss, the 
radar cross section9 of the moon is 975 square miles for a 
2-µsec transmitter pulse. 
The peak signal returned is about 5 db higher than 

that predicted by Dewitt and Stodola.2 This increase in 
received signal agrees with the specular reflection char-
acteristics of the moon as reported by Trexler6 and 
Love11.7 As early as 1929,9 if not earlier, predictions were 
made that the moon is covered with a layer of dust or 
small particles. It is interesting to note, as reported by 
Grant and Yaplee," that dry sandy soil also exhibits 
specular reflection characteristics for microwave fre-
quencies at normal incidence. 

Results of Ranging 

The second phase of this experiment has just com-
menced and preliminary results are very encouraging. 
The result of one day's observations are reported here to 
indicate the potentialities, but specific conclusions 
should not be drawn until observations over several 
lunar cycles have been obtained. 
Shown in Fig. 2 is the measured distance as a function 

of time. The minimum distance is displaced from the 
time of transit (meridian passage) as a result of the 
eliptical orbit of the moon. The observed distances are 
compared with the computed distances, and the re-
siduals are shown in Fig. 3. There are two apparent 
features in the residuals: 1) They are all positive, indi-
cating a possible systematic error, and 2) they seem to 
deviate systematically from a straight line. For the sake 
of discussion a mean is shown; the rms deviation of a 

8 D. E. Kerr, "Propagation of Short Radio Waves," M.I.T. Rad. 
Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 13; 
1951. 

9 E. Epstein, "Settling of gases and constitution of the atmos-
phere," abstract, Phys. Rev., vol. 33, p. 269; February, 1929. 
" C. R. Grant and B. S. Yaples, "Back scattering from water and 

land at centimeter and millimeter wavelengths," PROC. IRE, vol. 
45, pp. 976-982; July, 1957. 
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Fig. 3—Distance residuals, the differences between the observed 
and calculated distance. 

single observation from this mean is 5.6 µsec, which indi-
cates an accuracy of the order of a half mile. These re-
siduals were determined from 0.1-second samples of the 
echo. Observations of the return show that the leading 
edge of the echo actually disappears into the noise for 
several seconds at a time. This fluctuation of the leading 
edge accounts for a large percentage of the scatter of 
the residuals shown in Fig. 3. However, if one analyzes 
one-minute samples of the returned signal, the actual 
leading edge of the echo may be determined and the 
distance measured more accurately. 

Fig. 4 shows the geometry from which the distance to 
the moon was calculated. The following outline indi-
cates the constants and parameters used. 

c= 299,792.8 km 
a='6,378,270 m 
b =1,740,000 m 
r =6,369,910 m 
7r = 

4) = 38°49'18.9' N 

X = 77°01'36.7' W 

7= 
A= 

velocity of light," 
equatorial radius of earth," 
equatorial radius of moon," 
radius of the earth at NRL," 
horizontal parallax of the moon," 
geocentric latitude of NRL's 50-
foot antenna, 
longitude of NRL's 50-foot an-
tenna, 
hour angle of the moon, and 
distance from observer to the sur-
face of moon. 

The reductions and calculations of the instantaneous 
distances of the moon are being done on an IBM 650. 

It is interesting to note that the distance from the 
center of the earth to the center of the moon is deter-
mined by 

a 

sin ir 

where a =equatorial radius of the earth and r = hori-
zontal parallax of the moon. Sin r is of the order of 0.02 

11 j *. F. Mulligan and D. F. MacDonald, "Some recent determina-
tion of the velocity of light," Amer. .1. Phys., vol. 25, pp. 180-192; 
March, 1957. 

12 Obtained from the U. S. Army Map Service. 
13 Value obtained from C. W. Allen, "Astrophysical Quantities," 

Univ. of London, The Athlone Press, England; 1955. 
" Calculated from a formula in "The American Ephemeris and 

Nautical Almanac," Government Printing Office. 
" Taken from "Improved Lunar Ephemeris, 1952-1954," Govern-

ment Printing Office, Washington, D. C. 
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Fig. 4—Diagram of the earth-moon distance problem. 

or less and any error in the value of a is multiplied by 
a factor of 50 or more. Since there is a large systematic 
error in our one day's result, the value of a was changed 
from 6,378,270 meters" given by the Army Map Service 
to 6,378,388 metere given by the American Ephemeris 
in subsequent computations and the resultant system-
atic error then reduced to near zero. 

Fig. 5 shows a nine-second sample of the recorded 
data. The pictures were taken at one-second intervals 
with about 26 traces per picture. The sweep length used 
is 260 µsec. No electrical integration was used so that 
fine structure in the echo is preserved. Sporadic struc-
ture has been seen as far as 400 µsec from the leading 
edge of the echo. No attempt has been made to corre-
late the fine pulse structure with the topography of the 
moon or with other phenomena. 
The average peak amplitude of the return signal is 

about 7 db above noise. This average has on occasion 
gone up to 12 or 13 db for several hours at a stretch, and 
at other times has dropped to 4 or 5 db for even longer 
periods. However, in over 100 hours of observation 
there has never been a complete loss of the signal that 
could not be attributed to malfunctioning of the equip-
ment. No serious effort has been made to correlate this 
apparent fading with atmospheric conditions or sunspot 
activity. However, during periods of extremely heavy 
rains the signal appears enhanced by several db and in 
the last instance of heavy rain the signal received was 
about 16 db above the noise. 
The return echo is composed of a large number of in-

dividual spikes; however, when viewed on fast camera 
film, the number of spikes seems to average about four 
or five for each transmitter pulse. Each spike has a 
width of from 2 to 4 µsec, and the spacing between 
spikes varies from 2 to 20 µsec during visual observation 
of the echo. An individual spike within the first 10 µsec 

husomehteethe 

Fig. 5—Nine-second sample of recorded data which illustrates fluctu-
ations and fine structure. (Sweep length 260 ,sec.) 
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of the returned signal may persist for as much as one 
second and may disappear into the noise for several 
seconds. The fluctuation rate appears to increase 
linearly with range and is about doubled for signals 10 
to 20 µsec from the leading edge and perhaps tripled for 
signals at 30 to 40 µsec, etc. This effect perhaps is caused 
by changes due to libration, in the multiple interference 
among several strong scattering areas on the moon. 

DETERMINATION OF THE NUMBER OF 
IN-FLIGHT PULSES 

It is necessary to determine the number of in-flight 
pulses, N, that is, the number of pulses which have left 
the transmitter since the one whose echo is being ob-
served in order to calculate the radar distance. Conven-
tional astronomical methods can determine the distance 
to the moon within a few miles and certainly well within 
the 400-mile uncertainty to which an ambiguity in N 
would lead. Hence, N can be determined from the 
computed distance to the moon, and arrangements have 
been made to do this as part of the data reduction pro-
cedure. However, if the ion density between the earth 
and moon were sufficiently large, the velocity of propa-

gation of the pulses might be sufficiently less than their 
velocity of propagation in a vacuum to affect the com-
putation of N. 
Two methods have been used to determine N obser-

vationally. In one, the transmitter is turned off while a 
fast camera is used to photograph individual sweeps on 
the scope. The number of sweeps between the last trans-
mitter pulse and the last received echo is N. The low 
signal-to-noise ratio makes this method marginal, but 
the observed values agreed with the calculated ones. 

In the other method, the pulse repetition period is de-
creased by 10 µsec. If one changes the period (p) from 
4000 ¿.sec to (p') of say 3990 µsec, the Nth pulse will 
move with respect to the echo at a rate of 2500 µsec per 

second, for approximately 2.4 seconds. The echo which 
one sees on an oscilloscope will appear to move to the 
right through one or two (n) transmitter pulses. When 
the echo stops, one may record a new value of delay 
(d'); the total ranging time will now be 

T = (N + n)p' -1- d'. 

Now if one determines by interpolation on the film re-
cording what the value of d would have been at the 
instant he recorded d', he may evaluate the integer N 
from 

Np + d = (N n)p' -1- d'. 

EQUIPMENT 

The radar is located in NRL's 50-foot radio telescope. 
(See Fig. 6.) To avoid the use of rotary joints, the trans-
mitter is mounted on beam girders behind the parabo-
loid as in Fig. 7. Since the magnetron, type QK 428, 
must operate within 15° of a horizontal position, the 

Fig. 6—Antenna used in obtaining radar echoes from the 
moon at S band. 

Fig. 7—View of equipment mounted on back of the 50-foot 
antenna. 

transmitter was tilted 30° on its mount, thus permitting 
observations between 15° and 45° elevation. Rotary 
joints probably will be used in the future for more ex-
tensive observations. The telescope is driven to compen-
sate for the rotation of the earth but manual corrections 
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Fig. 8—Timing, monitoring, and camera recording equipment. 

to its pointing are necessary to allow for the motion of 
the moon with respect to the stars. 
A highly stable pulsing system was developed for this 

radar. The video display on the A scopes is triggered by 
a synchronizing pulse N periods later than the one 
whose echo is displayed. With a pulse repetition rate of 
250 pps and the distance between the earth and the 
moon of about a quarter million miles, N is of the order 
of 500 to 700. Therefore, it is necessary for the pulsing 
system to have low jitter and high-frequency stability. 
All timing and pulse circuits are derived from a highly 
stable I00-kc frequency standard; count-down circuits 
provide the pulse repetition rate and one-second mark-
ers. The basic frequency source, which is stable to better 
than one part in 108 per day, is converted into pulses 
and one pulse is gated out at a regular interval for the 
synchronizing pulse. The one-second pulses, which key 
all counters and cameras, are phased to coincide with 
the WWV second marks. The moon echoes displayed on 

the A scopes are photographed on 35-mm film 30 µsec 

after the WWV-second with an exposure of 110 msec (26 
pulses). Fig. 8 shows the equipment used. 
The conventional superheterodyne receiver used with 

this radar system includes a balanced mixer input, a 
preamplifier, and an IF amplifier with a 350-kc band-
width. At the outset of this experiment, an 8-db noise 
figure was achieved using 1N21E crystals, but leakage 
of the high peak power caused the crystals to deteriorate 

rapidly and it was impossible to maintain a good noise 
figure. This problem was solved by placing a low-noise 
traveling-wave amplifier (RCA 6861) between the tr 
tube and the balanced mixer. The power limiting feature 

of the traveling-wave tube prevented crystal burnout 
and maintained a consistent noise figure. 

CONCLUSION 

The preliminary results of short-pulse microwave 
radar of the moon are presented. Indications are that 
ranging the moon is entirely possible with a high degree 
of accuracy. A distance accuracy of better than a half-
mile seems possible. A determination of the earth's 
equatorial diameter and NRL's distance from the axis 

of the earth can be made. The shape of the earth could 
be determined by similar observations at many points 
on the surface of the earth. 
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The Use of Radio Stars to Study Irregular Refraction 
of Radio Waves in the Ionosphere* 

H. G. BOOKERt, FELLOW, IRE 

Summary—The observations and the theory of radio star scintil-
lation are reviewed, and the following conclusions are reached. 

1) The frequency variation of amplitude and phase scintillations 
agrees with theory. 

2) All observers agree that there is a marked increase of ampli-
tude scintillation with increase in zenith angle. The Cambridge data 
agrees with theory, but the Manchester data does not. No available 
zenith angle data is adequate to determine the height of scintillation. 

3) The available observations of phase scintillation are inade-
quate for almost all purposes. 

4) At present, the Hewish method of locating height by compar-
ing amplitude and phase scintillation is seriously hampered by lack 
of satisfactory observations. On existing data the method gives 
heights that are spread over a range of about five to one; all of these 
heights are above the E region and refer to nighttime scintillation. 

5) All observers agree that there is a maximum of amplitude 
scintillation in the middle of the night. 

6) In addition, Australian observers report a maximum of am-
plitude scintillation at midday. This is only weakly observed, if at 
all, in the northern hemisphere, where, however, observational con-
ditions are different. 

7) Australian observers report maxima of amplitude scintillation 
at the solstices and minima at the equinox, but observers in the 
northern hemisphere report little seasonal variation. 

8) The rate of scintillation increases under magnetically dis-
turbed conditions, due to increased drift velocity. 

9) There is a good general correlation between the occurrence of 
radio star scintillation and spread F reflections. This correlation sug-
gests a value of the order of 250-300 km for the height of radio star 
scintillation at night. 

10) There is some correlation between the occurrence of radio 
star scintillation and sporadic E reflections, especially in Australia. 

11) The physical cause of the fluctuations in electron density as-
sociated with radar star scintillation is uncertain, but there is little 
doubt that some of the other phenomena involving irregularities of 
electron density in the ionosphere are due to turbulence. 

12) The scale of irregularities of electron density at the level re-
sponsible for amplitude scintillations is of the order of a kilometer. 
The scale is probably somewhat greater parallel to the earth's mag-
netic field than transverse to the field. 

13) The most striking puzzle in connection with radio star scintil-
lation is the cause of the nighttime maximum. 

I. INTRODUCTION 

SHORTLY after discovery was made of the exist-
ence of a discrete source of cosmic noise in the con-
stellation of Cygnus, it was found that the strength 

of the source, as received at ground level in the vhf band, 
was variable. At first it was thought that this indicated 
a variation in the power radiated by the source. It was 
discovered, however, by Smith [16] and by Little and 
Lovell [17] that there was no correlation between the 
fluctuations received at two points on the ground sepa-

* Original manuscript received by the IRE, October 14, 1957. 
Prepared under U. S. Signal Corps Contract No. DA-36-039-SC-
72812. 

Cornell University, Ithaca, N. Y. 

rated by a distance of the order of 100 km, although 
fairly good correlation was obtained when the receivers 
were separated by a distance of the order of a kilometer. 
This led to the identification of the cause of the fluctua-
tions as irregular refraction in the ionosphere. Thus, 
study of the scintillation of radio stars is an important 
method for studying irregularities of electron density in 
the ionosphere, although it is not yet clear at what 
height in the ionosphere the irregularities principally 
responsible for radio star scintillations exist. This paper 
is a review of the experimental evidence concerning 
radio star scintillation and of the theory that so far has 
been developed to explain it. 

I I. METHODS OF OBSERVATION 

The fluctuation in the radiation from the discrete 
sources of cosmic noise, such as those in the constella-
tions of Cygnus or of Cassiopeia, can be seen with 
equipment that in principle is simple, although in prac-
tice certain technical difficulties have to be overcome. 
A moderately directional antenna looking at the appro-
priate part of the sky is connected to a radio receiver 
having a bandwidth usually of the order of a megacycle. 
The video-frequency output from the receiver is con-
nected to a pen recorder having a time constant usually 
of the order of one second. The effect of the finite band-
width of the receiver and of the time constant of the re-
corder is to smooth out much of the noise fluctuation, so 
that a comparatively smooth trace is obtained. By 
pointing the antenna in different parts of the sky, differ-
ent strengths of cosmic noise are recorded. If the an-
tenna is directed at Cygnus or at Cassiopeia, then fluc-
tuations in the curve frequently are observed at the rate 
of a few per minute. These are the fluctuations caused 
by irregular refraction in the ionosphere. 
Roughly speaking, the irregular patches of electron 

density in the ionosphere cast shadows on the surface of 
the earth, and by measuring the size of these radio shad-
ows, we may estimate the size of the irregularities in 
the ionosphere. This may be done by observing the scin-
tillation at two spaced receivers. If the receivers are side 
by side, the fluctuations observed are identical. As the 
receivers are moved apart, the fluctuations that they 
record become progressively less correlated until, for 
sufficiently large spacings, there is no correlation at all. 
The distance between the receivers, when the correla-
tion in the fluctuations has dropped to some specified 
value such as one-half, is a measure of the size of the 
irregularities of field strength over the surface of the 
earth; these in turn are related to the size of the irregu-
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Fig. 1—Cassiopeia fluctuation records taken simultanoeusly by two 
receivers 11 km apart on a north-south base line. Records A: 
Correlation 0.9 (effective base line 4.1 km). Records B: No corre-
lation (effective base line 7.7 km). 
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larities of electron density in the ionosphere. Fig. 1 
shows examples of records taken by Little and Maxwell 
[4] at a pair of spaced receivers at the Jodrell Bank 
Experimental Station of the University of Manchester. 
Records A show good correlation between the fluctua-
tions at the two receivers, while Records B show poor 
correlation. 
Another way of observing the scintillation of radia-

tion from discrete sources of cosmic noise is to measure 
the fluctuation in the phase difference of signals arising 
at two spaced receivers. The fluctuations in this phase 
difference may be interpreted as a flicker in the direction 
of arrival. The best way of doing this is to use the phase-
switching interferometer invented by Ryle [1]. The 
phase-switching interferometer eliminates the effect of 
a uniform background of cosmic radiation in the sky 
from the presentation, and also has a number of other 
advantages. If the two antennas have a spacing large 
compared to the radio wavelength and are connected in 
phase, they have a polar diagram such as that indicated 
by curve a in Fig. 2. If, on the other hand, the antennas 
are connected in antiphase, then they have a polar 
diagram of the type indicated by curve b in Fig. 2. By 
suitable electronics, it is possible to record the difference 
between the power received by the interferometer when 
the antennas are connected in phase and that received 
when they are connected in antiphase. As the radio star 
moves through the polar diagram of the interferometer, 
we obtain records as shown in Fig. 3. Where the trace 
crosses the reference line in Fig. 3, reception by the in-
terferometer in the two switch positions is identical, and 
the radio star is at one of the angles in Fig. 2 where 
curve a crosses curve b. Flicker in the angle of arrival 
of the radiation thus will cause an irregular variation in 

e 

Fig. 2—Reception pattern of two spaced antennas: (a) connected 
in phase and (b) connected in antiphase. 

6 12 
min of arc 

I I 
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Fig. 3—Typical records of source 23.01 made with a high resolution 
interferometer on 8 m. The angular deviation deduced from the 
records is shown on the right. 

the spacing between the zero points in Fig. 3. By meas-
uring the irregularity in the crossing points, we may de-
duce the probability distribution of the flicker in the di-
rection of arrival as shown on the right-hand side of 
Fig. 3. 
A phase-switching interferometer, besides measuring 

the angular flicker in the direction of arrival, also meas-
ures the fluctuation in the amplitude of the radiation 
received from the source. This is illustrated in Fig. 4, 
where the results of the analysis of two records for 
probability of amplitude distribution are shown. 
Wild and Roberts [12] have developed the above 

methods so that observations can be made almost si-
multaneously over the frequency range from 40 to 70 mc 
per second. This has been done by sweeping across the 
band in one-eighth of a second with a receiver having an 
acceptance bandwidth of half a mc per second. Rhombic 
antennas were used to achieve the necessary bandwidth. 
Presentation was on a cathode ray oscilloscope, with 
frequency varying in the vertical direction from 40 
to 70 mc per second and time in minutes varying hori-
zontally as shown in Fig. 5. Fig. 5 shows, by means of 
sketches, the various types of record obtained. 
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Fig. 4—Observations of the intensity fluctuations of source 23.01 
made with a phase-switching receiver on 6.7 m. The probability 
distribution of amplitude p(A) deduced from the records is shown 
on the right. 
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Fig. 5—Sketches showing idealized examples of the 
principal types of dynamic spectra observed. 

III. OBSERVATIONAL RESULTS 

The intensity of radio star scintillation is likely to 
vary with 1) the radio frequency at which the observa-
tions are made, 2) the time of day, 3) the season of the 
year (and possibly the year in the sunspot cycle), and 
4) the zenith angle of the source under observation. 
It also is necessary to make a study of the rate of scin-
tillation and of the way in which it varies with the same 
parameters. Moreover, study also is required of the size, 
shape, and drift of irregularities of field strength over 

the surface of the earth, so that deductions can be made 

about the size, shape, and drift of irregularities of elec-
tron density in the ionosphere. To aid in the determina-
tion of the height in the ionosphere at which the scintil-
lation occurs, separate studies are required of the phase 
and amplitude scintillations at the ground. 
Our knowledge of radio star scintillation depends 

mainly upon observations made at Cambridge, England, 
at Manchester, England, and at Sydney, Australia, al-
though work has also been done in a number of other 
countries. In comparing the observations of these work-
ers it should be noticed that the conditions of observa-
tion are substantially different at Cambridge, Man-
chester, and Sydney. At Cambridge, the antennas were 
well adapted for high angular resolution. The antennas 
were not, however, well adapted, or at any rate were 
not used, for measurements at low angles of elevation. 
Thus, Cambridge observations refer to the ionosphere 
generally overhead in a latitude of 52° north. At Man-
chester, measurements have been made of amplitude 
scintillation but not of phase scintillation. On the other 
hand, steerable antennas were used with which the 
sources could be followed to low angles of elevation. At 
low angles of elevation the sources were in a generally 
northerly direction. Thus, many of the Manchester ob-
servations refer to the ionosphere well to the north of 
Manchester. At Sydney, latitude 34° south, practically 
all observations were made at low angles of elevation in 
a generally northerly direction. Thus, most Australian 
observations refer to the ionosphere nearer to the equa-
tor than Sydney. It, therefore, must be borne in mind 
that all Sydney observations are at low angles of eleva-
tion. Even in comparing the Australian observations 
with the Manchester observations at low angles of ele-
vation, it must be remembered that the Australians 
were looking more or less towards the equator, whereas 
the Manchester observers were looking more or less 
away from the equator. 

In comparing the observations of different groups of 
workers it should be noticed that quantities with similar 
or identical names are sometimes interpreted differently 
by different authors. Thus the Cambridge workers de-
scribe the strength of amplitude scintillations by means 
of a "fluctuation index" derived by dividing the root-
mean-square fluctuation in amplitude by the mean am-
plitude received from a source. Records are made on a 
linear power scale, and numerical conversion is made 
from power to amplitude. The Manchester workers used 
an index of fluctuation described as the "amplitude of 
fluctuations expressed as a percentage of the mean in-
tensity from the source." This index of fluctuation is ob-
tained from observations recorded on a linear power 
scale, and no numerical conversion is made from power 
to amplitude. Moreover, fluctuations on the Manchester 
records were assessed from the "peaks" of the scintilla-
tions, whereas on the Cambridge records they were 
assessed on a root-mean-square basis. Altogether the 
Manchester index of fluctuation, even if expressed as a 
fraction instead of a percentage, is probably about five 
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times larger than the Cambridge fluctuation index for 
weak scintillation conditions. Whether this same ratio 
applies for strong scintillation conditions, however is 
unclear. In Australia, Bolton, Slee, and Stanley [7] 
have also defined a "scintillation index." Whether their 
scintillation index agrees with the Cambridge index or 
the Manchester index, or represents yet a third index is 
unclear. In this paper, "fluctuation index" is used in the 
Cambridge sense, since this seems better adapted to 

comparison with theory. 
Another confusion exists in the literature in connec-

tion with the use of the word "scale" to describe the 
size of irregularities of electron density in the iono-
sphere responsible for star scintillation. From an irregu-
lar function of position in space, it is possible to form an 
autocorrelation function. This function is unity for zero 
separation and zero for large separations. The correla-
tion is reduced to a specified value, such as 0.5, for a 
separation that we denote by L. Now the irregular func-
tion of position may be Fourier analyzed, and from the 
spectrum we may pick out the component of greatest 
importance. This component has a repetition distance 
of 2irL. The scales quoted by Cambridge workers 
appear to be estimates of 27L, whereas those quoted by 
Manchester workers are estimates of L. For the Austra-
lian workers, there is some uncertainty of interpretation, 
but it appears that their estimates of scale are measures 
of 2/r.L. In this paper, it is the quantity L that is called 
the scale of the irregularities. 

IV. THE FREQUENCY VARIATION OF 

AMPLITUDE SCINTILLATIONS 

All workers agree that the fluctuation index usually is 
small at the high-frequency end of the vhf band, and 
that it increases as the frequency decreases through the 
vhf band. At the low-frequency end of the vhf band, the 
fluctuation index often approaches unity. According to 
Hewish [3], the fluctuation indexes at 40 mc per second 
are about four times stronger than at 80 mc per second, 
and similar results are reported by Bolton, Slee, and 
Stanley [7]. 

V. DIURNAL AND SEASONAL VARIATIONS OF 

AMPLITUDE SCINTILLATIONS 

The time of day at which a given source is at a given 
angle of elevation varies progressively from day to day 
and moves through the 24 hours during the course of a 
year. If the fluctuation index is measured for a particu-
lar source at a particular angle of elevation each day for 
a year, we obtain a variation of fluctuation index that 
could be due to a seasonal phenomenon or to a diurnal 
phenomenon. By using a number of sources, each of 
which reaches a given angle of elevation at a different 
time of day, it is possible to separate the diurnal and 
seasonal variations. Using four sources Ryle and Hew-
ish found that the temporal variation in fluctuation 
index almost entirely could be explained as a diurnal 
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Fig. 6—Variation of the "fluctuation index" for the four sources 
plotted as a function of the time of observation. Ordinates: 
Fluctuation index. Abscissae: Local time. 
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Fig. 7—The diurnal variation of the fluctuation index (F.) deduced 
from observations of source 23.01 on 6.7 m. The dotted curves 
were obtained during the following year on 8 m. 

phenomenon as shown in Fig. 6. Thus, at relatively 
high angles of elevation at Cambridge, amplitude scin-
tillation reaches a maximum shortly after midnight and 
is almost absent during the daytime. What little sea-
sonal variation is involved is shown in Fig. 7. 
At Manchester, Little and Maxwell [4] also found 

that fluctuations were largest at night. They found, 
however, that at low angles of elevation, fluctuations 
always were observed independent of the hour of day. 
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Fig. 9—(a) Mean monthly scintillation index plotted against the 
month of observation. (b) As in (a), but plotted against the local 
time of observation. 

A summary of data recently published by Dagg [34] is 
shown in Fig. 8. 

In Australia, Bolton, Slee, and Stanley [7], observing 
only at low angles of elevation in a generally equator-
ward direction, also found that fluctuations were ob-
served both by day and by night. However, their ob-
servations showed a seasonal variation in fluctuation 
index comparable in importance with the diurnal varia-
tion, as shown in Fig. 9. There are minima at the equi-
noxes and maxima at the solstices. Moreover, although 
the diurnal variation shows a maximum around mid-
night, there is also a maximum at midday of comparable 
importance. 

Using only one source, an analysis has been made by 
Harrower[14] of the diurnal and seasonal variations in 
the occurrence of amplitude scintillations at Ottawa. 

The source used was Cygnus, which was visible at all 
times. An over-simplified description of the method of 
analysis is as follows: By averaging a year's data, the 
dependence upon zenith angle of the occurrence of am-
plitude scintillations first was obtained. By means of 
this curve, all data were converted to zenith observa-
tions. This corrected data then gave the diurnal and 
seasonal variations illustrated in Fig. 10. It will be ob-
served that the nighttime maximum in the rate of oc-
currence appears throughout the year. There is, how-
ever, a daytime maximum in winter and a trace of a 
daytime in summer. 

VI. VARIATION OF AMPLITUDE SCINTILLATIONS 
WITH ZENITH ANGLE 

By averaging a year's data it is possible to smooth 
out the diurnal and seasonal variations and thus ascer-
tain the way in which the fluctuations vary with the 
zenith angle of the source. Because the path length 
through an ionospheric layer is proportional to the se-
cant of the zenith angle of the source measured at an 
appropriate level in the ionosphere, one might expect 
the fluctuation index to increase with an increase in the 
zenith angle. Observations at both Cambridge and 
Manchester agree with this prediction. The Cambridge 
observations are shown in Fig. 11, p. 304 and the Man-
chester observations in Fig. 12. It is clear that amplitude 
fluctuations increase more rapidly with zenith angle 
than with the secant of the zenith angle. 

VII. SCINTILLATION RATE 

All observers agree that the scintillation rate usually 
is of the order of a few fluctuations per minute and does 
not vary with the ratio frequency at which observations 
are made. 

Both the Manchester and Cambridge observers find 
that the fluctuation rate is several times faster during 
periods of high-geomagnetic activity than during quiet 
periods. The relation between the fluctuation rate and 
the geomagnetic K index found by Dagg [33] is shown 
in Fig. 13. Little and Maxwell [4] also have found that, 
on the average, the scintillation rate at Manchester is 
several times greater at low angles of elevation than at 
high. It should be noted, however, that low angles of ele-
vation at Manchester imply scintillation in the iono-
sphere in the general vicinity of the zone of maximum 
auroral activity. At Manchester, it was feasible on a 
number of occasions to observe the scintillation of 
sources in the northern sky under conditions when there 
was auroral activity in the northern sky. Under these 
circumstances high scintillation rates were observed, 
but there was no special increase in the fluctuation index 
[10]. On some occasions partial absorption of the radia-
tion from the source, apparently due to attenuation in 
auroral ionization, was observed. Observations have 
also been made at Manchester [33] of marked increases 
in the rate of scintillation associated with marked 
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Fig. 10—Each of the 24 graphs shows variation of the percentage occurrence of scintillations plotted against local mean solar time for a 
given 15-day interval centered about the date written beside the graph. The numbers from 1 to 24 are used to identify 24 positions of 
the earth on its orbit around the sun in the course of one year. The hours marked along the curves indicate the times during the day 
at which the occurrence of scintillations passed through a maximum. 

changes in the components of the earth's magnetic field. 
Fig. 14 illustrates these observations. However, Fig. 14 
is unusual in one respect. On this occasion there also was 
a marked change in the fluctuation index. More fre-
quently there is no marked change in the fluctuation 
index, but only a change in the fluctuation rate. 

VIII. PHASE SCINTILLATIONS 

All of the observations reported above are observa-
tions of the fluctuation in the amplitude of the radiation 

received from sources. Equipment has been in use at 
Cambridge and in Australia with which measurements 
could be made of the fluctuations in the phase difference 
between the radiation received with two spaced an-
tennas forming an interferometer. By dividing this 
fluctuation in phase difference by 2ir times the antenna 
separation in wavelengths, we derive the angular fluc-
tuation in the direction of arrival of the radiation. 
Hewish [3] reports that, at a frequency of 40 mc per 
second, angular flicker is of the order of two to three 
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Fig. 11—The dependence of the fluctuation index (Fn..) upon the 
zenith angle of the source. The secant of the angle of incidence on 
the ionosphere at a height of 400 km is shown by the dotted 
curve. 
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Fig. 12—Curve A: Amplitude of Cygnus fluctuations with elevation 
Xsource setting, • source rising (averages over 12 months). 
Curves B and C: Ratio of effective thickness of disturbing region 
in line of sight to zenith thickness—(Curve B for a disturbing 
region of assumed minimum height 300 km and maximum height 
500 km; Curve C for assumed minimum height 250 km and 
maximum height 1000 km). 

minutes of arc on a typical occasion (see Fig. 3), but 
may be as much as half a degree under "highly dis-
turbed conditions." The rate of angle flicker is of the 
same order of magnitude as the rate of fluctuation in 
amplitude. Estimates of angular flicker on wavelengths 
of 8, 3.7, and 1.4 meters have indicated that the angular 
flicker is approximately proportional to the square of the 
wavelength. 

It is stated by Hewish [3] that fluctuations in inten-
sity are always accompanied by fluctuations in the phase 
difference between the antennas of an interferometer. 
However, it is not stated whether the converse is true. 
No analysis seems to have been made of the diurnal, 
seasonal, or zenith angle variations in phase fluctua-
tions, and there does not seem to be any good reason for 
supposing that they are the same as for amplitude fluc-
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Fig. 13—Comparison of radio star scintillation 
amplitude with the magnetic K index. 
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Fig. 14—Lerwick magnetogram April 1-2, 1955. Cassiopeia fluctua-
tions. The fluctuation rate is the number of maxima per minute. 
The fluctuation amplitude is expressed as a percentage of mean 
source intensity. 

tuations. Wild and Roberts [12] in Australia, using their 
frequency-sweeping equipment, have reported fre-
quency dispersion phenomena that seem to require 
much larger phase irregularities by day than by night: 
the dispersion over the ground of a particular irregular-
ity in the band from 40 to 70 mc per second was about 
five times greater by day than by night. 

IX. DRIFT OF IRREGULARITIES 

It is frequently observed that if the fluctuations in 
amplitude of a source are measured at two receivers 
separated in an east-west direction by a distance of the 
order of a kilometer, then the fluctuations are similar, 
except for a time shift. From this it has been concluded 
that the irregularities of intensity on the ground, and 
consequently, the irregularities of electron density in 
the ionosphere, are drifting horizontally. By using three 
receivers at the vertices of a triangle and by measuring 
the time shifts between the arrival of corresponding 
maxima at the three sites, it is possible to deduce the 
magnitude and direction of the velocity of drift [40]. 
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Observations at Manchester and in Australia have 
shown little evidence of a north-south component of 
drift. All observers agree, however, that there is an 
important drift in the east-west direction. Overhead in 
England Maxwell and Dagg report drift from west to 
east before midnight and from east to west after mid-
night, with no observations during the daytime. Speeds 
are of the order of a hundred meters per second under 
quiet geomagnetic conditions, but rise to a thousand 
meters per second under disturbed geomagnetic condi-
tions. In Australia, Wild and Roberts [12] looking 
roughly equatorward obtained a west to east drift of the 
order of about a hundred meters per second at night 
with no systematic drift in the daytime. 

If scintillation is caused by the drift of a more or less 
stationary pattern of irregularities across the receiver, 
then there should be a linear relation between the scin-
tillation rate and the drift speed. The extent to which 
this is true is illustrated in Fig. 15 using observations of 
Hewish [3]. 

X. SIZE OF IRREGULARITIES 

From the size of irregularities in field over the ground, 
it is possible to make deductions about the size and 
shape of irregularities of electron density in the iono-
sphere. Estimates of this type may be made by the fol-
lowing three methods. 

1) Using an interferometer, the fluctuations in phase 
difference may be converted into angle flicker and from 
the cone angle thereby obtained, one may deduce a size 
of irregularity of electron density in the ionosphere. 

2) One can measure the size of irregularities of am-
plitude over the ground, and hence of electron density in 
the ionosphere, ascertaining how far apart two receivers 
must be placed before the correlation in the irregularities 
is reduced to a specified value, such as 0.5. 

3) Under conditions when there is known to be steady 
drift of a more or less stationary pattern across the re-
ceiver with a known velocity, the duration of an irregu-
larity in time may be converted to the size of an irregu-
larity over the ground. 

Using method 2), Little and Maxwell arrived at a 
figure of four kilometers for the scale in the north-south 
direction. Using method 3), Ryle and Hewish [2] 
arrived at a figure of 5 km for 27r times the scale in the 
east-west direction. At first the agreement between 
these two figures was thought to be good. Subsequently, 
however, it was realized that, because of confusion 
about the definition of scale, there was in reality a dis-
crepancy between the two observations. The discrep-
ancy subsequently was cleared up by Spencer [11], who 
showed that the shape of the irregularities over the 
ground varied with the direction of the source in such a 
way as to suggest irregularities of electron density in the 
ionosphere that are constricted perpendicular to the 
direction of the earth's magnetic field. Spencer quotes 
a figure of one to five for the ratio of the scale perpen-
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Fig 15—Drift speed in meters per second. F-region 
drift speed vs fading rate. 

dicular to the earth's magnetic field to that along the 
earth's magnetic field, though he also mentions occa-
sions when the two scales appear to be much more un-
equal. Cambridge and Manchester observations are 
thus in agreement with the view that the intensity 
scintillations observed at the ground are caused by ir-
regularities in the ionosphere that have a scale parallel 
to the earth's magnetic field of the order of a few kilo-
meters and a scale perpendicular to the earth's mag-
netic field somewhat less than a kilometer. These figures 
are derived from nighttime observations. 

Observations of scale have also been made in Aus-
tralia. The conditions of observation, however, were not 
so favorable, partly because of the low angle of observa-
tion, and partly because of a smaller angle between the 
direction of the star and the direction of the earth's mag-
netic field. The Australian observations made at night 
do not appear to contradict those made in England. 
During the daytime, however, the shape of irregulari-
ties in field over the ground was somewhat elongated, 
but the direction of elongation was random. Observa-
tions of the shape of irregularities of the field over the 
ground in the USSR also have indicated a random di-

rection of elongation [36]. 

XI. CORRELATION BETWEEN RADIO STAR SCINTIL-

LATION AND F-REGION PHENOMENA 

In England, a striking correlation has been obtained 
between fluctuations in the intensity of sources and the 
ionospheric phenomenon known as spread F. Spread F 
involves a situation in which the usually well defined 
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traces on an ionogram become diffuse, as indicated in 
Fig. 16 [41]. In some cases the F-region echo is even 
more diffuse than is shown in Fig. 16, and no sharp edges 
to the echo can be recognized. Spread F occurs primarily 
at night with a maximum of occurrence in the middle 
of the night. It is more frequent in winter than in sum-
mer [25, 26]. Although the phenomenon of spread F has 
been observed for at least twenty years, there still is no 
explanation of its occurrence. In particular, it is not 
known why it is primarily a nighttime phenomenon. 
The diurnal variation of spread F clearly is very simi-

lar to that obtained for radio star scintillation by work-
ers in England. Both at Cambridge and at Manchester, 
a high correlation has been found between the occur-
rence of scintillations in the intensity of the sources and 
the occurrence of spread F at ionospheric observatories 
in the British Isles (see Fig. 8). The correlation was, in 
fact, about as high as could be expected in view of the 
fact that the scintillation observations and the spread 
F observations referred to places in the ionosphere 
hundreds of kilometers apart. To obtain perfect corre-
lation, observation of scintillations should be made for 
a source close to the zenith and compared with iono-
grams made at the same location, but this experiment 
does not seem to have been performed. 

Briggs [37] has pointed out that, if the phenomena of 
spread F and of radio star scintillation occur at a com-
mon level, then the degree of correlation between the 
two phenomena when not observed in the zenith de-
pends upon the height assumed. Therefore, he has ad-
justed the height to obtain maximum correlation and 
in this way has arrived at a height of from 250 to 300 
km. 
The close correlation between the amplitude scintilla-

tions and spread F that has been obtained in England is 
not observed in Australia. Such a correlation would be 
impossible in view of the fact that the diurnal variation 
of scintillations observed by the Australian workers 
shows a maximum at midday as well as at midnight, 
while spread F does not occur during the daytime. How-
ever, a partial correlation has been obtained by Mills 
and Thomas [6] between the fluctuation index and a 
measure of F-region "activity" that incorporate, 
among other things, the occurrence of spread F. 

XII. CORRELATION OF SCINTILLATIONS WITH 
E-REGION PHENOMENA 

The existence of a maximum of scintillation at midday 
in the Australian observations led Bolton, Slee and 
Stanley to consider the possible role of the E region in 
causing scintillations. They obtain a partial correlation 
between the occurrence of scintillations and the occur-
rence of the phenomenon of sporadic E, in spite of the 
fact that the two sets of data refer to places in the iono-
sphere many hundreds of kilometers apart. A similar 
correlation has been obtained by Dueño [35], and re-
cently by Dagg [34]. 
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Fig. 16—Spread F Echoes—high, medium, and low latitudes. 
(a) Spread echo:of the type commonly observed at high latitudes. 
Godhavn$1640,1December 22, 1951. (b) Middle latitude spread 
echo. Adak 2015 July 10, 1955. (c) Equatorial-type spread echo. 
Huancayo 0400 June 3, 1952. 

It has to be remembered that the Australian observa-
tions, unlike those made by other workers, have been 
made at low angles of elevation looking in a roughly 
equatorward direction. It seems reasonably clear that, 
under these circumstances, two scintillation phenom-
ena are observed. One of these leads to a maximum of 
fluctuation index at night and presumably is the same 
as the phenomenon reported in England. The other 
phenomenon leads to a maximum of fluctuation index 
at midday, and nothing corresponding to it has yet been 
reported from England. 

XIII. DISPERSION EFFECTS IN RADIO STAR 
SCINTILLATION 

It will be observed from Fig. 1 that fluctuations in 
the intensity of sources lead to a trace in which the up-
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ward peaks are sharper than the downward peaks. 
Special attention has been drawn to a phenomenon of 
this type by the frequency-sweeping observations of 
Wild and Roberts [12]. They found that the times of 
occurrence of the peaks varied systematically with 
frequency over the band from 40 to 70 mc per second, 
leading to records of the type shown in Fig. 5. They 
found that the average spacing between fluctuations 
was typically 2 to 5 times the duration. Moreover, in-
dividual fluctuations were sometimes accompanied by 
"side lobes," as shown in Fig. 5. Thus, they were led to 
picture radio star scintillation as a "systematic" phe-
nomenon rather than as a random phenomenon. Anal-
ysis of the statistical distribution of the amplitudes of 
fluctuations leads, however, to a Rayleigh distribution 

XIV. THEORY 

We shall assume that, apart from irregularities, the 
electron density N in the ionosphere is a function of 
height h only. From the electron density at a particular 
height, we derive the plasma wavelength XN in accord-
ance with the equation 

1 
XN2 e 

reN 
(1) 

where re is the classical radius of the electron given by 

— 2.8 X 10—" meters. (2) 

Neglecting the effect of the earth's magnetic field, the 
refractive index n at a particular point is derived from 

ti2 = 1 — — 
XN2 

(3) 

where X is the wavelength at which observations are 
made. We shall assume that X is small compared to XN, 
so that no distinction need be drawn between the wave-
length in the ionosphere and the wavelength in free 
space. 
We assume that, in the ionosphere, there are irregu-

larities of electron density that result in a mean square 
departure of electron density from mean denoted by 
(AN)2. For simplicity, we neglect possible constriction 
of irregularities of electron density perpendicular to 
the earth's magnetic field, and assume that the irregu-
larities are isotropic. At this stage, it is not necessary to 
make any detailed assumptions about the cause of the 
irregularities. However, since turbulence is a possible, 
and even likely, cause of the irregularities, it is neces-
sary to mention that, in this case, there would be a wide 
range of sizes of irregularities. Since, however, in radio 
star scintillation we are concerned with forward scatter-
ing, it would only be the irregularities of largest scale 
that would be of importance. Therefore, whatever the 
cause of the irregularities, it is satisfactory to assume 
that the ones with which we are concerned are all of 

much the same size and may be characterized by a scale 
L. This scale is as defined in Section III and, in the case 
of turbulence, would correspond to the scale of the large 
eddies. The variation AN in electron density produces a 
corresponding variation An in refractive index, calcu-
lated from (3). We derive 

An \ 2=  X4 (ANV 

n ) XN4 N ) 

re2X4(à/V)2, 

(4) 

(5) 

showing that the variations in refractive index decrease 
proportionally to the square of wavelength. 

Let us consider a plane wave of wavelength X passing 
through the ionosphere, and let us calculate the mean-
square deviation in phase introduced into it for a dis-
tance D of travel. For a single irregularity, the mean-
square difference of phase introduced is 

pirL y 

X ) \nî 
(6) 

In a distance D the number of irregularities passed 
through is of the order of D/L. For a reason that will be 
explained later, we actually shall take the number of 
irregularities passed through in diatance D as 

D 
(7) 

2L 

Assuming that the phase fluctuations introduced by suc-
cessive irregularities add up on a random walk basis, 
we derive from (6) and (7) the following expression for 
the mean-square phase fluctuation introduced in a dis-
tance D of travel: 

D /27rL \2(An 

(à(1))2 = —2L X n ) 
(8) 

Substituting from (5) into (8), we obtain for the mean-
square-phase fluctuation introduced per unit distance 
of travel 

1 

— (à4)) 2 =- 27r2re2X2MAN) 2. (9) 
D 

If dz denotes an element of length of the path large 
compared to the size of an irregularity, then the total 
mean-square deviation of phase introduced by the en-
tire ionosphere is given by 

(ào)2 = 2,2re2x2 L(AN)2dz, (10) 

where the integral is taken along the whole length of 
path. If dh is the element of height corresponding to the 
path length dz and x is the zenith angle of the path at 
this level, then dz in (10) may be replaced by sec x dh. 
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If we assume that over the important interval of height 
involved in the integration there is no significant varia-
tion of x, then (10) may be rewritten, 

(4) 2 = 2r2re2X2 sec x f L(,CiN) 2dh. (11) 

If we further assume that the integrand in (11) is im-
portant only over an interval of height r and that in this 
interval of height the integrand may be given a mean 
value, then (11) becomes 

(4,)2 = 27r2r.2X2 sec xL(AN)2. (12) 

The thickness r in (12) would probably be of the order of 
magnitude of the scale height of the atmosphere at the 
level in question. From (11) and (12) we notice that the 
mean-square phase fluctuation should be proportional 
to the square of wavelength and to the secant of the 
zenith angle at the level where phase scintillations are 
introduced. 

It should be noted that these equations give the fluc-
tuation in the phase of the wave compared to the phase 
that it would have had in the absence of fluctuations. 
This is not what is measured in practice. Indeed, with a 
noise source this could not be measured. What is meas-
ured is the fluctuation in the difference of phase between 
two points separated by a distance d. Let us assume that 
the separation between the receivers is perpendicular 
to the direction of the source and that there is a correla-
tion coefficient p between the phase fluctuations at the 
two points. Then the mean square fluctuation in phase 
difference is given by 

là(01 — Os) 12 = 2(1 — P)(à0) 2. (13) 

The correlation coefficient may be taken as 

(12 
p = exp( — (14) 

since it is assumed that any structure of scale less than 
L that may exist in the irregularities of electron density 
in the ionosphere does not appear in the irregularities 
of field at the ground. If we substitute from (14) into 
(13) and assume that the separation d between the re-
ceivers is small compared to the scale L, we derive 

{A(01 — 02)1 2 = 2 ( --d \2 ( 2 
\ 4)) • 

Substituting from (12) into (15), we derive 

(15) 

A(01 — 02)1 2 = 47r2r„2d2X2 sec x 1 (AN)2r. (16) 

This may be expressed more accurately as an integral 
with respect to height throughout the ionosphere by 
means of 

1   

1 A(4)1 — 02)1 2 = 47r2r.2d2X2 sec x f — (AN)2dh. (17) 

From the fluctuations in the phase difference between 
two antennas, we may derive an expression for the 
fluctuation in the direction of arrival of a phase front. 
The mean square variation in the direction of arrival is 

)2  

= (-2rd 02)1 2, (18) 

and if we substitute from (15) into (18), we derive 

= 2 (X 2  —) (A0)2. 
2rL 

(19) 

As is to be expected, this is independent of the separa-
tion between the antennas. Substituting from (12) into 
(19), we derive 

1   
02 = r.2X4 sec x — (AN)2r. (20) 

The more accurate expression involving an integral 
with regard to height throughout the ionosphere is 

1   
= r82X4 sec x f — (AN)2dh. (21) 

We notice that the root-mean-square angular deviation 
is proportional to the square of the wavelength and 
the square root of the zenith angle measured at the 
level where phase scintillations are imposed. 

Let us now turn our consideration to fluctuations in 
amplitude. Let us suppose that a plane wave of am-
plitude A passes through the ionosphere and is scattered 
by the irregularities of electron density existing therein. 
To simplify the calculation, let us suppose that the wave 
emerging from the ionosphere is not weakened substan-
tially by scattering, and that multiple scattering may be 
neglected. We would then expect to receive below the 
ionosphere the remnant of the unscattered wave, to-
gether with waves scattered from the various irregulari-
ties. Under simple circumstances the phase addition of 
these various contributions would be given by a vector 
diagram, such as that shown in Fig. 17. The large 
vector represents the remnant of the unscattered wave, 
and the small vectors represent the scattered waves 
from the various irregularities. Under these circum-
stances we can see that, if AA is a measure of the ampli-
tude deviations in the resultant signal and A is the mean 
amplitude, then the associated deviations in phase 
should be of the order of magnitude of AA divided by A. 
We write this relation in the form 

(AA\ 2 _ (c11)2  

\ A — • 
(22) 
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Fig. 17 is drawn on the assumption that the expressions 

in (22) are small compared to unity. If (4,)2 is large 
compared to unity, then the random vectors in Fig. 17 
are large compared with the vector representing the 
remnant of the incident wave. Under these circum-
stances the original incident wave has been removed by 
scattering and all field received arises from multiple 
scattering. The mean-square fractional deviation of am-
plitude (aA /A )2 is then of the order of unity and the 
probability distribution of amplitude is Rayleigh. A 
limitation on the validity of (22) is, therefore, that the 
mean-square phase fluctuation should be less than unity. 

A A 

Fig. 17—Vector diagram showing addition of 
scattered waves to wave from source. 

Another limitation on the validity of (22) arises in 
the following way. The waves scattered from an individ-
ual irregularity whose size is large in comparison with 
the wavelength consist of a roughly parallel beam in the 
direction of the incident wave out to a distance zip from 
the irregularity, such that from this distance the irregu-
larity subtends one Fresnel zone. The expression for the 
Fresnel zone distance zip in terms of the scale L of the 
irregularities is 

SF 

(2w L)2 

X 
(23) 

At greater distances from the irregularity than zip, 
scattering is in the form of a conical beam whose semi-
vertical angle is of the order of 

X 

2wL 
(24) 

and whose axial direction coincides with the direction of 
incidence. Therefore, the concept of radial scattering 
from irregularities only applies at distances from the 
irregularities large compared to zp. Eq. (22) therefore 
applies when each scatterer is at a distance from the re-
ceiver in excess of its Fresnel zone distance zp, and when 
the total root-mean-square fluctuation of phase is less 
than one radian. Under these circumstances an inde-
pendent calculation of the mean-square fractional de-
viation of amplitude can be made; it should yield the 
expression already derived for the mean-square fluctua-
tion of phase. 

Consider an ionospheric scattering slab of thickness r, 
as shown in Fig. 18. Let R denote the receiver and X the 
direction of the source. Let the direction from R to X 
intercept the ionospheric slab at a distance r from the 
receiver. Assume that r is large compared to the Fresnel 
zone distance zip given by (23). Also, assume that each 
irregularity in the ionospheric slab scatters energy in 
accordance with a formula such as that of Booker and 
Gordon [21]. For present purposes, this formula may 
be simplified by assuming that scattering takes place 
only near the forward direction within a small angle 
from the *direction of incidence given by (24). We may 
assume further that, within this small angle, the in-
tensity of the scattered wave is constant and equal to 
that in the forward direction. The relevant formula for 
the power scattered within the cone angle (24), meas-
ured per unit incident power density, per unit volume, 
and per unit solid angle, is 

1 (27rL y  c1in \ 2 
=  

X X l\n) 

Substituting from (5), (25) becomes 

(25) 

exp = re2(27L) 2(AN) 2. (26) 

Fig. 18—Illustrating calculation of amplitude fluctuations. 

Since we are assuming that scattering only takes place 
within the small angle (24) of the forward direction, the 
region of the ionospheric layer from which scattering 
reaches the receiver is the shaded area in Fig. 18. This 
is the part of the layer intercepted by a cone of semi-
vertical angle (24), with vertex at R and axis in the di-
rection of RX. The scattering volume is, therefore, 

X 2 

V = 21.2 sec x. 
2wL 

(27) 

If S is the aperture area of the antenna at R, the solid 
angle subtended by this antenna at a scattering irregu-
larity is S/r2. Therefore, for an incident power density 
of p, the scattered power received is 

PO-F V - 1 2 (28) 
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where Cf I? and V are given by (26) and (27). In the ab-
sence of the irregularities, the power received by the 
antenna would be 

ps. (29) 

By dividing (28) by (29), we derive the ratio of the scat-
tered power received to the power received directly 
from the source, assuming that this is not seriously 
weakened by scattering. This ratio is the mean-square 
fractional deviation of amplitude at the receiver. Hence, 

iàA \ 2 CIF V 

\ A ) r2 
(30) 

By substituting from (26) and (27) into (30), we derive 

(.LA \2= 21-2re2X2 sec xL(àN)2. (31) 
\ A ) 

For a continuous distribution of scattering layers 
throughout the ionosphere, we may rewrite (31) as 

(-'-e'A )2= 27r2r.,2X2 sec x f L(AN)2dh. (32) 
A 

We observe that (11) and (32) fit in with (22) in the 
way that they should. It should be noted, however, that 
the arguments leading to (11) and (32) only have a 
factor of two accuracy, whereas (22) has a higher ac-

curacy. It was for this reason that a factor of two was 
introduced into (7). 

It must be noted that (22) only applies when the dis-
tance of the scattering irregularities from the receiver 
exceeds the Fresnel zone distance given by (23). Hewish 
[19] has shown that when the distancez of the scatterers 
from the receiver is small compared to the Fresnel zone 
distance zp, then 

(AA)2 Z2  
= (à4))2. 

A ZF 
(33) 

We therefore take the mean-square fractional deviation 
of amplitude to be given by (22) when z is greater than 
zr, and by (33) when z is less than zr. It should be noted, 
however, that while the mean-square fluctuation in 
phase can exceed unity, the mean-square fractional 
fluctuation of amplitude cannot. 

Let us suppose that all of the irregularities in the 
ionosphere with which we are concerned are at distances 
from the receiver small in comparison with the Fresnel 
zone distance zr. Substituting from (23) into (33), we 
obtain 

pA X2z2   

A ) (27rL)4 (à4)2. (34) 

If we assume, for simplicity, that observations at low 
angles of elevation are not involved, then, for a layer at 
a height h, 

z = h sec x. (35) 

Substituting from (12) and (35) into (34), we obtain 

(—AA )2= —1 re2X4 sec' x — (N) 2r. (36) 
A 87r2 

Expressed as an integral throughout the ionosphere (36) 
is replaced by 

re2X4 sec' x f —h2 -(N) 2dh. (37) 
A 87r2 

This equation shows that if the irregularities with 
which we are concerned are larger than the Fresnel zone, 
then the mean-square fractional deviation of amplitude 
is proportional to the 4th-power wavelength and to the 
cube of the secant of the zenith angle. 

It should be noticed that the integrals involved in 
(32) and (37) are different. The relative importance of 
different levels in the ionosphere is different according 
to whether the irregularities are large or small compared 
to their Fresnel zone: for large irregularities, those that 
are sufficiently close to the receiver are relatively un-
important for amplitude fluctuations. It also should be 
noted that the integral involved in (17) is different from 
either of those involved in (32) or (37). This means that 
the relative importance of different levels in the iono-
sphere is different for amplitude fluctuations and for 
fluctuations in the phase difference between the arms of 
an interferometer. It is possible, therefore, that the level 
in the ionosphere principally responsible for producing 
amplitude scintillations could be substantially different 
from that principally responsible for producing angular 
scintillations. 

In spite of what has just been said, let us assume that 
the level responsible for amplitude fluctuations is the 
same as that responsible for phase fluctuations. This 
implies neglect of the different weighting of different 
ionospheric heights implied by the integrals in (11) and 

(37). Let us at the same time assume that the sizes of 
irregularities are large compared with the Fresnel zone. 
In these circumstances, as pointed out by Hewish, (34) 
can be solved for the distance z from the receiver to the 
layer in which it is assumed that all scintillation occurs. 
If we assume, for simplicity, that low angles of elevation 
are not involved, we may substitute from (35) into (34) 
and write the result as 

h _ (2rn2 cos x (A14/4)2 1/ 2 (38) 
X ()2 f 

Thus, simultaneous measurements of the amplitude 
and phase fluctuations, combined with a knowledge of 
the scale of the irregularities, should determine the 
height at which scintillation occurs, provided that the 
various assumptions used in deriving (38) are satisfied. 
Since it is the fluctuation in the phase difference be-
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tween the arms of an interferometer that would be 
measured in practice, it is better to substitute from (15) 
into (38) and obtain 

11/2 4_v_2_72 Ld cos xr   (4,4/A)2  h = (39) 
L A(cin — 02) 12-1 

In all of the above calculations the scale L has been 
the scale of irregularities at the relevant level in the 
ionosphere. The scales actually measured, however, are 
scales of irregularities of field strength at the surface of 
the earth, and the question of the relation of the two 
scales arises. This matter has been studied by Booker, 
Ratcliffe, and Shinn [15] and by Hewish [19]. If 

(e4)2 is less than unity, the situation is comparatively 
straightforward. Irregularities of scale L in the iono-
sphere produce scattering over a cone angle X/ (211-L). 
An angular spectrum spread over this angle combines 
at the surface of the earth to give an irregular distribu-
tion of field strength for which the scale is L, the same 
as in the ionosphere. Passing from the irregularities in 
the ionosphere to the angular spectrum of scattering 
involves a Fourier transformation, and passing from the 
angular spectrum of scattering to the distribution of 
field strength over the ground involves a further Fourier 
transformation. As a result of this double Fourier trans-
formation, the scale of irregularities over the ground is 
the same as that for the electron density in the iono-

sphere. On the other hand, if (,0)2 is greater than unity, 
multiple scattering is involved. The path then may be 

divided into sections for each of which (34) 2 is equal to 
unity. The number of sections is then the number of 

scatterings involved. Thus, when (40)2 is large com-

pared to unity, there are (4)2 scatterings in passing 
through the ionosphere. On a random walk basis, there-
fore, the mean-square scattering angle is 

(2112 I)2 
(40) 

It follows that when the mean-square fluctuation of 
phase exceeds unity, the correlation distance at ground 
level for the amplitude fluctuations is given by 

LI (4)21 1/2. Thus, if L is the scale of irregularities of 
electron density in the ionosphere, then the scale meas-
ured by a spaced receiver experiment at ground level is 

if ()2 < 1, (41) 

L/ (A0)21 1/2 d ()2 > 1. (42) 

Thus, the scale of irregularities in the ionosphere may 
be obtained directly from the correlation distance meas-
ured at ground level, provided that it is known that the 
mean-square deviation of phase is less than unity. If the 
mean-square deviation of phase is greater than unity, 
then the measured correlation distance at ground level 
is less than the scale of irregularities in the ionosphere. 

XV. COMPARISON BETWEEN THEORY 
AND EXPERIMENT 

Very satisfactory agreement exists between theory 
and experiment in the matter of wavelength depend-
ence. In accordance with (21) the mean-square fluctua-
tion in the angle of arrival should be proportional to the 
4th-power of wavelength. This means that angle flicker 
should be proportional to the square of wavelength, and 
this is what is reported by Hewish [3 ]. 
So far as the variation of fluctuation index with wave-

length is concerned, we notice that the mean-square 
fractional deviation of amplitude is proportional to the 
square of wavelength according to (32), and to the 4th-
power of wavelength according to (37). To decide which 
equation is appropriate, we have to decide whether the 
size of the irregularities is small or large compared to 
the size of the Fresnel zone. The figure quoted by Hew-
ish for 27rL in (23) is five km, and the resulting value for 
the Fresnel zone distance zF is 4000 km. There is little 
doubt, therefore, that the irregularities with which we 
are concerned are at distances from the receiver small 
compared to the Fresnel zone distance zip. Conse-
quently, the appropriate formula for the mean-square 
fractional deviation of amplitude is given by (37) rather 
than by (32). 
Now Hewish has shown experimentally that the root-

mean-square fractional deviation of amplitude is propor-
tional to the square of wavelength. Therefore, we should 
expect the mean-square fractional deviation of ampli-
tude to be proportional to the 4th power of wavelength, 
and this is in agreement with the appropriate theo-
retical formula, namely (37). 
There also is agreement between theory and experi-

ment concerning the wavelength dependence of the rate 
of scintillation. Whether the rate of scintillation is asso-
ciated with the drift of a fixed pattern of irregularities 
or with the irregular motion of irregularities, a fading 
rate independent of wavelength would be expected, and 
this is what all observers have reported. Thus, all as-
pects of the wavelength dependence of radio star scintil-
lation show agreement between theory and experiment. 

Let us now turn to the dependence of scintillation 
upon zenith angle. Eq. (17) shows that the mean-square 
fluctuation in phase difference between two antennas 
forming an interferometer should be proportional to the 
secant of the zenith angle. Eq. (37) points out that the 
mean-square fractional deviation of amplitude should be 
proportional to the cube of the zenith angle. Let us com-
pare this theoretical result with the observations made 
at Cambridge (Fig. 11) and Manchester (Fig. 12). 
These two sets of observations are replotted in Fig. 19, 
together with an appropriate theoretical curve based 
on (37). In replotting the Manchester observations it 
has been assumed that the discrepancy between the 
zenith observations at Manchester and Cambridge are 
due to the differences in the way the records were 
handled. It is observed from Fig. 19 that the agreement 



312 PROCEEDINGS OF THE IRE January 

between the Cambridge observations and the theory is 
good, but that the agreement with the Manchester 
observations is poor, in spite of the attempt to apply 
an appropriate correction. This is unfortunate since the 
Manchester observers are the only ones to have made 
zenith angle observations from essentially 0° to 90°. 
Had these observations shown behavior similar to the 
Cambridge observations it would have been possible to 
derive a value for the height of amplitude scintillation 
by studying the effect of the earth's curvature for 
values of the zenith angle near 90°. This cannot be done 
from the Cambridge observations themselves because 
measurements were not made at zenith angles greater 
than 70°. It cannot be done from the Australian obser-
vations because measurements were not made at zenith 
angles less than 75°. 
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Fig. 19—Comparison between a theoretical curve for the zenith 
angle dependence of fluctuation index and observations made at 
Cambridge and at Manchester. 

Note that Fig. 19 upsets the Manchester contention, 
based on Fig. 12, that the fluctuation index at low angles 
of elevation was affected to a major extent by auroral 
phenomena. The theoretical curve drawn in Fig. 12 
must be replaced by the theoretical curve drawn in Fig. 
19. It is then seen that, instead of the low-angle fluctua-
tion index at Manchester being high compared to the 
zenith value, it is low. The anomaly in the Manchester 

zenith angle data is in fact at high angles of elevation 
and consists of a disagreement in the range of zenith 
angles from 0° to 70° between the Manchester observa-
tions and theory, as well as between the Manchester ob-
servations and the Cambridge observations. 

Because of the absence of suitable observational data 
in the literature, it almost is impossible to test the zenith 
angle dependence given by (17) for the fluctuations, in 
the phase difference between the antennas of an inter-
ferometer. 

Hewish [3] quotes eight observations made at a 
zenith angle of 6° and five made at a zenith angle of 
70°. These observations would fit in with (17), but the 
spread in the observational data is large. Confidence in 
this agreement is reduced by the fact that measurements 
of amplitude fluctuations at the two zenith angles were 
made at the same time, and these show much poorer 
agreement with (37) than that shown by the average of 
all of the data at these two zenith angles (see Fig. 11). 
We have seen that the dependence upon the zenith 

angle of amplitude and phase fluctuations, in principle, 
is capable of giving an estimate of the height at which 
scintillation occurs, but that observations published so 
far are inadequate to achieve this. 

Let us now turn to the use of (39) for determining the 
height of scintillation. In connection with this use of 
(39), Hewish [3] made thirteen simultaneous observa-
tions of phase and amplitude fluctuation. The conditions 
necessary for the application of (39) appear to be rea-
sonably well satisfied, with the possible exception of the 
assumption that phase and amplitude scintillations oc-
cur at the same height. Here again we are plagued by the 
paucity of observations, particularly in phase fluctua-
tions, and by the wide scattering of the few observations 
that are available. Each of Hewish's points leads to a 
determination of the height of scintillation. The points 
corresponding to observations at a zenith angle of 6° 
give a four to one variation in the height determined. 
The observations made at a zenith angle of 70° are 
much more consistent, but yield a height only one-third 
of that given by the observations at a zenith angle of 6°. 
The discrepancy between the height determined from 
the 6° data and that determined by the 70° data arises 
from the fact that the ratio of the fluctuation index at a 
zenith angle of 6° to that at a zenith angle of 70° is sub-
stantially different for the sample of data in use and for 
the much more extensive data on fluctuation index sum-
marized in Fig. 11. Thus, because of the shortcomings of 
the experimental data available for use in connection 

with (39), there is a five to one spread in the height de-
duced for the level at which scintillation occurs. 

In these circumstances, it is doubtful whether any 
average height should be deduced from the data. Hewish 
mentioned a figure of 400 km, and since then this has 
been repeated uncritically by many authors. It is doubt-
ful, however, whether the data does more than establish 
that the nighttime scintillation phenomena occur in the 
ionosphere above the E region. 
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XVI. DISCUSSION 

The outstanding puzzle concerning radio star scintil-
lations is concerned with the diurnal variation of the 
phenomenon. While there may be some disagreement 
between various observers operating under different 
conditions about the existence of a midday maximum of 
scintillation, all observers agree that there is a nighttime 
maximum of scintillation. No satisfactory explanation 
of this nighttime maximum has yet been proposed. It 
was the occurrence of this nighttime maximum that led 
Ryle and Hewish [2] to propose that scintillations were 
associated with ionization created by particles falling 
into the sun. This idea has been criticized by Maxwell 
[38] but developed by Harrower [14]. Harrower con-
cluded that the particles would have to be either hydro-
gen atoms or protons. It is easy to see how such particles 
might create an ionized layer at night. However, it is 
less easy to see how such particles would create irregu-
larities of ionization unless they could cause heating and 
hence turbulence [39]. What is required is a mechanism 
for causing irregularities in the ionization, of which 
there are plenty in any case in the ionosphere. 

In considering the cause of irregularities in the iono-
sphere responsible for star scintillation, it is appropriate 
to remember that this is only one of many phenomena 
that indicate irregularities of electron density in the 
ionosphere. Other phenomena are: 

1) fading of radio waves reflected from the iono-
sphere, 

2) the diffusion of long duration visible meteor trails, 
and, 

3) various phenomena of back scattering from the 
ionosphere. 

It is possible that the irregularities of electron density 
associated with radio star scintillation have no relation 
to the irregularities that are required to explain other 
ionospheric phenomena; however, it seems more reason-
able, with the present state of our knowledge, to assume 
a common origin for all irregularities of electron density 
in the ionosphere. The only likely common cause would 
seem to be atmospheric turbulence. 

Atmospheric turbulence as a cause of irregularities of 
electron density in the ionosphere has been studied by 
Maxwell [38], Booker [22], Booker and Cohen [23], 
and Booker [24]. The subject, however, is controversial. 
Booker [22, 24] has pointed out that the degree of con-
striction of irregularities of electron density perpen-
dicular to the earth's magnetic field observed by Spencer 
[11] suggests that the level at which intensity scintilla-
tions occur may not differ much from the level where 
the collisional frequency for ions is equal to the gyro-
magnetic frequency for ions. This level is about 140 km, 
and therefore suggests that attention should be given to 
the region between the E and F regions as a possible 
location for the level where amplitude scintillations are 
imposed. 
While a theory of radio star scintillation based upon 

atmospheric turbulence is capable of explaining many 
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features of the observations, at the present time it does 
not explain the nocturnal maximum of scintillation. The 
intensity of irregularities should be proportional to the 
gradient of electron density corrected for adiabatic vari-
ations with height. On the undersides of ionospheric 
layers this gradient maximizes in the daytime, leading 
to a simple explanation of any scintillation phenomenon 
that maximizes around midday. Above the level of 
maximum electron density in the F region, one would 
not expect much diurnal variation in the gradient of 
electron density. The only level in the ionosphere, there-
fore, where the gradient of electron density could vary 
in such a way as to produce a maximum at night is be-
tween the E and F regions. This again directs attention 
to the interval of height between the E and F regions as 
a possible location for the origin of scintillations in in-
tensity. It seems, however, that the effect is not quan-
titatively large enough to explain the observed noc-
turnal maximum of amplitude scintillations. 
Another effect to be considered is that of electromag-

netic damping of turbulence. Associated with the ir-
regular motions there would be irregular currents that 
would remove energy from the turbulent motion by col-
lision processes. Electromagnetic damping of turbulence 
is proportional to ionization density and therefore maxi-
mizes in the daytime. Qualitatively, therefore, electro-
magnetic damping of turbulence could be used to ex-
plain a nighttime maximum in radio star scintillation, 
but quantitatively the effect has not been shown to be 
adequate. 

Therefore, the position seems to be that atmospheric 
turbulence is the most likely source of the irregularities 
of electron density in the ionosphere that cause scintil-
lation of radio stars, spread F, and many other iono-
spheric phenomena. However, no satisfactory explana-
tion has been forthcoming for the nighttime maximum 
of radio star scintillation and spread F. 
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An Investigation of the Perturbations Imposed Upon 
Radio Waves Penetrating the Ionosphere* 

ROBERT S. LAWRENCEt 

Summary—A new method has been devised to measure contin-
uously the phase deviations introduced by the ionosphere into the 
signals from discrete sources. Sample recordings of measurements 
at frequencies of 53, 108, and 470 mc are given. An experiment com-
bining this phase measuring technique and standard ionospheric 
soundings at the point of penetration of the line of sight is in progress 
and is expected to shed light upon the height of origin of ionospheric 

scintillations. 

INTRODUCTION 

T
HE National Bureau of Standards has undertaken 
a program to study the perturbations imposed 

  upon radio waves penetrating the ionosphere. The 
program consists primarily of observations of extra-
terrestrial discrete radio sources, loosely called "radio 
stars." These sources undergo apparent fluctuations in 
intensity, called "amplitude scintillations," and fluctua-
tions in position, called "phase scintillations.n-9 The 
observations will emphasize phase scintillations, and are 
designed to improve our knowledge of variations with 
radio frequency of the magnitude and rate of these 

ionospheric effects. 
An important aspect of the program is the effort to 

determine the region or regions in the ionosphere re-
sponsible for the observed phenomena. The times of 
occurrence of various scintillation effects are to be com-
pared with several types of vertical-incidence sound-
ings. The sounding station is situated so as to observe 
the same ionosphere which causes the scintillations. 
The soundings to be made include sweep-frequency 

* Original manuscript received by the IRE, November 6, 1957. 
This work has been supported by the USAF under Contract DO-56-
W D D-4-1. 
t National Bureau of Standards, Boulder, Colo. 
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ionograms," phase-path observations at fixed fre-
quency," and measurement of ionospheric "winds. n12,13 

SCINTILLATIONS 

The Problem of Measuring Phase Scintillations 

When observed through the ionosphere, a radio star 
seems to fluctuate in both intensity and position in a 
manner analogous to the twinkling and dancing of 
visible stars. These fluctuations, known as "amplitude 
scintillations" and "phase scintillations," respectively, 
are produced by diffraction effects in the ionosphere."-2° 

In principle, amplitude scintillations may be meas-
ured with a receiver and a wide-beamed antenna, track-
ing the mean position of the star. Output fluctuations of 
amplitude larger than those permitted by the product 
of bandwidth and time constant of the system will be 
caused by amplitude scintillations uncontaminated by 
effects of the phase scintillations. In practice, some sort 
of interferometer is generally used to determine that the 
fluctuations are in the source rather than caused by 

interference or variations in system gain. 
The complementary process of measuring uncontami-

nated phase scintillations is more difficult. A standard 
method involves the use of the Ryle interferometer" in 
which the difference in the signal from two complemen-
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Fig. 1—Block diagram of phase scintillation receiver. 

tary interferometer patterns is recorded. When a source 
moves steadily across the pattern of such an inter-
ferometer the recorded output passes through zero at 
regularly spaced intervals. The actual times of zero 
crossing may be compared with the times as computed 
from the diurnal motion of the source. Differences in 
these times provide a measure of the apparent devia-
tions in the angular position of the source from its 
diurnal path. Such determinations can be made only at 
the times of zero crossings; thus, this method can give 
at most three or four measurements per minute. It can-
not provide anything approaching a continuous record 
from which the higher-frequency components of the 
phase scintillations may be studied. 

Principle of the Scintillation Receivers 

Fig. 1 shows the block diagram of an instrument de-
signed to provide a continuous measurement of appar-
ent position. The instrument is a Ryle interferometer to 
which a rotary phase shifter has been added so that the 
whole interferometer pattern may be moved at will. A 
servomotor drives the phase shifter so as to keep the 
output of the interferometer always at a null; i.e. to 
keep the source always at a zero crossing. Under this 
condition the position of the shaft of the phase shifter 
continuously mimics the apparent position of the source. 
The instrument consists of nearly identical signal 

channels for the interferometer's two antennas. Each 
signal is filtered to remove high-level interference outside 
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RECORDER 
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ECONDER 
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the desired frequency band, and amplified. Channel B 
then passes through a phase switch which, at the rate of 
100 cycles per second, alternately inserts and removes 
an extra half-wavelength of transmission line. 
The radio frequency is then converted to 31.5 mc 

and further amplified. The first local oscillator and the 
rf filters and amplifiers can be tuned easily over a range 

of +2 mc from their nominal frequencies. Each channel 
then passes through a delay line which may be manually 
selected to provide 0.0, 0.5, or 1.0 microsecond of delay. 
When the interferometer is used for sources near its 
plane of symmetry no delay is needed. However, if it is 
desired to observe a source in, say, the one-hundredth 
lobe with a bandwidth which is one hundredth of the 
center frequency, serious loss of visibility will occur be-
cause the lobe pattern is frequency dependent. When 
the source is directly on the lobe as measured at the 
center frequency, it will be half way between lobes as 
measured at a frequency near the edge of the pass band. 
This cancellation of the lobe pattern is removed by in-
sertion of a delay which will, in effect, move the zeroth 
lobe away from the plane of symmetry and into the 
vicinity of the source. 

After the delay has been introduced the signal is con-
verted to 7.5 mc. For channel A the second converter 
is operated directly by the local oscillator, but for 
channel B a variable phase shift is introduced. The 
shifter is a rotary device which translates shaft rotation 
directly into electrical phase. Its shaft is operated 
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through a differential gear so that it may be controlled 
either by a hand crank or by the servomotor. Sufficient 
friction is introduced so that the motor and the crank 
will turn only the phase shifter and not each other. The 
servomotor also operates a linear potentiometer which 

is used to drive a recorder. 
The converted signals then are combined and passed 

through amplifiers which determine the system band-
width. Provision is made for manual selection of either 
of two bandwidths. Then an adjustable precision at-

tenuator and further amplification precede detection of 
the signal. The detected signal is used in two ways. It is 
passed through an adjustable low-pass filter and re-
corded as "total power" received by the system; also 
through a band-pass filter centered on the 100-cps 
switching frequency and presented to the phase detector. 
The phase detector rectifies the varying 100-cps sig-

nal synchronously with respect to the phase switch. In 
effect, its output is proportional to the difference in 
input power in the two positions of the phase switch. 
This output is passed through an adjustable low-pass 
filter and recorded as the "signal power" received by the 
system. The signal power, either before or after integra-
tion by the low-pass filter, is amplified and used to 

operate the servomotor. 
Three noise diodes are provided as an alternate input 

to the receivers. Two of these, called the A and B 
calibrators, are connected independently to the two re-
ceivers. Since the noise they produce is uncorrelated, 
they will have no effect upon the signal power recorder 
except to increase the random fluctuations always pres-
ent when noise is being measured. Thus, they affect the 
system in the same way as does the general background 
of galactic noise, and may be used to simulate that 
background. The third noise diode is the signal calibra-
tor, connected simultaneously to both receivers with a 
direct effect upon the observed signal power. Thus it 
can be used to simulate a discrete source. 

Design Parameters of the Scintillation Receivers 

Inspection of a list of discrete sources" quickly shows 
that four of the ones available to northern observers are 
considerably more intense than all others. Of these four, 
the two brightest are Cygnus A and Cassiopeia A. The 

angular diameter of Cygnus A is sufficiently smaller 
than the others to suggest that it is the best choice of 
all sources for our purpose. More detailed considera-
tions, involving the intensity of galactic background in 
the neighborhood of each source, the path through the 
sky for north temperate latitudes, and the spectra of the 
sources, do nothing to change this situation. 

If one computes for a given antenna aperture the 
ratio of signal power to background power as a function 
of frequency, the optimum frequency for the study of 
scintillations appears to lie in the range 100 to 200 mc. 

22 J. L. Pawsey, "A catalogue of reliably known discrete sources of 
cosmic radio waves," Astrophys. J., vol. 121, pp. 1-5; January, 1955. 

Then, choosing an antenna size and assuming an in-
verse-square law of frequency dependence for scintilla-
tions, one can estimate the maximum frequency range 
over which useful scintillation observations can be 
made. From such considerations three frequencies were 
chosen for observations of phase scintillations. The 
exact frequencies, and the reasons for their choice are: 

1) 53 +2 mc. The low end of this range lies in an 
amateur radio band and as such is relatively free from 
nearby, high-powered transmitters. The upper end lies 
in television channel 2 and will be usable and quite 
vacant during the early morning hours. 

2) 108 +2 mc. This range is centered on the fre-
quency which is planned for the earth satellite. Ob-
servations of the satellite with this equipment would be 
of more than passing interest. Local interference in this 
frequency range seems to be at least as scarce as at any 
nearby portion of the spectrum. 

3) 470 +2 mc. The upper end of this range lies in 
television channel 14, a channel in which no stations 
are known to be operating, with the possible exception 
of Worcester, Mass. Experience with the lower end 
of this range shows that while it is used sporadically 
for communication in the Rocky Mountain area, it is 
usually possible to find a frequency which will remain 
vacant for several months. 
The bandwidth of the 53 and 108-mc receivers is 

50 kc or 500 kc at the option of the operator. For the 
470-mc receiver the operator has the option of 200-kc 
or 2-mc bandwidths. Considerable attention has been 
paid to the problem of suppression of interfering sig-
nals. For example, the response of the 53-mc receiver is 
down by 100 decibels at all frequencies more than 
1.1 mc from the center frequency. Signals of 20 milli-
volts at frequencies more than 1.5 mc from the center 
frequency have no effect upon the recorder deflection. 
The integrating networks for the total power and 

signal recorders permit manual selection of time con-
stants of 0.2, 2, 5, 10, or 20 seconds. 

Geometry of the Scintillation Experiment 

The scintillation observations will be made at the 
NBS field site on Table Mesa (latitude 40° 7'.7 N, 
longitude 105° 14'.3 W), about 12 miles north of 
Boulder, Colo. The associated ionospheric observations 
will be made from a site (latitude 42° 5' N, longitude 
102° 20' W) near Ellsworth, Neb.; beneath the point 
where the line of sight from Table Mesa to Cygnus A 
penetrates the E region when Cygnus A is rising at an 
elevation angle of 15° from Table Mesa. 
The interferometer, consisting of two 40-foot parabo-

loidal reflecting antennas, is arranged on a east-west 
base line 475 meters in length. The 108 mc lobe pattern 
to be expected for an east-west interferometer at Table 

Mesa is shown in Fig. 2. An east-west base line has been 
chosen rather than a northwest-southeast one despite 
the fact that the latter arrangement would permit con-
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Fig. 2-108-mc lobe pattern from Table Mesa. Small numbers along 
starpath are local sidereal time. Every tenth lobe, numbered from 
the plane of symmetry, is shown as a dotted line. 

tinuous observation of the rising Cygnus A in low-order 
lobes and would eliminate the need for the delay lines 
in the receivers. The east-west arrangement, like a 
north-south one, is symmetrical for rising and setting 
and thus, in effect, doubles the possible observing time 
for a given star. The east-west arrangement has the 
further advantages of allowing observations of Cas-
siopeia A near lower culmination and of providing a 
more versatile instrument for use with other sources. 
The 475-meter spacing of the antennas was deter-

mined by the following considerations: Increased base 
length means closer lobe spacing and therefore greater 
angular resolution. It is essential, however, that the lobe 
spacing be larger than the source; otherwise the source 
will not appear on the signal recorder. In addition, the 
lobes must be separated far enough to prevent phase 
scintillations from jumping lobes. If this should happen, 
the ambiguity inherent in an interferometer would pre-
vent quantitative conclusions from being reached. At 
470 mc the 475-meter spacing gives a minimum lobe 
separation of 4.6 minutes of arc, just slightly greater 
than the diameter of Cassiopeia A. At 53 mc the mini-
mum lobe spacing is 43 minutes, probably large enough 
to prevent lobe jumping. The antennas and receivers 
have been designed to permit estimation of the position 
of Cygnus A to within about one tenth of a lobe. The 
precision of measurement of phase scintillations is there-
fore better than 1 minute at 470 mc and 108 mc, and 
better than 6 minutes at 53 mc. 

Antennas 

The two 40-foot paraboloidal reflecting antennas are 
modifications of the standard 28-foot paraboloids manu-
factured by the D. S. Kennedy Company. The exten-
sions to 40 feet were designed and constructed at NBS. 
Each extension consists of 252 radial whips of i-inch 
aluminum tubing fastened together by 15 circular ten-
sion members of 1-inch aluminum wire. Around the edge 
is a 2-inch X1-inch band of aluminum. The entire struc-
ture forms a grid with holes less than six inches square 
and weighs less than 200 pounds. This simple extension 
has proved to be both stable and accurate enough for 
use at 470 mc. One of the antennas is shown in Fig. 3. 

Fig. 3—One of the two 40-foot paraboloidal reflectors. 

The feed, designed and constructed by Jasik Labora-
tories, serves for all three frequencies simultaneously. 
Multicouplers permit the use of a single coaxial trans-
mission line for the three frequencies. 

Recording and Analysis of Scintillation Data 

Three output voltages are recorded from each of the 
three receiving systems. The total power record pro-
vides information on system gain, interference, and 
stability. The signal power record can be used in two 
ways. When the servoloop is disconnected and the 
phase shifter is either stationary or driven at a uniform 
rate, the signal power record shows the amplitude of the 
source, giving information about amplitude scintilla-
tions. When the servo is operating the signal power rec-
ord remains close to zero. Deviations provide an indica-
tion of servo failure or of phase scintillations which are 
too rapid for the servo to follow. 
The principal information to be obtained from the 

system is a record of servomotor shaft position, i.e., 
of phase deviation. Such records, called "phase record-
ings," are obtained from the three recording systems and 
presented on three channels of a single sheet of paper. 
In the absence of phase scintillations the phase recording 
is a regular series of slanting lines, following the diurnal 
motion of the source. Phase scintillations are evidenced 
by deviations from linearity of these traces. A refine-
ment which may be introduced is to drive the hand 
crank on the phase shifter at such a slowly variable rate 
as to compensate for the diurnal motion. This would 
straighten the traces on the phase records so that only 
phase scintillations would be apparent. Sample records 
appear in Fig. 4. 
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Fig. 4—Sample 108-mc recordings of the radio source Cassiopeia A. 
The left record shows the signal power (above) and the total power 
when the servomotor is driven at a constant speed so as to sweep 
the lobes across the sky. Amplitude scintillations are evident. 
The middle record shows the signal power (above) and phase 
recording 10 minutes later when the servo is tracking. Phase 
scintillations of moderate size show clearly. The right-hand record 
is similar to the middle one but was taken during strong atmos-
pheric interference and at a time when phase scintillations were 
almost completely absent. Each record is 6 minutes long. 

The paper charts just described contain essentially 
all the information to be gleaned from the scintillation 
observations. Their analysis involves various simple 
but repetitive scaling and statistical operations. Most 
of this labor is avoided by supplementing the paper rec-

ords with automatically prepared punched paper tape 
which can be handed directly to an electronic computer. 
The signal power, the phase-shifter shaft position, or 
both are represented on the paper tape by a six-bit 
binary number. A seventh bit is used for identification 
and control information. The output from a single chan-
nel may be sampled as frequently as twice per second, 
or multiple channels may be sampled sequentially. 

ASSOCIATED IONOSPHERIC OBSERVATIONS 

Introduction 

Existing information concerning the levels at which 
scintillations originate seems to be inconclusive. In 
England, Ryle and Hewish" observed a correlation be-
tween the time of occurrence of scintillations and spread 
F. Also in England, Little and Maxwell" reported such 
a correlation for scintillations observed at high angles 
of elevation. They found scintillations to be present 
continuously at low angles. About the same time Mills 
and Thomas" in Australia found no correlation be-
tween low-angle scintillations and sporadic E or spread 
F. However, an index of F-region activity prepared by 
Munro correlated significantly. Unfortunately, the .ob-
serving times used by Munro did not usually cover the 
period of scintillation observations. Later, Hewish" 

23 M. Ryle and A. Hewish, "The effects of the ionosphere on radio 
waves from discrete sources in the galaxy," Monthly Notices Roy. 
Astron. Soc., vol. 110, pp. 381-394; 1950. 

24 C. G. Little and A. Maxwell, "Fluctuations in the intensity of 
radio waves from galactic sources," Phil. Meg., ser. 7, vol. 42, pp. 
267-278; March, 1951. 

28 B. Y. Mills and A. B. Thomas, "Observations of the source of 
radio-frequency radiation in the constellation of Cygnus," Aust. J. 
Sci. Res., ser. A, vol. 4, pp. 158-171; June, 1951. 

28 A. Hewish, "The diffraction of galactic radio waves as a method 
of investigating the irregular structure of the ionosphere," Proc. 
Roy. Soc. A, London, vol. 214, pp. 494-514; October, 1952. 

found that scintillations sometimes occurred during 
times when 2.4-mc echoes from the F region exhibited 
no fading. From this he concluded that the level of 
occurrence of scintillations must be greater than the 
level of reflection of 2.4-mc signals, i.e., greater than 
350 to 450 km. Comparison of the theory of diffraction 
through a thin phase-changing screen with the ob-
served relationship between amplitude and phase scin-
tillations suggested to Hewish that the irregularities are 
situated at a height of about 400 km. 
About this same time, Little and Maxwell," ob-

serving in England, found a fourfold increase in scin-
tillation rate during auroras. They attributed this to an 
increased velocity of ionospheric wind. In their paper28 
they state categorically that this velocity pertains to the 
F region because the scintillations are caused by "spo-
radic F conditions." Meanwhile Bolton, Slee, and Stan-
ley," in Australia, were finding correlation only during 
the winter between low-elevation scintillations at 100 
mc and spread F. They report a general, not detailed, 
correlation with sporadic E observed a few hundred 
kilometers from the point of penetration of the E 
region. 
With regard to the correlation with spread F, Wells" 

pointed out that while the diurnal characteristics of 
scintillations and spread F are in good agreement, the 
lack of seasonal variations in scintillations casts doubt 
upon the reality of the relationship. In this country, 
Dueño" found some correlation with sporadic E, but 
none with spread F. However, his observations of the 
ionosphere were made at a point 300 km from the opti-
mum for E effects and 1500 km from the optimum for 
F effects. By contrast, Hartz" reports that, on a yearly 
basis, he found a small positive correlation between 50-
mc scintillations in Canada, abnormally high critical 

frequencies of the F region, and spread F; and a small 
negative correlation with sporadic E. None of his cor-
relations was good on an hourly or daily basis. He con-
cluded the F region is responsible for scintillations. 

Recently Booker" has shown that turbulence can-
not exist in the upper F region, and therefore that scin-

27 C. G. Little and A. Maxwell, "Scintillation of radio stars dur-
ing aurorae and magnetic storms," J. Atmos. Terr. Phys., vol. 2, 
pp. 356-360; 1952. 

28 A. Maxwell and C. G. Little, "A radio-astronomical investiga-
tion of winds in the upper atmosphere," Nature, vol. 169, pp. 746-
747; May 3, 1952. 

29 J. G. Bolton, O. B. Slee, and G. J. Stanley, "Galactic radia-
tion at radio frequencies VI; low-altitude scintillations of the dis-
crete sources," Aust. J. Phys., vol. 6, pp. 434-451; December, 1953. 

39 H. W. Wells, "F-scatter at Huancayo, Peru and its relation to 
radio star scintillations," J. Geophys. Res., vol. 59, pp. 273-277; 
June, 1954. 
" B. Dueño, "Study and interpretation of low angle fluctuations 

from the radio star Cassiopeia as observed at Ithaca, N. Y.," Cornell 
Univ. School of Elec. Eng., Ithaca, N. Y., Tech. Rep. No. 27; Sep-
tember 25, 1955. 

32 T. R. Hartz, "Radio star scintillations and the ionosphere," 
Can. J. Phys., vol. 33, pp. 476-482; August, 1955. 

83 H. G. Booker, "Turbulence in the ionosphere with applications 
to meteor trails, radio star scintillations, auroral radio echoes, and 
other phenomena," J. Geophys. Res., vol. 61, pp. 673-705; December, 
1956. 
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tillations produced by turbulence must arise below 300 
km. Wild and Roberts" found in Australia a strong 
correlation between low-angle nighttime scintillations 
and spread F, and weaker evidence of association of 
daytime scintillations with sporadic E. Some confirma-
tion of the conclusion that nighttime scintillations are 
F-region and daytime scintillations are E-region phe-
nomena comes from the velocity of the pattern on the 
ground. If the apparent drift is attributed entirely to the 
rotation of the earth, the derived heights of the scintil-
lations are 500 km at night and 100 km by day. 

Preparations are underway for a series of associated 
ionospheric experiments which will be operated in con-
junction with the NBS scintillation program. The pri-
mary purpose of these experiments is to procure defini-
tive evidence of the level of origin of the scintillations. 
These experiments will be vertical-incidence echo meas-
urements, so the optimum location for comparison with 
the scintillation observations at Boulder is beneath the 
point of penetration of the disturbing ionospheric level 
by the line of sight to the radio star. For any particular 
level the diurnal motion of the star causes the optimum 
point to follow a regular and symmetrical path. 

Ellsworth, Neb., lies on the E-region curve for 
Cygnus A at the point where the star is rising with an 
elevation angle of 15° from Boulder. This site has been 
chosen for the field station rather than a site on the F-
region curve because E-region phenomena are known to 
vary more rapidly with geographical location than do 
F-region effects. Anyway, the F-region curve approaches 
within 80 km of Ellsworth when the elevation angle is 
40°. 

Ionosphere Recorder 

The principal instrument at Ellsworth will be an 
NBS Model C-2 sweep-frequency ionosphere recorder." 
This is a combination pulse transmitter and receiver 
which can be tuned rapidly from 1.5 to 25 mc and will 
display on film a plot of virtual height vs frequency. 
These records, called ionograms, will show the gross 
characteristics of the ionosphere such as critical fre-
quencies, stratification of the E or F regions, sporadic 
E, spread F, etc. The intention is to secure such records 
frequently, perhaps every five or ten minutes, during the 
time when the radio star is rising at Boulder. 

Phase-Path Recorder 

An instrument to measure minute changes in the 
phase path of a pulse reflected from the ionosphere is a 
useful device which may be attached to the ionosphere 
recorder for fixed-frequency operation. This dev:ce was 
first used by Findlay" to study variations in the virtual 

height of the E region. It consists of a local oscillator 
which is detuned from the transmitted frequency by 

34 J. P. Wild and J. A. Roberts, "Regions of the ionosphere re-
sponsible for radio star scintillations," Nature, vol. 178, pp. 377-378; 
August 18, 1956. 

a few kilocycles. The returning echo is mixed with this 
oscillator and the resulting beat frequency modulates 
the echo so that its trace appears banded. If the round-
trip phase path to the ionosphere remains constant or 
varies slowly with time, the bands appear horizontal 
or slightly inclined, but systematic and regular. If, on 
the other hand, the phase path varies from minute to 
minute by more than, say, a radian the bands become 
distorted, irregular, or even discontinuous, suggestive 
of a turbulent or at least irregular reflecting region. It 
is reported to be common to observe irregular E-region 
echoes at the same time when F echoes are smooth and 
well behaved. This suggests strongly that, as we should 
expect from the larger retardation, the phase path is 
primarily influenced by the reflecting region. We believe 
that comparison of phase-path records with times of 
occurrence of scintillations may be very informative. 

Wind Recorder 

Also at Ellsworth, measurements will be made of 

winds or drifts by the spaced-receiver technique." These 
observations will utilize pulses of some appropriate 
frequency in the range 2 mc to 6 mc received on three 
antennas placed at the corners of a 122-meter equilateral 
triangle. In general, the observed fading will correlate 

with a time lag for any pair of antennas. From the time 
lag, the component of the drift velocity in the direction 
of the line joining the antennas may be deduced. In 
addition, Briggs, Phillips, and Shinn35 have shown that 
a comparison of the cross correlograms and the auto-
correlogram of the fading can yield information concern-
ing the turbulent or random velocity which alters the 
fading pattern on the ground. Incidentally, power spec-
trum of the fading can be found as a by-product of these 
data. Considerable progress has been made in interpre-
tation of fading records of this type,"-" and comparison 
with scintillations may well prove illuminating. 
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A Phase Tracking Interferometer* 
HAYS PENFIELDt, MEMBER, IRE 

Summary—A series of radio telescope receivers has been de-
veloped to operate in a switched interferometer system of the type 
described by Ryle.' The new features of the equipment include auto-
matic tracking and recording of the phase difference of a coherent 
signal at the two receiver input terminals. Chart recorded outputs 
of total power, signal power, and signal phase are provided. The re-
ceiver utilizes dual low-noise rf amplifiers with a high degree of fre-
quency selectivity. Fixed delay lines are available in both receiver 
channels to allow operation on the higher order lobes of the inter-
ference pattern. Front panel controls include a precision gain control, 
a receiver bandwidth selector, manual and automatic phase tracking 
controls, and signal power and total power integration time constant 
switches. Background and signal noise sources are provided for 
direct calibration of the receiver. Three of these receivers are cur-
rently in operation on frequencies of 53 mc, 108 mc, and 470 mc in a 
two-antenna drift interferometer at the National Bureau of Stand-

ards Laboratory in Boulder, Colo. 

INTRODUCTION 

INCE its initial use about a decade ago,' the radio 
k» interferometer has been used extensively in the 
S field of radio astronomy to study both the location 
and size of extraterrestrial radio sources. The early 
interferometer systems operated on a total power prin-
ciple in which the outputs of the two antennas were 
combined vectorially and fed to a receiver with the 
variation in total power output serving to indicate the 
presence of a coherent signal. The block diagram of the 
total power interferometer is shown in Fig. 1(a). 
The problems of receiver gain instability in combina-

tion with the low signal to background noise ratio led to 
the development of the phase switching interferometer.' 
The block diagram of the phase switching interferometer 
is shown in Fig. 1(b). The distinguishing feature of this 
type of interferometer is the half-wave phase switch, 
which periodically inserts an additional half-wave sec-
tion of transmission line in one channel of the receiver. 
This half-wave switching produces a lobe shift or in-
version in the interferometer pattern such that the 
• positions of the maxima in the unshifted pattern corre-
spond to those of the minima in the shifted pattern. 
Thus, in the presence of a coherent input signal, the 
combined receiver output will contain an amplitude 
modulation component at the switching frequency. The 
output of the receiver is synchronously detected, thus 
cancelling out the background level and responding only 
to signals which are coherent at the two receiver inputs. 

The phase tracking interferometer embodies the 
phase switching operation and goes one step further to 

* Original manuscript received by the IRE, October 18, 1957. 
t Ewen-Knight Corp., Needham, Mass. 
1 M. Ryle, "A new radio interferometer and its application to the 

observation of weak radio stars," Proc. Roy. Soc. A, vol. 211, pp. 
351-375; March, 1952. 

2 M. Ryle and D. D. Vonberg, "An investigation of radio-fre-
quency radiation from the sun," Proc. Roy. Soc. A, vol. 193, pp. 198-
203; September, 1948. 
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Fig. 1—Interferometer block diagrams. (a) Total power inter-
ferometer, (b) phase switching interferometer. 

provide a controllable phase shifter in one of the re-
ceiver channels. The block diagram of the phase track-
ing interferometer is shown in Fig. 2. The phase shifter 
is connected in a feedback loop which acts to maintain 
a null condition at the synchronous detector output. 
This null condition corresponds to a 90° phase relation 
of the coherent signal at the point of combination. 
Thus, as the relative phase of a coherent signal in the 
two receiver channels changes, the phase shifter is 
driven in the proper direction to maintain the null out-

put at the synchronous detector. 
The two receiver channels utilize identical double 

conversion superheterodyne receivers with the combin-
ing of the two channels being made at the second IF. 
The local oscillator signals used in both receiver chan-
nels are derived from common local oscillators. 
The phase shifter is located in the second local oscil-

lator feed line to the second converter of one of the re-

ceiver channels. 
Delay lines are provided in the two receiver channels 

to compensate for the large path length difference to the 
antennas when the signal source lies in the higher order 
lobes of the interferometer pattern. Normally these 
higher order lobes would be smeared out by the integra-
tion over the predetection bandwidth of the receiver. 
The predetection bandwidth of the receiver is con.-
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Fig. 2—Phase tracking interferometer block diagram. 

trolled by the IF filter in the combined receiver channel, 
and a square law detector is utilized to give a dc output 
voltage which is proportional to the output power of 
the IF filter. 

The phase switch modulation is amplified in the sig-
nal amplifier and fed to the synchronous detector which 
gives a dc output voltage proportional to the coherent 
signal power, and which has a polarity related to the 
phase of the phase switch modulation. 

Fig. 3 shows the front view of the phase tracking in-
terferometer receiver. The equipment is housed in two 
enclosed consoles with the block diagram engraved on 
the front panels. Front panel meters and controls are 
located at their appropriate position in the block dia-
gram to facilitate equipment operation. 

PERFORMANCE 

The performance of the phase tracking interferom-
eter may be described on the basis of the following 
parameters: 

T. =the temperature contribution at the receiver in-
put due to a discrete point source; this is the co-
herent signal. 

T5= the temperature contribution at the receiver in-
put due to galactic background radiation. 

T,.= the excess temperature of the receiver. 
a= the ratio of power gains in the two receiver chan-

nels. 
af =the predetection noise bandwidth of the receiver. 
= the receiver postdetection integration time 
constant. 

Fig. 3—Photograph of phase tracking interferometer receiver show-
ing front panel engraving, meters, controls, and test points. 

=the relative phase angle of the coherent signal, 
T., at the two receiver inputs. 

O = the phase angle introduced in one receiver chan-
nel by the phase shifter. 

f. = the fundamental frequency of the phase reversal 
modulation produced in one channel by the 
phase switch. 

The input signals to the receiver are assumed to have a 
flat power density spectrum over the frequency band-
pass of the receiver and to have a Gaussian amplitude 
distribution. The receiver power levels are expressed in 
terms of effective temperature which is the usual nota-
tion in radio astronomy. 

When the signals in the two channels are combined, 
the noncoherent voltages due to galactic background 
radiation and excess receiver noise add in direct pro-
portion to the square root of the sum of the squared 
voltages and the coherent voltages due to a discrete 
source add directly with account being taken of the 
relative phase angle. The square law detector gives a 
dc output voltage proportional to the input power. 
Thus the voltage at the output of the square law 
detector will be directly proportional to the effective 
receiver input temperature and will consist of a dc level, 
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or total power term, plus a modulation component re-
lated to the coherent signal. The dc level is proportional 
to the sum of the effective receiver input temperatures 
due to the discrete source, the galactic background, and the 
excess receiver noise. The modulation component is a 
square wave function in which the magnitude is pro-
portional to the product of the effective input temper-
ature of the coherent signal and to the cosine of the sum 
of the relative phase angle of the coherent signal at the 
two receiver inputs and the phase angle introduced in 
one receiver channel by the phase shifter. Eq. (1) ex-
presses the square law detector output voltage, Eo(t), in 
terms of the parameters mentioned above and the re-
ceiver power gain constant, ICI. 

E0(t) = {(1 a)(T8 + Tit + Tr) 

2N/ixT. cos [0(0 + Kt)] 

[ 4 
E - sin 27rnfct]l. 

n-odd nil-
(1) 

The synchronous detector performs a cross-correla-
tion operation which results in an output voltage with 
an average (dc) level directly proportional to the mag-
nitude of the coherent signal modulation component, 
and with a polarity determined by the phase of the 
modulation component relative to the phase of the refer-
ence signal in the synchronous detector. The output of 
the synchronous detector will fluctuate about this aver-
age level with a Gaussian distribution. The rms value 
of this fluctuation' is given by (2). 

w3/2 1 
rms fluctuation = (1 ± a)KIK2 _(Tb T,.). (2) 

8 Vàfr 

We may now investigate the phase tracking interferom-
eter performance from a consideration of the signal-
to-noise voltage ratio at the synchronous detector out-
put. This signal-to-noise voltage ratio is defined as the 
average level due to a coherent signal divided by the 
rms fluctuation. Eq. (3) gives the expression for the syn-
chronous detector output signal-to-noise voltage ratio. 

2Va 8   Ta 
snr —  Vàfr cos [OW -F 0(1)]. (3) 

1+ a r3/2 Tb 

The effects of the various terms of (3) on the interfer-
ometer performance are illustrated in Fig. 4 and Fig. 5. 
Fig. 4 shows the reduction in sensitivity which occurs 
when the ratio of power gain in the two receiver chan-
nels, a, is changed by a factor of eight in both directions 
from unity. The decrease in sensitivity as a departs from 
unity is a rather slow function and for differences in 
channel power gain of 3 db or less, the loss in snr is less 
than 6 per cent. 

Fig. 5 illustrates the effect of predetection bandwidth 
and postdetection integration time on the rms fluctua-

8 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Oxford 
University Press, London, Eng., p. 43; 1955. 
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Fig. 4—Curve of reduction in receiver sensitivity as a function of 
power gain ratio in the two receiver channels. 
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Fig. 5—Plot of rms fluctuation at the synchronous detector output 
as a function of predetection bandwidth for postdetection inte-
gration time constants of 0.01, 0.1, 1, 10, and 100 seconds. The 
rms fluctuation is given in degrees Kelvin for a background radia-
tion plus excess receiver noise level of 1000° Kelvin. 

tion in the synchronous detector output. The rms fluctu-
ation is given in degrees Kelvin for a background 
radiation plus excess receiver noise level of 1000° 
Kelvin. The shaded area represents the range of prede-
tection bandwidth and postdetection integration time 
used in the phase tracking interferometers. 

In phase tracking operation the phase angle intro-
duced by the phase shifter will be such that at the point 
of combination of the two receiver channels, the relative 
phase of the coherent signals will differ from 90° by a 
small error angle. The magnitude of this error angle will 
be a function of the servo loop gain, the postdetection 
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Fig. 6—Curve of rms tracking error angle as a function of rate 
of change of coherent signal phase at the two receiver inputs. 
Predetection bandwidth of 500 kc, a postdetection integration 
time constant of 0.2 second, a unity ratio of power gain in the 
two receiver channels and a ratio of input signal temperature to 
background plus excess receiver noise temperature of 0.05. 

integration time constant, the rate of change of the 
relative phase of the coherent signal at the two receiver 
inputs, and the signal-to-noise voltage ratio at the out-
put of the synchronous detector. The expression for the 
rms phase tracking error angle is given in (4) in terms 
of the previously defined system parameters and the 
servo loop gain constant, K,. 

1.71- a 7 312 

°Error —  

2V« 8 VA& 7; 

dcp 

1 Tb T, \—dt r 4- 1) 

K, 
(4) 

It should be noted that this expression has been simpli-
fied by considering only the single RC integration time 
constant and neglecting the other time constants asso-
ciated with the servomotor and servoamplifier. This 
simplification is valid because these other time con-
stants are very small relative to the RC integration 
time constant. Fig. 6 shows the rms tracking error angle 
as a function of rate of change of phase of a coherent sig-
nal at the two receiver inputs for a predetection band-
width of 500 kc, a postdetection integration time con-
stant of 0.2 second and a ratio of input signal temper-
ature to background plus excess receiver noise tem-
perature of 0.05. 

Fig. 7 illustrates some typical recordings of signal 
power and signal phase made with one of the phase 
tracking interferometers. The signal phase recording is 
made in a linear fashion across the chart with a rapid 
flyback occurring at the end of each 360° of phase 
change. It should be noted that during phase tracking 
operation the signal power output will be maintained at 
or near its zero level. The signal phase recording plots 
the apparent change in phase of the coherent signal at 
the two antennas as a function of time. Any departure 
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Fig. 7—Typical output recordings of the phase tracking interferom-
eter. (a) Tracing of signal power and signal phase record made on 
Cassiopeia A at 108 mc with a predetection bandwidth of 500 kc 
and a postdetection integration time constant of 1 second. (Note 
the phase scintillation in the left-hand signal phase trace.) (b) 
Tracing of signal power and total power record made using the 
internal noise calibration sources. Operating frequency is 108 mc, 
predetection bandwidth of 50 kc, a postdetection integration time 
constant of 1 second, and a signal temperature to background 
plus excess receiver noise ratio of 0.045. 

from the expected diurnal rate, therefore, represents a 
scintillation effect due to distortion of the coherent wave 
front in the earth's atmosphere. For this reason the phase 
tracking interferometer will be of particular value in 
studying the scintillation effects on radio waves passing 
through the earth's atmosphere. It is also expected that 
the interferometer receiver on 108 mc will give useful 
tracking data on the earth satellite. 
The characteristics of the 53-mc, 108-mc, and 470-mc 

phase tracking interferometers are listed in Table I. 

PHASE SHIFTER DISCUSSION 

The phase shifter used in the phase tracking inter-
ferometer is a rotary capacitor in which the stator plate 
is made up of four independent, symmetrically spaced 
segments. These four segments are driven successively 
by cables differing in electrical length by one-quarter 
wavelength at the second local oscillator frequency. 
Thus, as the rotor plate revolves, it couples successively 
to the segments giving a smooth transition through the 
complete 360° of electrical phase rotation. The rotor 
and stator plate angles and spacing are chosen to give a 
linear electrical phase shift as a function of the mechan-
ical angular rotation of the rotor. The rotor shaft is 
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TABLE I 

CHARACTERISTICS OF THE 53-MC, 108-MC, AND 470-MC 
PHASE TRACKING INTERFEROMETER RECEIVERS 

Operating 
Frequency 

53 MC 108 MC 470 MC 

F (Noise Figure) 4 db 3 db 5 db 

450°K 300°K 650°K 

Ti, (Typical) 7500°K 1500°K 45°K 

50 kc 
500 kc 

50 kc 
500 kc 

0.2 mc 
2.0 mc 

0.1 second 

20 seconds 

0.1 second 

20 seconds 

0.1 second 

20 Lconds 

mechanically linked to a two-phase servomotor through 
a differential gear system. A hand crank is also con-
nected to the phase shifter through the differential gear 
system to allow for manual control of the phase angle. 
A shaft-position potentiometer converts the mechanical 
shaft position at the servomotor input to the differential 
gear into dc voltage which is used to drive the signal 
phase recorder. 

CONCLUSION 

The development of the phase tracking interfer-
ometer has come as a natural step in the development of 
the interferometer as a tool of the radio astronomer. 
The addition of the phase tracking feature allows for a 
more detailed study of the phase behavior of signals 
from outer space. In particular, the scintillation effect 
on these signals caused by the earth's atmosphere may 
be studied and correlated with other observations on 
atmospheric conditions. 
A major contribution to the success of the equipment 

development has been the design and development of a 
simple and reliable phase shifter to operate at high radio 
frequencies. 
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Radio Astronomy Measurements at VHF 
and Microwaves* 

J. AARONSt, ASSOCIATE MEMBER, IRE, W . R. BARRONt, AND J. P. CASTELLIt 

Summary—Radio astronomy measurements of atmospheric ab-

sorption, refraction, and scintillation, taken during the summer of 
1956, and the spring of 1957, were made at 3.2 cm and 8.7 nun with 
the Sun as the source, and at 218 mc with solar energy and radiation 
from Cassiopeia A. Large tropospheric scintillations at angles below 

3° made elevation accuracy difficult in the 8.7-nun and 3.2-cm bands. 
Refraction at 218 mc was greater than at the microwave wavelengths. 

Scintillations at 218 mc were present during periods of auroral ac-
tivity. The information obtained has been useful in assessing radar 
angle-of-elevation accuracy and demonstrates the use of the sun 

and other celestial bodies as radiation sources for antenna pattern 
measurements. 

I NTRODUCTI ON 

/
N THE radiofrequency spectrum, celestial bodies 
can be used as transmitters or reflectors. The one-
way (transmitter) use concerns direct radiation 

from the object; the reflector (radar) use concerns earth-
based or celestial radiation that is reflected from celes-

* Original manuscript received by the IRE, November 12, 1957. 
AF Cambridge Res. Center, Air Res. and Dey. Command, Bed-

ford, Mass. 

tial bodies. For our experiments we used the Sun and 
radio star Cassiopeia A as rf transmitters to obtain re-
fraction, scintillation, and absorption data at 3.2 cm 
and 8.7 mm and refraction and scintillation data at 
218 mc. This involved studying the effect of the earth's 
atmosphere. The sun and Cassiopeia A were used as 
sources of energy in the meter wavelength portion of the 
spectrum. In the microwave region, only the sun was 
used because the size of the equipments available (small 
parabolas) was insufficient to provide the very large 
collecting area required to obtain adequate signals at 
centimeter and millimeter wavelengths. 

FIELD SITES 

The two sites used, one at Ipswich, Mass., and one at 
Scituate, Mass., are approximately 38 air miles apart. 
Both sites overlook the ocean. The Ipswich measure-
ments, taken at sunrise, were made during the summer 
of 1956. For the microwave experiment, a series of alti-
tudes was arbitrarily chosen, the azimuths calculated 
from the spherical trigonometry formula, and drift 



326 PROCEEDINGS OF THE IRE January 

measurements taken. The parameters for the Ipswich 
equipments used are listed in Table I. 
The two microwave antennas were placed on a single 

mount (see Fig. 1). Measurements were taken simul-
taneously at both bands. Individual fluctuations of the 
signals, as well as other data, could be compared. 
The meter wavelength equipment at Scituate con-

sisted of a 218-mc radio astronomy receiver and the 
Billboard antenna. This antenna, originally designed for 
an experimental radar, is in effect a sea interferometer. 
Energy reflected from the surface of the sea divides its 
radiation pattern into lobes. The lobes are maximum 
when 

47h sin O 

X 
= 7r, 3r, Sr, • • • (2n — 1)r, (1) 

where h is the height above sea level and O is the eleva-
tion angle. 

TABLE I 

IPSWICH MICROWAVE PARAMETERS 

X Band K. Band 

Parabolic antenna size 
Measured half-power beam angle 
Attenuation of feed waveguides 
Bandwidth 
Time constants 
Minimum detectable temperature dif-

ference 
Wavelength 
Frequency 

4' 18° 
2° 1° 40' 
4 db 0.8 db 
10 mc 10 mc 
2 seconds 6 seconde 

2° 2° 
3.2 cm 8.7 mm 
9375 mc 32,320 mc 

Ui 

1-100 - — — j_ 

75-i-
o 50 _ 

The Scituate antenna is 30 feet high by 75 feet wide 
with a nominal beam angle of 8° by 4°. Its mean height 
above sea level is 77 feet. The theoretical pattern of the 
Billboard antenna in the vertical plane is illustrated in 
Fig. 2. For low-angle measurements the two halves of 
the antenna are fed in phase. For measurements at 
higher angles, the transmission line to the upper bays of 
the antenna is lengthened by X/2 (antiphase position, 
denoted by A in Fig. 2). 
A typical solar drift pattern is shown in Fig. 3. To 

record the solor coronal radiation, the receiver is initially 
set at its most sensitive position. As the sun rises and 

Fig. 1—Microwave antenna assembly (4-foot parabola-3 cm; 
18-inch parabola-8 mm) at Ipswich, Mass. 

LBOARD DIAGRA 
;MEAN ANTENNA ALTITUDE • 

2. ANTENNA DIMENSIONS • 6X X 16.:9 
3. BEAM CHARAçIpp.s.pg..,!:a 

eemeime>d• 

/A I 
6A 

peo' 

I5° 

5A 
b9.4. 4A 
6.7 ° 

>2. 3P / 

Fig. 2—Sea interferometer lobe pattern produced by reflections from the sea. 
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Fig. 3—Solar drift curves at 218 mc. 



1958 Aurons, Barron, and Caste Radio Astronomy Measurements at VHF and Microwaves 327 

the intensity of radiation increases, the gain is turned 
down; as the sun drifts through each lobe in the pattern, 
the azimuth is changed. 

Since the main attempt in the 218-mc experiment was 
to measure refraction and solar phenomena, the anti-
phase position was used after the number 3 phase posi-
tion. This position gave additional lobes at higher alti-
tudes, with amplitudes considerably greater than the 
phase position could give in the same range of altitudes. 
The Dicke radiometer used in all three units com-

pares the power from a 50-ohm resistor with the power 
absorbed by the antenna and, by a phase-detecting sys-
tem, amplifies only the difference. The upper half of 
Fig. 3 shows the radiometer power at 218 mc; the lower 
half shows the total receiver power (receiver energy plus 
antenna power). 

SOLAR DRIFT MEASUREMENTS 

The basic technique for this experiment involved 
making a series of solar drift measurements. Antenna 
was set at a fixed elevation, azimuth and the sun al-
lowed to drift through the pattern. A radio receiver 
tuned to WWV provided time markers for the record. 
After the sun passed through the antenna beam, antenna 
was set at the next elevation and azimuth position in the 
series. 
The refraction at each position was measured by not-

ing the time of transit at each elevation and comparing 
it with the astronomically calculated position of the 
center of the sun's disk. Fig. 4 is an example of the drift 
curves of the two microwave bands at two angles of 
elevation, 1°40' and 7°35' (the scale is changed with in-
creasing altitude). 
The scintillations, also seen with the antenna fixed in 

position for each of the drift curves, were measured for 
duration and depth of fade as the sun moved through 
the "blob" structure within the troposphere. 
To measure absorption correctly, a tracking antenna 

must be corrected for refractive errors at low angles. 
Failure to correct for these errors will yield lower values 
for the apparent solar temperatures than the correct 
"middle of the beam" pattern. 
For refractive measurements the altitude of the center 

of the antenna beam must be measured exactly although 
the azimuth may be only approximate. If the refraction 
is solely in the vertical plane the drift technique com-
bined with accurate time measurements will correctly 
yield the refractive errors. 

THE MICROWAVE EXPERIMENTS 

Absorption and Sky Temperatures 

Absorption: In the microwave region studied, molecu-
lar oxygen and water vapor account for the absorption 
and scattering of energy. At 8.7 mm, attenuation is due 
about equally to water vapor and oxygen. At 3.2 cm the 
major part of the attenuation is produced by the oxygen. 
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Fig. 4—Drift curve of sun (8 mm and 3 cm) at 1°40' and 7°35'. 

Ground measurements by others made on both bands 
have yielded a mean absorption of 0.0097 db/km at 3.2 
cm and 0.07 db/km at 8.7 mm.' 
The advantages of the radio astronomy technique are 

several. The technique is comparative, the solar tem-
peratures being compared at different altitudes where 
the recorded temperatures are directly related to the 
path length over which the energy travels through the 
atmosphere. Only one receiver has to be used; other 
techniques of measuring atmospheric attenuation re-
quire a ground plane and more than one receiver. 
Another advantage in measuring by radio astronomy 

is that the absorption data (see Fig. 6 and Fig. 7) can be 
extrapolated to a height above the atmosphere to ob-
tain an indication of the total attenuation. 

Absorption was measured by recording the apparent 
temperature and sky background as the path length 
through the atmosphere decreased. Fig. 5 gives the path 
length as a function of altitude of a source, based on a 
curved earth model and 11.1 km as the assumed height 
of the atmosphere. 
The temperatures of the sun and sky background at 

14 different elevation angles were recorded for 40 days 
between July 30, and September 30, 1956. From the 
average temperature computed for each elevation angle, 
we subtracted the mean sky temperatures at the same 
elevation angles and azimuth overlooking the ocean. 
The data obtained is plotted in Fig. 6 for the 3.2-cm 
wavelength and in Fig. 7 for the 8.7-mm wavelength. 
At 3.2 cm the average solar temperature (extrapolated 
to beyond the earth's atmosphere) was 16,000°K, with 
an assumed solar diameter2 of 34'; and at 8.7 mm it was 
5280°K, with an assumed solar diameter of 32'. 

1 J. H. Van Vleck, "Propagation of Short Radio Waves," Mass. 
Inst. Tech. Rad. Lab. Ser., vol. 13, McGraw-Hill Book Co., Inc., 
New York, N. Y., p. 641; 1951. 

2 S. F. Smerd, "Radio-frequency radiation from the quiet sun," 
Aus. J. Sci. Res. A, vol. 3, pp. 34-59; March, 1950. 
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Fig. 5—Path length through atmosphere as a function of elevation. 
Angle assuming 11.1 km of atmospheric spherical earth model. 
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Fig. 7—Average temperature of sun, July 30—September 30, 1956. 
AFCRC, Ipswich, Mass. 1=32,900 mc. 

A plot of the ratio of 

T at the antenna elevation angle 
10 logio 

T at 50' elevation 

vs the path length in statute miles is shown in Fig. 8 
for 3.2 cm and in Fig. 9 for 8.7 mm. The straight line 
drawn through the high elevation readings in the 8.7-
mm curve denotes that these are more reliable than the 
readings at the lower altitudes, which were obscured by 
absorption and fluctuations. 
The mean absorption is 0.033 db/km for the 8.7-mm 

region, in substantial agreement with ground measure-
ments of the attenuation (previous measurements8 by 
radio astronomy techniques have shown 0.044 db/km); 
X-band data yields a value of 0.00585 db/km. 
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Fig. 6—Average temperature of sun (40 days), Ipswich, Mass., July 
30—September 30, 1956. f =9375 mc—ant BW =2° at P/2. Diam-
eter of sun 0°34'. 
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Sky Temperatures: It may be worth noting the sky 
temperatures that formed the background signals. It is 
hard to evaluate the temperatures obtained because 
ground radiation and reflectivity as well as atmospheric 
conditions contribute to the energy absorbed by the 
antenna. The measurements are necessarily limited to a 
particular antenna pattern and a particular site. 
At 3.2 cm at zero elevation the temperature on a clear 

day was 89°K; on a day when there were heavy cloud 
formations, it was 90°. At zenith, however, the tem-
perature was 54° for the cloudless day and 66° for the 

other. 
At 8.7 mm the variations were considerably greater. 

The clear-day temperatures varied from 199° at zero 
elevation to 38° at zenith. For the day with heavy clouds 
the range ran from 229° at zero to 120° at zenith. 
The low temperature readings obtained for the sun at 

8.7 mm are highly uncertain because average sky back-
grounds were inserted for corrective purposes. The 
great variations in sky temperatures could easily have 
affected the readings. In the 3.2-cm case, however, the 

larger solar signals and smaller variations make the 
solar temperatures obtained more valid. 

Refraction 

In the microwave region, the deviation of rays in the 
lower atmosphere is influenced by the pressure of dry 
air, by water vapor pressure, and by the temperature. 
The microwave refraction is somewhat greater than op-
tical refraction, owing to the high refractivity of water 

vapor at radio wavelengths.' 
The optical refraction at sunrise is shown in a series of 

exposures (Fig. 10) made at the Ipswich site as an ana-
log to the radiofrequency experiments. The curvature in 
the photograph indicates the deviation from the straight 
path of the sun (for this date), which is seen before it is 
on the horizon since its astronomical position is below 
the photographed path. 

Simultaneous observations of the time of peak were 
made in order to measure the range of refraction at 
3.2 cm and 8.7 mm. The time of the sun's transit at each 
elevation of the antenna was compared with the known 
astronomical position of the sun at that time to give the 
difference in altitude, or amount of refraction. 

Fig. 11 is a plot of the refractive error as a function of 
the apparent altitude of the source. The range for 17 
days is shown for each of the specific elevation angles. 
The optical refraction is also plotted (dotted curve). 

Below an elevation angle of 3° the time of the sun's 
transit could only be roughly estimated from the fluctu-
ating readings. In some cases, an integrated curve was 
artificially superimposed on the scintillations and a 
transit time taken. It is therefore emphasized that for 

4 J. L. Pawsey and R. N. Bracewell, "Radio Astronomy," Claren-
don Press, Oxford, Eng.; 1955. 

Fig. 10—Optical refraction at sunrise, Ipswich, Mass. 
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Fig. 11—Refractive error as a function of apparent altitude of 
source: 9375 mc and optical. 

elevation angles below 3° the transit times in the drift 
curves were chosen merely as indications of the probable 
error. The values are rather nebulous. 
At elevation angles above 3° the pattern fits the theo-

retical refraction curve in its downward trend; above 
15° the curve flattens off, indicating a possible constant 
height error of several minutes of elevation. The error in 
reading was such that the timing accuracy was plus or 
minus 2 minutes of elevation. We are not following the 
usual procedure in refraction calculations, which is to 
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Fig. 12—Daily range of refractive errors 9375 mc. 

use the upper angle values obtained from the data as the 
point of zero refraction and then reduce all values by 
this amount, but are presenting the raw data to allow 
evaluation of the excursions from the average value. 
The possibility of a small refractive error even at high 
altitudes is not excluded. 
The range and mean of the readings does not give a 

dynamic picture of how the refraction changes within 
short periods of time. Refraction at a specific elevation 
can be slightly greater than at a lower angle. Fig. 12 
illustrates two points. One is the irregularity during a 
single day. The other is the play in range on various 
days, the refraction tightly centered around one value 
on some days and ranging from maximum to minimum 
elevation on others. The "negative" refraction readings 
may result because the center of the sun's radio-fre-
quency energy is not always the same as its optical 
center. 

During periods when clouds, haze, and fog were pres-
ent in the path, the measurements gave general indica-
tions of greater refraction at 8.7 mm than at 3.2 cm. 

Scintillations 

Fluctuations in the microwave region are most likely 
tropospheric in origin. The several theories on the origin 
of the fluctuations are concerned with the size of the 
irregularities in the lower atmosphere and the manner 
in which they are naturally arranged. 
By Rayleigh's theory, the refractive index of a me-

dium is a function of time, wind speed, and atmospheric 
conditions. As rays pass through different refractive 
media they bend through varying angles and thereby 
produce an irregular pattern in the signal detected on 
the ground. 

Little's' theory is that diffraction is caused by an ir-
regular screen in the layers; in the lower atmosphere 
considered in this paper, the screen is composed of 
tropospheric blobs. 

Since tropospheric refraction is independent of fre-
quency, Rayleigh's theory would lead us to expect that 

5 C. G. Little, "A diffraction theory of the scintillation of stars 
at optical and radio wavelengths," Monthly Notices Roy. Astron. Soc., 
vol. 111, pp. 289-302; 1951. 
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scintillations from the same source would be the same on 
two frequencies. On the other hand, since a diffraction 
screen forms different patterns as the wavelength is 
varied, Little's theory would indicate dissimilar irregu-
larities on two frequencies. A good proof of the theories 
therefore, would appear to be found in the extent of cor-
relation between the scintillations at 3.2 cm and 8.7 mm. 
The evidence is that there are times when each is borne 
out. The data is now being sifted to determine the con-
ditions prevailing in both cases. 

THE SCINTILLATION DATA 

The scintillation in both bands shows deep fades for 
long periods at elevation angles below 3°, and much 
smaller fluctuations for shorter periods at higher angles. 

Fig. 13 illustrates sets of curves taken at the same 
altitude (1°40') but on two successive days (August 23, 
and 24, 1956). On both days the amplitudes of the 
fluctuation component of the 3.2-cm data were approxi-
mately equal, amounting to 5 per cent of the maximum 
signal level. On August 23, the 8.7-mm fade-to-signal 
ratios were extremely large but on August 24, the ab-
sorption practically wiped out the fades. August 24 
could be described as a period of high, but relatively uni-
form water vapor absorption. The weather during the 
sunrise period was cloudy with light rain. Fog was pres-
ent from midnight until 0845 EST. August 23, a clear 
day, appears to have been a period when a diffraction 
pattern was set up by the blob structure of the atmos-
phere but there was little correlation between the fades 
on 3.2 cm and 8.7 mm. 

Periods do occur when the fluctuations are similar at 
the two wavelengths. Fig. 4 (top) illustrates a case at an 
elevation of 1°40'. The general rise and fall of the fluc-
tuations within the drift curves are similar when we con-
sider the difference in the time constants used (2 seconds 
at 3.2 cm and 6 seconds at 8.7 mm). This is in contrast 
to the data in Fig. 13 (top), where little correlation be-
tween individual fades is seen. The explanation is that 
the Rayleigh theory of fluctuations holds in the former 
(Fig. 4) because the similarity in individual fluctuations 
is not frequency-dependent. 

SCINTILLATION AMPLITUDE AND PERIOD 

Scintillations are likely to occur at any elevation. 
Fluctuations on both bands are maximum up to 3°, de-
creasing to very small amplitudes after 5°. 
The depth of fade at any wavelength is a function of 

the altitude and atmospheric conditions, varying from 
a fraction of 1 per cent of the antenna signal to as much 
as 20 per cent. The average fluctuation at the most dis-
turbed elevation is between 5 and 10 per cent, regardless 
of the signal frequency band. 
The correlation between scintillations and weather is 

most difficult to establish. It does appear, however, that 
on days when the dewpoint is highest the fluctuations 
are greater at X band than at K. band—perhaps twice 
as much. This may be related to the finding that K. sig-
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Fig. 13—Solar drift curves August 23, 24, 1956 at an 
elevation of 1°40'. 

nais are most attenuated on this kind of day. On the 
other hand, fair weather seems to bring out fewer scin-
tillations at X band and more at K.. On hazy to partly 
cloudy days the fluctuation depths at the two signal 
frequencies vary the least. On some clear days the fade 
percentage at the K. band is three times that at X. 
The duration of the scintillation cycle varies from 

0.5 second to 60 to 70 seconds. The average period at X 
band is generally 15 to 22 seconds, or about one-half the 
average 35- to 55-seconds fluctuation at K.. There are 
occasional exceptions, however, when the scintillations 
at X band are of longer duration than those at K.. At 
X band some drift curves show faster jiggles during a 
slow scintillation. The scintillation period decreases with 
elevation, only fast scintillations being seen at the higher 
angles. 

OPTICAL EVIDENCE 

Optical studies of scintillations have provided guide-
posts in the rf field. In the visible range of the spectrum 
the amplitude of fluctuation is proportional to the 
cosine of the angle of elevation from 10° to 90°. The 
small amplitude fades seen at zenith in one study' 
were about 2 per cent of the mean light level and 
the largest about 10 per cent. At angles lower than 10°, 
low-frequency scintillation (approximately 5 cps) pre-
dominates. At the high elevations, fluctuation is con-
tinuous and relatively fast; there are no deep slow fades. 
The results obtained in this experiment are fundamen-
tally in agreement with optical evidence on these points. 

Optical evidence further indicates that with large 

6 M. A. Ellison and H. Seddon, "Some experiments on the scintil-
lation of stars and planets," Monthly Notices Roy. Astron. Soc., vol. 
112, pp. 73-87; 1952. 
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apertures the pulse is flatter than with narrow apertures. 
Large antennas should therefore not experience the 
very deep fades that were frequently seen in our studies 
at low elevations. 

218-MC EXPERIMENT 

Refraction 

Solar refraction was measured by comparing the nulls 
in the interference pattern of the sea interferometer with 
the actual position of the sun at the time the nulls ap-
peared. These nulls occur at multiples of 271- in (1). Peak 
times were not measured because at meter wavelengths 
they are difficult to discern during solar disturbances. 
Two factors that affect the null points considerably 

are the height of the sea and the radiofrequency center 
of the sun. The changes in the height of the sea at the 
site at Scituate, Mass., have been tabulated by the 
US Coast and Geodetic Service, and the mean height 
of the antenna above the sea has been corrected for the 
changes in tides. The center of the sun's disk is more 
difficult to find. 
The technique commonly used for finding both the 

height of the sea and the sun's center is to take the 
highest angle as the zero refraction point and correct all 
values accordingly. Applications of this technique are 
limited, especially when the maximum elevation obtain-
able is 13.4°. The sea interferometer was used in our 
studies because it produces a rather sharp image of the 
sun as it rises. To determine the appearance of the 
outer layers of the sun's corona the sensitivity of the 
equipment was initially raised to its maximum value. 
After the sun rose above the horizon the gain was turned 
down. The refractive errors at zero elevation were ob-
tained for 21 days. On the basis of a solar radius of 15', 
the mean refractive error for the period was about 1°05', 
varying from a maximum of 1°35' to a minimum of 
45'. 

Antenna Pattern and Solar Temperatures 

The antenna pattern in the vertical plane was meas-
ured by plotting daily solar drift curves such as illus-
trated in Fig. 3. To obtain the upper half-power point, 
the peak values were calculated as a function of angle. 
The deflections were reduced to equivalent tempera-
tures by means of calibrating noise diodes in the system. 
Since the power absorbed by the antenna and delivered 
to the receiver is equal to kTB(F-1), where 

k = Boltzmann's constant, 
T= Antenna temperature in °K, 
F=- Noise figure, 
B = Bandwidth, 

the half-power points and the half-temperature points 
are equal. 

For the vertical plane the theoretical curve and the 
calculated curves were nearly equivalent, being 8° in the 
former and 7°25' in the latter. The azimuth value, taken 
from other measurements, was 4°. 
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Fig. 14—KBE index for the period February 27-
March 4, 1957. 

The equivalent solar temperature, neglecting at-
tenuation, was obtained from the product of the tem-
perature reading and the ratio of solid angle of the 
antenna to solid angle of the source (assuming the 
sun to be its optical size). The solar temperatures aver-
aged 1,000,000°K. A disturbed "base level" maximum of 
4,000,000° during a solar disturbance was reached. 

Scintillations 

Fluctuations in solar energy are too large in ampli-
tude at meter wavelengths to permit scintillation meas-
urements with the sun as the source of energy. The 
scintillation study was made by observing the Cassio-
peia A radio star at its lower culmination. When this 
source went through the beam the increase in signal 
amplitude amounted to a 100° increase in temperature. 
Fluctuations were concurrent during certain ionospheri-
cally disturbed periods. 
The antenna pointed north at an altitude of 11°. It 

had a beamwidth of approximately 12°. Detailed analy-
sis was made of the data collected during the period 
February 28 to March 3, 1957. Disturbances recorded 
during this time were associated with solar and terres-
trial disturbances. A class 3 flare was observed at 
00h051° UT on February 28 and the sudden onset of 
a geomagnetic storm at Belvoir was noted at 0800 EST 
on March 1. The magnetic index taken at Belvoir is 
shown in Fig. 14. The recordings of the passage of 
Cassiopeia A through the beam are shown in Fig. 15. 
While detailed correlation cannot be attempted, the 

association of the scintillations with the aurora (re-
ported on the night of March 2) and the magnetic dis-
turbances is well-defined. For this particular period, 
data analysis by Dr. Gerald Hawkins and his group at 
the Harvard College Observatory, shows that the signal 
periodicity ranged from its time constant (10 seconds for 
the records given) to 3 minutes, with most of the varia-
tions occurring at periods between 10 and 60 seconds. 
The signal was 3 db below the mean level for 7 per cent 
of the time and 1.8 db above the mean for 3 per cent of 
the time. 
This period was unusual in that a large auroral dis-

turbance took place. Observations are continuing for 
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Fig. 15—Scintillations of Cassiopeia A during auroral period 
February 28—March 3, 1957. 

the purpose of establishing the scintillation level when 
the lower transit of Cassiopeia A occurs during daytime 

periods. 

CONCLUSION 

Atmospheric Attenuation 

Microwave: Molecular oxygen and water vapor ac-
count for the greater part of atmospheric absorption. 
The experiment described gave the following attenua-
tion values: 

X band (3.2 cm) 0.00585 db km 
K„ band (8.7 mm) 0.033 db km 

The average measured solar temperatures at these fre-
quencies were 16,000°K at 3.2 cm and 5280°K at 8.7 mm. 

218 MC: VHF attenuation studies were not made. 
The average solar temperature for the period of the 
study was 1,000,000°K, with a maximum of 4,000,000°K 
noted during a period of disturbed solar activity. 

Refraction 

The refraction at the frequencies studied was gener-
ally greater than the optical refraction, primarily be-
cause of the water vapor in the atmosphere. 

Refraction measurements made concurrently at the 
microwave frequencies of 3.2 cm and 8.7 mm showed 
that the refraction was not the same for the two fre-
quencies at the same time. From day to day the amount 
of refraction would vary, one day greater at 3.2 cm and 
another day greater at 8.7 mm. 
The 218-mc refractive error at sunrise averaged about 

1°05', varying from 1°35' to 45'. The effect of change in 
antenna height because of tidal action of the sea was 
detectable though small. 

Scintillation 

The microwave scintillations considered were of 
tropospheric origin and their characteristics varied with 
changing altitude. At the lower altitudes the scintilla-
tions were of relatively large amplitude and long period. 
At the higher observed altitudes, from 15° to 30°, they 
were of small amplitude and short period. The 3.2-cm 
fluctuations were fairly consistent from day to day but 
those at 8.7 mm showed greater susceptibility to 
changes in the weather. A general explanation of the 
scintillation effects was possible, sometimes by refrac-
tion theory and sometimes by diffraction theory. 
The 218-mc fluctuations in solar energy were too large 

to study atmospheric scintillation at this frequency. 
With Cassiopeia A as a source it was found that unusual 
solar and auroral activity enhanced scintillations. 
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Some Measurements of High-Latitude Ionospheric 
Absorption Using Extraterrestrial Radio Waves* 

C. G. LITTLEt AND H. LEINBACHt 

Summary—This paper describes the manner in which 30-mc ex-

traterrestrial radio waves have been used to study the radio absorp-

tion characteristics of the arctic ionosphere. It opens with a brief 

discussion of the theory of ionospheric absorption, followed by a de-
scription of the basic principles involved in the technique. Two 
different types of equipment which have been used in these absorp-

tion measurements are then discussed and typical records pre-

sented. The observations have shown that the regions of anomalous 

high-latitude absorption typically have lateral dimensions in excess 
of 100 km, and that marked differences can occur during disturbed 

periods between stations 800 km apart. Almost all the absorption of 

the extraterrestrial radio waves occurs below the E region. The 

absorption correlates well with the local geomagnetic K index, and 
apparently is associated with the bombardment of the upper at-

mosphere by the corpuscular streams which produce the aurora. The 

increase of absorption during daylight hours is thought to be due to 

a decrease in effective height of the absorbing layer, resulting from a 
photo detachment of electrons at heights of the order of 60-80 km, 

rather than to an increase in the strength of the corpuscular bom-
bardment. 

SUMMARY OF THEORY OF IONOSPIIERIC ABSORPTION 

rJts1 HE Appleton-Hartree magneto-ionic theory' 
shows that a radio frequency wave will be at-

  tenuated while traversing an ionized medium in 
which the free electrons undergo collisions with other 
particles. This absorption process is analogous to a 
frictional loss since the free electrons are caused to oscil-
late at the frequency of the incident radio wave and 
will give up some of their oscillatory energy, derived 
from the radio field, when they collide with other par-
ticles. 

Quantitatively, the absorption of energy is given by 

E 
A = — 20 log io — db, 

Eo 

where A —the absorption in decibels, Eo = the field 
strength of the incident plane wave, and E— the field 
strength after traversing a distance s through the ion-
ized medium. E and Eo are related by 

E =- Ece-", 

* Original manuscript received by the IRE, November 6, 1957. 
This work was supported by a National Science Foundation grant, 
from April, 1954 to June, 1956, and from July, 1956 to March, 1957, 
by Signal Corps Contract No. DA-36-039-SC-71137. 

t Geophys. Inst., University of Alaska, College, Alaska. 
1 E. V. Appleton, "Wireless studies of the ionosphere," J. IRE, 

vol. 71, p. 642; 1932. 
H. G. Booker, "The applicaticin of the magneto-ionic theory to 

the ionosphere,"Proc. Roy. Soc. A, vol. 150, pp. 267-286; June, 1935. 
F. T. Farmer and J. A. Ratcliffe, "The absorption of wireless 

waves in the ionosphere," Proc. Roy. Soc. A, vol. 151, pp. 370-383; 
September, 1935. 

where 

2z-e2 1 
k •   

P2 (2-e, wL) 2 MC 
(1) 

In this equation, e and m are the electronic charge and 
mass, µ is the refractive index of the ionized medium in 
which the electronic density is N and the electron col-
lision frequency is v, w is the angular frequency of the 
incident radio wave, and wL is the angular-gyromagnetic 
frequency corresponding to the longitudinal component 
of the magnetic field. The positive sign denotes the ordi-
nary wave, the negative sign the extraordinary wave. 

In studies of ionospheric absorption using extra-
terrestrial radio waves, the observing frequency is 
usually several times the critical frequency, and under 
such circumstances the refractive index in the absorbing 
region may be taken as unity. Also, the electron col-
lision frequency in the absorbing region is usually very 

small compared with the radio frequency, and there-
fore, usually can be neglected when compared with 
(w+wL). Under these conditions, the preceding equa-
tion reduces to 

27re2 Ni' 

mc (w + wL) 2 

Since both N and v will vary with height, the total 
absorption along the line of sight will be given by 

E 
A = — 20 logic, — db 8.69 f kds, db 

E0 

or 

k =   (2) 

8.69 27re2 
A =     Nvds, db (3) 

(w + wL)2 mc f 
where s is the path length along which the product No' 
is significant. 

A determination of A (the attenuation in decibels) 
at a single frequency can therefore be used to determine 
the value of fiNvds, since the other quantities in the 
above equation are all known. The measurement does 
not, however, give any indication of the variation of 
Nv with height. 

THE MEASUREMENT OF IONOSPHERIC ABSORPTION 
USING EXTRATERRESTRIAL RADIO W AVES 

Basic Principles 

The principle behind the use of extraterrestrial radio 
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waves for the study of ionospheric absorption is essen-
tially very simple. The radio noise power incident at a 
point outside the earth's atmosphere from a given direc-
tion in space is believed to be constant with respect to 
time. (See below for certain exceptions to this state-
ment.) The radio noise power received on a fixed receiv-
ing system at the earth's surface should be, therefore, a 
function only of sidereal time, since each day the an-
tenna beam will explore the same strip of sky as the 
earth rotates. The transparency of the earth's atmos-
phere at a particular instant of time, therefore, is given 
by the ratio of the signal strength actually received to 
that received at the same sidereal time under conditions 
of negligible ionospheric absorption. The actual details 
of the technique are discussed below. 
When dealing with the reception of random noise 

signals from diffuse sources, it is often convenient to 
make use of the concept of equivalent antenna tempera-
ture. It can be shown that a power P.= TkB could be 
extracted from a matched antenna installed in an en-
closure at temperature T°K, where k is Boltzmann's con-
stant and B is the observing bandwidth. Using this 
fact, it is possible to relate any noise power P., received 
over a given bandwidth B, to its equivalent radio noise 
temperature T. given by 

Fn = TekB. 

Consider, therefore, the case of a receiving system 
whose antenna beam is directed at a region of the sky 
whose effective radio temperature in the absence of 
any ionospheric absorption is T1. Under these circum-
stances the antenna signal power would be given by 
P1= TikB. If now, some absorbing medium (such as 
the ionosphere) with a uniform power transmission co-
efficient al and temperature T2 is inserted over the full 
width of the antenna beam, the received signal power 
from the sky would be reduced to a2T4kB. However, 
the absorbing medium would, itself, radiate radio noise 
in proportion to its temperature and effectiveness as 
an absorber. The antenna would therefore receive an 
additional signal, P2= (1 —a2)T2kB, from the iono-
sphere. 

In the case where the antenna signal is transferred 
to the receiver via a matched transmission line whose 
power transmission coefficient is a3, the transmission 
line will itself act as both an attenuator and a generator 
of radio noise. The noise power reaching the receiver 
will be given by 

P = kB[a3a2Ti+ a3(1 — az) Ts (1 — a3) T3] 

where Ts is the temperature of the transmission line. It 
is assumed that the antenna and the receiver are both 
matched to the transmission line and that the power 
transfer from the antenna to the receiver is complete 
apart from the effect of absorption of energy within the 
transmission line. 

This received noise power will add to the noise power 
generated within the receiver itself, which is given by 
the expression 

P4 = (F — 1)TAkB, 

where TA is room temperature, normally taken as 
293° K, and F is the noise figure of the receiver. 

If the above system is now used to observe extra-
terrestrial radio noise, the power output of the receiver 
may be written as 

Po = G(131+ P2+ P3+ P4+ 1), (4) 

where 

Po = output noise power from the receiver, 
Pi = noise power trom sky =a2a3T4kB, 
P2= noise power from ionosphere =a3(1—a2)T2kB, 
P3= noise power from antenna transmission line 

= (1 —ce3)T2kB, 
P4= noise power from receiver = (F-1)TAkB, 
I-- power from interfering signals, 
G= receiver power gain. 

The Simple Ionospheric-Absorption Measuring Equip-
ment 

The simplest equipment capable of ionospheric-ab-
sorption measurements by the "cosmic-noise" method 
consists of a receiver connected to an antenna by means 
of a transmission line, and a monitoring system (usually 
a pen recorder) to measure the receiver output noise 
power. 
The absorption measurements made with a simple 

receiving system such as that described above are based 
on the comparison of the observed values of Po with 
those obtained at the same sidereal time under condi-
tions of negligible absorption. After correction, wherever 
possible, for variations in the other parameters in (4), 
any residual discrepancy is attributed to variations in 
P1 which is equal to (a2a3TikB). Since k is a constant 
and under normal operating conditions a3, TT', and B are 
also constant, it is possible to attribute the residual 
discrepancy to a3, the transparency of the ionosphere 
at the frequency concerned. 

It is clear that the simple equipment described above 
is very susceptible to uncertainties due to variations in 
receiver gain G, and also to a lesser degree, to changes 
in P2, Ps, P4, and I. These factors are discussed in the 
succeeding paragraphs. 

Variations of Receiver Gain: Since the measurements 
of ionospheric absorption are based entirely upon the 
comparison of Po on different days, their accuracy will 
be critically affected by the stability of the receiver gain, 
G. For this reason, it is important to try to stabilize 
the gain in receivers of the type indicated above. At 
the Geophysical Institute, this has been done by using 
electronically stabilized ac and dc power supplies to the 
receiver and by temperature stabilization of the equip-
mental environments. 
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Even when all the above steps have been taken, it is 
important to check the stability of the receiver. This 
was done by periodically disconnecting the antenna from 
the receiver and feeding a standard, fixed quantity of 
noise power from a noise diode source into the receiver. 
It has been found desirable that these calibrations be 
done at several levels of noise diode power, since this 
enables the complete input-output calibration of the 
receiver to be checked, rather than just one point on the 
curve. As an example, one of the equipments at the 
Geophysical Institute makes use of a one-revolution per 
hour electric motor and a series of microswitches to 
calibrate the receiver automatically at three different 

levels of noise diode input power. As an additional check, 
the noise diode current is itself recorded continuously. 
A typical record from this equipment is shown in Fig. 

1(a), in which the calibrating levels are readily seen. 

(a) 
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Fig. 1—Ionospheric absorption of 30-mc cosmic noise, (a) recorded 
by a total power system and (b) recorded by a servo-controlled 
self-balancing system. In both cases the signal level expected 
under ionospherically quiet conditions is shown by the dashed 
line. 

Variations of Extraterrestrial Radio Noise Power: In 
the above discussion, it has been assumed that the 
strength of the extraterrestrial signal reaching the 
earth's upper atmosphere from a particular direction in 
space is constant and, therefore, that any variation in 
the signal received at ground level can be attributed to 
ionospheric effects. 
The sun, however, provides an important exception to 

this statement. At wavelengths of the order of 10 meters 
the signal power from the sun, when undisturbed, is 
less than one per cent of the signal power from the dif-
fuse background of radio noise observed on a wide beam 
antenna and, therefore, can normally be neglected. When 
active sunspot groups are present, and also occasionally 
at other times, the sun's radio output at these frequen-
cies may increase enormously and render this absorp-
tion measuring technique useless during the daytime 

for the duration of the activity. This must be regarded 
as a serious fault of the technique since it is often at 
these times that one desires information on the iono-
spheric absorption. The effect can often be limited 
to the major phases of the activity by utilizing a polar 
diagram that discriminates against the sun, e.g., an 
antenna beamed toward the Pole Star. 

Four other minor sources of variation in P1 may be 
mentioned. Three of these are due to true variations in 
the signal power from discrete sources, namely, the 

planets Jupiter and Venus and a source recently dis-
covered by the Australian workers. In these cases, the 
ratio of source signal power to diffuse background signal 
power is so low as to render their effects negligible on a 
wide-beam antenna. The fourth source of variations in P1 
is the scintillation of the discrete sources due to diffrac-
tion effects in the ionosphere. These scintillations take 
the form of variations (of period about 30 seconds) in 
the intensity of the localized sources, but average out 

for the diffuse background radiation. When one of the 
more intense sources, such as Cygnus A or Cassiopeia A, 
is in the antenna beam, these scintillations may result in 
fluctuations of the order of two or three per cent of the 
input power on a wide-beam antenna. However, their 
effect is rarely serious since the power received from a 
source, averaged over several fluctuations, is unaffected 
by the presence of scintillations. 
The above discussion relates to the variations in the 

extraterrestrial signal power reaching the antenna. The 
proportion actually received by the receiver is deter-
mined by the power transfer efficiency factor as of the 
transmission line and by the accuracy of the impedance 
matching at each end of the line. In order to mini-
mize the effect of the receiver noise, it is important that 

the efficiency of power transfer should be as high as 
possible. For accurate absorption measurements, it is 
also important that this efficiency should remain con-
stant with time. It was found desirable to bury the main 

length of rf cable from the antenna to the receiver in the 
ground and to shield the remainder from direct sun-
light. This precaution served to minimize the tempera-
ture variations in the cable and any resultant variations 
in attenuation or impedance matching. 

Radio Noise from the Ionosphere: The intensity of the 
radio noise originating in the ionosphere will normally 

be very small compared with that of extraterrestrial 
origin for frequencies significantly above the vertical 
incidence ionospheric penetration frequency. For exam-
ple, at 30 mc the equivalent antenna temperatures are 
about 20,000° K while electron temperatures in the ab-
sorbing region are not likely to be in excess of a few 
hundreds of degrees Kelvin. Moreover, to determine 
the magnitude of the ionospheric contribution to the 
antenna noise power, it is necessary to multiply the 
ionospheric temperature by the ionospheric absorption 
coefficient (1 —a2) which is usually less than 10 per cent 
at 30 mc. Under extreme conditions and at low fre-

quencies, where the absorption of the extraterrestrial 
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signal is much greater, uncertainty in the value of T2 
could limit the accuracy of the measurement of the 
absorption. 

Radio Noise from the Transmission Line: It is possible 
to correct for the radio noise from the transmission line 
since the temperature of the cable and the attenuation 
within it can be determined with fair accuracy. In 
general, however, and particularly in the case of the 
low-loss cables actually used, no correction is required. 

Radio Noise Generated within the Receiver: By careful 
design, it is possible to reduce the equivalent input 
noise power from a matched radio frequency amplifier 
to, say, three times that generated in the matched input 
resistor, assuming this to be at room temperature. In 
this case, the noise power generated within the receiver 
itself is 2 TkB since TkB is the noise power supplied by 
the input resistor at temperature T. The equivalent 
noise temperature of the receiver input due to receiver 
noise alone would therefore be about 600° K, i.e., con-
siderably less than the equivalent antenna temperature. 

For accurate work, it is clearly important to know 
what proportion of the output noise power is generated 
within the receiver since this determines the base level 
from which all other signals must be measured. Its value 
can be obtained by means of a noise diode calibration of 
the receiver input-output characteristic and of the noise 
factor. Periodic checks of the receiver noise figure are 
necessary since it is likely to change as the input tubes 
age. 

Interference: The signal powers used in these absorp-
tion measurements are weak, and the equipments are 
very susceptible to interfering signals, whether man-
made or of natural origin. It is therefore important to use 
a site where man-made interference due to power lines, 
electrical machinery, automobiles, etc., is at a minimum 
and to try to use frequencies that are not affected by 
transmitted signals. The latter problem is particularly 
severe since there is no assurance that an interference-
free channel will remain clear indefinitely. For this rea-
son, it was found necessary to use a sweep frequency 
receiver and filtering circuits to record the minimum 
signal intensity received during the frequency sweep. 
The width of the frequency sweep was made about 20 
times the IF bandwidth, to insure high probability of at 
least one clear channel per sweep. 

In addition to the above experimental uncertainties, 
there remains a fundamental practical limitation to the 
accuracy with which the noise power can be measured. 
As has been shown by Machin, Ryle, and Vonberg,2 
there is a statistical fluctuation in the output level, 
whose rms value is given by 

APo 
Po 

(Br) 1 f 2 

2 K. E. Machin, M. Ryle, and D. D. Vonberg, "The design of 
an equipment for measuring small radio-frequency noise powers," 
Proc. IEE, vol. 99, pts. III—IV, pp. 127-134; May, 1952. 

where B is the input bandwidth as far as the second 
detector and r is the output time constant. Typical 
values of B and r for absorption measuring equipments 
are 1.0i cps and one second, respectively. Hence, APo 
is of the order of one per cent of the output power 
(0.05 db). Greater accuracy can be obtained only 
by using wider input bandwidths and longer output 
time constants, or by integrating over several output 
fluctuations. In practice, the input bandwidth can be 
increased only at the risk of increasing the amount of 
interference from man-made transmitters. The time 
constant is usually kept fairly short in order to be able 
to follow rapid changes in signal and to have a fast re-
covery time after a burst of interference. 

The Continually Self-Calibrating System 

The above discussion has been limited to the simplest 
form of absorption measuring equipment in which the 
gain of the receiver is implicitly assumed to remain con-
stant for the period (usually many minutes) between 
automatic gain calibrations. However, a very elegant 
radiometer developed by Ryle and his colleagues2 for 
use in radio astronomical work may be used with ad-
vantage in the study of ionospheric absorption. 
The basic principles of the equipment are as follows: 

the receiver input connection is switched at a rapid rate 
(many cycles/second) between the antenna and a noise 
diode; if any inequality exists between the noise power 
fed into the receiver from these two sources, a square 
wave component at the switch frequency will appear at 
the output of the receiver. This signal is amplified in an 
amplifier tuned to the switch frequency and fed into a 
phase-sensitive detector; this stage produces a dc signal 
whose amplitude is proportional to the inequality of the 
two noise signals, and whose polarity is dependent upon 
which of the two signals is the greater. This dc signal 
is then used to adjust the filament temperature, and 
hence the noise power, of the noise diode in such a way 
as to make the two input signals equal in strength. As 
the antenna signal varies in strength, the power from 
the noise diode is therefore automatically adjusted to 
bring it into equality. To measure the antenna noise 
power it is therefore necessary only to record the current 
through the noise diode since this current is accurately 
proportional to the noise power generated by the tem-
perature-limited noise diode. 

In such an equipment the receiver is used as a null 
detector, and the accuracy of the reading is therefore 
not affected by relatively large variations of receiver 
gain. Since the equipment operates under balanced 
conditions, (4) is replaced by 

Pnd = P1+ P2 + P3 + ,CIP4 ± I, (5) 

where P„d is the noise power from the noise diode (pro-
portional to the current flowing through it), P1, P2, Pa, 
and I have the same meaning as in (4), and AP4 is the 
difference between the equivalent noise input power of 
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the receiver when connected to impedances equal to the 
antenna impedance and noise diode impedance, re-
spectively. The accuracy of the readings is no longer 
dependent upon variations in receiver gain; also, AP4, 
the change in receiver noise power as the receiver 
switches from antenna to noise diode, is normally 
very much smaller than P4, and the equipment is there-
fore relatively insensitive to changes in receiver noise 
figure. A third important advantage is that the recording 
system is now linear with input power. To compare two 
signal powers, it is necessary only to divide the corre-
sponding currents through the servo controlled noise 
diode. This is far easier than the procedure for the simple 
equipment, for which it is necessary first to correct the 
observed receiver output readings for possible gain 
variations and then to use a receiver input-output cali-
bration to determine the actual received powers. 

This servo system, which can result in increased 
accuracy and in simplification of the data scaling, re-
quires careful design if these advantages are to be fully 
realized. The problem of receiver stability is now re-
placed by that of accurate, stable switching between 
the two noise sources. In practice, this was done by diode 
switches at the end of quarter-wavelength transmission 
lines. Considerable attention was paid to impedance 
matching, since the AP4 of (5) would be zero only if the 
noise diode and the antenna present equal impedances 
to the receiver input when connected via the switch. 
Care was also taken to insure that the noise diode was 
operated with a sufficiently high plate voltage since it is 
only under temperature-limited conditions that the 
noise power would be accurately proportional to the 
current flowing through the diode. The equipment also 
required that the precautions already outlined in the 
discussion of the simple equipment be taken to ensure 
that the antenna and the transmission line were func-
tioning satisfactorily. 

Using a self-balancing radiometer of this type with a 
carefully designed antenna and transmission line sys-
tem, it has been found that relative signal powers can 
be measured with a long-term accuracy of better than 
0.2 db, with a short-term accuracy probably limited by 
temperature effects in the receiving system. A record 
from such an equipment is reproduced in Fig. 1(b). 

Advantages of the Cosmic-Noise Method of Measuring 
Ionospheric Absorption 

Until quite recently, the normal method of investi-
gating ionospheric absorption was to measure the 
strength of manmade signals reflected by the iono-
sphere. Such a method, in essence, measures the total 
attenuation undergone by the radio signals and includes 
contributions due to partial reflections, polarization 
phenomena, ionospheric scattering, and deviative ab-
sorption. 
The use of extraterrestrial radio waves to investigate 

the transparency of the ionosphere has several impor-
tant advantages, especially at high latitudes. These ad-

vantages include the relative simplicity of the equip-
ment since no transmitter is required, and the fact that 
the whole ionosphere is traversed instead of only that 
region below the point of reflection. Also, since fre-
quencies well above the vertical incidence penetration 
frequency are used, the absorption to be measured is 
very much reduced, and data can be obtained during 
polar blackouts. (Such conditions, often experienced at 
high latitudes, occur when the absorption is so large 
at frequencies below the critical frequency that any 
reflected signals are undetectable.) The use of fre-
quencies well above the gyromagnetic and critical fre-
quencies has the further advantage that uncertainties 
arising from polarization effects and deviative absorp-
tion are much reduced. Also, owing to the omnidirec-
tional nature of the transmissions, the absorption can 
more readily be measured as a function of azimuth and 
elevation. 

THE GEOGRAPHICAL EXTENT OF THE ABSORBING 
"CLOUDS" 

Three different short-term experiments have been 
conducted to determine the geographic extent and posi-
tion of the regions of anomalous high-latitude absorp-
tion. These experiments are now discussed. 

Rotating Antenna Experiment 

In the first experiment, a horizontally directed 3-
element Vagi antenna was rotated about a vertical axis 
at one revolution per 4 minutes. The antenna was hori-
zontally polarized and was mounted one wavelength 
above the ground. On the assumption of perfect reflec-
tion by the ground, the main lobe of the antenna would 
be at an elevation of about 14°, with 3-db points at 
about 7° and 22° elevation. As the antenna rotated, the 
absorption layer (assuming a height of 85 km) would be 
crossed at a range of about 280 km from College, Alaska. 
Since the equipment integrates the extraterrestrial sig-
nal over the whole antenna beam, the rotating-antenna 
equipment actually explored the absorption conditions 
in a broad ring defined by radii of approximately 200 
km and 500 km centered on College. 
Owing to the nonuniform distribution of extrater-

restrial signal power across the sky, the receiver output 
was not constant as the antenna rotated, the actual 
form of the variation being a function of sidereal time. 
Quiet day curves for four azimuths, geographical NW, 
NE, SE, and SW, were prepared as a function of sidereal 
time and the data were scaled against these four curves. 
An example of the manner in which the absorption 
varied as a function of time for these four azimuths dur-
ing a single absorption event is shown in Fig. 2 in which 
the ordinates are antenna signal power. The maximum 
absorptions recorded during this event in these four 
directions are also shown and compared with the maxi-
mum zenithal absorption recorded simultaneously on 
another equipment. 
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Fig. 2—Absorption of cosmic noise recorded as a function of direc-

tion. The circular insert shows the maximum absorption observed 
during the event for each quadrant and for the zenith. 

Twenty-two major absorption events observed dur-
ing the March, 1955 equinox have been analyzed in 
this way, and the ratio of the absorption in decibels 
to that observed in the NE direction determined. The 
median values of the ratios are shown in Fig. 3, from 
which it will be seen that the absorption was typically 
strongest in the northern quadrants. It is of interest that 
the NE direction typically showed the greatest absorp-
tion and the SW direction the least. It is tempting to 
suggest, since magnetic north is 30° east of true north 
at College, that this effect is due to the absorption 
varying with magnetic rather than geographic latitude 
(see Fig. 4). Although on some occasions the absorption 
in decibels was constant (to within 20 per cent) in the 
four main directions, on many occasions this was not 
true and ratios of at least 5 :I were observed, indicating 
a five-fold variation of the integrated product of electron 
density and collision frequency f Arvds along the differ-
ent lines of sight. 
A similar series of observations during the September, 

1955 equinox gave similar results in that the absorption 
was usually greatest in the northern quadrants, though 
this effect was considerably less marked than during 
the spring equinox. The evidence suggests that the zone 
of maximum absorption had moved further south, pos-
sibly associated with the increase in sunspot number dur-
ing that period. 
The results of this experiment therefore suggest that 

the anomalous high-latitude absorption primarily oc-
curs north of College and that marked azimuthal van-

March 1955 

Fig. 3—Median values of the ratio of absorption to that in the NE 
direction for the zenith, and NW, SE, and SW directions, based 
on twenty-two events in March, 1955. 

Fig. 4—Map showing the position of Barrow and College, Alaska, 
relative to the zone of maximum occurrence of visual aurora. 

ations in absorption are frequently observed as observa-
tions are taken around a ring of some 300-400-km 
radius centered on College. 

Two-Antenna Experiment 

Since the absorption measuring equipment accepts 
extraterrestrial radio waves over a wide cone of angles, 
the actual absorption measured is a mean value, aver-
aged over the polar diagram. More exactly, if the dis-
tribution of extraterrestrial radio waves in power across 

the sky is given by P(0, (b) and F(O, cte) is the power polar 
diagram of the receiving antenna, then the fractional 
absorption recorded is given by 

f 2r 

P(O, (b) • F (0, 0) • A (0, 0) • dO • d cfr 
c 0 

r r/2 r 2r 
JO JO P(0, cp) • F (0, t75) • dO dcp 

where A (O, cf") describes the variation of the trans-
parency of the ionosphere across the sky. At temperate 
latitudes, A (O, (¢) would be expected to be approximate-
ly uniform across the polar diagram, apart from the 
effect of changing obliquity. At high latitudes, however, 
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and particularly during auroral activity, marked ir-
regularities in ionospheric absorptibn might be expected 
since individual visual auroral forms frequently are con-
fined to a few kilometers or less in width. 

During the summer of 1956, a two-antenna experi-
ment was conducted at College with the object of deter-
mining if irregularities in the absorbing region, having 
lateral extent of the order 5-50 km, existed in the 
ionosphere. A broad- and a narrow-beam antenna, both 
directed at the zenith, were switched alternately into 
the input of the receiver, the complete switching cycle 
lasting three minutes. The pen recorder was operated 
at a chart speed of three inches per hour to permit 
separation of the noise recorded on each antenna. 
The narrow-beam antenna consisted of a vertically 

directed broadside array of eight full-wave dipoles (at 
an operating frequency of 30.5 mc) spaced wavelength 
apart. The entire array was suspended wavelength 
above a chicken-wire ground screen. Physical dimen-
sions of the ground screen were approximately 50 feet 
X150 feet. The broad beam antenna consisted of a 3-
element Yagi with the E vector in the geographic east-
west plane. 
The polar diagrams of each antenna were measured 

by making special flights with an airborne transmitter. 
The main lobe of the narrow-beam antenna was about 
15° wide between the half-power points in the H plane 
and about 60° wide to the half-power points in the E 
plane. The H plane was aligned along the magnetic 
meridian. The Yagi antenna had a beamwidth of ap-
proximately 60° in the east-west E plane and some-
what over 100° in the north-south H plane. The areas of 
ionosphere investigated in the D region by the two 
beams were therefore of the order 20 km X90 km for the 
narrow beam and 200 km X90 km for the broad beam. 
The traces were scaled relative to quiet day curves 

which were determined separately for each antenna 
using data for a few quiet days in August, 1956. On 
days during which precipitation occurred, unusual "ab-
sorption" events were found which affected only the 
records from the narrow-beam antenna. These events 
were shown to be due to the presence of moisture on 
the open wire transmission lines of this antenna. For 
this reason, data from days during which precipitation 
occurred were discarded from this study. 

Six selected days were scaled by noting the value of 
absorption occurring on the hour for each of the 24 hours 
of the day (hereafter such values are called hourly 
values). The data were later reduced to 72 hourly values, 
owing to a persistent residual "absorption" which af-
fected only the narrow-beam antenna throughout two 
of the days. The remaining 72 hourly values taken from 
data in the period 20-31 August are shown on the scat-
ter diagram, Fig. 5. In general, the values do not depart 
far from the line of equal absorption on both antennas. 
The peak absorption was also scaled for major singu-

lar events occurring during the interval 00-05 hours 
150° NV time. In this usage a "singular" event is defined 

Broad Beam —Db. 

Fig. 5—Hourly values of absorption observed simultaneously on 
broad- and narrow-beam antennas at College. The straight line is 
that of equal absorption on the two antennas. 
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Fig. 6—Peak absorption during singular events observed simulta-
neously on broad- and narrow-beam antennas at College. The 
straight line is that of equal absorption on the two antennas. 

as any occasion during which the absorption increased 
markedly from the predisturbance value and then de-
creased again to approximately the original level with-
in 15 minutes or less. Such events are connected with 
the presence of visual aurora during the early morning 
hours. Thirty-nine singular events occurring during 
the period September 1-7, 1956, were scaled, and the 
results are shown in the scatter diagram of Fig. 6. 
The two-antenna experiment indicates that the ab-

sorption is approximately equal on the two antennas. 
This fact is seen both from the equal-interval sampling, 
obtained by taking hourly values of the absorption, and 
even more strikingly from the analysis of the 39 singu-
lar events shown in Fig. 6. There is a trend for the broad 
beam antenna to show slightly more absorption than 
does the narrow-beam antenna. Such an effect can 
readily be explained as due to the increased effective 
thickness of the absorbing layer at oblique incidence. 
The equality of the absorption on the two antennas 

shows that the ionospheric absorbing regions must nor-
mally have filled the broad-beam antenna and, therefore, 
must have had dimensions greater than 200 km in lati-
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tude and 90 km in longitude. The absence of cases in 
which the absorption was markedly stronger on the nar-
row beam than on the broad beam indicates that iso-
lated regions of absorption having dimensions of the 
order 5-50 km did not occur overhead during the period 
of observation. 
Even though the absorption on the narrow beam dur-

ing singular events is equal to or slightly less than that 
on the broad beam, the changes of absorption from pre-
disturbance levels were on several occasions larger on 
the narrow beam antenna than on the broad beam an-
tenna. Four examples of the change from predisturb-
ance level to the peak absorption in singular events are 
shown in Table I. 

TABLE I 

Broad beam absorption (db) Narrow beam absorption (db) 

Predis-
turbance 
value 

Peak 
value 

1) 1.1 
2) 0.8 
3) 1.0 
4) 1.5 

1.8 
3.3 
3.3 
2.2 

Change in 
absorp-
tion 

0.7 
2.5 
2.3 
0.7 

Predis-
turbance 
value 

Peak 
value 

Change in 
absorp-
tion 

0.3 
0.2 
0.1 
0.5 

1.6 
3.5 
3.3 
1.5 

1.3 
3.3 
3.2 
1.0 

The most plausible explanation for these particular 
cases is that, originally, the absorption was not dis-
tributed uniformly across the sky, but was strongest 
over some region outside the narrow beam. This is 
indicated by the fact that the predisturbance values 
were originally greater on the broad-beam antenna than 
on the narrow beam antenna. Later, the absorption ex-
panded into the zenithal region, thereby causing a rela-
tively large increase in the absorption registered on the 
narrow beam. Such motions of regions of absorption 
have been observed while using a rotating antenna and 
are consistent with the greatly variable position and 
intensity of auroral luminosity. 

Barrow-College Experiment 

It has been realized for some time that one of the 
most important problems of high-latitude radio wave 
absorption is to determine its geographical distribution. 

This problem has already received some attention, 
notably through the investigations of Cox and Davies3 
and Agy.4 The results of Cox and Davies were, in part, 
based on the study of blackout time recorded by iono-
sondes at vertical incidence that were distributed in 
latitude across the auroral zone roughly along the 90° W 
meridian. Agy studied the outage time for various 
oblique incidence transmission paths across the auroral 
zone along the same meridian. Agy indicates, in part, 
that the absorption is low north of the auroral zone, that 

3 J. W. Cox and K. Davies, "Statistical studies of polar radio 
blackouts," Can. J. Phys., vol. 32, pp. 743-756; December, 1954. 

4 V. Agy, "The location of the auroral absorption zone," J. 
Geophys. Res., vol. 59, pp. 267-272; June, 1954. 

the zone of absorption is centered near the center of the 
zone of maximum visual aurora, and that the zone may 
be less than 6° wide. Cox and Davies indicate that short 
duration blackouts seem to be localized in space. 
At College the two-antenna and the rotating antenna 

experiments, described above, had indicated that the 
absorption was often nonuniform across the sky with a 
tendency for the absorption to be greater to the north 
of the station. These observations indicated a need for 
performing an experiment by use of the cosmic radio 
noise technique in which absorption would be simul-
taneously observed from two widely separated sta-
tions. Such an experiment was therefore conducted 
during the spring equinox of 1957. Barrow, Alaska, was 
selected for the second site because it is north of the 
auroral zone, while College, Alaska, is on the south side. 
Fig. 4 shows the location of Barrow and College relative 
to the auroral zone. 
Each station was provided with a vertically directed 

3-element Yagi antenna; these antennas were mounted 
in essentially identical fashions. The antennas were fed 
with 52-ohm coaxial line matched to the driven element 
through a balun and "T" match section. Earlier meas-
urements of the polar diagram of a vertical 3-element 
Yagi had indicated a pattern of approximately 60° 
width between the half-power points in the E plane and 
somewhat over 100° in the H plane. Assuming a layer 
height of 85 km, these half-power beam dimensions cor-
respond to viewing an elliptical section of the sky of 
some 100 km X200 km, centered above the observing 
site. Because of the 800-km separation of the sites, there 
is no overlap between the ionospheric areas monitored 
by the two stations. 
A quiet day curve was constructed for each station on 

the basis of an ionospherically undisturbed period which 
occurred during mid-March. Absorption was then meas-
ured by taking the ratio between the cosmic noise re-
ceived and that which would have been received on a 
quiet day at the same sidereal time. The absorption at 
each station was scaled on the hour for each of the 24 
hours of the day; the peak absorption occurring during 
each hourly interval was also noted. The accuracy of 
the data is believed to be within + 0.2 db, and is limited 
primarily by uncertainties in the quiet day curves. 

Fig. 7 shows a scatter diagram of the hourly values of 
absorption at College and at Barrow. The diagram in-
cludes the 391 points constituting the available data 
for March, 1957. The linear correlation coefficient be-
tween absorption values at the two stations is 0.60. The 
"least squares" line of this set of data has a slope 0.38. 
In other words, the absorption at College was on the 
average some 2.6 times stronger than at Barrow. 
Two specific periods were considered to determine if 

this degree of correlation is uniform throughout the 
day; the resulting scatter diagrams are shown in Fig. 8 
and Fig. 9. The period 10-16 hours (Fig. 8) 150° W time 
was selected as representing the time during which 
daytime absorption was most likely to occur, whereas 
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Fig. 7—Scatter diagram of hourly values of zenithal absorption of 30-mc cosmic noise at Barrow and College, Alaska, during March, 1957. 
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Fig. 8—Scatter diagram of hourly absorption values for the 
period 10h-16h 150° W, March, 1957. 

the period of 00-06 hours 150° W time (Fig. 9) was 
selected as representing the time of night during which 
aurorally associated absorption was most probable. The 
correlation coefficient for the former period is 0.57 and 
for the latter period 0.43. It is noted that larger hourly 
values of absorption came during the daytime. This re-
sult is discussed in more detail below. 
The diurnal variations of absorption at the two sta-

tions are illustrated in Fig. 10 and Fig. 11 (opposite). Fig. 
10 shows the average hourly value of absorption for each 
hour of the day during March. In general, the two curves 
are similar; both show a relatively slow and smooth 
build-up of absorption after midnight, an early after-
noon peak, and a very rapid fall-off of absorption in the 
early evening hours. At both stations, the most quiet 
part of the day is during the period 18-23 hours. It is 

. s 

0: ‘t 

o 3 

Fig. 9—Scatter diagram of hourly absorption values for the 
period 00h-06h 150° W, March, 1957. 

interesting to note that even on a very disturbed day the 
absorption generally recovers to the order of 0.5 db or 
less at 30 mc during this period. Under closer scrutiny 
there are some differences between the two curves which 
require explanation. For example, there is a strong peak 
at around 16 hours at College, and likewise a smaller 
peak centered at about 0.8 hours. The 16-hour peak is 
barely present at Barrow, while there is little or no evi-
dence of the 08-hour peak on the Barrow data. 
The differences between the two stations are further 

emphasized when the peak absorption during each 
hourly interval is considered rather than the values on 
the hour. Fig. 11 shows the average of the peak absorp-
tion during each hourly interval for both stations for the 
same period as covered in Fig. 10. The 08-hour peak is 
now emphasized at College but again is barely, if at all, 
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Fig. 10—Average diurnal variation of the hourly absorption 
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Fig. 11—Average diurnal variation of the peak absorption during 
each hourly interval for March, 1957, Barrow and College, Alaska. 

present at Barrow. Again, the 16-hour peak is very 
strong at College, though still only weakly present at 
Barrow. 

Because of the relatively large amount of data avail-
able for correlation between the absorption at College 
and Barrow, the correlation coefficient of 0.6 has high 
probability of statistical significance. From this high 
correlation coefficient it can be concluded that during 
periods of "storminess," the affected area is often at 
least as large as 800 km. On the other hand, smaller 
scale irregularities of absorption do exist as indicated 
by the rotating antenna and the two-antenna experi-
ments; it is these irregularities which limit the degree of 
correlation between the two stations. Although the dif-
ference is not large between the correlation coefficients 
for the periods 00-06 hours (p = 0.43) and 10-16 hours 
(p = 0.57), it is probably significant. 

Nighttime absorption at high latitudes is directly 
related to the presence of auroral activity and, more 
specifically, to the type of aurora present. Some of the 
strongest auroral-associated absorption corresponds to 
the period of breakup; that is, the transition from non-
active homogeneous and rayed auroral forms to the 

A
B
S
O
R
P
T
I
O
N
 
-
 C
e.
 

2 - 

o 

2 - 

3 - 

COLLEGE 

Fig. 12-30-me zenithal absorption, College and Barrow, 
Alaska, on the night of March 5-6, 1957. 

violently active rayed forms. It is, of course, well known 
that such breakups may be very restricted in geographi-
cal extent at any given time. Thus, one could expect, 
and indeed does find, numerous strong nighttime events 
present at one of the stations and not at the other (Fig. 
12). The greater correlation between the two stations 
during the day, if significant, indicates that the corpus-
cular bombardment is more widely spread during the 
day than at night. 

Another difference between the two periods of the 
day is evident from examination of the slope of the 
"least squares" lines of fit. This slope is 0.20 for the 
period 00-06 hours and 0.41 for the period 10-16 hours. 
Here again the conclusion is that the absorption is 
more nearly equal at the two stations during the day 
than at night, although the daytime ratio between Col-
lege and Barrow absorption in decibels is still greater 
than 2:1. 
The physical significance of the large ratio between 

the absorption measured at the two stations can be 
seen by considering the fundamental absorption equa-
tion. Assuming reasonable collisional frequencies and 
critical frequencies in the absorbing layer, the absorp-
tion in decibels is proportional to the integral fiNids 
where N is the electron density and the collision fre-
quency is p. The total absorption is dependent on the 
path s over which the product NJ, is still appreciable. 
Thus, the absorption can be increased by increasing 
the number of electrons at a given height, by decreasing 
the height at which the electrons are formed, or by a 
combination of the two effects (the collision frequency 
p is dependent on the atmospheric density and hence 
height of the layer). 

During particle bombardment, fluctuations in elec-
tron density are believed to be the primary factor in-
volved in changes of absorption. From this assumption 
it appears that during March, 1957, College was closer 
to the auroral zone (or the zone of maximum bombard-
ment) than Barrow. If the effect is entirely one of 
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differences in electron density, the average D-region 
electron density during disturbances must have been 
greater by a factor of two at College than at Barrow. 
The inference is that the auroral zone is quite sharply 
limited on its north side, because visual observations 
indicated that the auroral zone was north of College 
during this period. 
The other possibility is that the height of the absorb-

ing layer differs sufficiently between the two stations to 
account for the greater absorption at College. A fairly 
sharp focusing of the primary particles of higher energy, 
leading to a greater depth of penetration, might cause 
such a difference. These differences could also occur if 
ionization due to secondary effects, such as X rays, is 
likewise concentrated in a fairly narrow zone. X rays 
can ionize the atmosphere at lower heights than would 
be expected from the normal energy spectrum of the 
primary particles (Chapman and Little5). However, in 
view of the lack of detailed information on the height 
of the absorbing region, variations of the electron den-
sity are here assumed to account for the differences of 
the average absorption between the two stations. 
The differences between the diurnal curves of the 

two stations (Figs. 10 and 11) seem to be real. The most 
plausible explanation of the presence of the 08-hour 
peak at College is the occurrence of pulsating aurora 
at College at this time of the day. Earlier studies by 
Heppner, Byrne, and Belon' have shown that the great-
est percentage of blackout time observed by the College 
ionosonde corresponded to periods of pulsating aurora. 
During the period studied by those authors, there was 
more than 70 per cent blackout time during pulsating 
aurora, with all other auroral forms averaging 30 per 
cent or less. A small number of visual and photometric 
observations of aurora made at College during the win-
ter of 1956-57, have also shown that pulsating aurora 
was present in the early morning hours (05-08) coinci-
dent with marked absorption at 30 mc. 
The absence of the early morning absorption peak at 

Barrow can be explained by the hypothesis that pulsat-
ing aurora is not present at that station. Heppner,7 
studying extensive visual observations obtained at Col-
lege in the period 1950-1952, found that the frequency 
of occurrence of pulsating aurora was quite low north of 
geomagnetic latitude 66° and that the zone of maximum 
occurrence of the pulsating aurora was at about 64°, 
well south of the zone of maximum occurrence of other 
types of aurora. Visual observations at Barrow by 
Franzke of the Geophysical Institute staff indicate that 
pulsating aurora rarely occurred there during the winter 

6 S. Chapman and C. G. Little, "The nondeviative absorption 
of high-frequency radio waves in auroral latitudes," J. Atmos. Terr. 
Phys., vol. 10, pp. 20-31; January, 1957. 

6 J. P. Heppner, E. C. Byrne, and A. E. Belon, "The association 
of absorption and Es ionization with aurora at high latitudes." J. 
Geophys. Res., vol. 57, pp. 121-134; March, 1952. 

7 J. P. Heppner, "A Study of Relationships between the Aurora 
Borealis and the Geomagnetic Disturbances Caused by Electric Cur-
rents in the Ionosphere," Calif. Inst. of Tech., Pasadena, Calif. 
Ph.D. dissertation; 1954. 

of 1956-1957. It should be added that no such marked 
difference between the two stations is evident for other 
auroral forms. 
At present there is no similar definite evidence by 

which one can explain the peak of absorption at 16 
hours which was very noticeable at College and less so 
at Barrow. Tentatively, it is suggested that a secondary 
daytime maximum of particle bombardment occurred 
in the afternoon, the effect of which was enhanced by 
solar control of the absorbing region. However, further 
observations will be required in order to confirm this 
suggestion. 

THE HEIGHT OF THE ABSORBING REGION 

A basic weakness of the extraterrestrial radio wave 
technique of measuring ionospheric absorption is that 
it does not permit direct measurement of the height of 
the absorbing region above the earth's surface. However, 
by comparing the absorption data with the data from 
the C-3 ionospheric sounder (operated by the Geophysi-
cal Institute under contract with the National Bureau 
of Standards), it has been possible to show that the 
large majority of the absorption of the extraterrestrial 
radio waves during disturbed periods occurs below the 
E region. 
The C-3 ionospheric sounder consists of a pulsed 

radar system which sweeps in frequency from 1-25 mc 
in 15 seconds. The pulses are transmitted vertically 
and are received after reflection from the ionosphere 
at frequencies up to the vertical incidence penetration 
frequency. Among the parameters scaled each hour is 
the minimum frequencyfrnin at which echoes are actually 
observed. For a given equipment operating under con-
stant conditions, this minimum frequency is primarily 
determined by the nondeviative absorption which, as 
stated above, is proportional to 

1 

7,2 ± (2v + wL)2 
(6) 

Using this expression, it is possible to calculate the ratio 
between the nondeviative absorption at 30.5 mc and at 
some other frequency f. Fig. 13 shows the manner in 
which this ratio varies with frequency for ordinary waves 
at College, assuming that y =106 (corresponding to a 
height of approximately 85 km). It is also possible, by 
measuring or estimating the pertinent parameters of the 
C-3 system, to predict the number of decibels of absorp-
tion required at a given frequency to give a barely de-
tectable echo from the E or F region on the C-3 equip-
ment. Fig. 14 is the result of such calculations, in which 
the C-3 equipment was supposed to be operating with 
the following characteristics throughout the range 1-
8 mc: 

Transmitter peak pulse power =10 kw, 
Antenna area (transmitting) =1500 m2, 
Minimum detectable received signal = 2.5 X10— Is watts, 

=1500 m2. Antenna area (receiving) 
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Fig. 13—Ratio, A1 /A 00 of the absorption at any frequency f (less 
than 30 mc) to the absorption at 30 mc, as a function of frequency 
f. The curve is calculated for the ordinary wave assuming a con-
stant collision frequency v of 106 per second, and gyromagnetic 
frequency coz, of 107 radians per second. 
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Fig. 14—Sensitivity curve of the C-3 ionosonde in terms of attenu-
ation in db required to produce an observed minimum frequency 
of the E layer, frni.E. 

A total of 10 db was allowed for polarization and 
transmission line losses and for losses in the matching 
loads terminating the crossed delta transmitting and 
receiving antennas. 

Using the ratios given in Fig. 13 for the relative 
magnitude of the absorption at 30.5 mc and at a frequen-
cy f, it is possible to compute from Fig. 14 the absorp-
tion required at 30.5 mc to produce a given value of 
finin on the C-3 equipment. Curves expressing this func-
tion are reproduced in Fig. 15, in which simultaneously 
measured values of fmjnE and zenithal absorption of the 
30.5-mc extraterrestrial radio waves are also plotted. 
Similar data for the F region are given in Fig. 16. In 
each case, due allowance is made for the fact that the 
30.5-mc extraterrestrial signal traverses the whole iono-
sphere once, while the C-3 transmission has to travel 
twice through any absorbing region below the reflecting 
layer before being recorded on the ground. The two 
curves shown in Fig. 15 were computed assuming that 
either all or one half of the 30.5-mc absorption occurred 
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Fig. 15—Absorption at 30 mc using the cosmic noise technique 
plotted against fr.i.E for the C-3 ionosonde, College, Alaska. 
Curve 1 is a theoretical curve assuming that one half of the ab-
sorption of 30-mc cosmic noise occurs above the point of reflec-
tion, E„... Curve 2 assumes that all of the 30-mc cosmic noise 
absorption occurs below Er.. The dots are experimental points, 
with those at the mark B indicating values of 30-mc absorption 
occurring simultaneously with no signal return (blackout) on the 
C-3. 
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Fig. 16—Absorption at 30 mc using the cosmic noise technique, vs 
frni.F (F layer). The solid curve is the theoretically predicted 
curve, assuming all absorption occurs below the point of reflection 
from the F layer. The dots are experimental points. 

below the reflecting layer. It will be seen that the C-3 
data indicate that virtually all the absorption occurs 
below the E region and is therefore traversed twice by 
E- or F-region echoes. Since the E region at College is 
at a height of about 100 km, this means that the ab-
sorption must be occurring below that height. The shape 
of the experimental curves, relating the frnin and Ago, 
further suggests that the absorption must be occurring 
at heights above 60 km since below that height the 
term in the denominator of (6) would be the dominant 
one, and the 30-mc absorption would have been approxi-
mately constant with frequency for the lower finin 

values. 



346 PROCEEDINGS OF THE IRE January 

ALASKA STANDARD TIME 

2.5 

2.0 

cl 

1.0 
0 

(a) 

20 

ALASKA STANDARD TIME 

(b) 

Fig. 17—(a) Average diurnal variation of polar blackouts (no signal 
return from the C.3), College, Alaska for 1954, and (b) average 
diurnal variation of the mean magnetic K index, at College for 
1954. 

CORRELATION BETWEEN MAGNETIC ACTIVITY AND 
IONOSPHERIC ABSORPTION 

It has been known for many years that a good cor-
relation exists in polar regions between magnetic ac-
tivity, auroral activity, and ionospheric storms. It was 
therefore natural that a study be made of the correla-
tion between magnetic activity and ionospheric ab-
sorption at College. Several different correlation studies 
have been made and are presented below. 
The vertical incidence ionosonde data from College 

taken during 1954, was used to study the mean daily 
and seasonal variations of the incidence of absorption 
at College. The hourly scalings of the ionograms for 
the year were used to determine the percentage prob-
ability of occurrence of polar blackouts as a function of 
time of day and month. These hourly and monthly per-
centages are compared in Fig. 17 and Fig. 18 with the 
corresponding College K-index data. Two points are im-
mediately obvious: first, the seasonal variation curves of 
K index and percentage blackout are very similar and 
both show pronounced equinoctial maxima; second, 
the mean diurnal variations of K index and blackout 
probability, averaged over the year, are very different 
in that the blackouts are most prevalent during the day-
time, while the mean K index is at a maximum shortly 
after midnight. A further investigation, based on 50 
days of continuous data using the cosmic noise tech-
nique, was therefore made to try and resolve the ap-
parent discrepancy between the good positive seasonal 
correlation and the inverse diurnal correlation of ab-
sorption and magnetic activity. 
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Fig. 18—Seasonal variation of geomagnetic K index and the 
incidence of polar blackouts at College, Alaska during 1954. 

The magnetic three-hour K index was again selected 
as being a readily available and standard index of mag-
netic activity at College. The choice of a corresponding 
absorption index was dictated, in part, by the form of 
the available absorption data. These data have been 
tabulated by giving the maximum amount of absorp-
tion occurring in each half-hour interval during the 
day. Three different absorption indexes were established 
on the basis of these data, namely: 1) the average of the 
six half-hourly values of absorption obtained during 
each three-hour K-index period, 2) the peak absorption 
registered in the six half-hour intervals of each three-
hour period, and 3) the greatest change in absorption 
between the half-hour peak values in the three-hour 
period. A trial correlation was run between each of 
these indexes and the K index for a specific K-index 
period. The peak absorption index showed the best 
correlation for the period tested and this index was 
therefore adopted for the remainder of the study. 
Magnetic data for the Finnish station, Sodankylâ, 

which is at a similar latitude but about 12 hours away 
in solar time, were also available, and the absorption 
at College was correlated with the Sodankylâ K index as 
well as the College K index. Fifty-days data, from 
February 15 through April 5, 1955, were used for this 
study. Fig. 19 and Fig. 20 show the mean daily variation 
of the indexes for the fifty-day period for K(College) and 
Abs(College) and for K(Sodankylâ) and Abs(College), 
respectively. The linear correlation coefficients between 
K(College) and Abs(College) and K(Sodankylâ) and 
Abs(College) are also plotted in the respective figures. 
The following points are to be noted concerning these 
mean index curves. 

1) The mean daily K(College) curve shows a pro-
nounced maximum during the K periods 09-12 and 
12-15 U.T. (23-02 and 02-05 hours local time at Col-
lege). 

2) K(Sodankylâ) shows a diurnal peak in the interval 
18-21 and 21-24 hours U.T. (corresponding to 19-22 
and 22-01 hours local time at Sodankylâ). 

3) Except for a pronounced minimum during the 
period 06-09 U.T. (20-23 hours local time at College), 
the absorption index shows a much flatter diurnal curve 
than does either K(College) or K(Sodankyl§.). 
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Fig. 19—Diurnal variation of the absorption and K index at College. 
Curve 1 shows the diurnal variation of correlation between 
K(College) and absorption(College). Curves 2 and 3 show the 
mean diurnal variations of K(College) and absorption(College). 

4) The sharp minimum of absorption activity during 
the evening hours is substantiated by absorption data 
obtained later at both College and Barrow, Alaska. 
(See College-Barrow experiment above.) 

Linear correlation coefficients were calculated for 
Abs(College) vs K(College), Abs(College) vs K(Sodan-
kylâ), and K(College) vs K(Sodankylâ) for each of the 
eight three-hour K-index periods, using the data from 
50 successive days, February 15 through April 5, 1955, 
(Table II). The correlation between the two K indexes 
is statistically significant for all eight K-index periods. 
The high degree of correlation, averaging 0.75 for the 
eight groups, each of 50 observations, attests to the 
fact that magnetic storm activity tends to be widespread 
around the auroral zone. 

TABLE II 

CORRELATION COEFFICIENTS BETWEEN MAGNETIC ACTIVITY AND 
IONOSPHERIC ABSORPTION, BASED ON THE 50-DAY PERIOD OF 

FEBRUARY 15 THROUGH APRIL 5,1955 

K Index Correlation Coefficient 

Time Period K(College) Abs(College) Abs(College) 
vs vs vs 

UT 150° W K(Sodankylâ) K(College) K(Sodankylâ) 

00-03 14-17 0.72 0.47 0.68 
03-06 17-20 0.81 0.55 0.45 
06-09 20-23 0.59 0.47 0.39 
09-12 23-02 0.68 0.79 0.59 
12-15 02-05 0.78 0.85 0.70 
15-18 05-08 0.91 0.85 0.84 
18-21 08-11 0.81 0.78 0.78 
21-24 11-14 0.73 0.73 0.75 

Mean 0.75 0.69 0.65 

The correlation of absorption with both K(College) 
and K(Sodankylâ) is likewise significant for all K-index 
periods. The period of best correlation of K index and 
absorption is during the night hours at College(p =- 0.85). 
The lowest correlation comes during the early evening 
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Fig. 20—Diurnal variation of the absorption at College and K index 
at Sodankylâ. Curve 1 shows the diurnal variation of correlation 
between K(Sodankylft) and absorption(College). Curves 2 and 3 
show the mean diurnal variations of K(Sodankylâ) and ab-
sorption(College). 

hours at College, when absorption activity tends to be 
at its minimum. It is important to note that the average 
correlation between K(Sodankylâ) and Abs(College) is 
approximately equal to that between K(College) and 
Abs(College). The nighttime magnetic disturbances at 
Sodankylâ are associated with the corpuscular bom-
bardment of the upper atmosphere in the general region 
of Sodankylâ; the fact that they correlate well with day-
time absorption events at College and with relatively 
weak daytime magnetic effects at College suggests that 
a weak bombardment of the daytime side of the auroral 
zone occurs simultaneously with the major bombard-
ment of the nighttime side of the zone. 
The results of this more detailed correlation study 

show that the absorption activity is closely related to 
the simultaneous magnetic activity at all hours of the 
day. The different mean diurnal variations of the two 
phenomena must be due to some additional factor which 
causes the ratio of magnetic-to-absorption activity to 
vary between night and day. The corpuscular bombard-
ment of the upper atmosphere is apparently at a maxi-
mum during the midnight hours, as evidenced by the 
visual and radar investigations of aurora, as well as 
by the magnetic data. Some mechanism is, therefore, 
required to enhance the daytime absorption (or alterna-
tively, to suppress the nighttime absorption), relative 
to the corresponding magnetic activity. One plausible 
mechanism is the photodetachment during daylight 
hours of electrons attached to oxygen molecules located 
at heights of the order of 60-80 km. As discussed by 
Chapman and Little,5 electrons could be produced at 
such heights by the absorption of X rays generated as 
bremsstrahlung in the aurora. These electrons would 
have considerable effect upon the ionospheric absorption 
since they occur at a region where the collision fre-
quency ii is high. They would, however, have little 
effect upon the electrical currents flowing in the iono-
sphere since they occur in a region where the electrical 
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conductivity is low. During the night electrons created 
at such heights would speedily be lost by attachment, 
resulting in relatively little absorption during the dark 
hours. Some evidence in favor of the solar daylight 
control of ionospheric absorption is presented in Fig. 
21 which shows the variation of ionospheric absorption 
with time for the four days around the major solar out-
burst of February 23, 1956. The sunrise and sunset 
effect was particularly marked on February 24, and 
could still be detected on the two succeeding days. A 
detailed examination of the College ionosonde data dur-
ing 1954 and 1955, also shows evidence of a solar day-
light control of high latitude absorption associated with 
corpuscular bombardment, in that the narrow midday 
winter peaks of absorption broaden month by month 
as the daylight hours increase. 

RELATIONS BETWEEN VISUAL AURORA AND 
ABSORPTION 

Heppner, Byrne, and Belon have made an exhaustive 
study of the correlation of polar blackouts and visual 
aurora. As pointed out above, they found that pulsating 
aurora was accompanied by a blackout of a vertical 
ionosonde for more than 70 per cent of the cases stud-
ied. All other auroral forms were accompanied by 30 
per cent or less blackout time. 
The small amount of correlation work to date be-

tween visual aurora and absorption of cosmic noise re-
ceived on a broad beam antenna confirms the conclusions 
of the above cited authors. The observed relations be-
tween aurora and absorption at College can be sum-
marized as follows: 

1) The prebreakup auroral forms, such as glows, 
homogeneous arcs, and quiet rayed arcs and bands, are 
accompanied by little or no absorption at 30.5 mc. If 
absorption is present, it is usually relatively constant 
with time. 

2) The breakup phase of the aurora, characterized 
by violently active, moving rayed bands and draperies, 
may or may not be accompanied by moderate to strong 
absorption events. The absorption, when marked, sets 
in at the time of the breakup. 

3) Pulsating and flaming aurora which sometimes 
follow breakup are usually accompanied by strong and 
variable amounts of absorption. Auroral associated ab-
sorption of 30.5-mc cosmic noise often reaches values in 
excess of 4 db during these periods. 
A striking, but not unusual, example of the relation 

of aurora and absorption occurred on the night of 
August 31—September 1, 1956. On this night a spectacu-
lar auroral breakup occurred, marked by the formation 
of very active rayed bands with red lower borders. 
However, the accompanying absorption was less than 
1 db, even though the bright aurora covered most of 
the sky. Some fifteen minutes later the breakup sub-
sided, leaving fainter and more diffuse ray bundles and 
draperies. Shortly thereafter, the zenithal region of the 
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Fig. 21—Zenithal absorption of 30-mc cosmic noise recorded with a 
wide-beam antenna, College, Alaska, prior to and following the 
great solar flare of February 23, 1956 at 03:40 UT. Solar control 
of the absorption is particularly marked during the daylight 
hours of February 23, 150°. First indications of aurorally associ-
ated absorption are on the night of February 24-25. 

sky was suddenly covered by violently flaming aurora. 
Simultaneously with the beginning of the flaming aurora, 
the absorption increased, reaching a value of approxi-
mately 5 db within two minutes. As the flaming aurora 
gradually subsided over the next half hour, the absorp-
tion also decreased in intensity. 
Our observations confirm that pulsating and flaming 

aurora, unlike other auroral forms, are closely associated 
with major absorption events. The limitation of the 
northern extent of pulsating aurora and the presence 
(during March, 1957) of the early morning peak in 
absorption at College and its absence at Barrow are 
points which were discussed above (College-Barrow 
experiment). These differences in the absorption char-
acteristics of the different auroral forms add weight 
to the suggestion that the physical mechanisms causing 
pulsating and flaming aurora differ significantly from 
those giving rise to other forms of auroral luminosity. 
In particular, the presence of strong absorption during 
pulsating and flaming aurora suggests an increase in 
the number and/or energy of X ray photons produced 
in the ionosphere by bremsstrahlung from electrons. 
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Cosmical Electrodynamics* 
J. H. PIDDINGTONt 

Summary—The spectacular results of radio astronomy have in-
creased interest in the broader field of electromagnetic phenomena 
in cosmical physics. This subject is introduced here by a discussion 
of the various possible types of disturbance which may propagate in 
a magneto-ionic medium. The results are then applied in some 
regions of interest, particularly those from which nonthermal radio 

emission takes place. 
In the solar atmosphere many otherwise mysterious phenomena 

are explained as electromagnetic effects: the heating of the corona 
to 106°K, flares, the violent motion of the gases and emission of 
radio waves, as well as X rays and the corpuscles which cause mag-
netic storms. Interstellar space, the interior of a mysterious nebula 
and radio source (the Crab nebula), and interplanetary space provide 
more examples of electromagnetic phenomena. 

One of the most fundamental problems concerns the origin of 
cosmic rays, now believed to result from electromagnetic processes. 
Evidence is provided of an even more fundamental process: the 
creation of magnetic field on such an enormous scale that nuclear 

energy sources are indicated. 

I. INTRODUCTION 

ADIO astronomy largely has been responsible for 
the increasing interest in the broader field of 
electromagnetic phenomena in cosmical physics, an 

interest evidenced at an international conference under 
that title held in Stockholm, Sweden, in 1956, and at-
tended by some 90 delegates from 14 countries. 
Some of the phenomena concerned are directly associ-

ated with the emission of radio waves; for example, the 
occasional violent disturbances in the solar atmosphere 
which result in radio bursts, as well as flares and subse-
quent geomagnetic effects. Other of these phenomena 
have no apparent connection with radio emission; for 
example disturbances occurring in the interior of mag-
netic stars. However, even these may have an indirect 
association with radio emission and may warrant study 
by the radio astronomer. 
The major portion of cosmical electrodynamics now is 

referred to as hydromagnetics or magnetohydrody-
namics—the study of the movement of an electrically 
conducting fluid in the presence of a magnetic field. 
Perhaps the earliest work in this field was concerned 
with the origin of the cosmic magnetic fields themselves. 
According to these "dynamo" theories certain move-
ments of the conducting fluid result in an increase (or 
at least maintenance) of the magnetic fields of the 
earth, the sun, and magnetic stars. These theories have 
been reviewed recently in some detail.'.' An important 
discovery in hydromagnetics was made by Alfvén, who 

* Original manuscript received by the IRE, November 18,1957. 
t CSIRO, Radiophysics Lab., Sydney, Australia. 
1 T. G. Cowling, "Vistas in Astronomy," A. Beer, Ed., Pergamon 

Press, London, Eng., and New York, N. Y., vol. 1, pp.313-322; 1955. 
2 W. M. Elsasser, "Hydromagnetism, » Amer. J. Phys., vol. 23, 

pp. 590-609, December, 1955, and vol. 24, pp. 85-110; February, 
1956. 

first described hydromagnetic shear waves and showed 
that they could transport magnetic energy.' More re-
cently, hydromagnetic theory has largely been con-
cerned with various mechanical effects of cosmical mag-
netic fields. These include magnetic control of sunspot 
and coronal structure, instability caused by magnetic 
fields, and oscillations of magnetic stars. They have 
been reviewed recently by Cowling.4.5 
Of greater interest to the radio astronomer are the-

ories of electromagnetic heating, including solar coronal 
heating, flares, and the acceleration of cosmic rays. 
Some have been reviewed by Cowline.' and other more 
recent ones are discussed below. Also of interest in radio 
astronomy is the observational work of Babcock' on the 
magnetic fields of the sun and certain stars. Other ob-
servational work on the field of the galaxy and of the 
Crab nebula is mentioned below in Sections IV and V. 

Hydromagnetic theory usually is simplified by neg-
lecting electron inertia effects and displacement cur-
rent. This means that plasma oscillations (or electric 
space-charge oscillations) are not considered. In some 
circumstances, notably in connection with the genera-
tion of solar radio bursts, these may be important. A 
review of these effects, with numerous references, has 
been given.' Finally, in certain problems, the motion of 
individual ions must be studied. This is the case for the 
acceleration of cosmic rays and their subsequent motion 
in a magnetic field, when they emit radio waves as sug-
gested by Alfvén and Herlofson.' This latter mechanism 
probably is responsible for most cosmic radio emission 
and perhaps some (but not a large proportion') of solar 
radio emission. 
An approach to cosmical electrodynamics may be 

made by a study of sinusoidal waves in a magneto-ionic 
medium (fully or partially ionized gas permeated by a 
magnetic field). From such simple waves more complex 
disturbances may be synthesized and the electromag-

3 H. Alfvén, "Cosmical Electrodynamics," Oxford University 
Press, New York, N. Y., pp. 76-97; 1950. References are given to 
Walén's work on sunspot fields and Lundquist's experimental demon-
stration of hydromagnetic waves. 

4 T. G. Cowling, "The Sun," G. P. Kuiper, Ed., University of 
Chicago Press, Chicago, Ill., vol. 1, pp. 532-591; 1953. 

6 T. G. Cowling, "Magnetohydrodynamics," Interscience Pub-
lishers, New York, N. Y., 1957. 

A review will be given in the proceedings of the Conference on 
Electromagnetic Phenomena in Cosmical Physics, Stockholm, Swe-
den; 1956, in press. 

7 P. L. Bhatnager, M. Krook, and D. H. Menzel, "Preliminary 
Report of the URSI Committee on Dynamics of Ionized Media;» 
1952. 

8 H. Alfvén and N. Herlofson, "Cosmic radiation and radio 
stars," Phys. Rev., vol. 78, p. 616; June, 1950. 

9 J. H. Piddington, "Thermal theories of the high-intensity com-
ponents of solar radio-frequency radiation," Proc. Phys. Soc., vol. 
66, pp. 97-104; January, 1953. 
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netic field, gas movements, energy transport, and 
heating studied. Such disturbances appear to be the 
basis of most, if not all, nonthermal cosmic radio emis-
sion, as well as cosmic rays and other phenomena. In 
Section II some recent advances in magneto-ionic wave 
theory are described briefly. 

In the later sections, these theoretical results are ap-
plied for the conditions observed in the different regions 
of interest. The solar atmosphere is, perhaps, of greatest 
interest, since it provides us not only with radio emis-
sions of various types, but also high-energy quanta 
which create the ionosphere and particles which cause 
magnetic storms and aurorae. All these phenomena ap-
pear to have their origins in hydromagnetic effects. 
Other regions discussed are interplanetary space and 
interstellar space, both now known to be magneto-ionic 
regions in which interesting electromagnetic effects oc-
cur. Finally, the interior of a 900-year old supernova, 
the Crab nebula, is discussed. This powerful radio source 
contains a magnetic field of enormous total energy 
(roughly 10‘" joules, or the total energy radiated by the 
sun in 107 years) and may provide clues as to the origin 
of the galactic magnetic field and cosmic rays and hence, 
of most of the galactic radio emission. 

II. WEAK WAVES IN A MAGNETO-IONIC MEDIUM 

Most phenomena (apart from atomic processes) in a 
magneto-ionic medium may be discussed in terms of the 
various possible waves present. A full nonlinear theory 
of strong waves is very complex, so that attention 
mainly has been confined to weak waves which provide 
an insight into many important effects. The radio engi-
neer is well acquainted with two of these waves, the 
ordinary (0) and extraordinary (E) radio waves; how-
ever, because it makes certain simplifying assumptions 
(heavy ion motion and electron gas pressure are neg-
lected), the well-known magneto-ionic theory fails to 
disclose various other waves. These are the two hydro-
magnetic waves discovered by Alfvén and applied by 
him and others to astrophysics.' There should be a 
sound wave, modified perhaps by the magnetic field; 
there also should be a space-charge or plasma wave. 
A more complete "magneto-ionic" theory" discloses 

four and only four possible waves." There are two shear 
type hydromagnetic waves, sometimes called Alfvén 
waves or magnetohydrodynamic waves. These have 

10 J. H. Piddington, "The four possible waves in a magneto-ionic 
medium," Phil. Mag., vol. 46, pp. 1037-1050; October, 1955. This 
paper is concerned with the identification of different types of waves 
and not with their damping rates. Subsequently, the effects of colli-
sions between various types of gas particles may be considered and 
the damping rate for each type of wave determined. 
" When account is taken of viscosity a corresponding "viscosity 

wave" is introduced near a shearing boundary. See, for example, 
H. Lamb, "Hydrodynamics," 6th ed., Dover Press, New York, 
N. Y., p. 620; 1945. However, this wave is critically damped and does 
not seem to merit inclusion with the traveling waves. When account 
is taken of variation of thermal conductivity with pressure, "con-
ductivity waves" may occur (A. Banos, Jr., »Normal modes char-
acterising magnetoelastic plane waves," Phys. Rev., vol. 104, pp. 300-
305; October, 1955), but these appear to have limited physical sig-
nificance and are not discussed here. 

been called the 0 and E hydromagnetic waves, because 
they correspond to the 0 and E radio waves; the latter 
being the simpler limiting cases at frequencies so high 
that heavy ion motion is negligible. The other two 
waves comprise a "magnetic sound" (S) wave and a 
plasma (P) wave. 
The properties of the 0 and E waves have been in-

vestigated in some detail." Like the corresponding 
radio waves, they are elliptically polarized, tending to 
circular and plane when propagated along and perpen-
dicular to the steady-magnetic field. The gas always 
moves in a direction perpendicular to the magnetic 
field, suggesting the description "shear" waves. When 
the wave frequency is far below the gyromagnetic fre-
quency of the heavy ions, the velocities of these waves 
are independent of the frequency, being V cos O and V, 
respectively, where V= Ho(47rp)-1/2, O is the angle be-
tween the steady-magnetic field Ho and the wave nor-
mal, and p is the mass density of the gas. 
The S hydromagnetic wave" is essentially a longi-

tudinal or compression wave. At frequencies well below 
the ion gyrofrequency, it has the velocity of sound and, 
when propagated along the magnetic field, it is almost a 
pure sound wave (the magnetic field plays no part, but 
there is a weak electric space-charge effect). Finally the 
P wave is the more general case of the well-known elec-
tric space-charge or "plasma" wave whose properties 
have been modified by the presence of the magnetic 
field." 

In the following sections, the great importance of the 
shear hydromagnetic waves in cosmical electromag-
netics is made evident. They constitute a back-and-
forth change of energy from kinetic to electromagnetic. 
They transport this energy from one place to another 
(by their Poynting vector), dissipating some of it as 
heat and occasionally in other forms, such as excitation 
and ionization of some gas particles and as the energy 
of cosmic rays. Of particular interest is their rate 
of attenuation which, in an isotropically conducting 
medium, depends only on the electrical conductivity 
cr (emu) and the wavelength X: the wave decays by a 
factor exp 1 in a time approximately «X'. Unfortunately, 
in a magneto-ionic medium the situation is much more 
complicated; the electrical conductivity is a tensor with 
components cro along the magnetic field, cri perpendicu-
lar to the field and in the plane of the electric vector 
and 0.2 perpendicular to both (Hall conductivity). 
But the difficulties were not as formidable as they 

appeared; the effective conductivity recently has been 
determined"," as crocri-F (0"22/0-1), a result which allows 

11 See, for example, J. H. Piddington, "Hydromagnetic waves in 
ionized gas," Monthly Notices Roy. Astron. Soc., vol. 115, pp. 671-683; 
1955. 

"J. H. Piddington, "Electromagnetic field equations for a moving 
medium with Hall conductivity," Monthly Notices Roy. Astron. Soc., 
vol. 114, no. 6, pp. 638-650; 1954. 
" T. G. Cowling, "The dissipation of magnetic energy in an ion-

ized gas," Monthly Notices Roy. Astron. Soc., vol. 116, no. 1, pp. 114-
124; 1956. 
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rates of decay of hydromagnetic waves to be determined 
easily. It also allows the time of decay of a magnetic 
field in a conductor of dimensions L to be found, or the 
time of decay of a kink of dimensions L in a more ex-
tensive magnetic field. These are both given by u3L2. 

This useful result has been used to determine rates of 
absorption in the solar atmosphere and interstellar 
space (Sections III and IV below) and consequent heat-
ing of the gas. 

III. THE SOLAR ATMOSPHERE 

The solar atmosphere provides a laboratory with a 
wide variety of electromagnetic experiments, involving 
violent movement of gas and magnetic field and the 
emission of various types of radio noise, of ultraviolet 
light, X rays, and at times cosmic rays. None of these 
phenomena are fully understood; indeed, there is not 
yet agreement on the most basic problem of how the 
corona, situated between the relatively cold sun and 
colder space, is maintained at a temperature of about 
108°K and in places 10"K (near sunspots). 

It is fairly certain that the atmosphere is heated from 
below, the energy being provided by subsurface move-
ment of material. Some of these movements cause the 
observed "granules"; these may be supersonic jets 
emerging from the surface of the sun. The upward 
transport of this energy must be by one of the four 
waves discussed above and each has been considered. 
There are strong arguments against the S and P waves 
and, until recently, this also seemed to be the case for 
the shear waves (which had been proposed earlier by 
Alfvén3). In calculating the electrical conductivity of 
the solar atmosphere it was thought that neutral atoms 
could be neglected. The reason was that, because of 
their very small collision cross section (compared to 
ions), they had negligible influence on the electron col-
lision frequency. When the effects of neutral atoms are 
neglected, the electrical conductivity th is so high that 
negligible wave damping occurs and thus negligible 
heating of the gas. 

In a more recent investigation," however, the role of 
neutral atoms was found to be vital. In fact, under typi-
cal chromospheric conditions the presence of 10 per cent 
neutral atoms could decrease the conductivity by a 
factor of about 108 and increase the absorption accord-
ingly. The 0 and E waves are then able to explain the 
observed heating. 

This remarkable effect of neutral atoms prompts an 
enquiry into its physical nature. This may be explained 
crudely by likening the magnetic lines of force to elastic 
strings on which the heavy ions and electrons are strung 
like beads. A hydromagnetic wave is an elastic wave 
which travels along these strings," causing them to 

" J. H. Piddington, "Solar atmospheric heating by hydromagnetic 
waves," Monthly Notices Roy. Astron. Soc., vol. 116, no. 3, pp. 314-
323; 1956. 
" In fact, the 0 and E waves may travel freely in any direction, 

because there also is an elastic repulsive force between adjacent 
lines of force. 

vibrate and the ions to oscillate back and forth. Both 
positive and negative ions share this motion, their only 
relative motion being a slight drift constituting the 
electric current which is part of the wave. Thus a col-
lision between ions is a very minor affair. The picture is 
greatly changed when neutral atoms are present—these 
are not forced into oscillation by the moving magnetic 
field and so may attain large velocities relative to the 
ions. A collision between an atom and a heavy ion may 
then involve a large transfer of energy from the wave to 
the gas. 

In the case of weak waves the result is heating of the 
whole gas—in this way the high temperature of the solar 
atmosphere may be explained." 
Above sunspots, the observed violent movement of 

material, with velocities up to several hundred km 
sec-', indicates the presence of more powerful hydro-
magnetic waves. Observations of thermal radio emission 
indicate gas temperatures above 10"K. This intense 
heating may again find an explanation in terms of 0 
and E waves, but these are now so powerful that they 
may give rise to other, more spectacular, effects. 
When the relative velocity of the ion plasma and 

neutral atom gas is high enough, about 50-100 km sec-', 
collisions between heavy ions and neutral atoms will 
excite and ionize the latter. The gas may reach a state of 
excitation and ionization far above that consistent with 
its "temperature" as measured by the purely random 
velocities of its particles. This situation results in the 
strong emission of light, ultraviolet and X rays. We 
have, in effect, a glow discharge, the electric field being 
an induction field due to the motion of the magnetic 
lines of force past the neutral atoms. The known prop-
erties of flares seem to be explicable in terms of such a 
mechanism." 
A flare usually is accompanied by the emission of in-

tense radio noise and it would be reassuring to find an 
explanation of this emission in the same disturbance. 
The actual mechanism is not understood, but there is 
good reason to believe that emission takes place from 
outward traveling surfaces of discontinuity in the 
electron density. These have been thought to be the 
surfaces of electron clouds moving bodily. They could 
equally well be wave phenomena. 
Measured velocities of two outward moving surfaces 

originating with the same flare have been approximately 
108 and 108 km sec- . The velocity of a weak S wave in 
a region of temperature 10"K is a few hundred km 
sec-i, but it is likely that on moving into regions of 
lower density these waves would develop into shock 
waves and travel faster. Such waves may well account 
for the slow moving disturbance and, a day or so later, 
may cause the geomagnetic effects usually observed 
after a flare—a magnetic storm, ionospheric disturbance, 
and aurorae. 

17 J. H. Piddington, «Solar atmospheric heating and flares," Ob-
servatory, vol. 76, pp. 21-23; February, 1956. 
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The explanation of the fast moving disturbance is 
more speculative. Both the shear waves (0 and E) and 
the plasma wave (P) have been proposed, but in each 
case there are some difficulties. 

In the case of a few very intense flares, yet one more 
type of emission has been observed—cosmic rays. Once 
again the origin may be explained in terms of the 0 and 
E waves associated with the flare. The requirement is 
merely a set of random hydromagnetic waves of suffi-
cient strength and sufficiently short wavelength. The 
way in which these waves may accelerate ions to cosmic 
ray energies is described in Section IV. 
The above discussion suggests that the physical the-

ory of the solar atmosphere is largely a matter of elec-
tromagnetics. The same is likely to be true for the many 
stars which have been shown to have magnetic fields. 

IV. INTERSTELLAR SPACE 

Until a few years ago, it seemed most unlikely that 
any significant electromagnetic effects could occur in 
the cold, dead space between the stars. The visible 
galaxy, outlined mainly by these stars, is a discus 
shaped object of radius about 50,000 light years. Near 
the plane of the discus (the Milky Way) lie irregular 
clouds of gas and dust from which new stars continually 
are being created. The gas in these clouds (density 
about 10-100 atoms cm-3) is partially or fully ionized. 
Even the space between the clouds contains some gas 
(about 0.1 atom cm-3) which is at least partially ionized. 
Thus, the whole of interstellar space is an ion plasma 
and an efficient electrical conductor. 
With the discovery, from optical observations, of an 

interstellar magnetic field, the whole galaxy was recog-
nized as a magneto-ionic medium. It is possible then, 
that electromagnetic effects, in particular hydromag-
netic disturbances, are significant in the space between 
stars. The criterion is that magnetic energy density 
1-12/87r is comparable with the kinetic energy density of 
random motion of the gas clouds. The magnetic field 
strength H is about 5 X 10-8 Gauss, the average ion 
density and random velocity about 1 cm-8 and 10 km 
sec-1 in the spiral arms, so that the ratio of magnetic 
to kinetic energy is about unity. Hydromagnetic waves, 
therefore, are likely to be highly significant. 

Further interest was added when it recently was dis-
covered that the galaxy visible in radio emission extends 
far beyond that visible in optical emission." It is in the 
form of a sphere of about the same radius as the visible 
disk. The gas density in the additional part is very low 
and its significant features are a magnetic field and 
cosmic rays. The latter may be regarded as a very 
tenuous gas at an enormous temperature (10"°K or 
more); its expansion into outer space is prevented by 
the magnetic field. The radio emission from this medium 

19 For a summary of evidence, see L. Spitzer, Jr., "On a possible 
interstellar galactic corona," Astrophys. J., vol. 124, pp. 20-34; July, 
1956. 

is by the "synchrotron" process, electrons, and perhaps 
also positrons spiralling in the magnetic field and emit-
ting radio waves because of this acceleration. 
New problems, mainly electromagnetic in nature, are 

posed by these discoveries. Other long outstanding prob-
lems, such as the origin of cosmic rays, may find simple 
solutions in terms of electromagnetic effects. 
The first problem, of course, is the origin of the mag-

netic field itself. On the earth we think of fields growing 
when an emf is applied to a conductor and causes a cur-
rent to flow. On a cosmic scale the enormous self-in-
ductance of the circuits concerned seems to exclude this 
simple mechanism." It is more probable that the con-
ducting material (ionized gas), in which an initial weak 
magnetic field is embedded, moves in such a way as to 
stretch the magnetic lines of force and so increases mag-
netic energy at the expense of kinetic energy.' The gas 
motion concerned at first was thought to be its turbu-
lence; this would create a tangled magnetic field. How-
ever, the galactic field appears to be rather ordered in 
form as though resulting from ordered motion. The dif-
ferential rotation of the galaxy might be effective, if the 
original weak field had a radial component. The lines of 
force would then be like elastic strings connecting two 
concentric, differentially rotating wheels. They would 
be continually stretched and rolled up between the 
wheels. This "magnetic spinning wheel" mechanism 
may also operate in the Crab nebula, as mentioned in 
Section V. 
The galactic magnetic field is of particular significance 

in connection with cosmic rays. It acts as a container for 
these energetic ions which spiral around the magnetic 
lines of force and remain so trapped for millions of 
years. It also may be responsible for creating the cosmic 
rays by a mechanism first suggested by Fermi." In its 
crudest form the theory considers the galactic magnetic 
field to consist of individual bundles of magnetic lines of 
force, each associated with a gas cloud. These clouds 
have random velocities of about 10 km see-' and may 
be regarded as enormous molecules of a gas mixture. 
Their masses are also enormous, equal to that of the sun 
or greater. Other molecules in this gas mixture are the 
heavy ions which are to become cosmic rays. These ions 
collide elastically with isolated clouds of magnetic field 
and on an average they gain energy. It is well known 
that in a gas mixture there is a tendency to equiparti-
tion of energy between the component particles. Simi-
larly, in the galactic mixture the ions are accelerated 
until after a million years or so some of them attain 
cosmic ray energies. 

In its simplest form this theory has proved quantita-
tively unsatisfactory. In a modified version the indi-
vidual blobs of magnetic field are replaced by hydro-
magnetic waves and acceleration is by a statistical beta-

19 The time constants involved exceed the age of the galaxy. 
29 E. Fermi, "On the origin of cosmic radiation," Phys. Rev., vol. 

75, pp. 1169-1174; April, 1949. 
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tron process," due to fluctuations in intensity of the 
field, as well as the simple "collision" mechanism due to 
changes in its distribution. Whether or not the observed 
cosmic ray intensity can be accounted for in these terms 
depends on the intensity of the hydromagnetic waves 
which may be maintained from available energy 
sources. The intensity, in turn, depends on the rate of 
absorption of the waves. 

In a recent investigation22 it was found that, just as in 
the solar atmosphere, neutral atoms are a critical factor 
in controlling the damping of 0 and E galactic waves. 
In regions where the gas is fully ionized, damping due to 
ordinary viscosity and to the finite electrical conduc-
tivity is small and the Fermi acceleration process is 
likely to be efficient. However, when neutral atoms are 
present, the picture changes completely. Even when 
only the helium present (perhaps 10 per cent of the 
whole gas) is neutral, the absorption rate" is increased 
by a factor of more than 102. The actual state of ioniza-
tion is not known, but it is likely that neutral atoms are 
widely enough spread to cause considerable damping. 
If so, then Fermi's theory of acceleration, at least in its 
application to the galaxy as a whole, may fail. A possible 
alternative is mentioned in the following section. 

Another galactic electromagnetic problem is posed by 
the disruptive effect of the magnetic field. We are ac-
customed to think of a magnetic field, for example that 
of a steel magnet, as dynamically stable. The stability 
is due to the cohesive forces in the steel, and apart from 
these the whole field and the magnet would fly to pieces. 
When the field is due to currents in an ionized gas cloud, 
the latter tends to be disrupted and this presumably is 
so for the galactic magnetic field. Assuming a balance to 
be maintained by gravitational attraction, the strength 
of the magnetic field may be estimated. The value so 
found" agrees with that estimated by other methods. 
A somewhat similar problem is met in the gravita-

tional contraction of galactic gas to form stars. This is 
strongly opposed by the magnetic field which itself is 
compressed and strengthened. An important factor may 
be that, as mentioned above, the neutral atoms can 
move past the magnetic lines of force and so contract to 
form the star." The magnetic field and ion plasma are 
left in the original expanded state. 
These few examples may serve to show that the physi-

cal theory of the space between the stars is largely a 
matter of electrodynamics. 

21 L. Davis, Jr., "Modified Fermi mechanism for the acceleration 
of cosmic rays," Phys. Rev., vol. 101, pp. 351-358; January, 1956. 
" J. H. Piddington, "Galactic turbulence and the origins of cosmic 

rays and the galactic magnetic field," Aust. J. Phys., in press. 
23 Calculated for the "intercloud" region which comprises most of 

the volume concerned and in which the average gas density is about 
0.1 atom cm-3. The calculation refers to waves about one light year 
or less in length, thought to be effective as accelerators. 

24 S. Chandrasekhar and E. Fermi, "Problems of gravitational 
stability in the presence of a magnetic field," Astrophys. J., vol. 118, 
pp. 116-141; July, 1953. 

29 L. Mestel and L. Spitzer, Jr., "Star formation in magnetic dust 
clouds," Monthly Notices Roy. Astron. Soc., vol. 116, no. 5, pp. 503-
514; 1956. 

V. THE CRAB NEBULA 

The Crab nebula visually is a rather insignificant ob-
ject (NGC 1952), because of its distance (about 3000 
light years). However, it is the result of a vast super-
nova explosion, which occurred 900 years ago, and is an 
expanding shell of gas, already about 5 light years in 
diameter. It also is a powerful radio emitter (IAU 
05N2A) of unusual spectrum and the whole interior of 
the shell glows with a peculiar light. It is found that all 
the observational data may be interpreted as electro-
magnetic effects and that these are of particular interest. 
The curious optical and radio emission spectra defied 

explanation until it was suggested by Shklovsky" that 
in both cases emission was due to electrons spiralling in 
a magnetic field. Thus, the optical and radio spectra are 
part of a common spectrum due to a single mechanism, 
the synchrotron effect which also explains the main 
galactic radio emission. The truth of this theory was 
established when the optical emission was found par-
tially plane polarized as predicted by the theory. 
The next step was to reconstruct the physical situa-

tion in the nebula necessary to account for the emission. 
A magnetic field of strength about 10-2 Gauss and ex-
tent about 3 light years is required, together with a 
cosmic ray gas with pressure about 105 times or more 
than that of average interstellar space." The general 
shape of this field and its relation to the glowing core of 
the nebula may be seen in Fig. 1. Each of the short lines 

\ 

Fig. 1—The magnetic field of the Crab nebula (the radio source 
IAU 05N2A). The photograph of the nebula was taken by 
Baade28 in continuous emission and shows the central region 
without the irregular outer shell. The directions of the magnetic 
field, shown by the white lines, are inferred from polarization data 
published by Oort.29 

" I. S. Shklovsky, "The nature of the luminescence of the crab-
shaped nebula," Dok. Akad. Nauk, U.S.S.R., vol. 90, no. 6, pp. 983-
986; 1953. 

27 J. H. Oort and T. Walraven, "Polarization and composition of 
the Crab nebula," Bull. Astron. Inst. Neth., vol. 12, pp. 285-308; 
May, 1956. 

29 W. Baade, "The polarization of the Crab nebula on plates 
taken with the 200-inch telescope," Bull. Astron. Inst. Neth., vol. 12, 
p. 312; May, 1956. 

29 J. H. Oort, "The Crab nebula," Sci. Amer., vol. 196, pp. 52-
60; March, 1957. 
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shows the average direction of the field in a small area. 
The outstanding feature, apart from the vast extent of 
this field, is its remarkable uniformity. As seen below, 
this poses an astrophysical problem of fundamental and 
outstanding importance. 
The outward pressure of the magnetic field and cos-

mic ray gas (trapped in the field almost like gas in a 
balloon) render the nebula a virtually exploding bomb. 
It also is found that the cosmic rays radiating by the 
synchrotron process will dissipate their energy in a 
period of about 200 years or less. Since the explosion 
took place some 900 years ago, a source of energy and 
an accelerating mechanism must have been available 
until recently and presumably are still available. The 
necessary power supply has the incredible value of 
about 10" kw, more than 104 times the total power (of 
all forms) radiated by the sun. 
A more recent investigation" of electromagnetic ef-

fects in the Crab nebula includes the question of the 
origin of the magnetic field. One possibility is that it 
was contained in the star before the explosion. However, 
it is found that the necessary pressure and energy of the 
magnetic field, when reduced to the proportions of a 
star, are impossibly high. Other possible origins, such as 
creation by turbulent motion of the shell also are ex-
cluded. 
The conclusion is that most of the field was created 

after the explosion and perhaps is still being created at 
an average rate corresponding to an energy flow of more 
than 104 times the total output of solar energy." Such a 
flow would seem to require nuclear reactions which must 
be continuing in or near the central star. There must be 
some mechanism for converting nuclear energy more or 
less directly to magnetic energy. An important clue is 
that the resulting magnetic field has a remarkably 
ordered form as can be seen from Fig. 1. 
This conclusion may point to the origin of magnetic 

fields other than that in the Crab nebula, perhaps to the 
main galactic field; if so, it may be regarded as the 
starting point of a major part of radio astronomy. 

In speculating on possible mechanisms, the magnetic 
spinning wheel suggests itself. The central star, having 
an initial poloidal field of perhaps a few thousand Gauss, 
spins and so creates a toroidal field between the star 
and the heavy nonspinning shell. Such motion would 
soon be arrested under the influence of electromagnetic 
forces if these were not opposed. However, if nuclear 
reactions are taking place in the central star some prod-
ucts in the form of ions may be ejected and must travel 
out along the magnetic lines of force. The sequence of 
events is then as follows. The ions leave the central con-

0 J. H. Piddington, "The Crab nebula and the origin of inter-
stellar magnetic fields," Aust. J. Phys., in press. 

31 This is of the same order as that required to replenish the 
cosmic rays mentioned above. The problem previously posed, foot-
note 27 (the origin of the cosmic rays), is replaced by another (the 
origin of the field). Once the field is accounted for the cosmic rays can 
be readily explained in terms of the Fermi process and the growing 
field. 

figuration which is spun by their rocket propulsion ef-
fect. The ions reach a kink in the magnetic field, where 
they loose velocity and energy which is used to stretch 
the field and increase magnetic energy. The strong field 
"spun" in this way is blown out to fill the nebula, be-
coming weaker in the process. 
An even more fundamental mechanism for creating 

magnetic field suggests itself as worth investigating; it 
depends on the recent reports of nonconservation of 
parity." It would be expected that radioactive atoms 
lined up in a magnetic field would, on exploding, emit as 
many particles of a particular type in one direction as 
in the opposite direction. This principle of parity ap-
pears to fail on occasions and one might anticipate as a 
possible result a net electric current and perhaps a 
stronger magnetic field. 
Whatever the origin of the magnetic field of the Crab 

nebula, its large strength and extent suggests that at 
least a good part of the galactic magnetic field could 
originate within supernova shells, of which perhaps 107 
have been formed in the history of the galaxy. After 
sufficiently expanding, these fields would merge to form 
a general field. 

It has been suggested" that most (galactic) cosmic 
rays are created at the time of nova and supernova ex-
plosions. One difficulty, however, is that the (previously 
presumed) steadily expanding and diminishing mag-
netic field of the nebula would decelerate the cosmic 
rays by a sort of inverse Fermi process. The results of 
the Crab nebula investigation suggest that this theory 
may now require modification—if the magnetic field is 
created after the explosion and fed out from the central 
region, then it may create cosmic rays in a continuous 
Fermi process after the explosion. The interpretation of 
the radio observations" suggests that cosmic rays are 
still being created and the later investigation" provides 
a mechanism and also overcomes the previous difficulty 
of deceleration. 
Another "radio star" which emits synchrotron radia-

tion and in which a strong magnetic field and cosmic 
ray electrons must coexist" is the Virgo source (IAU 
12N1A). Whereas the magnetic field strength appears to 
be much the same as in the Crab nebula, its volume is 
perhaps 109 times greater. This source, lying in an ex-
ternal galaxy, provides an unbelievable concentration of 
magnetic and cosmic ray energy and further stresses the 
importance of understanding the origin of this energy— 
perhaps the most fundamental theoretical problem yet 
met in radio astronomy. 
While the detailed processes involved are not under-

stood, the broad picture seems to be a hydromagnetic 

n A brief review is given by B. Bleaney, "Non-conservation of 
parity," Nature (London), vol. 179, pp. 1101-1102; June, 1957. 
u V. L. Ginzburg, S. B. Pikelner, and I. S. Shklovsky, "Accelera-

tion of particles in the envelopes of novae and supernovae," 
Ako,d. Nauk. U.S.S.R., Astron. J., vol. 32, no. 6, pp. 503-513; 
1955. 
" G. R. Burbidge, "On synchrotron radiation from Messier 87," 

Astrophys. J., vol. 124, pp. 416-429; September, 1956. 
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process of energy transfer: large numbers of ions trans-
mute their kinetic energy to magnetic energy to form a 
large-scale "ordered" field. In so doing (and perhaps 
subsequently) the direction of energy flow is reversed 
for a few favored ions (presumably those already pos-
sessing an unusually large amount of kinetic energy) 
which are supplied with energy and become cosmic rays. 

VI. INTERPLANETARY SPACE 

It is surprising that, compared with the other regions 
discussed above, so little is known about the inter-
planetary medium. Until recently, it was thought that, 
apart from occasional streams of solar gas which caused 
magnetic storms, the interplanetary medium was sub-
stantially a vacuum. It now seems that even as far 
away from the sun as the earth's orbit, the gas particle 
density is about 500 cm-3, increasing towards the sun. 
The gas is mainly ionized hydrogen and its temperature 
may be 105-108°K." From the point of view of a solar 
physicist we are situated in the solar corona. From the 
point of view of an ionospheric physicist the extreme 
outer ionosphere is at a temperature of 105°K or more 
and its plasma or resonant frequency is about 200 kc 

sec-1. 
While the above results seem reasonably well estab-

lished, there are other important factors about which 
we know little or nothing. Most important is the mag-
netic field or interplanetary space. Its average inter-
stellar value is perhaps 5 X10-8 Gauss, corresponding to 
a pressure of about 10-12 dyne cm-2. The pressure of the 

" S. Chapman, "Notes on the solar corona and the terrestrial ion-
osphere," Smithsonian Contrib. Astrophys., vol. 2, no. 1, pp. 1-12; 
February, 1957. 

C 

interplanetary gas near the earth, assuming a tempera-
ture of 10"K is about 10-8 dyne cm-2. If, as seems 
likely, this gas has an average outward drift from the 
sun, it will push back the magnetic field leaving the 
earth in a magnetic vacuum. Such a result could have 
important effects on cosmic ray intensities and their 
variations. 
On the other hand, it has been suggested that when 

puffs of gas are emitted from the sun's atmosphere, 
these may contain their own magnetic fields. Such fields 
conceivably could be of substantial intensity (com-
pared with the interstellar field), the limitation being 
imposed by equality of gas and magnetic pressures. The 
gas pressure is perhaps 10-8 dyne cm-2, corresponding 
to a magnetic field of about 5 X10—' Gauss near the 
earth. Stronger fields would be able to expand more or 
less freely and, having no effective retarding force, 
would soon dissipate. The strongest field possible, as-
suming a gas temperature of 10"K, is about 10-8 Gauss. 
These magnetic clouds also would have marked effects 
on cosmic ray intensities at the earth and they have 
been invoked to explain certain observed variations. 

For many years, the Chapman-Ferraro theory of 
magnetic storms has served a useful purpose in indicat-
ing some of the main effects leading to a storm. In view 
of the new ideas about the interplanetary medium it 
now seems probable that the theory will need con-
siderable revision. Instead of a jet of solar gas sweeping 
past the earth, the phenomenon may be more like a 
wave in the medium: a shock hydrodynamic wave if the 
magnetic field is weak enough to neglect («10-3 Gauss), 
otherwise a shock hydromagnetic wave. In any case, the 
problem becomes one of hydromagnetics when the wave 
encounters the earth's magnetic field. 
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Correspondence  

The Effects on Radio Astronomical 
Observations Due to Longitudinal 
Propagation in the Presence of 
Field-Aligned Ionization* 

Clouds of ionization of electron density 
higher than that of their surroundings have 
been demonstrated by means of back-
scatter experiments to exist frequently at 
ionospheric heights.' From the echo statis-
tics observed in these radar experiments, 
electron densitities in the clouds are esti-
mated to lie in the range between 10" and 
10'4 electrons/meters. These electron con-
centrations also have been shown to possess 
unique orientations which appear to be in 
alignment with the earth's magnetic field at 
the region of back-scatter. 

TOTAL REFLECTION FROM 

ELECTRON CLOUDS 

It can be shown that discontinuities in 
density of the order of magnitude mentioned 
above are sufficient to cause total reflection 
of uhf signals if the energy is incident on the 
field-aligned surfaces at modest grazing 
angles. The relationship given by: 

sin 

where g„, is the maximum grazing angle for 
total reflection, f is the observing frequency, 
and N is the volume. Electron density pro-
vides the criterion for total reflection at an 
ionized boundary.' Note that g is here de-
fined as the angle between the radio ray and 
the discontinuity. Table I illustrates the 
magnitude of these critical grazing angles for 
several frequencies. 
A great deal of experimental research by 

radio astronomers is devoted to vhf and uhf 
tracking of celestial bodies. The celestial 
paths of the moon and radio point sources, 
with respect to certain observers on the 
earth, is such as to permit grazing and/or 
near-grazing angles (of the same order of 
magnitude as presented in Table I) between 
radiation from source to observer and the 
magnetic fields in the ionosphere. From the 
preceding, it may be deduced that when 
these tracking observations are coincident 
with the presence of electron density dis-
continuities aligned with the field, certain 

(I) 

* Received by the IRE, October 24,1957. 
I R. L. Leadabrand, "Radio Echoes from Auroral 

Ionization Detected at Relatively Low Geomagnetic 
Latitudes," Stanford Univ., Stanford, Calif., Tech. 
Rep. No. 98; December 9.1955. 

A. M. Peterson, O. G. Villard, R. L. Leadabrand-
and P. B. Gallagher, "Regularly Observable Aspect-
Sensitive Radio Reflections from Ionization Aligned 
with the Earth's Magnetic Field within the Iono, 
spheric Layers at Middle Latitudes," Stanford Univ., 
Stanford, Calif., Tech. Rep. No. 93; September 30, 
1955. 

S. Chapman. "The geometry of radio echoes from 
aurorae," J. Almos. Ter,. Phys., vol. 3, pp. 1-29; 
March, 1952. 

H. G. Booker. °A theory of scattering by moniso-
tropic irregularities with application to radar reflec-
tions from aurora," J. Atmos. Terr. Phys., vol. 8, pp. 
204-221; August, 1956. 

M. Spencer. "The shape of irregularities in the 
upper ionosphere." Proc. Phys. Soc. B, vol. 68, p. 
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TABLE I 

N elec-
trons/m1 

1011 
1011 
1011 
1014 

Frequency—meps 

100 200 400 

1.60° 
5.15° 
16.47° 
63.77° 

0.80° 
2.57° 
8.16° 
26.65° 

0.40° 
1.29° 
4.07° 
12.96° 

800 

0.20° 
0.64° 
2.03° 
6.44° 

regions beyond the ionosphere will, because 
of energy redirection resulting from the re-
flection process, either be obscured or non-
uniformly illuminated. 

THE REFLECTION GEOMETRY 

It will be assumed throughout this note 
that the discontinuities can be represented 
by an ensemble of long (with respect to a 
wavelength), cylindrical, field-aligned col-
umns of electron concentration. 

Consideration of the geometry of the 
earth's magnetic field" will show that an 
observer in the northern hemisphere is re-
quired to look in azimuthal directions toward 
the magnetic South Pole and at elevation 
angles corresponding approximately to the 
magnetic inclination at the observing loca-
tion, in order to view these columns at graz-
ing or near-grazing incidence. 

It may be shown that the relationship 
existing among these angles can be approxi-
mated by 

,g2 = el2 ± 112 — cos (0 D) (2) 

where 

g = the grazing angle, 
el =complement of the elevation angle, 
/1= complement of the magnetic inclina-

tion, 
D = magnetic declination, 
0 = azimuth angle. 

For the purposes of illustration, Figs. 1 
and 2 have been constructed for two active 
radio astronomy observatory locations, 
namely Ottawa, Canada, and Fairbanks, 
Alaska. The figures are contours of constant 
grazing angle, g, on a polar coordinate plot. 
The modulus is scaled to the complement 
of the elevation angle, el, and the argument 
to the azimuth angle, O. To a first approxi-
mation the region of the celestial sphere, 
affected by total reflection from the columns, 
lies within the contour defined by a value of 
g corresponding in (1) to the assumed value 
of electron density. 

Fig. 1 also contains two representative 
examples of moon transits' on the arbitrarily 
chosen dates of March 8 and 13, 1957. Fig. 2 
contains the orbits of the point source radio 
stars in Cassiopeia and Cygnus. 

EFFECT ON EXTRATERRESTRIAL 

RADIATION PATTERNS 

The major effects on the extraterrestrial 
radiation patterns are such as to produce 
amplitude scintillations and fades at the 

Chapman and Bartels. "Geomagnetism," Orford 
Univ. Press, London, vols. I and 2; 1940. 

*The Air Almanac," Naut. Almanac Off., U.S. 
Naval Observatory, published quarterly. 
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ground-based antenna. The manner in which 
these anomalies arise can best be illustrated 
by reference to a ray-tracing diagram, e.g., 
Fig. 3. The rays pictured in this diagram lie 
in the plane containing the antenna and the 
magnetic axis of the earth. It can be seen 
that the result of uniformly illuminating a 
large area on either side of the magnetic 
zenith is to produce a region in this plane 
enclosed by the parallel line pairs, A and B, 
and C and D. It is to be noted that rays A 
and B pass through widely separated por-
tions of the ionosphere. Hence, perturbations 
on these paths due to ionospheric disturb-
ances will be uncorrelated, giving rise to 
frequent scintillations. Also, the broad 
region of the ionosphere which produces 
parallel rays acts like a very large antenna 
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Fig. 3—Ray tracing for the wide-bean, case. 
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Fig. 4—Ray tracing for the narrow-beam case. 

aperture with an extremely narrow beam-
interference pattern. The amplitude of signal 
returns resulting from such patterns are very 
sensitive to angular shifts between antenna 
and source. Thus the relative motions of the 
earth and stars, for example, may be ex-
pected to produce scintillating signals. 

When the antenna system employed 
possesses sufficient directivity to illuminate 
principally a region on one side of the mag-
netic zenith, the parallel ray structure is not 
produced. Instead a relatively large "hole" 
is formed in which a celestial body would be 
obscured. This latter condition is illustrated 
in Fig. 4. 

An interesting by-product of the analysis 
shows that at times of obscuration, the 
narrow-beam antenna could be redirected to 
other elevations (on the opposite side of the 
magnetic zenith), thereby taking advantage 
of column reflections to fill in the obscured 
region. 

POSSIBLE EXPERIMENTAL VERIFICATION 

The observatories of the Defence Re-
search Board and Geophysical Institute at 
Ottawa and Fairbanks, respectively, were 
chosen as examples for this paper since it ap-
pears that certain of their recent radio astro-
nomical observations may be associated with 
the reflection effects described herein, al-
though it is not anticipated that this approx-
imate model and analysis will precisely fit the 
available data. The results, however, do 
appear potentially to be very powerful and 
it is expected that these and other active 
researchers will, very shortly, publish results 
which can be used to test further the predic-
tions made on the basis of the analysis de-
scribed. Should there be a strong correlation 

between theory and experiment, a new and 
sensitive tool will become available for 
estimating electron densities in the iono-
sphere and the magnitude of disturbances of 
the magnetic field at ionospheric heights. 

S. Rum 
AND L. COLIN 

Rome Air Dey. Center 
Griffiss Air Force Base 

Rome, N.Y. 

Launching IGY Satellites* 

Having investigated possibilities in 
Australia and New Zealand,' the writer re-
ports an observation concerning measure-
ments, particularly of the earth's magnetic 
field, expected from rocket-launched satel-
lites moving in geo-eccentric orbits reaching 
out eventually to several earth radii in the 
first instances. In harnessing the natural 
centrifugal acceleration of the earth at the 
surface launching point, the rocketed ascent 
of satellites therefrom, and that of the re-
spective initial orbit, are described nominally 
on the plane of the great circle taken as 
produced out through the geographical bear-
ing of the selected launching way. 

The attainable ordinal number and value 
of the prescribed angle of inclination, i, of 
the plane of the satellite orbit to that of the 
plane of the geographical equator, determine 
the scientific desirability of any selected 
existing, conjectured, or feasible launching 
point and way. The Cape Canaveral point 
(28°28'N lat., 80°23'W long.) offers a value 
of i about 35° ± 2°. Any Australian point at 
the environs of Woomera would offer no 
greater value of i and any remotely en-
visioned ascent therefrom of satellite space 
rockets (of advanced design by the writer 
and/or with the Martin Company) would 
be retarded by natural centrifugal and other 
geodynamic influences. The conjectured 
point at the northerly environs of Mur-
mansk, Russia, with a geographical bear-
ing about 34° east of true north, offers a 
value of i about 78° ± 1°. but natural and 
complex density distribution, generated by 
the rotation of the nonuniformly shaped 
earth, at high northern latitudes are certain 
to produce incommodious ascent paths. 
A small area of ground, less than I mile 

square, above high-tide sea level at the 
environs of Port Pegasus, Stewart Island, 
New Zealand (approximate lat. 47°11'S, 
long. 167°40'E), is an accessible and uni-
versally feasible launching way and point. 
Numerous values of i to 90° are offered for 
orbits of satellites (especially those carrying 
proton precessional magnetometers, radia-
tion balance sensing arms, infrared cloud 
cover optical scanners, and other important 
instrumentation) required to pass through 
ionospheric layers of the auroral zones and 
over the geomagnetic poles and, where so 
prescribed or resulting from insufficiently 

* Received by the IRE, October 8, 1957. 
1 W. H. Finlay, "Satellite observatories in nearby 

space." Ass!. J. Sci., vol. 19, p. 26; January, 1957. 

well-aligned orbit entry, out beyond the 
farthest presumed limit of the ectosphere. 
Natural placing of islands to the northeast, 
east and southeast, and south about the 
meridian, surrounding the land mass of 
Antarctica, indicate that ascent path per-
turbations ought to be relatively negligible. 
These topographical features could be used 
for the purpose of setting up radio and op-
tical tracking, acquisitioning, and tele-
metered data-recording stations. A com-
manding position on Mt. Allen (Stewart 
Island) is available for setting up the 
necessary telecontrol launching blockhouse. 
Facilities for ground installations could be 
set up close by. Given early sponsorship or 
an appointment to proceed, it is within the 
experience and available knowledge of the 
writer that scientific and technical arrange-
ment to implement the Port Pegasus site— 
between the United States and New Zealand 
in the first instance at any rate—could be 
finalized before April, 1958. Attention is 
invited2 from all nations participating in 
the IGY or subscribing to the United 
Nations. 

W ILLIAM H. FINLAY 
Canberra 

A.C.T. 
Australia 

F. L. Whipple and J. A. Hynek, "A research pro-
gram based on the optical tracking of artificial earth 
satellites," PROC. IRE, vol. 44. pp. 760-764; June, 
1956. 

Mobile Single-
Sideband Equipment* 

The viewpoints' on this problem of 
Richardson and myself reflect different ap-
proaches; in my case an elimination of con-
tinuous carrier with resultant greater power 
out put for a given final amplifier, and hence 
somewhat improved range. 

Considerable experience with essential 
service mobile systems makes simplicity of 
control obviously very desirable, and if 
system stability can be improved to ± 200 
cycles, provision of a speech clarifier is 
hardly necessary, except that in conditions 
of fairly heavy noise or interference, adjust-
ment to give speech a higher-pitched tone 
generally does increase intelligibility. In its 
present state of development, the Motorola 
equipment would be in a difficult situation 
with the possibility of other transmissions 
on adjacent frequencies in the same channel, 
as in such chaotic conditions the receiver 
might lock on an undesired signal. Con-
versely, without radiated carriers, if system 
stability were sufficiently improved, an 
SSB transmission even only 2 kc from the 
reference frequency to which the receiver 
is tuned becomes unintelligible and merely 
a noisy background against which a signal of 
equal strength is tolerably readable. 

R. E. MORROW 
Worth Communications Services 

Birmingham, England 

* Received by the IRE, October 7, 1957. 
1 R. E Morrow and R A Richardson, PROC IRE, 

vol 45, pp. 1736-1737; December, 1957. 
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Space-Charge Waves Along Mag-

netically-Focused Electron Beams* 

In a recent publication,' Labus has re-
peated his earlier criticism' of the analytical 
procedure usually employed in those prob-
lems of small-signal, slow-wave propagation 
along electron beams, in which small trans-
verse ac displacements can take place. In its 
stead, he proposes a method which appears 
to be novel in concept, and certainly leads 
to results which differ materially from those 
found earlier by conventional techniques.' * 
Although the questions at issue are pro-
cedural, and indeed go back to Hahn's first 
paper on the subject,' it is simpler to confine 
the discussion to the framework of one of 
the problems considered by Labus, that of 
axial-symmetric waves along a smooth 
cylindrical beam in Brillouin flow.' 

Labus' procedure differs from that of 
Rigrod and Lewis' in two respects: 

1) He takes account of the ac radial 
charge displacements by introducing 
increments of ac space-charge density 
throughout the volume of the beam, 
rather than on its surface. 

2) He retains, in the electron dynamics 
equations, contributions due to the ac 
magnetic field B and the azimuthal 
component Ek of the ac electric field. 

The second of these items is chiefly of 
theoretical interest and will be discussed 
later. The large discrepancies between the 
results of Labus' computations and those of 
Rigrod and Lewis' and of Brewer' are due 
entirely to the first item in dispute, which 
accordingly will be examined in some detail. 

In the work of Rigrod and Lewis,' the ra-
dial charge displacements were treated by 
assigning an unknown ac space-charge den-
sity p to the interior of the beam, and replac-
ing the boundary disturbance by an equiva-
lent surface charge density. The perturbed 
boundary (associated with any one traveling 
wave) will have a profile given by the radial 
displacement of the outermost electrons: 

(ar)o exP i(cot — 710, (1) 

where r = b is the undisturbed boundary, co is 
the radian frequency, and -y the slow-wave 
propagation constant. 

Suppose, in Fig. 1, that the solid curved 
line represents this boundary profile at any 
instant. Then the total charge in the beam 
equals that contained within the unper-
turbed boundary, plus that represented by 
the shaded areas: 

(I) b 
Qi fob+ (po p)2irrdr 

r2-É f  (po p)2Trdr 2vb po(&)o. (2) 

* Received by the IRE. July 15, 1957. 
J. Labus. "Space charge waves along magnet-

; cally focused electron beams." PROC. IRE, vol. 45, 
p. 854-861; June, 1957. 

J. Labus and K. Poeschl. "Raumladungswellen 
in ionenfreien elektronenstrahlen,« Arch. sick. Ober-
:raving. vol. 9, pp. 39-46; January, 1955. 
• W. W. Rigrod and J. A. Lewis, «Wave propaga-

tion along a magnetically focused cylindrical electron 
beam.« Bell Sys. Tech. J.. vol. 33. pp. 39Y-416; 
March, 1954. 

G. R. Brewer, Some effects of magnetic field 
strength on space-charge-wave propagation," PROC. 
IRE. vol. 44, pp. 896-903; July. 14.56. 

W. C. Hahn, «Small signal theory of velocity 
modulated electron beams.' GE Rey., vol. 42, pp. 
258-270; June, 1939. 
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The second term can be regarded as a sur-
face charge, in which p is dropped when ac 
quantities are linearized. To this sanie ap-
proximation, the surface ripple has no meas-
urable thickness and can only be equivalent 
to a sheet of charge or current. 

This method of summation does not 
neglect the effect of the radial displacements 
within the beam, and does not assume that 
the surface charge is made up solely of the 
outermost electrons, as Labus suggests. The 
ac surface charge is produced by the unbal-
anced radial motions of all of the particles 
shown in the shaded areas of Fig. 1, which 
constitute a time-varying excess or de-
ficiency of charge relative to that contained 
within the undisturbed boundary, r =b. The 
radial displacements within this boundary 
(r <b) are related through the radial veloci-
ties at each point, i,, and the charge-con-
tinuity equation, to the volume space-charge 
density p; and, in addition, determine the 
radial current density within the beam. 

In a small-signal approximation, the ac 
surface charge together with the dc velocity 
constitute an ac surface current density, 
with components 

G, = povo(1r)o (3) 

'= Povoo(gr)o. (4) 

The wave admittance at the beam boundary, 
which must be equated to that of the circuit, 
can be written (using mks units) in the 
form 

Y.  = 
E, E. (5) 

In this formulation, therefore, the surface 
current density (3) is equal to an increment 
A1/4, over the value of 1/0 computed as though 
the surface were undisturbed. 

Labus prefers to compute AH, by adding 
up the equivalent ac charges due to radial 
displacements everywhere in the beam, in 
the form of increments to the volume space-
charge density, 4. He divides the beam into 
hollow-beam elements of infinitesimal thick-
ness or, bounded by surfaces whose profiles 
are the instantaneous radial displacements 
at the inner and outer radii of these elements, 
respectively. In Fig. 1, the solid curve (2:r), 
is now understood to show the perturbed 
locus of particles originally at some radius 
r inside of the beam r <b. The dashed sinus-
oid is the locus (r),•-a, of particles whose un-
disturbed location would be (r —dr). 

Labus then evaluates the total charge in 
the curved hollow-beam elements, per unit 
length of beam, as follows: 

dQg = 2r(r -F Zr)8r(po p) 

2.wri3r(po -F p tip). (6) 

This charge is equated to that of a similar 
hollow-beam element in a smooth cylindrical 
beam, to which the fictitious space-charge 
density increment p has been added to re-
place the charge produced by the radial mo-
tion: 

(2;r),5r(po p) (e,r)Sr•po = (r •ap)6r (7) 

(&) 
Po (8) 

The mistake made in (6)-(8) is that 
Labus has assumed the two displacement 
amplitudes (Zr),. and ar),._df to be equal, 
separated by a constant distance Or, which is 
equal to the infinitesimal separation between 
the undisturbed surfaces at r and r —dr. This 
displacement, however, is some function of 
radius and becomes zero at the beam axis. 

For the sake of clarity, the charge d,28 of 
(6) will be recalculated properly in two dif-
ferent ways: 

1) Following Labus, dQ8 equals the vol-
ume space-charge density times the volume 
between the surfaces (2ir),. and (Lr),_dr: 

dQ8= (po+ p)7r [(r F ir,) 2 (r (9) 

-=21r(Po-F P) 

• [r(id-r—Zr,•-ar)+S-rr-ardr-Frdr]. (10) 

As ar is a function of r, 

—= —a (Sr)dr (11) 
Or 

clQg = 2.-(po + P)dr[r a (ar) ± r] 

a 
= Irrdr(po p) [1 — 1 — (rKr)]. (12) 

r ar 

Here second-order terms in (ar) as well as in 
the infinitesimal dr have been neglected. To 
a linear approximation, further, (sr) can be 
evaluated at r in (11) and (12). The incre-
ment in space-charge density Ap is then 
found as in (6): 

, , 
tip = (Po + a — Vat') 

r ar 
a , 

--'"É Po —  Var)• (13) 
r ar 

2) Another approach is to compute di-
rectly that portion of dQ, which is due to the 
radial motion only. This charge increment is 
the charge due to the displacement at r, less 
the charge due to the displacement of r — dr. 
Each displacement is measured as above, 
relative to the original disturbed surface, r 
and r — dr, respectively. The net charge in-
crement is therefore 

(dQ)radwi motion = Irr(ar)r(Po 

—2s-(r — dr)(ar)r-dr(Po p). (14) 

Here the charge due to each displacement is 
the volume space-charge density times the 
volume swept out by the displacement am-
plitude; i.e., effectively a surface charge, as 
in (2). As before, the ac charge density p 
drops out in a linear approximation, and 
with (11), the expression simplifies as: 

(dOradial motion 

= 2lrpo [r —a (1.) + (as)] dr (15) 
Or 

271 -po —a (rar)dr. 
ar 

(16) 
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The total charge in each of these elementary 
volumes equals this charge plus that between 
the undisplaced surfaces at r and s—ds: 

1 a 
dQ, = 27rs [po p -F po — — (r.C.r)]dr. (17) 

ar 
The charge increment Ap so found is the 

same as in (13). Corresponding to it there is 
an increment Ai, in axial current density i,, 
and therefore in H4, at each radius in the 
beam: 

a 
— — [r(e.H.),] = = vo•Ap. (18) 
r as 

The total increment in Ho at the surface of 
the beam is found by integration: 

1. b a 
—ar [s(AH4,),]ds = 

b • (J.11,6)6 

(Allos)b = 

b a 
poyo f  — (s-As)ds (19) 

o as 

POV0b(Mb 

povoarh» (20) 

This is the same as G, in (3) and (5); i.e., 
both methods arrive at the same solution. 

Concerning the second point in dispute, 
it can be demonstrated readily that the force 
terms due to the ac magnetic field are negli-
gible for electron beams with velocities less 
than that corresponding to about 10,000 
volts; whereas for beam velocities above this 
region, where such forces do become sig-
nificant, it is incorrect to use the equations 
of nonrelativistic dynamics. Since the beams 
considered here are of the lower-voltage vari-
ety, the former stricture applies. 

Since the axial dc velocity vo is usually 
much greater than the tangential, voo, it is 
sufficient to examine the terms in the force 
equations containing vo. The ratio of interest 
in the radial force equation can be evaluated 
with the aid of the radial component of the 
field equation connecting H and j: 

curl H = J jideE (21) 

J, 
H4, = —we [E, 7---1• 

..1coe 

In true plasma waves, such as in an un-
bounded confined-flow beam, the displace-
ment current is equal and opposite to the 
convection current. In beams of finite cross 
section and in finite magnetic fields, the 
convection current can be relatively larger, 
but is limited by the small-signal condition 
and practical limitations on beam perveance 
to a factor of about 5, or of the order of c/vo 
at most: 

(22) 

.1; •= — LiweEi)F: (i = r, s) (23) 

F. < c/vo. (24) 

The ratio of the forces due to the ac mag-
netic and electric fields, respectively, in the 
radial force equation, is given by 

1*°116 — 7 

vo k 
-= — • — 11 — Fl . (25) 
c -y 

In these expressions, e and ¡h are the dielectric 
constant and permeability of free space, re-
spectively, k the free-space wave number, 
and c the velocity of light. This ratio is 
therefore negligibly small, for "slow" waves: 

k vo 
(26 

7 C 

When the fields have axial symmetry, the 
equation for curl E leads to the relation 

Ebb = Br• (27) 

The fields in the tangential force equation 
appear as the sum 

+ ver = voB,D. — O. (28) 
7zo 

The net contribution of E. and voB, to the 
dynamics equations is therefore negligible, 
one being nearly equal and opposite in sign 
to the other, and each negligible in magni-
tude compared with E, and E,. The latter 
are directly excited by the initial modulation 
and are predominantly irrotational, whereas 
E4, is solenoidal, being induced indirectly by 
the currents of the moving charges. 

This can be verified in greater detail as 
follows. The principal source of .4 is the sur-
face current G4, given by (4), which in turn 
is dependent on E,. The magnitude of such 
TE-TM coupling can be evaluated using the 
fact that G4, measures the maximum ampli-
tude of H,, approximately. This, taken to-
gether with the two field equations, (21) and 
(27), and the slow-wave condition (26), 
shows directly that E4, is negligible relative 
to When, in addition, the TE and TM 
fields are not coupled by the external circuit, 
as is the case in a drift region, the TE fields 
can be entirely disregarded. (Such circuit 
coupling does take place at a helical bound-
ary; but only sufficient to affect the propa-
gation constants, not the electron trajec-
tories.) 

With E. equal to zero, the expressions 
given by Labus for the ac quantities inside 
of the beam—velocity, current-density, and 
fields—all reduce to the corresponding ex-
pressions previously published by Rigrod 
and Lewis,* in the case of Brillouin flow, and 
to those in Brewer's work,4 in the case of the 
smooth beam with flux threading the cathode. 

There are two conclusions: First, the re-
sults presented by Labus1.2 are incorrect, 
whereas those of Rigrod and Lewis* and 
Brewer4 are correct. Second, Labus' method 
of representing radial electron displace-
ments by means of ac space-charge density 
increments throughout the beam volume 
can, when properly employed, lead to the 
same results as those obtained by using an 
equivalent surface charge density. 

W. W. RIGROD 
Bell Telephone Labs. 
Murray Hill, N. J. 

Author's Commente 

In problems dealing with the propagation 
of a perturbation within a bounded medium, 
the boundary conditions usually are given at 
the source of the perturbation. The present 
problem is more complicated because the 
shape of the medium is changed by the per-
turbation in an unknown way. In exact 
theory, that change should be included in 
the result. That theory however, would be-
come laborious, unless the small signal meth-

Received by the IRE, September 5, 1957. 

od is justified and the separation of one or 
two of the variables is legitimate. In our 
problem, the separation is based on the as-
sumption of the law of propagation along a 
preferred variable. The corresponding An-
satz that will be introduced into the differen-
tial equation requires that the boundary 
conditions are satisfied along a constant 
value of the remaining variables. 

In the papers by Rigrod and Lewis* and 
Labus and Piisch1,2 the conventional Ansatz 
exp j(vd-75), corresponding to a plane 
wave, was used, in order to separate the vari-
ables and z of the partial differential equa-
tion. The boundary conditions (the con-
tinuity of field components) then are ful-
filled along a constant value of s(r = b) repre-
senting the surface of the undisturbed beam. 
In order to legitimatize that procedure, ad-
ditional field components (or currents) are 
introduced. Rigrod and Lewis7 assume that 
"the rippled beam is equivalent to a uniform 
cylindrical beam with an ac surface charge 
density pop, or a surface current density." 
Labus and Piisch12 consider the radial dis-
placements of the flow within hollow cylin-
ders of the radius s(0 <s<b) and of the 
radial extension or. According to Rigrod's 
note, the solutions obtained by those meth-
ods lead to the same result if the depe idence 
of Or on r is properly taken into account. 

In the work of Labus and P6sch1,2 the 
field component E., and thus the coupling 
between TM and TE waves, had been taken 
into account, because it was believed that 
they may not be negligible, except for mod-
erate values of magnetic fields, current 
densities, and beam radius. From the differ-
erential equations of the problem 

o'er  
Lo(E.) = Lo(rE.) 

w(o.1.2/44,2 — 1) 

WCOL 
Li(E0) =- rLo(E,) 

a= a  (herein Lo = —ar_ — 
r — 2 

a= I a (-1 
L1— — + — — — ar= r ar r2 

coy= e.130/2m, = — 7u0) it becomes evi-
dent that the coupling between TM and TE 
waves depends on the magnitude of the mag-
netic field Bo and other parameters. In (11) 
of Labus and P6schl's work,2 following from 
the boundary conditions, the coupling re-
ferred to is represented by the parameter 
o = omb/2c, containing the beam radius, be-
sides Bo. The conditions for which its influ-
ence on the result had been disregarded in 
that paper, however, may not be true in gen-
eral. 

With regard to what had been said in (1), 
any solution of the considered problem that 
is based on the Ansatz exp j(cot—y,) will, in 
all cases, give rise to criticism. Therefore, the 
results of Labus and Piischl2 should not be 
called incorrect, unless the correct solution 
of the problem is known. In the conclusion 
of Labus' work,' the author pointed to 
further experiments, which perhaps might 

7 Rigrod and Lewis. op. a.. P. 405. 
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settle these questions. However, he is aware 
of the difficulties encountered in obtaining 
reliable results. They depend on the accu-
racy of measuring the diameter of the un-
perturbed beam. In addition, a constant 
ripple along the beam, due to initial condi-
tions can hardly be avoided. Therefore, an 
improved though more elaborate attack on 
that problem seems to be justified. 

J. LABUS 
Siemens & Halske Aktiengesellschaft 

München, Germany 

A Plea for Maximum Utility in 
Government Contract Reports 
Covering Research 
and Development* 

Greater results from research and de-
velopment programs, at no cost, can come 
from an increase in efficiency of the scientists 
and engineers working on them. This 
article discusses the effect on this efficiency 
of various ways of preparing government 
contract reports, particularly the regular 
quarterly report intended to cover all the 
work done in the interval. It is suggested 
that completeness of detail in such reports 
is not a sufficient measure of their utility to 
the government agency concerned, or to 
other scientists and engineers. 
A fundamental premise in reporting on 

research and development to a government 
agency is that everything of value should 
be included. However, our scale of value 
extends not from zero to the positive but 
includes negative value as well. Thus, an 
incorrect or misleading result does not have 
zero value; it has a harmful effect on other 
workers and actually subtracts from their 
output. Such misleading results must not be 
confused with correctly determined negative 
results; e.g., a result that correctly indicates 
that a desired effect is not possible under 
given circumstances. These correct but nega-
tive results have positive values, since they 
have a beneficial effect on other workers. 

In a research report, it is extremely im-
portant to maximize the utility to others by 
observing the following rules: 

1) Eliminate negative values altogether. 
2) Devote very little space and avoid 

detail in presenting results with a 
value that hovers around zero on the 
scale. 

3) Describe in detail, and with full em-
phasis, a result that has a clearly 
discernible positive value. 

4) When there are many results, propor-
tion the detail and the emphasis to 
the value, so that the most valuable 
result is described in the most com-
prehensive terms. 

When a paper is prepared for publication 
in one of our better journals, it is reviewed 

* Received by the IRE. October 16, 1957. This 
article originally appeared in the AGET News Bulletin, 
October 1, 1957. 

by one or more independent readers who 
use exactly these criteria. Unfortunately, 
contract reports are not independently re-
viewed. We have all seen such reports with 
hundreds of pages of text, curves, photo-
graphs, and diagrams, all of which can 
easily be dismissed as much ado about 
nothing. Equally unfortunate is the report 
that describes an obviously valuable result 
in so little detail that it cannot be repeated 
elsewhere without duplicating much of the 
original work. But worst of all is the report 
with results that cannot be relied upon and 
are later found to be in error.1 

The major difficulty in following the 
rules mentioned lies in the evaluation of 
research results. When the author of a report 
does not see the true value of his work, 
positive or negative, he will certainly be 
unable to avoid wasting the time of others. 
There seems to be little that can be done 
about this except a careful review by a 
supervisor or a colleague with better judg-
ment. 

However, and this is the main thesis of 
this article, in most instances the research in-
vestigator himself is the most competent judge 
of value, and he does correctly evaluate; it does 
not follow that the most useful report is pre-
pared. There are many pressures on a writer 
of a contract report to deviate from the path 
of maximum utility. He may have worked 
for three months and have accumulated 
only data of extremely doubtful or even 
negative value. Since others may not share 
his insight, he is often praised when he sub-
mits an excellently written and complete 
report; yet, if he were asked to submit the 
same data to a technical journal, he would 
hesitate immediately to subject it to the 
scrutiny of critical review. He may have 
been encouraged to present all his work, 
good and bad, by a policy which assumes 
that proper evaluation will be done by each 
competent reader; at best, this is an ex-
tremely wasteful process. There may also 
be temptation to deviate from the best 
policy when a very important result is 
achieved. In such an instance, there may be 
a temporary advantage over hypothetical 
competitors by withholding key information 
from the report or by underemphasis of the 
important result and overemphasis of rela-
tively unimportant data. To repeat, then, 
though a research investigator correctly 
evaluates the importance of his work, his 
evaluation may not always be used to the 
maximum benefit of others. 

The effect of reports that depart widely 
from the rules leading to maximum utility 
is to mislead the government agency con-
cerning the progress which is being made 
and to reduce markedly the efficiency of 
research and development workers who en-
deavor to use the contract reports to further 
their own work. Certain astute scientists 
are known to ignore the average contract 
report, preferring to wait for journal pub-
lication in which the author has more nearly 
approached a proper balance between em-
phasis and value. 

1J. R. Pierce, in a report on "Basic Research in 
Electronics" prepared for the Technical Advisory 
Panel on Electronics, states, "... the greatest re-
tarding influence on an art is inadequate or incom-
petent work.... It wastes the time of other com-
petent workers in following it, and it misleads the 
less competent as to what is desirable or possible." 

In summary, the persons responsible for 
research direction in governmental organiza-
tions, in industry, and in academic institu-
tions should try to instill in the research 
investigator a clear comprehension of the 
over-all benefit to be obtained by prepara-
tion of contract reports so as to be of greater 
use to others. These benefits are of exactly 
the same nature as those that come from a 
universal publication policy in science; each 
scientific worker is aided far more by the 
ability to use work of others than he loses 
by preparing his own work for use by others. 
The taxpayer, whose objective is to obtain 
a maximum return from each dollar spent on 
government-sponsored science, has an equal 
interest in improving the utility to society 
of government contract reports. 

E. W. HEROLD 
Member, Advisory Group on 

Electron Tubes 
and RCA Laboratories 

Princeton, N. J. 

Properties of Ion Filled 
Waveguid es 

In the course of an investigation of so-
called "ion plasma oscillations" in drifting 
electron beams, an analysis of some of the 
electromagnetic properties of an ion filled 
waveguide was made. The idealized system 
analyzed was the following: a metallic wave-
guide of rectangular cross section filled with 
a uniform charge density po of ions. The ions 
were assumed to have fixed average positions 
(no thermal or drift velocities), their charge 
to mass ratio was q/M, and the usual plasma 
frequency definition co,,1=qp0/E0M was used. 
A dc, axial magnetic field Bo was assumed, 
giving a cyclotron frequency co,=qB0/M. 
The response of the system to a harmonic 
excitation del was studied under the as-
sumption that solutions could be found of 
the form e-iele or cos fI.z. The effect of dc 
space-charge fields was ignored. 
A dispersion equation was found by ex-

panding Maxwell's curl equations, including 
the ion vector current density Ji=pov,, 
where tu is the vector ac ion velocity that is 
found by integrating the Lorentz force 
equation. The resulting "electromagnetic" 
dispersion equation is 

[— t 1 r co,21 
132+ 7‘)J L - 

0.7 2 ,p2 04,2 

COI I .2 J 

(1) 

where 132 = ;3.2 -F/3.2 (3„ 2, = /3, 

=mx/yo, and xo and yo are the transverse 
waveguide dimensions. A much simpler 
equation can be derived by assuming that 
(3.>>k = c (slow waves). In this case 
Hz--10, and eze —grad V. Then we can 

* Received by the IRE, October 7. 1957. 
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Fig. 1-0, vs co for coj <cop. 
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Fig. 2-0. vs co for to.<co.. 

start with Poisson's equation to get the 
"electrostatic" relation 

0.2 w 2(wpS ..1_0„2_ 0,2) 

— — 0,) 22  2 (0=2 + $,2). (2) co)(co  

Eq. (1) yields two different solutions for 
IV. One solution behaves very much like 
the empty waveguide solution. The other 
solution of (1) behaves very much like (2) at 
low frequencies, and like the empty wave-
guide at high frequencies. Eq. (2) and the 
second solution of (1) are plotted in Figs. 1 
and 2 for the cases co, <cep, and coc >cop. For 
reasonable values of the parameters co, cop, 

/3„, and assuming atomic or molecular 
ions rather than electrons, the frequencies 
to the left of the break in the abscissa are 
of the order of a few mc. Frequencies to the 
right of the break are of the order of a few 
kmc. 

To us, the unexpected features of these 
curves are the two pass bands below the 
usual waveguide pass band. One extends 
from 0 <co <coo or 0 <co <cop (depending on 
whether coo <co, or coo >co,). The other ex-

tends from 415 <CO < 1/4 1,2 -1-wG2 or coo <co < 
1/4 ,2-1-co.2; this region is characterized by 
deaco <0, which implies a group velocity 
opposite to the phase velocity. 

L. D. SMULLIN 
AND P. CHORNEY 
Mass. Inst. Tech. 
Cambridge, Mass. 

On the Forward Characteristic of 

Semiconductor Diodes* 

In books and elsewhere, the expression 
for the current-voltage characteristic of a 
semiconductor diode is still sometimes 

• Received by the IRE, September 3,1957. 

quoted without qualification as 

/ = /0(eqvikr — 1), (I) 

Is being a constant, q the electronic charge, 
k Boltzmann's constant, and T the tempera-
ture. Actually, the characteristic almost 
never follows that form over any range be-
yond two or three tenths of a volt in the 
forward polarity (I and V positive) and a 
volt or so in the reverse polarity. The large 
signal region, which is often of the most 
practical interest, is not described well at all. 
The situation is almost as if a thermionic 
diode were described in terms of its region 
of very small currents, where the behavior is 
exponential; and the region of great practi-
cal interest, where the characteristic follows 
a three-halves power low, entirely disre-
garded. It would seem, as far as the forward 
part of the characteristic is concerned, that 
the common practice of plotting the charac-
teristic on semilogarithmic coordinates helps 
to perpetuate this situation, since such a 
plot gives the low-current part of the charac-
teristic a prominence out of all proportion to 
its importance in many practical applica-
tions. 

The deviation of the reverse character-
istic of a diode from the ideal form of (1) can 
arise from many reasons, some of them 
fundamental, some of them more or less 
accidental (e.g., surface conduction). It 
would be impossible to deal with these mat-
ters in a letter. Fortunately, some of them 
are often of small practical importance. 
What is desired here is to give some thought 
to the matter of the forward characteristic. 

Halll showed that, for certain types of 
diode, the qV/kT in (1) should be replaced 
by qV/2kT, and this form has had consider-
able use, 2,3 but even this seldom fits the facts 
very well above about one-half volt. Herlet4 
has given a theory which leads to a square-
law relationship for large currents. 

Recently, Fletcher8,8 has given a rather 
rigorous treatment of the forward charac-
teristic and matters related thereto, but the 
resulting expressions are not very con-
venient for practical application. 

Actually, as can be seen by inspection, 
the forward characteristic of these diodes 
almost invariably starts out as an expo-
nential, but approaches a straight line.7 
Armstrong, et al. proposed to take this into 
account, and to represent the characteristic 
by8 

V —  Vs 

I+ IN 
(2) 

I R. N. Hall, "Power rectifiers and transistors," 
Paoc. IRE, vol. 40. pp. 1512-1518; November, 1952. 

E. Spenke, "Durchlasz- und Sperreigenschaften 
cines p-i-Metall Gleichrichters," Z. Naturf., vol. 1 la, 
pp. 440-456; June, 1956. 

H. S. Veloric and M. B. Prince, "High-voltage 
conductivity-modulated silicon rectifier." Bell. Sys. 

Tech. J., vol. 36. pp. 975-1004; July. D1957. A. Herlet. 'Das Verhalten von p-n-Gleichrichtern 
bein Hohen Durchlaszbelastungen," Z. Naturf., vol. 
11a, pp. 498-510; June. 1956. 

5 N. H. Fletcher, "General semiconductor junction 
relations." J. Electronics, vol. 2, pp. 609-610; May, 
1957. 

N. H. Fletcher, "The high-current limit for semi-
semiconductor junction devices." Paoc. IRE. vol. 45, 
pp. 862-872; June, 1957. 

7 R. G. Shulman and M. E. McMahon. "Recovery 
currents in germanium p-n junction diodes," J. Ape 
Phys., vol. 24, pp. 1267-1272; October. 1953. 

H. L. Armstrong, E. D. Metz, and I. Weiman, 
"Design theory and experiments for abrupt hem-
ispherical p-n junction diodes," IRE TRANS., vol. 
ED-3, pp. 86-92; April. 1956. 

RR, the "residual resistance" of the diode, 
the limit approached by the spreading re-
sistance for large currents, is the resistance 
represented by the straight line to which the 
characteristic is asymptotic, while Vo is the 
intercept of that straight line on the V axis. 
IN is just a constant of the diode. Given a 
characteristic, RR and Vo can be found by 
drawing the asymptote, while I,v can be 
found by trial, or by the fact that when 
V = Vo, I = (VoIN/Rs)u2. Eq. (2) is really an 
asymptotic approximation to a theoretical 
characteristic, and involves some drastic ap-
proximations, but it is found to fit the facts 
quite well. Accordingly, it could, if desired, 
be considered just as an empirical interpola-
tion formula. Since it fits the facts best for 
large currents it will give a rather large rela-
tive error at low currents, but the absolute 
error is quite small over the characteristic; 
and in calculating the action of rectifiers, 
etc., it is the absolute error, averaged over 
the working range, which is of interest. 

Eq. (2) works best when voltage is to be 
found as a function of the current. Of course, 
it can be solved for the current, but the re-
sulting expression, involving surds, may not 
be so convenient for further calculations. 

Eq. (2) even attempts to represent the 
reverse part of the characteristic, in that I 
approaches IN as V approaches minus 
infinity. However, IN will usually be two or 
three orders of magnitude greater than the' 
reverse saturation current (if the reverse 
current does saturate). The representation 
can be improved in this respect; it can be 
shown that the complete expression devel-
oped by Armstrong et al.° is fitted a little 
better by the form 

= I 
(I -I- IN)(I Is) 

RsI2 -I- Vol -I- VoIN 
(3) 

/s being the reverse saturation current, it is 
readily seen that as I approaches —Is, V 
approaches minus infinity. On the other 
hand, for moderate or large forward cur-
rents, (2) and (3) are indistinguishable. 
Thus, (3) gives a better representation of the 
total characteristic, but at the cost of greater 
complexity; in particular, to solve for I it is 
now necessary to solve a cubic equation. For 
many applications dealing with the forward 
characteristic, (2) will prove both adequate 
and convenient. 

In summary, it is proposed that (2) will 
represent the forward characteristic of a semi-
conductor diode quite well up to very high 
operating levels, and it will do so in a form 
convenient for use in many calculations. 

H. L. ARMSTRONG 
Pacific Semiconductors, Inc. 

Culver City, Calif. 

Poles and Zeros Squared* 

The recent popularity of poles and z 
is mainly due to their use in the study o 
frequency response H(fro). With 

* Received by the IRE. September 6,19! 
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p: 
rotior-oc) (1) 

the singularities of H(p), the problem of 
determining the frequency dependence of 
the response is simplified if H(jco) is factored 
into vectors from jo, to the fixed points h. 
We maintain that a further simplification is 
possible if instead of the pc's one considers 
their squares 

9.14 = p,f = re i28 . (2) 

One can then determine the amplitude char-
acteristic, 

A (0)) = I II CM I. (3) 

from the lengths of a smaller number of 
vectors. 

Indeed with 

MP') = (P)I1(- = 

where 
pt 

we have 

(4) 

(5) 

A 2(w) .= h(—w2). (6) 

In obtaining A (co) from (3), one will 
have to determine the lengths of the n 
vectors from jo to the points pi; the fact 
that the pc's might be complex conjugate is 
not utilized since the point jo i is not on the 
real axis. In obtaining A (co) from (6), one 
will again have to determine the length 
of n vectors, because h(w) has the same num-
ber of singularities as H(p); however, since 
—w2 is real, its distances to the points a,: 
and w are equal, hence we need consider 
fewer vectors (half as many if all roots are 
complex). The above is demonstrated in 
Fig. 1 and its usefulness is shown in the 
following examples. 

Pi 
ONE PAIR OF COMPLEX POLES -re-ti(r-e) 

pi 
In the p plane we have 

A (co) = 
® 

where C) and C) are the lengths of the vec-
tors from jw to pi and -f"h, respectively. To 
determine the condition for overshoot and 
the value w,,, of the frequency for maximum 
response, we have from the w plane 

A (co) 1 
D2 

-e A (co) is maximum when la is mini-
. From Fig. 2 we trivially obtain 

co. = r2I cos 201 

condition for overshoot (over-
in the double-tuned circuit ter-
is given by 

1 

tve 

0 > • 

' and is') we have critical 
'or 0<w/4 (Pi" and pi") 

the overcoupled case the 
to is given by 

r2 1 

3 201 IC05 201 

•- PLANE 

28, 

Fig. 1 

•,,,2„, 2 al, 28 

A WI • (1,'u 

and the condition for overshoot by 

r2 > 2o2 cos 20. 

Two PAIRS OF COMPLEX POLES 

The analysis of the double-tuned circuit 
is simple when the Q's are high and the 
resulting band narrow. One assumes then 
that the vectors to the points pi and p2 are 
constant and considers only the variation of 
the two vectors to the points pi and p2. In 
the w plane this assumption is not necessary 
and the analysis of the wide-band case can be 
given as easily. Thus to obtain equal peaks 
in the response, we must have 

ri2 sin 201 = r22 sin 202 

because then the poles wi=reei2°1 and 
w2= r22ei 282 are equidistant from the real 
axis. 

A. PAPOULIS 
Polytechnic Institute of Brooklyn 

Brooklyn, N. Y. 

Effect of Correlation on Combiner 

Fig. 2 Diversity* 

•- PLANE 

Fig. 3 

NM < IN-IN 

0 @ItA)e 11.mM' 

ONE ZERO p= —o AND ONE PAIR OF 

PI 
COMPLEX POLES = re±10-9) 

From the p plane it is not easy to see for 
what value of co the response (Fig. 3) 

A (co) = 0 C)c) 

is maximum. In the w plane 

(NA)  
A (co) 

B) 

where (NA) is the distance from —w2 to the 
pole sal= r2ei28 and (NB) =w2+0-2. It is 
easily seen that A (co) is maximum for w =w,„ 
such that 

(N.A) = (AB) 

hence co,„, is given by 

(6.1.2 + a2)2 = cr4 — 2r202 cos 28 

For reliable communications under con-
ditions of rapid fading the advantages of 
combiner diversity, wherein the signals are 
combined by adding the squares of the 
individual signal-to-noise ratios, have been 
recently pointed out in the literature." 
The analysis' of the probability distribution 
of the resultant signal has been made under 
the assumption that the individual signals 
are uncorrelated. It is the purpose of this 
letter to indicate how the effect of correla-
tion may be taken into account and to give 
the resulting distribution function in the case 
of dual diversity. This permits a more relia-
ble calculation of the spacing required for 
good diversity action. It should be pointed 
out that this has been done for the case of 
switch diversity by Staras2 and the results 
obtained were similar to those obtained 
here. 

The method of approach used in solving 
this problem is to convert the correlated 
variables, by means of a coordinate trans-
formation, into uncorrelated variables hav-
ing modified mean-square values. 

Under rapid fading conditions the signal 
strength has a Rayleigh distribution having 
the probability-density function 

2z 82 

P(8) = — exp ( — 
crz 

* Received by the IRE. September 9, 1957. This 
work was supported by the Department of Defense. 
1 L. R. Kahn, "Ratio squarer," PROC. IRE, vol. 

42, p. 1704; November, 1954. 
1 D. G. Brennan, "On the maximum signal-to-

noise realizable from several noisy signals," PROC. 
IRE, vol. 43, p. 1530; October, 1955. 

C. L. Mack, "Diversity reception in uhf long 
range communications," PROC. IRE, vol. 43. pp. 
1281-1289; October, 1955. 

H. Starts, "The statistics of combiner diversity. • 
PROC. IRE, vol. 44, p. 1057; August, 1956. 

H. Starts, "Diversity reception with correlated 
signals," J. Appl. Phys.. vol. 27, pp. 93-94; January. 
1956. 
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The variable z= -‘,/x2-1-y2 may be resolved 
into two variables x and y, each of which is 
normally distributed, 

1  
v(x) = — exp — 

,Virp 2 .7 2) 

and similarly for y. Considering two cor-
related variables 51 and 52 having the com-
ponents (xi, yi) and (x2, Y2), respectively, 
we assume a simple linear correlation 

X2 = Pxi It, Y2 = Pyl + 

where u and y are the uncorrelated portions 
of x2 and y2. It has been shown6 that the 
correlation coefficient ci for zi and z2 is 
given by 

7r  C = ( ±i p2  

We now consider the variables defined 
by the linear transformations: 

= xi + x2 = xi(1 + + u, 

-Vies =Xj — x2 = xi(1 — p) — u, 

\72711 + Y2 = yi( 1+ p) + v, 
= Yi — y2 = yi(1 — — v. 

These variables are normally distributed 
since they are linear combinations of normal-
ly distributed variables.' They are also 
uncorrelated as may be seen from the follow-
ing: 

2ziz2 = -x72 — — '72 = 0, 
2nen = -3;72 — Y22 = ,72 — 0, 
= x0,1+ ,43,2+ x2y1+.23,2= 0, 

22 = x1y1 — xiY2 — x2Yi + x2y2 = 0, 

22 = Xlyl — xiY2 + x2Y1 — x2y2 = 0, 

2E2rti = xiyi + xiy2 — x2yi — x2y2 = 0, 

since the only correlation between the x's 
and y's is that between xi, x2 and yi, y2. 
In the case of normally distributed variables 
this is sufficient to prove that they are in-
dependents 

Now combine these variables to form 
new variables, 

= Eis + nis and CO22 = E22 7/22 

which are Rayleigh distributed and uncor-
related. We have, furthermore, 

0,2 = ,p12 , 22 = Zi2 ni2 + E22 + 

= X12 ± x22 + yi2 + y22 = Si + Z22 

• H. G. Booker, J. A. Ratcliffe and D. H. Shinn, 
"Diffraction from an irregular screen with applications 
to ionospheric problems," Phil. Trans. Royal Soc. 
(London). vol. 242, pp. 579-607; September, 1950. 

7 H. Cramer, "Mathematical Methods of Statis-
tics." Princeton Univ. Press, Princeton, N. J., p. 213; 
1946. 

s Ibid., p. 289 
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Fig. 1—Combiner diversity with correlated 
signals. 

so that we have expressed the desired 
resultant, co, in terms of uncorrelated vari-
ables. It only remains to find the second 
moments of coi and co2. 

We first note that 

so that 

and similarly 

Also 

= 71-2(1 — 13') — = 

(1 — p2)cr2 

= (1  

uxi = vyi = 

since these variables are uncorrelated by 
definition. From these relations we have 

= (xis(1 + p)2 + 2uxi(1 + p) + 112) 
= k2(1 p) + (7.2(1 + p2)] 
= .72(1 + p) 

_ p) 2 — 2/1X1(1 — p) u2) 
= 11,2(1 2 ± «2(1 p 2)] 

= o-2 (1 — 

77 2 = 0.2(1 P) 

= 02(1 P) 

and so we obtain for the probability-density 
functions of cols and on', 

P (be = 
1 wiz .\ 

 exp 
«20 + p) «2(1+ p)) 

p(cP22) = 1   exp 
.72(1 — 0(1 — ) 

The probability-density function of the re-
sultant is 

I) (0)2) = P(c012) P(w22) = 0,4(1 — p2) 

• exp  w12 exp W21 ). 
\ crs(1 + p)/ \ cr2(l — p)/ 

From this we may readily find the probabil-
ity distribution for any value R of cos, which 
is 

R " 

P(R) =f fP(W2)(14 2)«*722) 

0 • 0 

r R 0,22 r 
= J o exp ..2(1 — p))L c0(1 — p2) 

wi2 
•exp (   d(coi2)1 

0(1 + ) 
d(co22). 

P 

Evaluating these integrals we have the final 
result, letting c=122, 

P (R) = 1 —   exp u2(1 \/i) 

1 — R  \ 

± 2 Nic- exP 0-2 (1 — N) 

which is the joint probability distribution 
for dual combination diversity when the 
two signals have a correlation coefficient, c. 

In the limit c=1, we find 

= e—Ri2e2 

which is the distribution for a single vari-
able having double the second moment of 
the individual variables. For c=0, we find 

P(R),..o = 1 — e-R1{4(1 + R/its) 

which is the distribution for dual combiner 
diversity with uncorrelated signals. 

The joint distribution obtained above 
provides the results shown in Fig. 1. The 
curves represent the percentage of time 
which the combined signal falls below the 
level indicated. The particular level refers 
to that which each Rayleigh variable will 
fade below the indicated percentage of time. 
For example, the percentile curve refers to 
Rayleigh variables which fade below a given 
threshold 1 per cent of the time, whereas the 
combined signal only fades below this level 
0.5 per cent of the time in the case of com-
plete correlation and 0.005 per cent of the 
time for independent signals. It is apparent 
from these results that most of the advantage 
of combiner diversity is obtained even if the 
correlation coefficient is as high as 0.5. This 
conclusion is the same as that drawn from 
Staras' analysis of switch diversity.6 

The writer wishes to acknowledge the 
valuable advice of W. D. White. 

KARLE S. PAcKARD 
Airborne Instruments Laboratory, Inc. 

Mineola, N. Y. 
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degree from the Uni-
versity of Paris, in 
1954. He served as a 
radar and radio offi-
cer with the U. S. 
Army Air Force from 
1943 to 1946. From 
1946 to the present, 
he has been employed 
as a physicist with 

the Air Force Cambridge Research Center, 
where, since 1955, he is Chief of the Iono-
spheric Section of the Propagation Labora-
tory of the Electronics Research Directo-
rate. He has engaged in studies of low-fre-
quency fluctuations of the earth's magnetic 
field, solar-terrestrial relationships and their 
effects on radio communications, and at pres-
ent is engaged in radio astronomy studies of 
atmospheric absorption, refraction, and scin-
tillation. 

J. AARONS 

Ned L. Ashton was born in Clinton, Iowa, 
on January 30, 1903. He received the Bache-
lor of Engineering degree and the Master's 

degree in both hy-
draulics and structur-
al engineering, both 
from the State Uni-
versity of Iowa, in 
1925 and 1926, re-
spectively. 
A professor of civ-

il engineering at the 
State University of 
Iowa, he is now on 
academic leave while 
acting as a special 
consultant on the de-

sign of the 140-foot radio telescope for the 
Associated Universities, Inc., New York, 
N. Y. For the past two and one half years, 
he has been a consultant on special feasibil-
ity studies of large antennas for the Office of 
Naval Research and on the design of an 
aluminum highway bridge for the Research 
Board of the Iowa State Highway Commis-
sion. Currently, he also is acting as a con-
sultant on special bridge design problems for 
the cities of Burlington and Iowa City, Iowa, 
and for the Cedar Rapids and Iowa City 
Railway Co. He is also an advisor on several 
large steerable antennas for the Air Force for 
Collins Radio Co., Cedar Rapids, Iowa. 

Among the societies to which he belongs 
are the American Society of Civil Engineers, 
American Welding Society, Society of Amer-
ican Military Engineers, American Society 
for Metals, Sigma Xi, Tau Beta Pi, and Chi 
Epsilon. 

He is a registered Professional Engineer 
in both Missouri and Iowa. 

N. L. ASHTON 

K. AKABANE 

A. H. BARRETT 

W. BARRON 

is engaged in studies 
atmospheric physics. 

Kenji Akabane was born in Matsumoto, 
Japan, on November 20, 1926. He attended 
the University of Tokyo. In 1951, he re-

ceived the B.A. de-
gree in applied phys-
ice from that univer-
sity. Since that time, 
Mr. Akabane has 
been employed at the 
Tokyo Astronomical 
Observatory, where 
he has been engaged 
in radio astronomy 
research with special 
emphasis in the mi-
crowave region. 

He is a member of 
the Astronomical Society of Japan. 

Alan H. Barrett was born in June, 1927, 
in Springfield, Mass. After service in the 
Navy, 1944-1946, he entered Purdue Uni-

versity, Lafayette, 
Ind., and received the 
B.S. degree in elec-
trical engineering. He 
received the M.A. 
and Ph.D. degrees 
in physics from Co-
lumbia University, in 
1953 and 1956, re-
spectively. His thesis 
research was in mi-
crowave spectros-
copy. 

Dr. Barrett held 
a National Research Council, Naval Re-
search Laboratory Postdoctoral Associate-
ship from January, 1956, to January, 1957, 
during which time he was engaged in radio 
astronomy research at the Naval Research 
Laboratory, Washington, D. C. He is cur-
rently engaged in similar work at the Uni-
versity of Michigan. 

He is a member of the American Physi-
cal Society, American Astronomical Society, 
Eta Kappa Nu, and Sigma Xi. 

William Barron was born in Bridgeport, 
Conn., in September, 1928. He received the 
B.A. degree from Bowdoin College, Bruns-

wick, Me., in 1950. 
He taught physics 
and mathematics at 
the secondary school 
level for five years 
before starting to 
work in the Iono-
spheric Section of the 
Propagation Labora-
tory, Air Force Cam-
bridge Research Cen-
ter, Hanscom Field, 
Bedford, Mass., in 
1955. At present, he 

in radio astronomy and 

E. J. BLum 

Emile-Jacques Blum was born in Floing, 
Ardennes, on July 27, 1923. After service in 
the French Army from 1943 to 1945, he re-

ceived the Licence 
ès Sciences from Par-
is University in 1947. 
He was at the Lab-
oratoire de Physique 
de l'Ecole Normale 
Supérieure from 1948 
to 1952. Mr. Blum 
was employed in re-
search for the French 
Navy and joined the 
Radioastronomy 
Group. He obtained 
the Doctorat ès Sci-

ences at Paris University in 1952. Since 1954, 
he has been at the Meudon Observatory, 
Paris, with the Radioastronomy Group. He 
was appointed "Astronome Adjoint" in 1956. 
He now is engaged in studies of radioastro-
nomical receivers and technical develop-
ments, chiefly on meter wavelengths and in 
measurements made at the Nançay field sta-
tion. 

Henry G. Booker (SM'45-F'53) was born 
at Barking, Essex, Eng., in 1910. He was ed-
ucated at Cambridge University where he 

received the B.A. de-
gree in 1933, and the 
Ph.D. degree in 1936, 
specializing in radio 
wave-propagation. He 
was awarded the 
Smith's prize in 1935, 
and became a Re-
search Fellow of 
Christ's College in 
the same year. From 
July, 1937, to July, 
1938, he was visiting 
scientist at the De-

partment of Terrestrial Magnetism of the 
Carnegie Institution of Washington, D. C. 
During World War II, he was in charge of 
theoretical research at the Telecommunica-
tions Research Establishment in England. 
After the war, he returned to Cambridge 
University as a lecturer, and in 1948, became 
a professor of electrical engineering at Cor-
nell University. He was awarded the Dud-
dell Premium in 1946, the Institution Pre-
mium in 1947, and the Kelvin Premium in 
1948, by the Institute of Electrical Engi-
neers, London. 

Dr. Booker is an Associate Member of 
the IEE, and a Fellow of the Royal Mete-
orological Society. He is the author of nu-
merous papers on radio wave propagation in 
the ionosphere and in the troposphere. 

H. G. BOOKER 

R. N. Bracewell (SM'56) was born in 
Sydney, Australia, in 1921. He graduated 
from the University of Sydney in 1941 with 
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R. H. BRUTON 

the B.Sc. degree in mathematics and physics, 
later receiving the degrees of B.E. (1943) and 
M.E. (1948) in communications with first 

class honors. During 
the war, he worked on 
electromagnetic the-
ory and microwave 
radar development in 
the Radiophysics Di-
vision of the CSIRO. 
From 1946 to 1949, 
he made experimental 
studies of solar iono-
spheric phenomena 
using very long waves, 

R. N. BRACEWELL in the Cavendish Lab-
oratory, Cambridge, 

and there he received the Ph.D. degree. A 
developing interest in the astronomical as-
pects of radio science led to his spending 
1954-1955 as a visiting professor at the 
Berkeley Astronomical Department, Uni-
versity of California, on leave from CSIRO 
with a Fulbright grant. He has been asso-
ciate professor of electrical engineering in 
the Radio Propagation Laboratory at Stan-
ford University since 1955, where he is 
engaged in solar research. 

He is a Fellow of the Institute of Physics, 
Associate Member of the Institution of Elec-
trical Engineers, Fellow of the Royal Astro-
nomical Society, life member of the Astro-
nomical Society of the Pacific, and a member 
of Sigma Xi. 

Robert H. Bruton was born in Annapolis, 
Md., on February 23, 1934. He was a stu-
dent at the U. S. Naval Academy from 1953 

to 1955. He now is 
attending Lehigh 
University, Bethle-
hem, Pa., where he 
received the B.A. de-
gree in June, 1957. 
He will have com-
pleted his work for 
the B.S. degree in 
June, 1958. He worked 
at the Radio Astron-
omy Branch of the 
U. S. Naval Research 
Laboratory, Washing-

ton, D. C., for two summers as a student 
trainee; during 1956, on a 400-mc survey of 
cosmic radio sources and during 1957, on a 
short-pulse lunar radar project. 

John Castelli was born in Lexington, 
Mass., in November, 1916. He was educated 
in the Lexington schools and received the 

A.B. and M.A. de-
grees from Boston 
College, Boston, Mass., 
in 1938 and 1939, re-
spectively. 

During World War 
II, Mr. Castelli served 
in the U. S. Army Air 
Force as a radar offi-
cer. In 1946, Mr. Cas-
telli entered the Civil 
Service at the Air 

J. CASTELLI Force Cambridge Re-

01, 

R. J. COATES 

search Center, where he has mainly worked 
on the rocket projects and various phases of 
radar systems. 

W. N. Christiansen was born in Mel-
bourne, Australia, on August 9, 1913. He re-
ceived the B.S. and M.S. degrees in physics 

at the University of 
Melbourne in 1934 
and 1935, and the de-
gree of D.Sc. in 1953. 

After postgradu-
ate work at Mel-
bourne University, he 
joined the Common-
wealth X-ray and 
Radium Laboratory. 
From 1937 until 1947, 
he was employed in 
the Research Labora-
tories of Amalga-

mated Wireless (A /asia) Ltd., where he was 
principally engaged in communications 
work, including the development of mul-
tiple-rhombic antenna arrays for use in long 
distance radio circuits. From 1948 to the 
present time, he has been working as a radio 
astronomer in the Division of Radiophysics 
of the CSIRO. His main work has been con-
nected with high-resolution radio studies of 
the sun. 

Dr. Christiansen is a Fellow of the Insti-
tute of Physics (Aust.), an Associate Mem-
ber of the IEE (London), and a Fellow of the 
Royal Astronomical Society. 

W. N. CHRISTIANSEN 

Robert J. Coates (A'47-M'55-SM'56) 
was born on May 8, 1922 in Lansing, Mich. 
He received the B.S. degree in electrical engi-

neering from Michi-
gan State University 
in 1943, the M.S. de-
gree in electrical engi-
neering from the Uni-
versity of Maryland 
in 1948, and the 
Ph.D. degree in ap-
plied physics from 
The Johns Hopkins 
University in 1957. 

Dr. Coates joined 
the Naval Research 
Laboratory in 1943, 

where he worked on microwave radar de-
velopment. Since then, he has done research 
in microwave propagation, pulsed communi-
cations, millimeter wavelength components, 
and millimeter wavelength systems. At 
present he is engaged in research in solar 
radio astronomy and in atmospheric physics. 

Dr. Coates is a member of Tau Beta Pi, 
Phi Kappa Phi, Sigma Xi, RESA, URSI, the 
American Physical Society, and the Ameri-
can Astronomical Society. He is a registered 
Professional Engineer in Washington, D. C. 

Marshall H. Cohen (S'47-A'50-M'56) 
was born in Manchester, N. H., on July 5, 
1926. He received the B.E.E. degree from 

A. E. COVINGTON 

R. A. COUTREZ 

M. H. COHEN 

Ohio State University in 1948, and the M.S. 
and Ph.D. degrees in physics from Ohio State 
University in 1949 and 1952. He was a re-

search associate at 
the Antenna Lab. of 
Ohio State Univer-
sity Research Foun-
dation from 1951 to 
1954, where he worked 
primarily on minia-
ture antennas and ra-
dar scattering. In 
1954, he became an 
assistant professor in 
the School of Electri-
cal Engineering at 
Cornell University. 

He is a member of the American Physical 
Society and American Astronomical Society. 

Raymond A. J. Coutrez was born in 
Ath, Belgium, on July 29, 1916. After his 
studies in mathematical physics and astrono-

my at the University 
of Brussels, Belgium, 
and Ecole Normale 
Supérieure, Paris, he 
received the Doctor's 
degree in science in 
1941 and a special 
Doctor's degree in 
1948. 

His principal works 
concerned statistical 
mechanics, stellar as-
tronomy, solar phys-
ics, and radio astron-

omy, from theoretical and experimental points 
of view. In 1941, he joined the staff of the 
Royal Observatory, Belgium, where he is 
head of the solar and radio astronomy de-
partment and heads the radio astronomy sta-
tion Humain-Rochefort. 

He is a fellow of the Royal Astronomical 
Society of Great Britain, the Belgian Socie-
ties of Astronomy, Statistics, etc., and a past 
Advanced Fellow of the Belgian American 
Educational Foundation. He is also a mem-
ber of Commissions 10, 11, and 40 of the IAU 
and Secretary of Commission V, URSI. 

A. E. Covington (M'49) was born in 
Regina, Saskatchewan, Canada, on Septem-
ber 21, 1913. He received the B.A. degree in 

physics and mathe-
matics in 1938, and 
the M.A. degree in 
1940 from the Uni-
versity of British Co-
lumbia, Vancouver, 
B.C. He took post-
graduate studies at 
the University of 
California at Berke-
ley, from 1940 to 
1942. Since then, he 
has been with the 
National Research 

Council of Canada at Ottawa. 
He is a member of the American Astro-

nomical Society and the Royal Astronomical 
Society of Canada. 
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Kalen J. Craig was born in Lamed, Kan., 
on March 29, 1921. He is studying electrical 
engineering at George Washington Univer-

sity, Washington, 
D. C. 

From 1942 to 
1946, he served with 
the U. S. Marine 
Corps, and gradu-
ated from the Radio 
Materiel School of 
the U. S. Naval Re-
search Laboratory; 
he also acquired ex-
perience with naval 
radar equipment and 
radio-controlled air-

craft. He joined the Wave Propagation 
Branch of the Naval Research Laboratory 
in 1952 and engaged in the study of electro-
magnetic propagation in the troposphere. 

Since he became affiliated with the Radio 
Astronomy Branch early in 1957, Mr. Craig 
has worked on the moon radar project. 

K. J. CRAIG 

Jean-François Denisse was born in Saint-
Quentin, France, on May 16, 1915. He en-
tered the Ecole Normale Supérieure in 1936 

where he received 
the Licence ès Sci-
ences and the Agréga-
tion de Physique from 
Paris University, Paris, 
France. After service 
in the French Army 
in France and in 
Africa, he was at the 
Laboratoire de Phy-
sique de l'Ecole Nor-
male Supérieure from 
1945, working on 
problems related to 

radio astronomy and ionosphere research. He 
spent 1948 to 1949 at the National Bureau 
of Standards as a guest worker and he ob-
tained the Doctorat ès Sciences in 1949. 
After two years as assistant professor in 
physics, he joined the Meudon Observatory, 
Paris, in 1953, where he is leading the Radio-
astronomy Group. He was appointed full As-
tronomer of the Paris Observatory in 1956. 

J. F. DENISSE 

Nannielou H. Dieter was graduated Phi 
Beta Kappa, in 1948, from Goucher College, 
Baltimore, Md. During her junior and senior 

summers, she was 
Lydia S. Hinchman 
Fellow at the Maria 
Mitchell Observatory 
in Nantucket, Mass. 

From 1948 until 
early in 1951, she 
worked in the Grav-
ity and Astronomy 
Section of the U. S. 
Coast and Geodetic 
Survey. From 1951 
until 1955, she worked 
in the Radio Astron-

omy Branch of the U. S. Naval Research 
Laboratory. In 1955, she went to the Har-
vard University Graduate School. 

N. H. DIETER 

R. M. EMBERSON 

Helen W. Dodson (Mrs. E. L. Prince) 
was born in Baltimore, Md., in 1905. She re-
ceived the A.B. degree from Goucher College 

in 1927, the M.A. and 
Ph.D. degrees from 
the University of 
Michigan, and the 
Sc.D. (Hon) degree 
from Goucher Col-
lege. She was on the 
faculty of Wellesley 
College from 1932 
through 1945; a staff 
member at the Radi-
ation Laboratory, 
M.I.T., from 1943 
through 1945; and a 

member of the faculty of Goucher College 
from 1945 through 1950. From 1947 to the 
present time, she has been on the faculty of 
the University of Michigan, where she is pro-
fessor of astronomy at the McMath-Hulbert 
Observatory. She has been engaged in re-
search on solar flares, prominences, solar 
radio-frequency emission, and solar-terres-
trial relationships. 

Dr. Dodson is a member of the American 
Astronomical Society, American Geophysi-
cal Union, Phi Beta Kappa, and Sigma Xi. 

4, 

Frank D. Drake (M'57) was born on 
May 28, 1930, in Chicago, Ill. He received 
the B.E.P. degree in 1952 from Cornell Uni-

versity, Ithaca, N. Y., 
and the M.A. degree 
in astronomy from 
Harvard University, 
Cambridge, Mass., in 
1956. From 1952 to 
1955, he was an elec-
tronics officer in the 
United States Navy. 

Since 1955, he has 
been associated with 
the Agassiz Station 
Radio Astronomy 
Project of Harvard 

University, working principally in 21-cm 
astronomical research and in infrared tech-
niques and optical astronomy. Also, he pres-
ently is director of the astronomical research 
group of the Ewen Knight Corp., Needham 
Heights, Mass. 

Mr. Drake is a member of the American 
Astronomical Society, Tau Beta Pi, and 
Sigma Xi. 

H. W. DODSON 

F. D. DRAKE 

Richard M. Emberson was born in Co-
lumbia, Mo., on April 2, 1914. He received 
the A.B., A.M., and Ph.D. degree in physics 

from the University 
of Missouri in 1931, 
1932, and 1936, re-
spectively. He did 
three years post-grad-
uate work as a Bemis 
Fellow at the Har-
vard College Observ-
atory. For one year 
he was an instructor 
in biophysics at the 
University of Pitts-
burgh Medical School. 
He also has been a 

staff member of the Radiation Laboratory, 

G. B. FIELD 

H. I. EWEN 

Massachusetts Institute of Technology, from 
1941-1946; a radio engineer at the Naval 
Research Laboratory during 1946; and sec-
retariat at the Research and Development 
Board, from 1946 through 1951. He has been 
assistant secretary and assistant to the Pres-
ident of Associated Universities, Inc., from 
1951 to the present. 

He is a member of the AAAS, and the As-
tronomical Society, and a Fellow of the As-
sociation of Physics Teachers and the Physi-
cal Society. 

H. I. Ewen (SM'54) was born on March 
15, 1922, in Chicopee, Mass. He received the 
B.A. degree in mathematics and astronomy 

from Amherst Col-
lege, Amherst, Mass., 
in 1943; the M.A. de-
gree in physics from 
Harvard University, 
Cambridge, Mass., in 
1948; and the Ph.D. 
degree in physics 
from Harvard in 
1951. He was an in-
structor at Amherst 
College in 1943. From 
1943 to 1946, he was 
a Lieutenant in the 

United States Navy, serving as an airborne 
radar observer in the European Theatre. In 
1952, he became research director of the 
Scientific Specialties Corp. He was acting 
director of the microwave communications 
division of the National Co., Malden, Mass., 
from 1954 through 1955. He was a member 
of the National Radio Astronomy Facility 
Study Group in 1955, and a member of the 
Advisory Panel for the National Radio As-
tronomy Laboratory in 1956. 

Dr. Ewen was one of the founders of the 
Agassiz Station Radio Astronomy Project of 
Harvard University in 1952, and since that 
time has been codirector of that project. He 
presently is a member of the astronomy com-
mittee of the Office of Naval Research. In 
1951, he founded the Ewen Knight Corp. of 
Needham Heights, Mass., and is the presi-
dent of that corporation at present. 

Dr. Ewen is a Fellow of the AAS, a Fel-
low of the American Association for the Ad-
vancement of Science, and a member of the 
American Astronomical Society, Phi Beta 
Kappa, and Sigma Xi. 

• 

George B. Field was born in 1929 in 
Rhode Island. He received the B.S. degree in 
physics from the Massachusetts Institute of 

Technology in 1951, 
whereupon he com-
menced working on 
military problems at 
the Naval Ordnance 
Laboratory. He then 
attended Princeton 
University, where he 
was awarded the 
Ph.D. degree in 
astronomy, in 1955. 

For the next two 
years, Dr. Field held 
a Junior Fellowship 

in the Harvard Society of Fellows. While a 
Junior Fellow, Dr. Field was a guest at the 
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J. W. FINDLAY 

Harvard College Observatory, where he 
worked with the George R. Agassiz radio 
telescope. At present, he is an assistant pro-
fessor of astronomy at the Princeton Univer-
sity Observatory. 

John Wilson Findlay was born in Kineton, 
Warwickshire, Eng., on October 22, 1915. 
He graduated with first class honors in phys-

ics from Cambridge 
University, England, 
in 1937 and received 
the Ph.D. degree from 
that University in 
1950. 

Mr. Findlay was 
a research student at 
the Cavendish Lab-
oratory, Cambridge, 
Eng., from 1937 to 
1939. At the start of 
the second World 
War in 1939, he 

worked for the Air Ministry on radar for the 
R.A.F. in France. From 1940 to 1942, he was 
at the R.A.F. headquarters of the Middle East 
Command engaged in planning, siting, and 
evaluating ground radar stations throughout 
the Command. 

From 1942 to 1945, he was scientific ad-
visor to the Command Radar Officer at Air 
Headquarters, New Delhi, India, and he as-
sisted the R.A.F. in the development of 
ground radar defenses in India, Burma, and 
Ceylon. 

Dr. Findlay was a fellow of Queen's Col-
lege, Cambridge, and a university demon-
strator in physics at the Cavendish Lab., 
from 1945 to 1953. His research was in 
ionospheric physics and he spent six months 
during 1952 as a guest investigator at the 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, Wash-
ington, D. C. 

From 1954 to 1956, he was a senior prin-
cipal scientific officer in the Ministry of 
Supply in London, working on basic elec-
tronics research and on the development of 
ground radar for the R.A.F. and Army. From 
1956 to the present time, he has been em-
ployed by Associated Universities, Inc., at 
the National Radio Astronomy Observatory, 
Green Bank, West Va. 

He is a member of the 0.B.E., an Asso-
ciate Member of the IEE (G. Brit.), and a 
Fellow of the London Physical Society. 

Philip B. Gallagher (S'51—M'57) was 
born in Tacoma, Wash. on August 22, 1927. 
He received the B.E.E. degree in 1949 from 

the University of 
Santa Clara. After 
attending Illinois In-
stitute of Technology, 
Chicago, for one year, 
he went to Stanford 
University, Stanford, 
Calif., where he re-
ceived the M.S. de-
gree in 1951. From 
1951 to 1955, he was 
a research assistant 

P. B. GALLAGHER with the Radio Prop-

J. GOODMAN 

J. E. GIBSON 

agation Laboratory at Stanford University. 
In 1956 he received the Ph.D. degree in elec-
trical engineering specializing in radio propa-
gation. 

He is now continuing at the Stanford 
Radio Propagation Laboratory as a research 
associate, working on problems in iono-
spheric radio propagation. 

Dr. Gallagher is a member of Sigma Xi, 
Tau Beta Pi, and Eta Kappa Nu. 

John E. Gibson was born in Gibson, 
N. C. on December 25, 1914. In 1939, he re-
ceived the B.S. degree in physics from the 

University of North 
Carolina, Chapel Hill, 
N. C. 

He joined the Na-
val Research Labora-
tory in 1940, where, 
during the war years, 
he was engaged initi-
ally in very-high fre-
quency communica-
tion transmitter de-
velopment and later 
in research and in-
vention concerning 

centimeter-wavelength rf circuits for car-
tridge triodes and diodes. 

Since 1951, Mr. Gibson has been con-
nected with the radio astronomy program of 
the Naval Research Laboratory, where in 
addition to developing receiving systems and 
conducting observational studies of solar 
and lunar radiation, he participated in solar 
eclipse expeditions to the Sudan in 1952 and 
to Sweden in 1954. 

Mr. Gibson is a member of U.S.A. Com-
mission 5 of the International Scientific 
Radio Union. 

Jesse Goodman (S'43—A'48—M'55) was 
born in New York, N. Y., on February 25, 
1921. He received both the Bachelor's degree 

and the Master's de-
gree in electrical engi-
neering from New 
York University, New 
York, N. Y., in 1946 
and 1949, respectively. 

From 1946 to 
1948, Mr. Goodman 
was a development 
engineer with Hazel-
tine Electronics Cor-
poration, Little Neck, 
N. Y. where he was 
mainly concerned with 

the design of radar receivers. 
In August, 1948, he joined the receiver 

group at Airborne Instruments Laboratory, 
Mineola, N. Y. and participated in the de-
velopment of countermeasures radar diver-
sity and propagation equipments and re-
ceivers for radio astronomy applications. 
Mr. Goodman is now project engineer at Air-
borne Instruments Laboratory in the Ap-
plied Electronics Department, where he is 
in charge of the design of large-scale special 
purpose receiving systems. 

J. S. HEY 

D. S. HEESCHEN 

F. T. HADDOCK 

Fred T. Haddock (A'42—M'55) was born 
in Independence, Mo., on May 31, 1919. He 
received the S.B. degree in physics from the 

Massachusetts Insti-
tute of Technology in 
1941. He was award-
ed the M.S. degree in 
physics by Maryland 
University in 1950. 
In 1941, he joined the 
Naval Research Lab-
oratory, where he did 
research in the field 
of microwave com-
ponents and anten-
nas. After 1946, he 
was engaged in radio 

astronomy research at NRL. Since Febru-
ary, 1956, he has been an associate professor 
in the Departments of Electrical Engineer-
ing and Astronomy at the University of 
Michigan, where he is in charge of the radio 
astronomy project. 

He is US Chairman of the URSI Com-
mission on radio astronomy. He is a member 
of the American Physical Society, American 
Astronomical Society, International Astro-
nomical Union, a Fellow of the Royal Astro-
nomical Society, and Sigma Xi. 

D. S. Heeschen was born in Davenport, 
Iowa, in 1926. He received the B.S. degree in 
engineering physics from the University of 

Illinois, Urbana, Ill., 
in 1949, and the Ph.D. 
degree in astronomy 
from Harvard Uni-
versity, Cambridge, 
Mass., in 1954. He 
then taught for one 
year at Wesleyan 
University, Middle-
town, Conn. In 1955, 
he returned to Har-
vard as a lecturer and 
research associate. He 
is now with the Na-

tional Radio Astronomy Observatory. 
Dr. Heeschen is a member of the Ameri-

can Astronomical Society, URSI, and Sigma 
Xi. 

J. S. Hey was born in Nelson, Eng., in 
1909. He majored in physics and was gradu-
ated from the University of Manchester in 

1930. This was fol-
lowed by research 
work in X-ray crys-
tallography for which 
he received the M.Sc. 
degree in 1931. He 
joined the Ministry 
of Supply in 1940, as 
a member of an op-
erational research 
group dealing with 
radar problems. After 
World War II, becar-
red out research in 

radio astronomy and was awarded the degree 
of D.Sc. at the University of Manchester in 
1950. He is now on the staff of the Royal Ra-
dar Establishment, Malvern, Eng. 
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C. M. JANSKY, JR. 

J. J. HUNAERTS 

V. A. HUGHES 

Mr. Hey is a Fellow of the Royal As-
tronomical Society and a Fellow of the 
Physical Society of Great Britain. 

tle 

V. A. Hughes was born in Manchester, 
Eng., in 1925. He received the B.Sc. degree 
from the University of Manchester in 1944. 

Following a period at 
the Telecommunica-
tions Research Es-
tablishment, he re-
turned to the Uni-
versity of Manches-
ter for three years of 
research in radio as-
tronomy at the Jod-
rell Bank Experi-
mental Station and 
he received the M.Sc. 
degree in 1950. Mr. 
Hughes is now a 

member of the staff of the Royal Radar 
Establishment, Malvern, Eng. 

Mr. Hughes is a Fellow of the Royal 
Astronomical Society and a Fellow of the 
Physical Society of Great Britain. 

e• 

Joseph J. Hunaerts was born in Brussels, 
Belgium, on July 6, 1912. He specialized in 
astrophysics at the University of Brussels, 

Belgium, where he re-
ceived the degree of 
Doctor of Science. 

In 1936, he joined 
the staff of the Royal 
Observatory of Bel-
gium. He contrib-
uted many papers 
on the molecular 
spectra of the sun 
and the comets. He 
is now engaged in 
ionospheric research 
and particularly in 

the interpretation of the behavior of the 
ionosphere during solar eclipses. 

Dr. Hunaerts is a member of Commis-
sions 15 (cometary physics) and 36 (spec-
trophotometry) of the IAU. 

le 

C. M. Jansky, Jr. (A'18—M'25—F'28) was 
born on November 28, 1895 in Barry Coun-
ty, Mich. He received the B.S. degree in 
physics in 1917 and the M.S. in 1919, both 

from the University 
of Wisconsin. Mr. 
Jansky taught and 
supervised under-
graduate and post-
graduate work in ra-
dio communication 
and electronics at the 
University of Minne-
sota, from 1920 to 
1929, where he was 
an associate professor 
in radio engineering. 
In 1920, he establish-

ed the first radio broadcasting station west 
of the Mississippi. in Minneapolis, Minn. H. JASIK 

Mr. Jansky served as a member of the 
four radio conferences called by the U. S. 
Government to deal with radio regulation 
and proposals for new legislation, resulting 
in the passage of the Radio Act of 1927. Dur-
ing World War II, he was Special Consultant 
to the Secretary of War, attached to the 
headquarters of the Army Air Force. He was 
concerned with operational research, dealing 
with the use of radar and radio communica-
tion in air defense. During the war, he was 
also a member of the communications divi-
sion of the National Defense Research Com-
mittee of the Office of Scientific Research 
and Development. 

Mr. Jansky was a member of the U. S. 
delegation to International Conferences on 
Marine Radio Aids to Navigation, London, 
1946, and New York and New London, 
Conn., 1947. He was chairman of Panel 5 on 
Frequency Modulation Broadcasting of the 
Radio Technical Planning Board from 1944 
to 1945. He was the industry advisor to the 
U. S. delegation, International Telecom-
munications Conference in 1947 and chair-
man of the panel on Marine Navigation of 
the Committee on Navigation, Research and 
Development Board, the Department of De-
fense, from 1942 to 1952. 

He was a member of the U. S. delegation 
to the Maritime VHF Telephone Conference, 
The Hague, Netherlands, January, 1957. He 
was a member of the U. S. Observer Delega-
tion to the Baltic and North Sea Telecom-
munications Meeting on Rescue Coopera-
tion, Goteborg, Sweden, September, 1955. 
In July, 1957, he was honored guest at the 
Radio Astronomy Conference, Essen, Ger-
many. Mr. Jansky is a member of the U. S. 
Dep't. of Commerce, Bureau of Foreign Com-
merce, delegation to the U. S. Trade Mission 
to Scandinavia, and the International Trade 
Fair, Stockholm, Sweden, September, 1957. 
Mr. Jansky is a registered Professional En-
gineer in the District of Columbia. 

Mr. Jansky was president of the IRE in 
1934; he was on the Board of Directors from 
1929-1942. He served on the Executive com-
mittee and various Committees of the Radio 
Tech. Commission for Marine Services since 
1947. He is a member of the IEE, and the 
American Radio Relay League since 1920. 
He is a member of Sigma Xi, the Cosmos 
Club of Washington, D. C., the U. S. Ob-
server Delegation to the Baltic and North 
Sea Telecommunications Meeting on Rescue 
Cooperation, Goteborg, Sweden, September, 
1955. 

e• 

Henry Jasik (A'40—SM'47) was born in 
New York, N. Y. on March 12, 1919. He re-
ceived the B.S.E.E. degree from the Newark 

College of Engineer-
ing, in 1938, and the 
D.E.E. degree from 
the Polytechnic In-
stitute of Brooklyn, 
in 1953. 

Dr. Jasik worked 
with the Navy De-
partment from 1938 
to 1939, and with the 
Civil Aeronautics Ad-
ministration from 1939 
to 1944. From 1944 

to 1946, he served as an officer in the U. S. 
Navy, stationed at the Naval Research Lab-
oratory, where he worked on the develop-
ment of airborne radar and communications 
antennas. From 1946 to 1949, he was asso-
ciated with Andrew Alford, Consulting En-
gineers as senior project engineer and as 
vice-president of the Alford Manufacturing 
Company. From 1949 to 1952, he was em-
ployed by the Airborne Instruments Labo-
ratory. Here he was associated with the 
Special Devices Section and with the An-
tenna Section, where he was assistant super-
vising engineer. 

Since September 1952, Dr. Jasik has been 
engaged as an independent consulting engi-
neer. In 1955, he organized Jasik Labora-
tories. He has been active in the antenna 
field and allied fields for the past 15 years 
and is currently working on antenna prob-
lems in the radio astronomy field. During 
the past several years, he has developed the 
feed systems for a number of large radio 
telescopes in this country. 

Dr. Jasik is a member of Sigma Xi 
and Eta Kappa Nu and is a registered Pro-
fessional Engineer in the State of New York. 

•.> 

André Koeckelenbergh was born in Has-
selt, Belgium, in 1929. He received the 
M.A. degree in physical science in 1951 from 

Brussels University, 
Belgium. 

In 1952, he 
joined the staff of 
the Royal Observa-
tory of Belgium at 
the department of 
solar physics and ra-
dio astronomy. With 
Dr. Coutrez and Mr. 
Pourbaix, he made 
the determination of 
localized radiosources 
on meter wave in the 

solar corona from the radio observations of 
the solar eclipse on February 25, 1952 in 
Lwiro and N'Gili (Belgian Congo) and Da-
kar. Since 1954, he has been engaged as 
assistant astronomer in charge of solar 
visual and radio observations. 

A.KOECKELENBERGH 

e 

Hsien Ching Ko (S'53—M'56) was born 
in Formosa, China on April 28, 1928. He re-
ceived the B.S. degree in electrical engineer-

ing from the National 
Taiwan University in 
1951 and worked as a 
junior engineer at the 
Radio Wave Research 
Laboratories in China. 
In 1952, he entered 
Ohio State Univer-
sity, from which he 
received the M.S. 
and Ph.D. degrees in 
electrical engineering 
in 1953 and 1955, re-
spectively. From 1952 

to 1955, he was engaged in research in radio 
astronomy as research assistant at the Ohio 
State University Radio Observatory. 

In 1955, Dr. Ko joined the staff of Ohio 
State University, where he is now an assistant 

H. C. Ko 
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R. S. LAWRENCE 

J. D. KRAUS 

professor of electrical engineering and as-
sistant director of the Radio Observatory. 

Dr. Ko is a member of Sigma Xi, Pi Mu 
Epsilon, Eta Kappa Nu, and the American 
Astronomical Society. 

John D. Kraus (A'32-M'43-SM'43-
F'54) was born in Ann Arbor, Mich., on 
June 28, 1910. He attended the University 

of Michigan, receiv-
ing the B.S. degree in 
1930, the M.S. de-
gree in 1931, and the 
Ph.D. degree in phys-
ics in 1933. From 
1934 to 1935, he did 
research on industrial 
noise reduction prob-
lems and from 1936 
to 1937, was engaged 
in nuclear research 
with the newly com-
pleted Uhiversity of 

Michigan cyclotron. 
From 1938 to 1940, Dr. Kraus was an 

antenna consultant. In 1940, he joined the 
Naval Ordnance Laboratory, Washington, 
D. C., working on the degaussing of ships, 
and in 1943 he became a member of the 
Radio Research Laboratory at Harvard 
University. In 1946, he joined the faculty of 
the Ohio State University, where he is now 
professor of electrical engineering, professor 
of physics and astronomy, and Director of 
the Radio Observatory. Professor Kraus is 
the author of books on antennas and elec-
tromagnetic theory and of numerous articles 
on antennas and radio astronomy topics. 
He is responsible for the development of 
the helical beam antenna, the corner reflec-
tor antenna, and other antenna types. 

He is a member of the American Astro-
nomical Society and the American Physical 
Society. 

Robert S. Lawrence was born on October 
28, 1925 in Worcester, Mass. After serving 
for three years in the U. S. Army, he attend-

ed Worcester Poly-
technic Institute and 
received the B.S. de-
gree in physics in 
1949. After receiving 
the M.S. degree from 
Yale University in 
1950, he joined the 
radio division of the 
National Bureau of 
Standards. He soon 
became associated 
with the radio as-
tronomy work of the 

laboratory and is now project leader of that 
work. His present activities include study of 
the ionosphere by means of radio noise from 
the sun, discrete radio sources, and artificial 
satellite transmissions. He visited Harvard 
College Observatory, 1954-1955, where he 
was engaged in 21-cm radio astronomy re-
search. 

Mr. Lawrence is a member of Sigma Xi, 
RESA, the American Astronomical Society, 
and U. S. Commission 5 of URSI. 

H. LEINBACH 

M. T. LEBENBAUM 

Matthew T. Lebenbaum (A'42-M'46-
SM'46) was born in Portland, Ore., on No-
vember 29, 1917. He received the B.A. de-

gree from Stanford 
University, in 1938, 
and the M.S. degree 
from the Massachu-
setts Institute of 
Technology, in 1945. 
After two years as a 
research and teaching 
assistant, at M.I.T., 
he joined the Ameri-
can Gas and Electric 
Service Corporation 
as a system planning 
engineer. From 1942 

to 1945, he was a research associate at the 
Radio Research Laboratory of Harvard Uni-
versity and participated in countermeasures 
receiver development at Harvard and in 
England with TRE and ABL-15. In 1945, he 
joined Airborne Instruments Laboratory 
and is now head of the Applied Electronics 
Department, where his work has been large-
ly concerned with special receiver design for 
countermeasures, radar, and propagation 
and radio astronomy applications. 

Harold Leinbach was born in Fort Col-
lins, Colo. on January 7, 1929. He received 
the B.S. degree from South Dakota State 

college in 1949, and 
the M.S. degree in as-
tronomy from Cali-
fornia Institute of 
Technology, Pasa-
dena, Calif., in 1950. 

Prior to his Army 
service, Mr. Lein-
bach spent three 
years in auroral stud-
ies at the Geophysical 
Institute, College, 
Alaska. Since his re-
turn in 1956, he has 

been active in the study of high-latitude ra-
dio wave absorption. He has participated in 
the development of the ariometer,” a device 
designed for the routine measurement of ion-
ospheric absorption during IGY. 

A. E. Lilley was born in Mobile, Ala., 
May 29, 1928. He graduated from the Uni-
versity Military School in 1946. He received 

Bachelor's and Mas-
--1 ter's degrees in phys-

ics, in 1950 and 1951, 
respectively, from the 
University of Ala-
bama. During 1951 
to 1954, he attended 
Harvard University, 
where he received the 
Ph.D. degree in as-

tronomy. From 1954 
to 1957, he was a 
member of the Radio 
Astronomy Branch at 

the Naval Research Laboratory engaged in 
various radio astronomical problems. At 
present, he is assistant professor of astron-
omy at Yale University. 

1111 
A. E. LILLEY 

L. MARSHALL 

C. G. LrrrLE 

A. G. Little was born on February 2, 
1925, in Sydney, New South Wales, Aus-
tralia. As a part-time student, he received 

a diploma in applied 
physics in 1950 from 
the Sydney Technical 
College, while em-
ployed by the Com-
monwealth Scientific 
and Industrial Re-
search Organization. 
Later he attended the 
N.S.W. University of 
Technology and re-
ceived the B.Sc. de-
gree in applied phys-
ics in 1954. 

At present he is engaged in research on 
radio astronomy at the Radiophysics Divi-
sion of CSI RO. 

A. G. LITTLE 

C. Gordon Little (M'56) was born in 
Liu Yang', Hunan Province, China, on No-
vember 4, 1924. Before graduating from the 

University of Man-
chester, England in 
1948 with the B.Sc. 
in Honours Physics, 
he worked in indus-
trial research labora-
tories for three years 
on the design of high-
voltage rectifiers and 
electrometer tubes. 

After carrying out 
graduate studies at 
the Jodrell Bank Ra-
dio Astronomy Re-

search Center of the University of Manches-
ter, Dr. Little was awarded the Ph.D. degree 
in 1952. In January, 1954 he took up an ap-
pointment as visiting professor of geophysics 
and senior research scientist at the Geophys-
ical Institute of the University of Alaska. 
Since July, 1954, Dr. Little has been deputy 
director of the Geophysical Institute and is 
in charge of the research programs in ion-
ospheric physics and arctic radio wave 
propagation. 

Dr. Little is a Fellow of the Royal As-
tronomical Society, London, and an Asso-
ciate Member of the Arctic Institute of 
North America. 

Mrs. Leona Marshall was born in 1918. 
She received the B.S. and Ph.D. degrees 
both from the University of Chicago, in 1932 

and 1943, respective-
ly. From 1942 through 
1944, Dr. Marshall 
was a research asso-
ciate, Manhattan Dis-
trict, and, from 1944-
1946, she was a con-
sultant at the E. I. 
du Pont de Nemours 
& Co., Hanford, 
Wash. She returned 
to the University of 
Chicago, where she 
was a post doctoral 

fellow from 1946 through 1948, a research 
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A. MAXWELL 

D. S. MATHEWSON 

associate, from 1948-1954, and assistant 
professor at the Fermi Institute, from 1954 
to the present time. 

D. S. Mathewson was born in Brisbane, 
Australia, on June 21, 1929. He received the 
B.S. and M.S. degrees in physics from the 

University of Queens-
land in 1952 and 1954, 
respectively. From 
1950 to 1955, he was 
employed in the Ra-
diation Physics De-
partment of the Uni-
versity of Queensland 
investigating prob-
lems in medical phys-
ics, particularly the 
application of photo-
graphic film in and 
e-ray dosimetry. He 

joined the Division of Radiophysics of the 
CSIRO in 1955 and has been primarily en-
gaged in the building of the crossed multiple 
interferometer at St. Marys, Sydney. 

Alan Maxwell was born in Auckland, 
New Zealand, on October 21, 1926. He re-
ceived the degrees of B.Sc. and M.Sc (Hons) 

in physics from the 
University of New 
Zealand, and the 
Ph.D. degree in phys-
ics from the Univer-
sity of Manchester, 
Eng. From 1950-
1955, he did research 
work in radio astron-
omy at the Jodrell 
Bank Experimental 
Station of the Uni-
versity of Manches-
ter, and, from 1952-

1955, also lectured in the Department of 
Physics. In 1955, he joined Harvard Univer-
sity to lead a new research program in solar 
radio astronomy. 

Dr. Maxwell is a Fellow of the Royal 
Astronomical Society, the Physical Society 
of London, a member of the American As-
tronomical Society, and a Fulbright Scholar. 

Cornell H. Mayer (M'47) was born on 
December 10, 1921, in Ossian, Iowa. He re-
ceived the B.S. degree in electrical engineer-

ing from the State 
University of Iowa in 
1943, and the M.S. 
degree in electrical 
engineering from the 
University of Mary-
land in 1951. 

In 1943, he joined 
the staff of the Naval 
Research Laboratory, 
Washington, D. C., 
to work on the de-

C. H. MAYER velopment of micro-

E. F. MCCLAIN 

wave radar. Since 1948, he has been associ-
ated with the Radio Astronomy program at 
the Naval Research Laboratory. 

Mr. Mayer is a member of the Scientific 
Research Society of America, and the Ameri-
can Astronomical Society. 

Edward F. McClain (M'49-SM'53) was 
born in Carrollton, Mo. on August 22, 1921. 
He attended Missouri School of Mines from 

1939 to 1942 and re-
ceived the B.E.E. 
degree from George 
Washington Univer-
sity in 1950. 

Mr. McClain has 
been employed by 
the Naval Research 
Laboratory since Feb-
ruary 1942. He was 
in charge of a group 
doing research and 
development on mi-
crowave radar until 

1947. At that time he was placed in charge of 
a program which culminated in the develop-
ment of the first doppler airborne navigation 
system. An outgrowth of this work is the 
Navy's recently announced AN /APN-67 
automatic navigator. Mr. McClain was 
placed in charge of a 21-cm research group at 
NRL in 1953 and shortly thereafter made 
the first 21-cm absorption measurements. 
Under this program, absorption measure-
ments on a number of radio stars, as well as 
the hydrogen line red-shift experiments were 
conducted. In September, 1956, Mr. McClain 
was placed in charge of the Radio Astronomy 
Branch in which capacity he has continued 
until the present. 

Mr. McClain is a member of the Ameri-
can Astronomical Society, URSI, Sigma 
Tau, and RESA. 

Claudius T. McCoy, for a photograph 
and biography please see page 1295 of the 
September, 1957 issue of PROCEEDINGS. 

Timothy P. McCullough was born in 
Vardaman, Miss. on December 9, 1910. He 
received the B.A. degree in physics from the 

University of Missis-
sippi in 1936, and the 
M.S. degree in phys-
ics from North Caro-
lina State College in 
1937. 

From 1937 to 
1942, he was an in-
structor in physics at 
Mississippi State Col-
lege. In September, 
1942, he joined the 
Physics Department, 
University of Missis-

sippi, and in August, 1943, went on military 
leave as a commissioned officer in the Naval 
Reserve, where he served as instructor in 
physics at the U. S. Naval Academy until 

T. MCCULLOUGH 

T. K. MENON 

W. J. Medd 

July, 1946. Mr. McCullough joined the 
Naval Research Laboratory, Washington, 
D. C., in July, 1946 and has been engaged 
in radio astronomy research, except for a 
three year period during the Korean War. 
During this time, he was on active military 
duty as technical adviser at the Navy 
Training Publication Center, Washington, 
D. C. 

Wilford J. Medd (M'54) was born on 
August 17, 1914, in Nobleford, Alberta, 
Canada. He studied at the University of 

Alberta, Edmonton, 
Alberta, from which 
he received the B.S. 
degree in engineering 
physics in 1946. 

Mr. Medd then 
joined the staff of the 
National Research 
Council of Canada at 
Ottawa, where he has 
been engaged in re-
search in the field of 
radio astronomy. 

He is a member 
of the Royal Astronomical Society of 
Canada. 

T. K. Menon was born on December 19, 
1926 in Tattamangalam, South India. He 
obtained the degree of B.Sc. (Hons.) in 

physics from Anna-
malai University, 
Madras State, in 
1947. He studied 
electrical communi-
cation engineering at 
the Indian Institute 
of Science, Banga-
lore, South India and 
received the E.C. de-
gree in 1950. 

Mr. Menon was a 
research assistant in 
the department of 

Electrical Communication at the Indian 
Institute of Science from 1950-1952. He 
worked on problems of instrumentations for 
inospheric studies. Mr. Menon joined Har-
vard in 1952. He received the S.M. degree 
in applied physics in 1953 and the Ph.D. in 
astronomy in 1956, both from Harvard 
University. 

Since July, 1956, Dr. Menon has been 
a lecturer in astronomy, and the Agassiz 
Radio Astronomer at Harvard College Ob-
servatory. Since February, 1957, Mr. Menon 
has been in charge of the Agassiz Station 
Radio Astronomy Project. 

He is a member of the American Astro-
nomical Society. 

B. Y. Mills was born on August 8, 1920, 
in Sydney, Australia. He received the de-
gree of B.Sc. in 1940, the B.E. in 1942, and 
the M.E. in 1950, all from the University 
of Sydney, Australia. He joined the staff 
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of the Division of Radiophysics, Common-
wealth Scientific and Industrial Research 
Organization, in 1942 and in the ensuing 

four years was en-
gaged in the design 
and development of 
radar equipment. 
From 1946 to 1948, 
he worked in the 
Valve Laboratory of 
the Division, de-
veloping a high volt-
age X-ray tube em-
ploying a magnetron-
fed resonant cavity. 
In 1948 he joined 
the radio astrolomy 

group engaging in the investigation of vari-
ous aspects of this new science. 

Mr. Mills is a Fellow of the Royal As-
tronomical Society. 

B. Y. MILLS 

Hays Penfield (S'51-A'53-M'57) was 
born on October 26, 1926, in Philadelphia, 
Pa. He received the B.A. degree in physics 

from Williams Col-
lege, Williamstown, 
Mass., in 1952, and 
the B.S.E.E. and the 
M.S.E.E. degrees 
from Massachusetts 
Institute of Tech-
nology, Cambridge, 
Mass., in 1952. 

From 1944 to 
1946, he was a petty 
officer with the U. S. 
Navy. 

He joined the 
General Electric Co. in 1950 as a cooperative 
student and worked on the development and 
design of aircraft fuel mass gages and fuel 
mass flow meters, and the design and con-
struction of automatic electronic test equip-
ment for production-line testing. 

Later, as staff member with M.I.T.'s 
Lincoln Laboratory, he was concerned with 
research and development work on radar 
systems using correlation techniques and 
information theory. He developed and de-
signed low-noise receiver front ends, IF 
amplifiers, limiters, video amplifiers, pulse 
circuits, electromechanical delay lines, signal 
generators, target simulators and other as-
sociated equipment. 

In his present work as a project engineer 
with the Ewen Knight Corporation, he has 
developed special uhf radiometric and inter-
ferometric equipment. 

Mr. Penfield is a member of Phi Beta 
Kappa, Sigma Xi, and Eta Kappa Nu. 

H. PENFIELD 

J. H. Piddington was born on November 
6, 1910 in Wagga, New South Wales, Aus-
tralia. He received the B.Sc. degree from the 
University of Sydney in 1931 and the B.E. 
degree in 1933. He carried out research in 
electronics, mainly radar, at Sydney and 
Cambridge, Eng., where he received the 
Ph.D. degree in 1938. Fulltime work on 
radar at Sydney University and then at the 
Radiophysics Laboratory of CSIRO, Syd-

N. G. ROMAN 

J. H. PIDDINGTON 

ney, Australia, continued until 1945, dur-
ing which time he designed the LW/AW 
air warning set used by US and Australian 

forces. From 1945 to 
1947, he was engaged 
in the development 
of civil aviation radio 
navigational aids, in-
cluding the Aus-
tralian version of 
distance measuring 
equipment (dme). In 
1947, he turned to 
radio astronomy and 
headed an experi-
mental microwave 
team until 1953; dur-

ing this period he became increasingly inter-
ested in the theoretical aspects of this work. 
Now, in addition to this theoretical work, he 
is concerned with general cosmical electro-
magnetics. 

Grote Reber was born in Chicago, Ill., on 
December 22, 1911. He graduated from the 
present Illinois Institute of Technology in 

1933. He worked in 
an engineering ca-
pacity for several ra-
dio manufacturers in 
Chicago from 1933-
1947. He was at the 
National Bureau of 
Standards, from 1947 
to 1951, as a radio 
physicist. From 1951 
to the present, he has 
been associated with 
the Research Corpo-
ration, conducting 

various experiments relating to radio astron-
omy in Hawaii and Tasmania. 

G. REBER 

Nancy G. Roma 
Tenn., on May 1 
Swarth more Colleg 

n was born in Nashville, 
6, 1925. She attended 
e, Swarthmore, Pa., re-

ceiving the B.A. de-
gree in 1946. She 
then attended the 
University of Chi-
cago, Chicago, Ill., 
and received the 
Ph.D. degree in 1949. 
From 1946 to 1949, 
she worked at the 
University of Chicago 
in the department of 
astronomy and astro-
physics, as a research 
assistant. In 1949, 

she became a research associate. She was 
appointed an instructor in 1951 and became 
an assistant professor in 1954. In 1955, 
she was employed by the United States 
Naval Research Laboratory as an astron-
omer in the radio astronomy branch. She 
is, at present, section head of the Micro-
wave Spectroscopy Section. Dr. Roman's 
field of research has been in observational 
astronomy with emphasis on galactic struc-
ture and stellar motions. This has included: 
spectral classification, photoelectric pho-
tometry, and radial velocity measurements, O. B. SLEE 

K. V. SHERIDAN 

particularly as applied to star clusters, high 
velocity stars, and stellar population prob-
lems. Research in radio astronomy has been 
concerned with the spectra of radio "stars." 

She is a member of the American Astro-
nomical Society, Royal Astronomical So-
ciety, ¡AU, US Commission V of URSI, 
and the Scientific Research Society of 
America. 

C. A. Shain was born in Sandringham, 
Victoria, Australia, on February 6, 1922. He 
received the B.S. degree from the University 

of Melbourne in 1943 
while serving with the 
Australian Army. 
Since 1943, he has 
been with the Divi-
sion of Radiophysics 
of the Commonwealth 
Scientific and Indus-
trial Research Or-
ganization, Sydney, 
Australia. Following 
several years of radar 
development during 
the war, since 1946 

he has been working in the field of radio 
astronomy. This work has included studies 
of moon echoes, the absorption of extrater-
restrial radiation in the ionosphere, and radi-
ation from Jupiter; however, Mr. Shain's 
main interest is the study of cosmic noise at 
frequencies below 20 mc. 

Mr. Shain is a Fellow of the Royal As-
tronomical Society. 

C. A. SHAIN 

Kevin V. Sheridan was born in Brisbane, 
Australia, on August 4, 1918. He joined the 
Radio Physics Division of the CSIRO in 

1945 and worked on 
airborne navigation 
projects until 1951. 
He received the B.Sc. 
degree in physics in 
1953 from the Uni-
versity of Queensland 
and the B.A. degree 
in 1955 from the Uni-
versity of Sydney. 
Since 1953, he has 
been with the Radio 
Astronomy group of 
the Radio Physics 

Laboratory. 

O. B. Slee was born in Adelaide, South 
Australia, on August 10, 1924. Upon com-
pleting his high school education, he joined 

the radar section of 
the R.A.A.F. in which 
he served for four 
years during World 
War II. After the 
war, he joined the 
staff of the Divi-
sion of Radiophysics, 
Commonwealth Sci-
entific and Industrial 
Research Organiza-
tion in Sydney, and 
since then has been 
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J. L. STEINBERG 

C. V. STABLEFORD 

working on some of the many radio astron-
omy projects conducted by the Laboratory. 
He was awarded diplomas in radio engineer-
ing and applied physics by the New South 
Wales University of Technology in 1952 and 
1955, respectively, and is currently working 
towards a physics degree from the same 
institution. 

Russell M. Sloanaker, Jr. was born on 
October 29, 1921 in Philadelphia, Pa. He 
received the B.S. degree in physics from the 

Pennsylvania State 
University in Septem-
ber, 1943. He joined 
the staff of the Naval 
Research Laboratory, 
Washington, D. C., 
in November, 1943, 
where he worked un-
til 1948 on the de-
velopment and test-
ing of radar equip-
ment. During this 
time, he was on active 
duty in the U. S. 

Navy, assigned to the Laboratory, for one 
year. 

From June, 1948 until the present, he 
has worked at the Naval Research Labora-
tory in the field of radio astronomy. 

Charles V. Stableford was born in King-
man, Ariz., on May 5, 1931. He received the 
B.S. degree in chemistry and mathematics 

at Arizona State Col-
lege, Flagstaff, Ariz. 
From 1951 to 1953, 
he was employed at 
the Lowell Observa-
tory, Flagstaff, Ariz., 
as a research assist-
ant. 

In the autumn of 
1953, Mr. Stableford 
entered the Univer-
sity of California, 
Berkeley, Calif., 
where he is doing 

graduate work in astronomy. 

Jean-Louis Steinberg was born in Paris, 
France, on June 7, 1922. He received the 
Licence ès Sciences from Paris University, 

Paris, France, in 
1943. Captured by 
the German Forces 
in 1944, he spent a 
year in a concentra-
tion camp in Poland. 
He entered the Labo-
ratoire de Physique 
de l'Ecole Normale 
Supérieure in 1945 
and started with 
others a radio as-
tronomy program. He 
obtained the Doc-

torat ès Sciences Physiques in 1950. Since 

S. Suzwu 

P. D. STRUM 

1956, he has been at the Meudon Observa-
tory, Paris, with the Radioastronomy 
Group. He was appointed Astronome Ad-
joint in 1957. Mr. Steinberg is now engaged 
in the development of microwave equip-
ments for radio astronomy and investiga-
tion of solar radiation at 3-cm wavelength 
and its propagation through the terrestrial 
atmosphere. 

Peter D. Strum (A'45—SM'55) was born 
in Brunswick County, Va., on April 25, 1922. 
He received the B.E.E. degree with honors 

from North Carolina 
State College, Ra-
leigh, N. C., in 1945, 
and the M.S. degree 
in electrical engineer-
ing from Stanford 
University, Stanford, 
Calif., in 1947. 

Mr. Strum was an 
instructor at North 
Carolina State Col-
lege in 1944 and 1945, 
following the com-
pletion of his under-

graduate studies. 
In 1947, he joined the engineering staff 

of Airborne Instruments Lab., Mineola, 
N. Y., where he participated in receiver re-
search and the development of receivers, 
beacons, automatic direction finders, and 
test equipment. In 1952, he was appointed 
assistant supervising engineer of the Ap-
plied Electronics Section. 

In May, 1955, Mr. Strum joined the 
staff of National Company, Malden, Mass., 
as chief engineer of the receiver department, 
concerned with the development of com-
munication receivers. 

Since October, 1955, Mr. Strum has been 
with the Ewen Knight Corporation, Need-
ham Heights, Mass., where he is concerned 
with the development of radio astronomy 
receivers. 

Mr. Strum is a member of Sigma Xi, Tau 
Beta Pi, and Eta Kappa Nu. 

Shigemasa Suzuki was born in Tokyo, 
Japan on March 14, 1920. He received the 
undergraduate degree of Bachelor of Science 

in electrical engineer-
ing from Waseda 
University in 1942. 

After working for 
radio manufacturing 
companies, Mr. Su-
zuki joined the staff 
of Tokyo Astronom-
ical Observatory in 
1949, where he has 
been concerned with 
the development of 
observational equip-
ments in the field of 

radio astronomy. 
Mr. Suzuki is a member of the Astro-

nomical Society of Japan. 

J. H. TREXLER 

A. R. THOMPSON 

G. SWARUP 

Govinda Swarup was born in 1929 in 
Thakurdwara, U. P., India. He studied at 
Allahabad University, Allahabad, India, 

where he obtained 
the M.Sc. degree in 
physics and electron-
ics, in 1950. From 
1951 to 1953, he 
worked as Secretary 
to the Radio Re-
search Committee, 
CSIR, India. Since 
1953, he has been 
studying the charac-
teristics of radio 
emission from the 
sun. From 1953 to 

1955, he worked at the Radio Physics Labo-
ratory, CSIRO, Sydney, Australia, under a 
Colombo Plan fellowship. He worked at the 
National Physical Laboratory, New Delhi, 
India, from 1955 to 1956. Later, he was a 
research associate at the Harvard College 
Observatory for one year. At present, Mr. 
Swarup is doing research work at Stanford 
University, Stanford, Calif. 

• 

Anthony Richard Thompson was born 
in Yorkshire, England. In 1949, he was 
awarded a State Scholarship to Manchester 

University, where he 
received the B.Sc. 
(Honours) degree in 
physics, in 1952. 
From 1952 through 
1956, he worked in 
radio astronomy at 
Jodrell Bank Experi-
mental Station of the 
University of Man-
chester, and in 1956 
he received the Ph.D. 
degree. For nearly 
two years, Dr. Thomp-

son also worked with E.M.I. Electronics, 
Ltd., Feltham, Middlesex, on missile guid-
ance and telemetry problems. He is now a 
research associate of Harvard College Ob-
servatory and is at the Harvard Radio As-
tronomy Station, Fort Davis, Texas. 

He is a member of the Institute of Physics. 

James H. Trexler (S'41—A'44) was born 
in Missoula, Mont., on May 18, 1918. He 
attended the Engineering School at South-

ern Methodist Uni-
versity, Dallas, Tex., 
from 1936 to 1941. 
While in school, he 
did extensive work 
on the characteristics 
of meteor spherics. 
From 1940 to 1942, 
he was associated 
with Radio Station 
WRR in Dallas, Tex. 
In 1942, he joined the 
staff of the Naval 
Research Laboratory 

working in the field of direction finding. His 
work at the Laboratory since 1946 has been 
concerned with the directional characteris-
tics of low-level modes of wave propagation. 

Mr. Trexler is a member of RESA. 
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A. TSUCHIYA 

Atsushi Tsuchiya was born in Kanazawa, 
Japan on June 11, 1928. He received the 
undergraduate degree of Bachelor of Science 

in astronomy from 
the University of 
Tokyo, Tokyo, Ja-
pan in 1953. 

Following his 
graduation, Mr. Tsu-
chiya joined the staff 
of Tokyo Astronom-
ical Observatory, 
where, for the past 
four years, he has 
been engaged in stud-
ies in the field of radio 
astronomy. 

Mr. Tsuchiya is a member of the Astro-
nomical Society of Japan. 

Harry W. Wells (M'36—SM'43—F'53) 
was born in Washington, D. C. on January 
/3, 1907. He received the B.S.E.E. degree in 
1928 and the E.E. degree in 1937, both from 
the University of Maryland, College Park, 
Md. From 1928-1931, he was engaged in 
radio engineering activities with the West-
inghouse Electric and Manufacturing Co., 
the All-American Expedition to Borneo, and 
Heintz and Kaufman, San Francisco, Calif. 
In 1932, he completed pilot training with 

H. W. W ELLS 

the Air Force and served on active duty as 
Communications Officer, Langley Field, Va. 

Since 1932, Mr. Wells has been a mem-
ber of the technical 
and scientific staff of 
the Carnegie Institu-
tion of Washington. 
He is Chairman of 
the Upper Atmos-
pheric Section which 
has conducted pio-
neering research in 
problems of the up-
per atmosphere, the 
ionosphere, radio 
wave propagation, 
and communications. 

More recently, he and his associates have 
pioneered in the study of ionospheric 
"winds" or traveling disturbances and have 
initiated a program of research in radio as-
tronomy for studies of radio frequency ra-
diations from the sun and certain "radio" 
stars. 

He has been affiliated with several com-
mittees of the Research and Development 
Board and served to 1953 as Chairman of 
the Sub-Panel on Propagation, Electronics 
Committee. In 1947, he received the Award 
for Scientific Achievement in the Engineer-
ing Sciences conferred by the Washington 
Academy of Sciences. Mr. Wells is Chairman 
of the USA National Committee of URSI 
and a member of the Washington Academy 

J. P. W ILD 

of Sciences, the American Geophysical 
Union, and the Philosophical Society of 
Washington. 

J. P. Wild was born in Sheffield, York-
shire, England in 1923. He received the 
B.A. degree in mathematics and physics at 

the University of 
Cambridge in 1943, 
and received the 
M.A. degree in 1946. 
From 1943 to 1947, 
he was a ship's radar 
officer in the British 
Navy. 

In 1947, Mr. Wild 
settled in Australia 
and joined the staff 
of the CSIRO Ra-
diophysics Labora-
tory in Sydney. Since 

1948, he has been engaged in research in 
radio astronomy, with the exception of a 
15-month period in Europe and the United 
States during 1954-1955. 

4, 

Benjamin S. Yaplee, for a photograph 
and biography please see p. 1027 of the 
July, 1957, issue of PROCEEDINGS. 
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IRE News and Radio Notes  

Calendar of Coming Events 
and Authors' Deadlines* 

1958 

Nat'l Symp. on Reliability & Quality 
Control, Statler Hotel, Wash., D. C., 
Jan. 6-8 

Symp. on Artificial Heart, Lung & Kid-
ney Machines, Rockefeller Med. 
Elec. Center, New York City, Jan. 15 

Scintillation Counter Cymp., Shoreham 
Hotel, Wash., D. C., Jan 27-28 

Aviation Day, New York City, Jan. 29 

Cleveland Elec. Conf., Masonic Audit., 
Cleveland, Ohio, Feb. 14-15 

Transistor-Solid State Circuits Conf., 
Phil., Pa., Feb. 20-21 

Nuclear Eng. and Science Congress, 
Palmer House, Chicago, Ill., Mar. 
17-21 

IRE Nat'l Convention, N. Y. Coliseum 
and Waldorf-Astoria Hotel, New 
York City, Mar. 24-27 (DL*: Nov. 1, 
G. L. Haller, IRE Headquarters, 
New York City) 

Instruments & Regulators Conf., Univ. 
of Del., Newark, Del., March 31-
Apr. 2 

Conf. on Automatic Optimization, Univ. 
of Del., Apr. 2-4 

Symp. on Electronic Waveguides, Eng. 
Soc. Bldg., New York City, Apr. 8-10 

SW Regional Conf. & Show, Mun. Au-
dit., San Antonio, Tex., Apr. 10-12 

Conf. on Automatic Techniques, Statler 
Hotel, Detroit, Mich., Apr. 14-16 

British Radio & Elec. Components Show, 
Grosvenor House and Park Lane 
House, London, Eng., Apr. 14-17 

Elec. Components Symp., Ambassador 
Hotel, Los Angeles, Calif., Apr. 22-
24 (DL*: Nov. 15, E. E. Brewer, 
Convair, Pomona, Calif.) 

Semiconductor Symposium of Electro-
chemical Society, Statler Hotel, New 
York City, Apr. 30-May 1 

Seventh Region Conf. & Show, Sacra-
mento, Calif., Apr. 30-May 2 

PGMTT Symp., Stanford Univ., Stan-
ford, Calif., May 5-7 (DL*: Jan. 15, 
K. Tomiyasu, G. E. Microwave Lab., 
601 California Ave., Palo Alto, Calif.) 

Western Joint Computer Conf., Ambas-
sador Hotel, Los Angeles, Calif., 
May 6-8 (DL*: Jan. 15, Tech. Pro-
gram, Chairman, P. 0. Box 213, 
Claremont, Calif.) 

Nat'l Aero. & Nay. Elec. Conf., Dayton, 
Ohio, May 12-14 

IEE Convention on Microwave Values 
Savoy Place, London, England, May, 
10-23 

*DI, =Deadline for submitting ab-
stracts. 

(Continued on page 375) 

BIBLIOGRAPHICAL BULLETIN 
ON COMPUTERS AVAILABLE 

Iota Services, Ltd. has announced publi-
cation of a monthly annotated bibliographi-
cal bulletin covering all material published 
in Great Britain, the United States, and in 
other countries in the field of computers. The 
bulletin may be subscribed to for £6.6s per 
year from Iota Services, Ltd., 38 Farrington 
St., London E.C.4, England. 

IRE ELECTS OFFICERS FOR 1958 

Donald G. Fink (A'35-SM'45-F'47), Di-
rector of Research of the Philco Corporation, 
Editor of the IRE for the past two years, 
has been named president of the Institute of 
Radio Engineers for 1958. Mr. Fink succeeds 
John T. Henderson (A'28-SM'47-F'51), 
Principal Research Officer of the National 
Research Council, Ottawa, Canada, as head 
of the 64,000-member society. 

Carl-Eric Granqvist (A'46-F'55), Direc-
tor of Svenska Aktiebolaget Gasaccumula-
tor, Stockholm-Lidingo, Sweden will succeed 
Yasujiro Niwa (A'53-F'54), President of 
Tokyo Electrical Engineering College, To-
kyo, Japan as IRE Vice-President. 

Elected as directors for the 1958-1960 
term are G. S. Brown (SM'53-F'55), Pro-
fessor and Head of the Department of Elec-
trical Engineering, Massachusetts Institute 
of Technology, Cambridge, Mass. and W. H. 
Doherty (A'29-M'36-SM'43-F'44), Assist-
ant to the President of Bell Telephone Labo-
ratories, Inc., New York, N. Y. 

Regional Directors elected for 1958-1959 
are as follows: Region 1—R. L. McFarlan 
(SM'51), Consultant, Chestnut Hill, Mass.; 
Region 5—E. H. Schulz (A'38-SM'46), As-
sistant Director of the Armour Research 
Foundation, Chicago, Ill.; Region 7—G. A. 
Fowler (A'48-SM'48), Vice-President of Re-
search, Sandia Corporation, Albuquerque, 
N. M. 

Because one of the nominees for the Re-
gion 3 directorship moved out of that region, 
a new election will be held in the near future 
for a Region 3 Director. 

The 1958 IRE Vice-President was born 
on March 2, 1910 in Ljungby, Sweden. He 
has the Master of Art degree in electrical 
engineering from the Royal University of 
Technology in Stockholm. 

Mr. Granqvist holds over twenty-five 
patents in the field of radio air navigation 
systems and devices. He has written several 
textbooks on radio and has also written de-
scriptive booklets on the AGA talking bea-
con and the AGA vhf direction finder. 

As Chief Engineer of Svenska Aktiebo-
laget Gasaccumulator, Stockholm-Lidingo, 
Sweden, he was in charge of design, research 
and development in the Electronic Labora-
tory of that company. His present title is Di-
rector of the Electronic Laboratory. 

Mr. Granqvist also belongs to the Swed-
his society, Svenska Teknologforeningen. He 
has served as adviser on the Swedish Electric 
Committee and member of Standard Com-
mittee NK 50, too. 

MARS RADIO RELEASES PROGRAM 

The Air Force MARS Eastern Technical 
Net which broadcasts over the air every 
Sunday afternoon at 2 p.m. (EST) on 3295, 
7540, and 7635 kc announces the following 
programs for January and February: Jan. 
5—"N-1 and J-4 Compass Systems," Ber-
nard Lippner; Jan. 12—"Printed Circuits 
in Military and Civilian Electronics," R. L. 
Swiggert; Jan. 19—"Applications of Printed 
Circuits," Allan Kingsbury; Jan. 26— 
"Maintenance and Repair of Printed Cir-
cuits," Lynn Gunsaulus; Feb. 2—"Satellite 
Tracking with the Mini-Track," Matthew 
Lebenbaum; Feb. 9—"Antenna Sympo-
sium," Bruce Woodward; Feb. 16—"Antenna 
Symposium," Warren Offutt. 

IRE ANNOUNCES FURTHER AWARDS 

The IRE Board of Directors has an-
nounced that the 1958 W. R. G. Baker Award 
will be given to Messrs. R. L. Kyhl and H. F. 
Webster of the Research Laboratory, Gen-
eral Electric Co., Schenectady, N. Y. for 
their paper entitled "Breakup of Hollow 
Cylindrical Electron Beams," which ap-
peared in the October, 1956 issue of IRE 
TRANSACTIONS on Electron Devices. The 
award is given annually to the author(s) of 
the best paper published in the TRANSAC-
TIONS of the IRE Professional Groups. 

Arthur Karp (A'54) of Bell Telephone 
Labs., Inc., Holmdel, N. J., will be the recipi-
ent of the 1958 Browder J. Thompson Me-
morial Prize Award for his paper entitled 
"Backward-Wave Oscillator Experiments at 
100 to 200 Kilomegacycles," which appeared 
in the April, 1957 issue of PROCEEDINGS OF 
THE IRE. The Thompson Award is given 
annually to an author under thirty years of 
age for a paper recently published by the 
IRE which constitutes the best combination 
of technical contribution and presentation of 
the subject. 

Both awards will be presented at the an-
nual banquet on March 26, 1958 at the Wal-
dorf-Astoria Hotel in New York City during 
the 1958 IRE National Convention. 

Seventy-five radio engineers and scien-
tists from the United States and other cou n-
tries have been named Fellows of the Insti-
ture of Radio Engineers. The grade of Fellow 
is the highest membership grade offered by 
the IRE and is bestowed only by invitation 
on those who have made outstanding con-
tributions to radio engineering or allied 
fields. Photographs of the 1958 IRE Fellows 
will appear in the April issue of the PRO-
CEEDINGS. 

Presentation of the awards will be made 
by IRE Sections all over the world wherever 
the recipients reside. Recognition of the 
awards will be made by the IRE President at 
the annual banquet on March 26, 1958. 

The recipients of the Fellow award, which 
takes effect January 1, 1958, include one 
from Brazil, one from Canada, and three 
from England. They are, respectively, Helio 
Costas, R. H. Tanner, J. A. Smale, F. H. 
Wells, and A. F. Wilkins. 
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IRE NATIONAL CONVENTION SET 
FOR MARCH 24-27 AT NEW YORK 

The 1958 IRE National Convention will 
be held at the Waldorf-Astoria Hotel and 
New York Coliseum in New York City, 
March 24 through 27. 

More than 55,000 engineers and scien-
tists from 40 countries are expected to at-
tend. The 1957 convention drew 53,811. 
A comprehensive program of 275 papers, 

covering the most recent developments in 
the fields of all 27 IRE Professional Groups, 
will be presented in 55 sessions at the Wal-
dorf-Astoria and the Coliseum. The high 
point of the program will be two special sym-
posia on "Electronics in Space" and "Elec-
tronic Systems in Industry," to be held Tues-
day evening, March 25. Full program de-
tails will be announced in the March issue 
of the PROCEEDINGS OF THE IRE. 

The Radio Engineering Show, which will 
occupy all four floors of the Coliseum, has 
been expanded to accommodate approxi-
mately 850 exhibitors. Approximately $12,-
000,000 worth of the latest electronic equip-
ment will be on display, much of it for the 
first time. 

The convention will get under way with 
the Annual Meeting of the IRE on Monday 
morning, March 24. Dr. Ernst Weber, acting 
president of the Polytechnic Institute of 
Brooklyn, will be guest speaker. 

The social events will include a "get-to-
gether" cocktail party Monday evening and 
the annual IRE banquet Wednesday eve-
ning, both in the Grand Ballroom of the 
Waldorf. The banquet will feature a speaker 
of national prominence and the presentation 
of the IRE annual awards for 1958. The 
toastmaster will be G. L. Haller, Gen. Elec. 
Co. Newly-elected IRE Fellows will also be 
honored. The spokesman for the new Fellows 
will be P. E. Haggerty, Texas Instruments. 
An entertaining program of tours, fashion 
shows and matinees has also been arranged 
for the wives of visitors. 

All registration will take place on arrival 
either at the Waldorf or at the Coliseum. 
Registration fees are $1.00 for each IRE 
member, $3.00 for each non-member. Pay-
ment of the fee enables attendance at all ses-
sions and exhibits. 

Two SECTIONS CHANGE NAMES 
On November 20, the IRE Board of Di-

rectors approved the changé in status of the 
Berkshire Subsection to full Section, which 
will be known henceforth as the Western 
Massachusetts Section. At the same meet-
ing, the Connecticut Valley Section changed 
its name to the Connecticut Section. 

PG AND SECTION CHANGES MADE 
The IRE Executive Committee, at its 

meeting of December 11, approved the estab-
lishment of the Los Angeles Chapter of the 
Professional Group on Communications Sys-
tems. 

At the same meeting, the Executive 
Committee approved the abolition of the 
Hampton Roads Subsection, and the forma-
tion of the Burlington Subsection of the 
Cedar Rapids Section. 

E. W. ENGSTROM WINS MEDAL 
E. W. Engstrom (A'25—M'38—F'40), 

Senior Executive Vice-President of RCA, 
was named recently as recipient of the 
Industrial Research Institute Medal for 
1958. 

The medal has been awarded annually 
since 1945 to honor "outstanding accom-
plishment in leadership in or management of 
industrial research which contributes broadly 
to the development of industry or the public 
welfare." 

Dr. Engstrom, who joined RCA in 1930, 
has been Senior Executive Vice-President 
of the corporation since October, 1955. As 
director of RCA's television research during 
the 1930's, he was responsible for the de-
velopment and construction of equipment 
and for the planning and coordination which 
led to the development of television. Con-
tinuing in charge of research during the 
1940's, he was primarily responsible for the 
organization, growth and activities of RCA 
Laboratories, which was established as a 
separate division of RCA in 1942 at Prince-
ton, N. J. At present, he is responsible for 
the rese2rch and development for the entire 
corporation. 

SWIRECO PLANS CONFERENCE 
ON INT'L GEOPHYSICAL YEAR 

The St. Anthony Hotel and the Munici-
pal Auditorium of San Antonio, Texas, will 
be the scene of the 1958 Southwestern IRE 
Conference and Electronic Show, April 10-
12. Ten technical sessions will be conducted 
plus a student paper contest. The current in-
terest in the International Geophysical Year 
will be the conference theme. Other high-
lights include a party at the "Pearl Corral," 
and an evening of entertainment at San An-
tonio's "La Villita." In addition, there will 
be 125 exhibit booths for electronic equip-
ment and component manufacturers to show 
their product. 

Proceedings of this conference will be 
published for the first time in the ten-year 
history of the SWIRECO. 

ASME AUTOMATIC OPTIMIZATION 

CONFERENCE SET FOR APRIL 2-4 

The Wilmington, Delaware section of the 
American Society of Mechanical Engineers 
is sponsoring a conference on automatic 
optimization at the University of Delaware 
April 2-4. The IRE, ALEE, ISA and 
AIChE, who have professional groups ana-
logous to the Instruments and Regulators 
division of ASME, will also participate in 
the conference. 

Four technical sessions and a panel dis-
cussion are on the conference schedule, and 
conference registrants may choose to visit 
one of these during the afternoon of April 2: 
Tidewater Oil's new Delaware City refinery, 
the electro-mechanical department of the 
Mechanical Development Laboratory at E. I. 
du Pont de Nemours, Chrysler-Plymouth as-
sembly plant, or the Delaware Power and 
Light Generating Station. 

The University of Delaware will provide 
rooms and six meals at a total cost per 
registrant of $30. Persons planning to attend 
the conference should request registration 
blanks from L. Bertrand, Instrument Dept., 
Engineering Service Div., Louviers Bldg., 
E. I. du Pont de Nemours, Newark, Del. 

Calendar of Coming Events 

and Authors' Deadlines* 

Continued 

PGPT Symp., Hotel New Yorker, New 
York City, June 5-6 

PC-MIL Convention, Sheraton-Park 
Hotel, Wash., D. C., June 16-18 

Spec. Tech. Conf. on Nonlinear Mag. 
and Mag. Amplifiers, Los Angeles, 
Calif., Aug. 6-8 

Elec. Radio & Standards Conf., Univ. 
of Colo., Boulder, Colo., Aug. 13-15 

WESCON, Ambassador Hotel and Pan-
Pacific Audit., Los Angeles, Calif., 
Aug. 19-22 

Indus. Elec. Conf., Detroit, Mich., Sept. 
24-25 

Nat'l Electronics Conf., Chicago, Ill., 
Oct. 13-15 

IRE Canadian Convention, Toronto, 
Can., Oct. 15-17 

PGCS Symp. on Aero. Communications, 
Utica, N. Y., Oct. 20-22 

Nat'l Simulation Conf., Dallas, Tex., 
Oct. 23-25 

RIA-IRE Radio Fall Meeting, Sheraton 
Hotel, Rochester, N. Y., Oct. 27-29 

East Coast Aero. & Nay. Elec. Conf., 
Lord Baltimore Hotel and 7th Regi-
ment Armory, Baltimore, Md., Oct. 
27-29 

PGED Meeting, Shoreham Hotel, Wash-
ington, D. C., Oct. 30-Nov. 1 

PGVC Annual Mtg., Chicago, Ill., Nov. 
6-8 

Atlanta Section Conference, Atlanta-
Biltmore Hotel, Atlanta, Ga., Nov. 
17-19 

Elect. Computer Exhibition, Olympia, 
London, Eng., Nov. 29-Dec. 4 

Eastern Joint Computer Conf., Belle-
vue-Stratford Hotel, Philadelphia, 
Pa., Dec. 3-5 

1959 

IRE Nat'l Convention, New York City, 
Mar. 23-26 

SW Regional Conf., Dallas, Tex., Apr. 
16-18 

Nat'l Aero. & Nay. Elec. Conf., Dayton, 
Ohio, May 11-13 

WESCON, San Francisco, Calif., Aug. 
18-21 

Nat'l Electronics Conf., Chicago, Ill., 
Oct. 12-14 

East Coast Aero. & Nay. Conf., Balti-
more, Md., Oct. 26-28 

PGED Meeting, Shoreham Hotel, 
Washington, D. C., Oct. 29-31 

Radio Fall Meeting, Syracuse, N. Y., 
Nov. 9-11 

* DL =Deadline for submitting ab-
stracts. 
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The Cytoanalyzer, a machine designed to detect cancer of the uterus, screens slides almost as fast as they 
are inserted. Douglas Sprunt, head of the Univ. of Tenn. Institute of Pathology, discusses it with a technician. 

PIB PLANS SYMPOSIUM ON 
WAVEGUIDES APRIL 8-10 

The Microwave Research Institute of the 
Polytechnic Institute of Brooklyn plans to 
hold the eighth in its series of annual inter-
national symposia at the auditorium of the 
Engineering Societies Building, 33 W. 39 
St., New York City, Apr. 8-10. This sym-
posium will deal with the interaction of 
electromagnetic fields and electron or plasma 
beams in general waveguide regions. 

The symposium will have the cooperation 
of the IRE Professional Groups on Electron 
Devices, and Microwave Theory & Tech-
niques. 

Topics tentatively slated for discussion 
at this symposium are: fundamental progress 
reports, mode theories, noise theories, linear 
and nonlinear theories of space charge waves 
in open and closed systems, and plasma 
waves. 

ETA KAPPA Nu PAYS TRIBUTE 
TO Two YOUNG IRE MEMBERS 

Eta Kappa Nu, national electrical engi-

neering honor society, recently announced 
that R. P. Crago (A'50-M'54) of Kingston, 
N. Y., has been named the Outstanding 
Young Electrical Engineer of 1957. W. R. 
Beam (A'50-M'55) of Hamilton Square, 
N. J. received an Honorable Mention 
award. The 1957 award is the twenty-second 
in the series which began in 1936. Formal 
presentation of the awards will be made at 
a banquet, February 3, during the AIEE 
Winter General Meeting. 

Eligible for the award is any man who 
on May 1 of each year has been graduated 
not more than ten years previously from a 
regular course in electrical engineering from 
an American college or university and who 
is not more than 35 years of age. Selection 
is made on the basis of the candidate's 
record of achievement in his chosen work; 
in his service in behalf of his community, 

state or nation; in his cultural or esthetic 
development; and for his professional ac-
tivities. 

Eta Kappa Nu, the sponsor of the annual 
award, is the national electrical engineering 
honor society founded at the University of 
Illinois in 1904. The organization fias mare 
than 28,000 members, 71 college and twelve 
alumni chapters in the principal cities of the 
United States. 

The 1957 Outstanding Young Electrical 
Engineer has just turned 30 years of age. 
Recently he was promoted to Director of 
Engineering, Military Products Div., Inter-
national Business Machines Corp. Immedi-
ately prior to this advancement, he was 
general manager of the Kingston Military 
Products Center of the corporation. A 
graduate of the Carnegie Institute of Tech-
nology in 1948 and the recipient of the 
M.S.E.E. degree from California Institute of 
Technology in 1949, Mr. Crago has had a 
meteoric rise in the IBM organization. Upon 
joining this company in August, 1949 as a 
technical engineer in the Poughkeepsie 
laboratory, he was promoted to project 
engineer in late 1951 and less than two years 
later advanced to Manager of Engineering 
Design. He was subsequently assigned corn-
plete research and development responsibility 
for Project High, a vital air-warning com-
puter system the company is producing for 
the Air Force. He was elevated to general 
manager in April, 1956. His duties there 
included the responsibility for engineering, 
manufacturing, finance, field engineering, 
and personnel, an autonomous division of 
3500 individuals. 

Dr. W. R. Beam, at the age of 29, is the 
manager of Microwave Advanced Develop-
ment, Tube Div., RCA, at Princeton, N. J. 
He has made significant contributions in 
connection with the reduction of fluctuation 
noise in traveling wave tubes. Educated at 
the University of Maryland, Dr. Beam re-
ceived the B.S.E.E. degree in 1947, the 
M.S. degree in 1950 and the Ph.D. degree 
in 1953. 

W . TOLLES W INS RECOGNITION 
FOR WORK ON CYTOANALYZER 

The New York Academy of Science has 
announced the award of "Fellow" to W. E. 
Toiles (M'46-SM'56) for his work in the 
field of biophysics. This award to Walter 
Toiles is the only fellowship given by the 
Academy this year for work in the field of 
medical electronics. 

Election to Fellowship in the Academy is 
a signal, distinguished honor, conferred upon 
a limited number of members, who, in the 
estimation of the Council, have done out-
standing work toward the advancement of 
science. 

Walter Toiles, a member of the PGME 
administrative committee, is Head of the 
Department of Medical and Biological Phys-
ics of Airborne Instruments Laboratory, 
Mineola, N. Y. His department has made 
contributions to the development of the Cy-
toanalyzer. This is an electronic instrument 
which detects cancer in the shed cells of the 
body. 

The Cytoanalyzer is presently under 
evaluation at the University of Tennessee, 
Cancer Research Laboratory, at Memphis, 
Tenn. The equipment has been designed to 
detect cancer of the uterus by microscopical-
ly scanning slides bearing specimen smears. 

RUSSIAN JOURNALS AVAILABLE 

Three Russian journals are now made 
available in English translations through a 
grant to the Massachusetts Institute of 
Technology by the National Science Foun-
dation. They are Radiotekhnika i Elektron-
ika, Radiotekhnika, and Elektronnaz. M.I.T. 
has subcontracted the translations and print-
ing of these journals to the Pergamon Insti-
tute, a non-profit corporation. 

The first issues of Radiotekhnika and 
Elektrosviaz to appear in translation will be 
the No. 7 issues of July, 1957. The first issue 
of Radiotekhnika I Elektronika available in 
translation will be the No. 1 issue of Janu-
ary, 1957. 

Subscription prices for libraries are as fol-
lows: Radiotekhnika i Elektronika, $45.00 per 
year; Radiotekhnika and Elektrosviaz, $30.00 
each per year. There is a 50 per cent reduc-
tion in these prices for individuals. Subscrip-
tion orders should be addressed to Pergamon 
Press, Inc., 122 E. 55 St., N. Y. 22, N. Y. 

IEE PLANS TO HOLD CONVENTION 

The Institution of Electrical Engineers is 
planning a convention on radio aids to aero-
nautical and marine navigation for March 
27-28, 1958, at the Institution, Savoy Place, 
London, England. The following subjects 
will be covered: ground, air and shipborne 
radar; harbor and airfield approach aids; hy-
perbolic and distance bearing navigational 
aids; and Doppler and inertia navigation 

The convention is open to members and 
non-members alike. Those wishing to attend, 
or requiring copies of the papers only, 
whether Institution members or not, are re-
quired to register with W. K. Brasher, Secre-
tary of the Institution. 

Copies of as many of the papers as possi-
ble will be available in advance and the com-
plete proceedings of the convention will be 
published subsequently in a supplement to 
Part B of the PROCEEDINGS of the Institu-
tion. 
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OBITUARY 

John C. Jensen (M'19-SM'43-F'56)(L), 
a consulting engineer in Lincoln, Neb., died 
recently. He had been active in IRE activi-
ties. In 1925 he was a member of the Mem-
bership and Sections committees, and vice-
chairman of the Omaha-Lincoln Section in 
1954. He was an IRE representative to the 
American Association for the Advancement 
of Science from 1930 to 1956, the ASA Sub-
committee on General Terms from 1949 
to 1951, and the ASA Sectional Committee 
(C42) on Definition of Electrical Terms this 
year until his death. 

Dr. Jensen received his B.S. degree in 
1909 from Nebraska Wesleyan University, 
his A.M. degree in 1916 and Ph.D. degree in 
1939 from the University of Nebraska. He 
had been teacher and head of the depart-
ment of physics at Nebraska Wesleyan for 
fifty years. 

He became a fellow of the American 
Physical Society in 1935, and held the 
presidency of the Nebraska Academy of 
Sciences in 1914 and 1922. 

TECHNICAL COMMITTEE NOTES 

The following Technical Committees 
held meetings this past month: 

October 

October 

October 

16—Nuclear Techniques Com-
mittee, G. A. Morton, Chair-
man, National Bureau of 
Standards, Washington, D. C. 

22—Video Techniques Commit-
tee, S. Doba, Jr., Chairman, 
IRE Headquarters. 

25—Facsimile Committee, D. 
Frezzolini, Chairman, Times 
Building, New York City. 

October 29—Audio Techniques Commit-
tee, I. Kerney, Chairman, 
IRE Headquarters. 

November 6—Antennas and Waveguides 
Committee, G. A. Deschamps, 
Chairman, IRE Headquar-
ters. 

November 8—Circuits Committee, W. A. 
Lynch, Chairman, IRE 
Headquarters. 

November 12—Feedback Control Systems 
Committee, J. E. Ward, 
Chairman, M.I.T., Cam-
bridge, Mass. 

November 14—Standards Committee, M. W. 
Baldwin, Jr., Chairman, IRE 
Headquarters. 

November 15—Electron Tubes Committee, 
G. A. Espersen, Chairman, 
IRE Headquarters. 

Books  
Solid State Physics by A. J. Dekker 

Published (1957) by Prentice-Hall Inc., 70 Fifth 
Ave., N. Y. 11, N. Y. 523 pages +8 appendix pages 
+8 index pages -Fah, pages. Illus. 91)01. 89.00. 

This book is intended as an introductory 
account of solid state physics for students of 
engineering, physics, chemistry, and metal-
lurgy. It presupposes an elementary knowl-
edge of atomic physics and some acquaint-
ance with quantum mechanics on the part 
of the reader. The book appears well-suited 
for a senior undergraduate or someone 
beginning a graduate course, or for self-
study by a scientist in industry. The only 
other introductory textbook on solid state 
physics published in English which is on a 
par with Professor Dekker's book in buèadth 
of coverage, clarity, and up-to-date treat-
ment is C. Kittel's Introduction to Solid 
State Physics, second edition, 1956. [For a 
review of the latter, see F. Herman, Paoc. 
IRE, vol. 45, p. 250; February, 1957.1 

The scope of Prof. Dekker's book is best 
indicated by a listing of the chapter head-
ings: 1. The Crystalline State; 2. The 
Specific Heat of Solids and Lattice Vibra-
tions; 3. Some Properties of Metallic Lat-
tices; 4. Some Properties of Simple Alloys; 
5. Lattice Energy of Ionic Crystals; 6. Di-
electric and Optical Properties of Insulators; 
7. Ionic Conductivity and Diffusion; 8. Fer-
roelectrics; 9. Free Electron Theory of 
Metals; 10. The Band Theory of Solids; 
11. The Conductivity of Metals; 12. The 
Electron Distribution in Insulators and 
Semiconductors; 13. Nonpolar Semiconduc-
tors; 14. Rectifiers and Transistors; 15. 
Electronic Properties of Alkali Halides; 
16. Luminescence; 17. Secondary Electron 
Emission; 18. Diamagnetism and Paramag-
netism; 19. Ferromagnetism, Antiferromag-
netism, and Ferrimagnetism; and 20. 
Magnetic Relaxation and Resonance 
Phenomena. 

The author, who is a professor of elec-
trical engineering at the University of 
Minnesota, has taught this course to 
students having widely differing back-
grounds and interests, and has used this 
experience as a guide to the choice of ma-
terial and presentation. In this book, he 
ranges over the entire field of solid state 
physics, focusing attention on the highlights 
of the major branches of the subject. The 
only important branch which is conspicuous 
by its absence is superconductivity. With 
the exception of the last three chapters, 
where the treatment is somewhat sketchy, 
the author is eminently successful in cap-
turing the essence of each topic, and in 
expressing it in a succinct and interesting 
manner. 

While the student can hope to become 
familiar with the essentials of solid state 
physics through a careful reading of this 
book, he can hardly expect to attain a 
mastery of the subject by this alone. But of 
course Dekker's book is intended as an 
introduction to the subject, and no more. 
To achieve an understanding of solid state 
physics, it is necessary to go far beyond this 
book, and explore the advanced texts and 
the original literature. The interested reader 
is greatly aided in this quest by the copious 
references contained in the book. 

The pedagogical value of the book is 
further enhanced by the inclusion of prob-
lem sets at the end of each chapter. For the 
most part, the problems are well chosen, and 
they provide a fair test of the reader's grasp 
of the preceding material. 

The book as a whole is well-organized 
and clearly written. The author's wide 
knowledge and obvious enthusiasm show up 
to good advantage in nearly every chapter. 
Prof. Dekker is at his best in the chapter on 
secondary electron emission, a topic which 
receives only passing mention in most 

elementary books on solid state physics 
Since the author has made important con-
tributions to this topic, it is only natural 
that he should treat it in more detail than 
is customary. A better treatment of sec-
ondary electron emission is hard to find. 

In summary, we feel that this book is a 
welcome addition to the pedagogical litera-
ture on solid state physics. As such, it is 
highly recommended to the beginning 
student. 

FRANK HERMAN 
RCA Labs. 

Princeton, N. J. 

The Science of Engineering Materials, ed. 
by J. E. Goldman 

Published (1957) by John Wiley & Sons, Inc.. 
440 Fourth Ave., N. Y. 16. N. Y. 510 pages-f-18 
index pages-I-iv pages. Illus. 91 X61. $12.00. 

This text is a compilation of papers 
presented at a conference of engineering and 
physics teachers held at Carnegie Institute 
of Technology, June 21-25, 1954. The pur-
pose of the conference was to discuss recent 
technical developments in solid-state science 
and to explore ways of including these in 
engineering curricula. 

The book contains 18 papers grouped 
into 6 categories: I, The Structure of 
Matter—four papers; II, Metals and Alloys 
—six papers; III, Surfaces—one paper; 
IV, Magnetism and Magnetic Properties— 
two papers; V, Semiconductors and Dielec-
trics—two papers; VI, Non-Crystalline 
Materials—three papers. 

The seventeen authors drawn from 
universities and industrial laboratories are 
all recognized authorities in their respective 
fields. In general, the authors have at-
tempted to discuss the scope, present state 
of knowledge, theoretical limitations, i.e., 



380 PROCEEDINGS OF THE IRE January 

qualitative vs quantitative interpretation 
of observations and trends in the various 
subjects presented. 

The disciplines employed in the discus-
sions embrace inorganic, organic, and phys-
ical chemistry, physics, metallurgy and 
ceramics as well as some engineering. The 
scope of subject matter is truly impressive. 

The first five parts of this text cover 
subjects which are generally recognized as 
belonging to solid-state physics and physical 
metallurgy. The last part including the 
physics and chemistry of cement, the 
molecular structure and mechanical be-
havior of high polymers, and the physics of 
glass is a bold extension of the field. 

The book is not intended nor is it suitable 
for use as a classroom text. 

The editor and authors have done an 
excellent job of preparing the material in 
such a way that the book may be read with-
out a feeling of excessive repetition on the 
one hand or choppiness on the other as so 
often happens in compilations of this kind. 

It is the feeling of this reviewer that the 
authors have achieved their objective in 
surveying a field which must be integrated 
into engineering curricula as soon as possible. 
It is recommended to research engineers and 
engineering faculties as an excellent survey. 

L. T. DEVORE 
Stewart-Warner Electronics 

Chicago 51, Ill. 

Acoustical Engineering by H. F. Olson 
Published (1957) by D. Van Nostrand Co., Inc., 

257 Fourth Ave., N. Y. 10, N. Y. 703 pages +13 
index pages +six pages. Illus. 9} X6f. $13.50. 

This textbook is a true encyclopedia of 
applied acoustics embracing practically 
every phase of the art. The fundamental 

problems are treated rather fully and where 
space prevents extended analysis, references 
are made to original sources. Those who 
have previous texts by the same author on 
similar subjects will do well to supplement 
them or replace them with this much-
expanded volume. 

The general approach follows that of Dr. 
Olson's previous works including excellent 
illustrations with equivalent circuit diagrams 
for visualization of performance of acoustical 
devices by electrically trained people. The 
EFP (voltage-force-pressure) system of 
analogies is used throughout the text. 

The first five chapters cover the theory 
of applied acoustics. They deal with sound 
wave equations, radiation from points, lines 
and surfaces, mechanical vibrating systems 
and dynamical analogies. As in previous 
texts, the writer adheres to the cgs system 
of units. 

Chapters VI and VII deal with cone and 
horn loudspeakers and enclosures, respec-
tively. A multitude of cone and enclosure 
configurations are described. Efficiency, 
distortion, power handling capacity, tran-
sient response, and design parameters are well 
covered. Chapter VIII is a very complete 
chapter on microphones written with the 
detail which reflects the important con-
tributions made by the author to this sub-
ject. Chapter IX describes miscellaneous 
transducers—telephone receivers, phono-
graph recording and reproduction devices, 
vibration pickups, sound power telephones, 
electrical megaphones, magnetic recording 
and reproduction, hearing aid devices, etc. 
Here we find considerable abbreviation in 
many areas which is no doubt due to a desire 
to keep the text within manageable dimen-
sions. 

Chapter X is devoted to acoustical 
measurements of electrical and acoustical 
devices, microphones, loudspeakers, tele-
phone receivers, phonograph pickups, of 
acoustical and mechanical impedance, meas-
urement of noise, reverberation time, etc. 

Chapter XI develops the principles of 
architectural acoustics including a descrip-
tion of various types of sound absorbing 
materials and structures, treatment of 
studios and theatres, and the principle of 
sound collection in broadcasting and record-
ing. Chapter XII covers well the principles 
of hearing, speech and music, and Chapter 
XIII deals with sound reproduction systems. 
A novel addition is found in the form of 

Chapter XIV on "means for the communica-
tion of information." This chapter contains a 
brief but exhaustive listing of the many 
possible ways of communicating informa-
tion, from the printing press invented 400 
years ago to some of conceivable systems 
not yet developed, such as "foreign speech 
analyzer—domestic speech synthesizer," i.e. 
an instantaneous automatic language trans-
lator. Whether such a machine could ever 
duplicate economically the excellent human 
translators currently at work at the U.N. 
is a subject on which we can only speculate. 
Nevertheless, the advanced thinking ex-
hibited by this chapter will be found to be 
greatly stimulating. 

Chapters XV and XVI treat the subjects 
of underwater sound and ultrasonics. Their 
relative brevity is consistent with the rather 
specialized nature of the subjects, and those 
who wish to pursue these subjects further 
will find them well annotated with references 
to the work of others. 

B. B. BAUER 
CBS Laboratories 

New York 22, N. Y 

Professional Groupst  

Aeronautical & Navigational Electronics— 
Joseph General, 6019 Highgate Dr., Balti-
more 15, Md. 

Antennas & Propagation—J. I. Bohnert, 
Code 5200, Naval Research Lab., Wash-
ington 25, D. C. 

Audio—Dr. H. F. Olson, RCA Labs., Prince-
ton, N. J. 

Automatic Control—E. M. Grabbe, Ramo-
Wooldridge Corp., Box 45067, Airport 
Station, Los Angeles 45, Calif. 

Broadcast & Television Receivers—L. R. 
Fink, General Electric Co., X-Ray Dept., 
Milwaukee, Wis. 

Broadcast Transmission Systems—C. H. 
Owen, 7 W. 66th St., N. Y. 23, N. Y. 

Circuit Theory—W. H. Huggins, 2813 St. 
Paul St., Baltimore 18, Md. 

Communications Systems—J. W. Worthing-
ton, Jr., Dawn Dr., Mounted Route, 
Rome, N. Y. 

Component Parts—R. M. Soria, American 
Phenolic Corp., 1830 S. 54 Ave., Chicago 
50, III. 
t Names listed are Group Chairmen. 

Education—J. D. Ryder, Dept. of Elec. 
Eng., Mich. State Univ., E. Lansing, 
Mich. 

Electron Devices—T. M. Liimatainen, 5415 
Connecticut Ave., N.W., Washington, 
D. C. 

Electronic Computers—Werner Buchholz, 
IBM Engineering Lab., Poughkeepsie, 
N. Y. 

Engineering Management—C. R. Burrows, 
Ford Instrument Co., 31-10 Thomson 
Ave., Long Island City 1, N. Y. 

Engineering Writing and Speech—D. J. Mc-
Namara, Sperry Gyroscope Co., Great 
Neck, L. I., N. Y. 

Industrial Electronics—W. R. Thurston, 
General Radio Co., 285 Massachusetts 
Ave., Cambridge 39, Mass. 

Information Theory—W. B. Davenport, Jr., 
Lincoln Lab., M.I.T., Cambridge, Mass. 

Instrumentation—F. C. Smith, Jr., South-
western Industrial Electronics Co., 2831 
Post Oak Rd., Houston 19, Tex. 

Medical Electronics—L. B. Lusted, M.D., 
Clinical Center, National Institute of 

Health, Bethesda 14, Md. 
Microwave Theory and Techniques—W. L. 

Pritchard, Raytheon Mfg. Co., Newton, 
Mass. 

Military Electronics—W. E. Cleaves, 3807 
Fenchurch Rd., Baltimore 18, Md. 

Nuclear Science—J. N. Grace, Westing-
house Atomic Power Div., Pittsburgh 34, 
Pa. 

Production Techniques—E. R. Gamson, Au-
tonetics, 395-91, 12214 Lakewood Blvd., 
Downey, Calif. 

Radio Interference Reduction—H. R. 
Schwenk, Sperry Gyroscope Co, Great 
Neck, L. I., N. Y. 

Reliability and Quality Control—Victor 
Wouk, Beta Electric Corp., 333 E. 103rd 
St., New York 29, N. Y. 

Telemetry and Remote Control—C. H. 
Doersam, Jr., 24 Winthrop Rd., Port 
Washington, L. I., N. Y. 

Ultrasonics Engineering—C. M. Harris, 425 
Riverside Dr., New York, N. Y. 

Vehicular Communications—C. M. Heiden, 
General Electric Co., Syracuse, N. Y. 
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Sections*  
Akron (4)—H. F. Lanier, 2220-27th St., 
Cuyahoga Falls, Ohio; Charles Morrill, 
2248-16th St., Cuyahoga Falls, Ohio. 

Alamorgordo-Holloman (6)—V. J. Lynch, 
1105 Maple Dr., Alamorgordo, N. Mex.; 
Thomas W. Cielinski, 1311-16 St., 
Alamogordo, N. M. 

Albuquerque-Los Alamos (7)—B. L. Basore, 
2405 Parsifal, N.E., Albuquerque, N. 
Mex.; John McLay, 3369-48 Loop, San-
dia Base, Albuquerque, N. Mex. 

Atlanta (3)—W. B. Miller, 1369 Holly Lane, 
N.E., Atlanta 6, Ga.; W. H. White, 1454 
S. Gordon St., S.W., Atlanta 10, Ga. 

Baltimore (3)—M. R. Briggs, Westinghouse 
Elec. Corp., Box 746, Baltimore 3, Md.; 
B. Wolfe, 5628 Stonington Ave., Balti-
more 7, Md. 

Bay of Quinte (8)—W. D. Ryan, Cavalry 
House, Royal Military College, Kingston, 
Ont., Canada; R. Williamson, R.R. 3, 
Belleville, Ont., Canada. 

Beaumont-Port Arthur (6)—F. M. Crum, 
Dept. of E. E., Lamar State College of 
Tech., Beaumont, Texas; H. K. Smith, 
270 Canterbury Lane, Beaumont, Tex. 

Binghamton (1)—Robert Nash, 12 Alice St., 
M.R. 97, Binghamton, N. Y.; Bruce Lock-
hart, R.D. 3, Binghamton, N. Y. 

Boston (1)—C. J. Lahanas, 275 Massachu-
setts Ave., General Radio Co., Cambridge 
39, Mass.; (secretary to be elected). 

Buenos Aires—J. M. Onativia, Bustamante 
1865, Buenos Aires, Argentina; L. F. 
Rocha, Caseros 3321, DTO. B., Buenos 
Aires, Argentina. 

Buffalo-Niagara (1)—W. S. Holmes, Cornell 
Aeronautical Labs., 4455 Genesee St., 
Buffalo 21, N. Y.; R. B. Odden, 573 Allen-
hurst Rd., Buffalo, N. Y. 

Cedar Rapids (5)—J. L. Dalton, 2900 E. 
Ave., N.E., Cedar Rapids, Iowa; S. M. 
Morrison, 2034 Fourth Ave., S.E., Cedar 
Rapids, Iowa. 

Central Florida (3)—G. F. Anderson, Dy-
natronics, Inc., 717 W. Amelia Ave., Or-
lando, Fla.; J. W. Downs, 1020 Highland 
Ave., Eau Gallie, Fla. 

Central Pennsylvania (4)—W. J. Leiss, 1173 
S. Atherton St., State College, Pa.; P. J. 
Freed, Haller, Raymond & Brown, State 
College, Pa. 

Chicago (5)—D. G. Haines, 751 Parkside 
Ave., Elmhurst, Ill.; S. F. Bushman, 1166 
Oakwood Ave., Des Plaines, Ill. 

China Lake (7)—C. F. Freeman, 100-B Hal-
sey St., China Lake, Calif.; P. K. S. Kim, 
200-A Byrnes St., China Lake, Calif. 

Cincinnati (4)—A. B. Ashman, 225 E. Fourth 
St., Cincinnati 2, Ohio; R. Nathan, 1841 
Bluefield Place, Cincinnati 37, Ohio. 

Cleveland (4)—W G. Piwonka, 3121 Hun-
tington Rd., Cleveland 20, Ohio J. S. Hill, 
Smith Electronics, Inc., 4900 Euclid Ave., 
Cleveland 3, Ohio. 

Columbus (4)—R. L. Cosgriff, 2200 Home-
stead Dr., Columbus, Ohio; G. J. Falken-
bach, Battelle Institute, 505 King Ave., 
Columbus 1, Ohio. 

Connecticut (1)—H. M. Lucal, Box U-37, 
Univ. of Conn., Storrs, Conn.; A. E. Per-
rins, 951 Sperry Rd., Cheshire, Conn. 

Dallas (6)—Frank Seay, Collins Radio Co., 

* Numerals in parentheses following section desig-
nate region number. First name designates Chairman, 
second name, Secretary. 

1930 Hi-Line Dr., Dallas, Tex.; T. B. Mose-
ley, 6114 Northwood Rd., Dallas 25, Tex. 

Dayton (4)—N. A. Nelson, 201 Castle Dr., 
Kettering 9, Ohio; D. G. Clute, 2132 Mer-
iline Ave., Dayton 10, Ohio. 

Denver (6)—R. S. Kirby, 455 Hawthorne 
Ave., Boulder, Colorado; W. G. Worcester, 
748-10 St., Boulder, Colorado. 

Detroit (4)—E. C. Johnson, 4417 Crooks 
Rd., Royal Oak, Mich.; G. E. Ryan, 5296 
Devonshire Rd., Detroit 24, Mich. 

Egypt—H. M. Mahmoud, Faculty of Engi-
neering, Fouad I University, Giza, Cairo, 
Egypt; El Garhi I El Kashlan, Egyptian 
Broadcasting, 4, Shari Sherifein, Cairo, 
Egypt. 

Elmira-Corning (1)—R. G. Larson, 220 Lyn-
hurst Ave., Windsor Gardens, Horse-
heads, N. Y.; D. F. Aldrich, 1030 Hoffman 
St., Elmira, N. Y. 

El Paso (6)—J. Crosson, 1100 Honeysuckle 
Drive, El Paso, Tex.; H. Markowitz, 1132 
Texas St., El Paso, Tex. 

Emporium (4)—H. S. Hench, Jr., Sylvan 
Heights, Emporium, Pa.; H. J. Fromell, 
Sylvania Elec. Prod. Inc., Emporium, Pa. 

Evansville-Owensboro (5)—A. K. Miegl, 
904 Kelsey Ave., Evansville, Ind.; M. 
Casier, Evansville College, Evansville, Ind. 

Florida West Coast (3)—L. J. Link, 3216 
Ninth St., North, St. Petersburg, Fla.; 
R. Murphy, 12112 N. Edison Ave., Tam-
pa 4, Fla. 

Fort Huachuca (7)—J. K. Oliver, Box 656, 
Ft. Huachuca, Ariz.; W. C. Shelton, Box 
2919, Fort Huachuca, Ariz. 

Fort Wayne (5)—G. E. Collins, 3101 Lillie 
St., Fort Wayne, Ind.; H. D. Grosvenor, 
1332 Maple Ave., Fort Wayne 6, Ind. 

Fort Worth (6)—C. W. Macune, 3132 Forest 
Park Blvd., Fort Worth, Tex.; G. H. Rob-
ertson, 5749 Tracyne Drive, Fort Worth 
14, Tex. 

Hamilton (8)—C. N. Chapman, 40 Dundas 
St., Waterdown, Ont., Canada; C. J. 
Smith, Gilbert Ave., Dancaster Courts, 
Sub. Serv. 2, Ancaster, Ont., Canada. 

Hawaii (7)—Vaughn Kelly, 99-1215 Aiea 
Hgts. Dr., Aiea, Hawaii; D. L. Grubb, 236 
Paiko Dr., Honolulu, Hawaii. 

Houston (6)—M. A. Arthur, Humble Oil & 
Refining Co., P.O. Box 2180, Houston 1, 
Tex.; C. G. Turner, Communications En-
gineering Co., P.O. Box 12325, Houston 
17, Tex. 

Huntsville (3)—W. O. Frost, P.O. Box 694, 
Huntsville, Ala.; J. E. Douma, 804 Car-
melian, S.E., Huntsville, Ala. 

Indianapolis (5)—N. G. Drilling, 3002 Ash-
land Ave., Indianapolis 26, Ind.; R. B. 
Flint, 4038 Evelyn St., Indianapolis 24, Ind. 

Israel—E. H. Frei, Weizman Inst. of Sci-
ence, Rehovoth, Isard; Moshe Tkatsh, 
Kyriat Motzkin POB 1, Israel. 

Ithaca (1)—W. E. Gordon, Phillips Hall, 
Cornell Univ., Ithaca, N. Y.; C. E In-
galls, 106 Sheldon Rd., Ithaca, N. Y. 

Kansas City (6)—P. C. Constant, Jr., 3014 
E. Meyer Blvd., Kansas City 30, Mo.; 
N. E. Vilander, 2509 W. 83rd St., Kansas 
City 15, Mo. 

Little Rock (6)—J. D. Reid, 2210 Summit, 
Little Rock, Ark.; J. P. McRae, Route 1, 
Box 27, Scott, Ark. 

London (8)—J. C. Warder, 513 Princess 
Ave., London, Ont., Canada; J. D. B. 

Moore, 27 McClary Ave., London, Ont., 
Canada. 

Long Island (2)—E. G. Fubini, Airborne In-
strument Labs., 160 Old Country Rd., 
Mineola, L. I., N. Y.; E K. Stodola, 118 
Stanton St., Northport, N. Y. 

Los Angeles (7)—J. K. Gossland, 318 E. 
Calaveras St., Altadena, Calif.; R. G. 
Kuck, 854 Bank St., So. Pasadena, Calif. 

Louisville (5)—M. C. Probst, 5067 Poplar 
Level Rd., Louisville, Ky.; W. J. Ryan, 
207 E. Broadway, Louisville 1, Ky. 

Lubbock (6)—E. W Jenkins, Jr., Shell Oil 
Co., Admin. Dept., Box 1509, Midland, 
Tex.; J. J. Criswell, 511 50th St., Lub-
bock, Tex. 

Miami (3)—W. H. Epperson, 5845 S.W. 108 
St., Miami 43, Fla.; R. S. Rich, 7513 S.W. 
54 Ct., S. Miami, Fla. 

Milwaukee (5)—J. E. Jacobs, 6230 Hale 
Park Dr., Hales Corners, Wis.; F. J. Lofy, 
Milwaukee School of Engrg., 1025 N. Mil-
waukee St., Milwaukee 2, Wisc. 

Montreal (8)—R. E. Penton, 6695 Fielding 
Ave., Apt. 29, Montreal, Que., Can.; 
R. Lumsden, 1680 Lepine St., St. Laurent, 
Montreal 9, Quebec, Canada. 

Newfoundland (8)—J. B. Austin, Jr., Hq. 
1805th AACS Wing, APO 862, c/o PM, 
New York, N. Y.; J. A. Willis, Canadian 
Marconi Co., Ltd., Pinetree-NEAC De-
pot, Pepperrill AFB, St. John's Newfound 
land, Canada. 

New Orleans (6)—M. F. Chapin, 8116 Hamp-
son St., New Orleans, La.; G. A. Hero, 
1102 Lowerline St., New Orleans 18, La. 

New York (2)—J. S. Smith, 3717 Clarendon 
Rd., Brooklyn, N. Y.; Joseph Reed, 52 
Hilkrest Ave., New Rochelle, N. Y. 

Newfoundland (8)—J. B. Austin, Jr., Hq. 
1805th AACS Wing, APO 862, c/o PM, 
New York, N. Y.; J. A. Willis, Canadian 
Marconi Co., Ltd., Pinetree-NEAC De-
pot, Pepperill AFB, St. John's Newfound-
land, Canada. 

New Orleans (6)—M. F. Chapin, 8116 Hamp-
son St, New Orleans, La.; G. A. Hero, 
1102 Lowerline St., New Orleans 18, La. 

New York (2)—J. S. Smith, 3717 Clarendon 
Rd., Brooklyn, N. Y.; Joseph Reed, 52 
Hilkrest Ave., New Rochelle, N. Y. 

North Carolina (3)—H. H. Arnold, 548 S. 
Westview Dr., Winston-Salem, N. C.; 
C. A. Norwood, 830 Gales Ave., Winston-
Salem, N. C. 

Northern Alberta (8)—D. L. MacDonald, 
10330-84 Ave., Edmonton, Alta., Can.; 
Frank Hollingsworth, 9619-85th St., Ed-
monton, Alberta, Canada. 

Northern New Jersey (2)—T. N. Anderson, 
1539 Deer Path, Mountainside, N. J.; 
G. D. Hulst, 73 Mt. Prospect Ave., Ve-
rona, N. J. 

Northwest Florida (3)—G. C. Fleming, 579 
E. Gardner Dr., Fort Walton Beach, Fla.; 
W. F. Kirlin, 67 Laurie Dr., Fort Walton 
Beach, Fla. 

Oklahoma City (6)—Nicholas Battenburg, 
2004 N.W. 30th St., Oklahoma City 6, 
Okla.; E. W. Foster, 5905 N.W. 42 St., 
Oklahoma City 12, Okla. 

Omaha-Lincoln (5)—J. S. Petrik, c/o KETV, 
27 & Douglas Sts., Omaha, Neb.; H. W. 
Becker, 1214 N. 34 St., Omaha 3, Neb. 

Ottawa (8)—L. H. Doherty, 227 Barclay 
Rd., Ottawa 2, Ont., Canada; R. S. Thain, 
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54 Rossland Ave., Box 474, City View, 
Ont., Canada. 

Philadelphia (3)—Nels Johnson, Philco 
Corp., 4700 Wissahickon Ave., Philadel-
phia 44, Pa.; W. A. Howard, WRCV, 1619 
Walnut St., Philadelphia 4, Pa. 

Phoenix (7)—G. L. McClanathan, 509 E. 
San Juan Cove, Phoenix, Ariz.; E. S. Shep-
ard, 5716 N. 19 St., Phoenix, Ariz. 

Pittsburgh (4)—J. B. Woodford, Jr., Box 
369, Carnegie Tech. P.O., Pittsburgh 13, 
Pa.; A. E. Anderson, 1124 Olympic Hts. 
Dr., Pittsburgh 35, Pa. 

Portland (7)—D. C. Strain, 7325 S.W. 35 
Ave., Portland 19, Ore.; W. E. Marsh, 
6110 S.W. Brugger St., Portland 19, Ore. 

Princeton (2)—L. L. Burns, Jr., RCA Labs., 
Princeton, N. J.; Sylvan Fich, College of 
Eng., Rutgers Univ., New Brunswick, N.J. 

Regina (8)—J. A. Funk, 138 Leopold Cres-
cent, Regina, Saskatchewan, Canada; 
E. C. Odling, 1121 Minto St., Regina, 
Saskatchewan, Canada. 

Rio de Janeiro, Brazil—M. P. De Britto Pe-
reira, Caixa Postal 562, Rio de Janeiro, 
Brazil; J. A. Hertz, Caixa Postal 97 
Lapa, Rio de Janeiro, Brazil. 

Rochester (1)—B. L. McArdle, Box 54, 
Brighton Station, Rochester 10, N. Y.; 
L. D. Smith, 27 Landing Park, Rochester, 
N. Y. 

Rome-Utica (1)—Edward R. Orear, Ch., 36 
Herthum Rd., Harts Hill Heights, Whites-
boro, N. Y.; Robert A. Zachary, Jr., Sec., 
11 Arbor Drive, New Hartford, N. Y. 

Sacramento (7)—R. A. Poucher, Jr., 3021 
Mountain View Ave., Sacramento 21, 
Cal.; X. W. Godfrey, 3220 Fulton Ave., 
Sacramento 21, Cal. 

St. Louis (6)—C. E. Mosley, 8622 St. Charles 
Rock Rd., Overland 14, Mo.; R. D. Roden-
roth, 7701 Delmont, Affton 23, Mo. 

Salt Lake City (7)—J. S. Hooper, 1936 
Hubbard Ave., Salt Lake City 5, Utah; 
A. L. Gunderson, 3906 Parkview Dr., Salt 
Lake City 17, Utah. 

San Antonio (6)—F. A. Brogan, 433 Brees 
Blvd., San Antonio 9, Tex.; W. L. Donald-
son, 129 El Cerrito, San Antonio, Tex. 

San Diego (7)—E. J. Moore, 3601 Eighth 
St., San Diego 3, Calif.; R. J. Cary, Jr., 
4561 Normandie Place, La Mesa, Calif. 

San Francisco (7)—Meyer Leifer, Electronic 
Defense Lab., Box 205, Mountain View, 
Calif.; V. B. Corey, 385 Gravatt Dr., 
Berkeley 5, Calif. 

Schenectady (1)—A. E. Rankin, 833 Whit-
ney Dr., Schenectady, N. Y.; Sec.-Treas. 
to be appointed later. 

Seattle (7)—R. H. Hoglund, 1825 E. Lynn 
St., Seattle 2, Wash.; L. C. Perkins, Box 
307, Des Moines, Wash. 

Shreveport (6)—H. H. Moreland, Hq. 2nd 
Air Force, Barksdale AFB, La.; L. Hur-
ley, 2736 Rosemont, Shreveport, La. 

South Bend-Mishawaka (5)—R. D. Ewing, 
3755 Terry Lane, Mishawaka, Ind.; H. E. 
Harry, Bendix Prod. Div.-Missiles, 400 S. 
Beiger St., Mishawaka, Ind. 

Southern Alberta (8)—W. K. Allan, 2025 
29th Ave., S.W., Calgary, Alta., Canada; 
R. W. H. Lamb, Radio Station CFCN, 
12th Ave. and Sixth St., E., Calgary, Al-
berta, Canada. 

Syracuse (1)—J. B. Russell, Salt Spring Rd. 
Fayetteville, N.Y.; R. N. Lothes, General 
Electric Co., Bldg. 3—Industrial Park, 
Syracuse, N. Y. 

Tokyo—Yasujiro Niwa, Tokyo Elec. Engi-
neering College, 2-2 Kanda-Nishikicho, 
Chiyoda-Ku, Tokyo, Japan; Fumio Mino-
zuma, 16 Ohara-Machi, Meguro-Ku, To-
kyo, Japan. 

Toledo (4)—H. L. Neuert, 3534 Woodmont 
Rd., Toledo 13, Ohio; K. P. Herrick, 2516 
Fulton St., Toledo 10, Ohio. 

Toronto (8)—H. W. Jackson, 352 Laird Dr., 
Toronto 17, Ont., Canada; R. J. A. Turner, 
66 Gage Ave., Scarborough, Ont., Canada. 

Tucson (7)—P. E. Russell, Elec. Engrg. 
Dept., Univ. of Ariz., Tucson, Ariz.; C. L. 
Becker, 4411 E. Sixth St., Tucson, Ariz. 

Tulsa (6)—R. L. Atchison, 415 E. 14 Pl., 
Tulsa 20, Okla.; B. H. Keller, 1412 S. 
Winston, Tulsa 12, Okla. 

Twin Cities (5)—E. W. Harding, 5325 Col-
fax Ave., S., Minneapolis, Minn.; S. W. 
Schulz, 3132 Fourth St., S.E., Minneapo-
lis 14, Minn. 

Vancouver (8)—R. A. Marsh, 3873 W. 23 
Ave., Vancouver, B. C., Canada; T. G. 
Lynch, 739 Edgewood Rd., North Van-
couver, B. C., Canada. 

Virginia (3)—F. E. Brooks, Box 277, 
Colonial Ave., Colonial Beach, Va.; E. S. 
Busby, Jr., 1608 'B' St., Portsmouth, Va. 

Washington (3)—A. H. Schooley, 3940 First 
St., S.W., Washington 24, D. C.; J. E. 
Durkovic, 10316 Colesville Rd., Silver 
Spring, Md. 

Western Massachusetts (1)—R. P. Sheehan, 
Ballou Lane, Williamstown, Mass.; A. K. 
Hooks, Sprague Elec. Co., N. Adams, Mass. 

Wichita (6)—W. K. Klatt, 2625 Garland, 
Wichita 4, Kan.; A. T. Murphy, Univ. of 
Wichita, Dept. of Elec. Engrg., Wichita 
14, Kan. 

Williamsport (4)—(No chairman at pres-
ent); W. H. Bresee,1666 Oak Ridge Pl., 
Williamsport, Pa. 

Winnipeg (8)—C. J. Hopper, 332 Bronx 
Ave., Winnipeg 5, Man., Canada; T. J. 
White, Dept. of E.E., University of Mani-
toba,Winnipeg 9, Man., Can. 

Subsections  
Buenaventura (7)—M. H. Fields, 430 Rod-

erick St., Oxnard, Calif.; D. J. Heron, 
1171 Brunswick Lane, Ventura, Calif. 

Charleston (3)—A. Jonas, 105 Lancaster St., 
N. Charleston, S. C.; F. A. Smith, Route 
4, Melrose Box 572, Charleston, S. C. 

East Bay (7)—C. W. Park, 6035 Chabolyn 
Terr., Oakland 18, Calif.; Robert Rector, 
1425 Edith St., Berkeley, Calif. 

Eastern North Carolina (3)—H. Hulick, 
Station WPTF, Insurance Bldg., Raleigh, 
N.C.; M. C. Todd, Wendell, N.C. 

Erie (1)—J. D. Heibel, 310 W. Grandview, 
Erie, Pa.; D. H. Smith, 3025 State St., 
Erie, Pa. 

Gainesville (3)—W. E. Lear, Dept. of Elec. 
Eng., Univ. of Fla., Gainesville, Fla. 
(Chairman) 

Kitchener-Waterloo (8)—J ules Kadish, Ray-
theon Canada, Ltd., 61 Laurel St., Water-
loo, Ont., Canada; G. C. Field, 48 Harber 
Ave., Kitchener, Ont., Canada. 

Lancaster (3)—W. T. Dyall, 1415 Hillcrest 
Rd., Lancaster, Pa.; P. W. Kaseman, 405 
S. School Lane, Lancaster, Pa. 

Las Cruces-White Sands Proving Grounds 
(6)—H. W. Haas, Box 236, State College, 
N.M.; M. Goldin, 1921 Calle de Suneos, 
Las Cruces, N. M. 

Lehigh Valley (3)—F. W. Smith, E.E. Dept., 
Lafayette College, Alumni Hall of Engrg., 

Easton, Pa.; L. G. McCracken, Jr., 1774 
W. Union Blvd., Bethlehem, Pa. 

Memphis (3)—R. N. Clark, Box 227, Mem-
phis State Coll., Memphis, Tenn. (Chmn) 

Mid-Hudson (2)—Altman Lampe, Cramer 
Rd., R.D. 3, Poughkeepsie, N. Y.; M. R. 
Marshall, 208 Smith St., Poughkeepsie, 
N. Y. 

Monmouth (2)—Edward Massell, Box 433, 
Locust, N. J.; Harrison Rowe, Box 107, 
Red Bank, N.J. 

Nashville (3)—W. W. Stiller, Jr., Aladdin 
Electronics, Nashville 2, Tenn.; P. E. 
Dicker, Dept. of Elec. Engrg., Vanderbilt 
Univ., Nashville 5, Tenn. 

New Hampshire (1)—M. R. Richmond, 55 
Raymond St., Nashua, N. H.; R. O. 
Goodwin, 86 Broad St., Nashua, N. H. 

Northern Vermont (1)—Charles Horvath, 
15 lby St., S. Burlington, Vt.; D. M. 
Wheatley, 14 Patrick St., S. Burlington, 
Vt. 

Orange Belt (7)—R. E. Beekman, 113 N. 
Lillie Ave., Fullerton, Calif.; R. W. 
Thorpe, 303 S. Louise Ave., Azusa, Calif. 

Palo Alto (7)—Wayne Abraham, 611 Hansen 
Way, c/o Varian Associates, Palo Alto, 
Calif.; W. E. Ayer, 150 Erica Way, Menlo 
Park, Calif. 

Panama City (3)—C. B. Koesy, 1815 Moates 
Ave., St. Andrew Station, Panama City, 

Fla.; M. H. Naeseth, 1107 Buena Vista 
Blvd., Panama City, Fla. 

Pasadena (7)—J. L. Stewart, Assoc. Prof. 
of Elec. Engrg., Calif. Inst. of Tech., 
Pasadena, Calif.; J. E. Ranks, 1270 
Leonard Ave., Pasadena 8, Calif. 

Quebec (8)—R. F. Chinnick, 500 La Visita-
tion, Ste. Foye, Quebec City, Que., Can.; 
P. DuBerger, 1267 Villars Ave., Sillery, 
Que., Canada. 

Richland (7)—R. E. Connally, 515 Cotton-
wood Dr., Richland, Wash.; R. R. Cone, 
611 Thayer, Richland, Wash. 

San Fernando (7)—J. J. Guarrera, 17160 
Gresham Ave., Northridge, Calif.; C. C. 01-
sefsky, 8100 Aldea Ave., Van Nuys, Calif. 

Santa Barbara (7)—Walter Hausz, 4520 Via 
Vistosa, Santa Barbara, Calif.; C. P. 
Hedges, 316 Coleman Ave., Santa Bar-
bara, Calif. 

USAFIT (4)—Lt. Cdr. E. M. Lipsey, 46 
Spinning Rd., Dayton 3, Ohio; sec.-treas. 
to be appointed later. 

Westchester County (2)—D. S. Kellogg, 9 
Bradley Farms, Chappaqua, N. Y.; M. J. 
Lichtenstein, 52 Sprain Valley Rd., Scars-
dale, N. Y. 

Western North Carolina (3)—J. G. Carey, 
1429 Lilac Rd., Charlotte, N. C.; R. W. 
Ramsey, Sr., 614 Clement Ave., Charlotte 
4, N. C. 
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The following issues of "Transactions" have recently been published, and 
are now available from the Institute of Radio Engineers, Inc., 1 East 79th 
Street, New York 21, N. Y. at the following prices. The contents of each issue 
and, where available, abstracts of technical papers are given below. 

Sponsoring Group Publication 
Group IRE Non-

Members Members Members* 
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TV Receivers 
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Information Theory 
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Quality Control 

Vol. BTR-3, No. 2 
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Vol. IT-3, No. 3 

$1.40 
1.15 
2.20 

$2.10 
1.70 

3.30 

PGRQC-12 .90 1.35 

* Public libraries 

$4.20 
3.45 
6.00 

2.70 

and colleges may purchase copies at IRE Member rates 

Broadcast & TV Receivers 

VOL. BTR-3, No. 2, OCTOBER, 1957 

The Traveling-Wave VHF Television 
Transmitting Antenna—M. S. Siukola (p. 49) 
A new simple and rugged television antenna 

has been developed for vhf high channels. The 
antenna utilizes pairs of slot radiators cut 
longitudinally in a vertical pipe. In each pair 
the slots are fed in opposite phase, and the 
pairs are displaced one-quarter wavelength 
from each other along the pole. Every other 
pair is in one vertical plane and the remaining 
pairs in another perpendicular to this. The 
slots are fed with a traveling wave within the 
pole. 

The excellent characteristics, most of them 
inherent in the principle, derive from the unique 
combination of supporting structure, trans-
mission line, and radiators. The horizontal 
pattern is formed on a turnstile principle from 
excellent patterns of single slot pairs even at 
large pole diameters. The smooth vertical 
pattern which helps to achieve uniform field 
strength within the service area is based on 
exponentially decaying traveling-wave feed. 
This is especially important in high-gain 
applications. Proper electrical characteristics 
of simple slot radiators maintain constant 
wavelength instead of constant velocity in the 
transmission line for frequencies in the channel. 
This assures proper bandwidth. Low-input 
vswr is due to the traveling-wave nature of the 
feed. The construction of the antenna is par-
ticularly suitable for handling high power. 
Simplicity of the antenna and low wind load 
result in economy of both the antenna and the 
supporting structure. 

Practical Aspects of TV Tuner Design— 
C. D. Nestlerode (p. 59) 

This paper discusses some of the tv tuner 
design problems experienced by the author 
during the product design of tuners used in 
DuMont Telesets. The subjects discussed are: 
oscillator radiation, spurious responses, pro-
vision for uhf reception, and a typical vhf 
wafer switch tuner design. 

After taking normal precautions of shielding 
and circuit isolation, the problem of minimizing 
oscillator radiation reduces to practical aspects 
of shaft grounding, dress of tuner leads, and 
interchassis connection points. 

The rejection of spurious responses involves 
the proper choice of tuned circuits and coupling 
means. All types of direct coupling used in 
place of mutual coupling have high-pass or 
low-pass characteristics which reduce the 
attenuation of frequencies outside the pass 

• 

band. It is shown that the combination of 
variable tuned circuits with low-pass charac-
teristics and a fixed tuned high-pass IF rejec-
tion filter can achieve adequate attenuation of 
spurious responses. 

The problems which arise from use of the 
tuner as an IF preamplifier for uhf reception 
are discussed and the mechanics of a typical 
vhf tuner and uhf tuner drive system are 
described. 
A Constant Input-Impedance RF Amplifier 

for VHF Television Receivers—H. B. Yin and 
H. M. Wasson (p. 65) 

Most conventional television tuners exhibit 
undesirable variations of input impedance at 
different frequencies within the pass bands and 
with varying bias voltages applied to the rf 
amplifier tube. An analysis of the input charac-
teristics of such tuners and commercial tele-
vision antenna systems, including transmission 
lines, shows the formation of selective mis-
match under certain conditions which may 
form "holes" within the pass band of any 
television channel. Such holes degrade the 
picture quality, particularly for color reception 
when a deep hole falls upon the color subcarrier. 
One solution to this problem is presented in this 
paper, using a constant input-impedance rf 
amplifier which consists of two stages of 
grounded-grid triodes in cascade with age 
voltage being applied to the grid of the second 
stage. Other performance characteristics of 
this amplifier, such as noise factor, gain, over-
loading capability, cross modulation, etc., as 
compared to those of a conventional cascade 
rf amplifier, also are described. 

Color TV Recording on Black and White 
Lenticular Film—J. M. Brumbaugh, E. D. 
Goodale and R. D. Kells (p. 71) 

In order to present a feature tv program 
during the favored hours in both the eastern 
and western parts of the U.S., some form of 
three-hour "storage" is necessary. Production 
costs and performer fatigue preclude repeating 
the live show. For about eight years, mono-
chrome shows have been recorded on film for 
this purpose, and for later rebroadcast and 
record purposes. 

Several systems have been under study for 
similar storage of color programs. The first to 
achieve commercial usage is that described 
herein, which is based on a refinement of East-
man's early "Kodacolor" process, marketed 
around 1930. The medium is a "black and 
white" photographic emulsion, requiring only 
normal processing, on an embossed 35-mm film 
base. Tiny horizontal cylindrical lenses are 
moulded on the base surface, opposite the 
emulsion. R, G, and B "separation images" 

(each consisting of ultraviolet light only) are 
focused, in registry, in the base. The light for 
each separation image comes from the lens at 
different approach angles, so that the R, G, 
and B information in the composite image lies 
in separate emulsion strips behind each 
"lenticule" or cylindrical lens. Color informa-
tion is recovered through essentially inverse 
optics. The electronic and optical systems are 
described in the paper. The over-all system has 
received commercial acceptance. It provides 
reasonable cost, adequate safety-factor in 
processing time, and reproductibility as a 
16-mm color print. 

Transistor Design for Picture IF Stages— 
R. J. Turner and P. Hermann (p. 76) 

In addition to the conventional problems 
of sensitivity, bandwidth, and transient re-
sponse, the transistor poses several new prob-
lems in television IF design due to its power 
gain mechanism. In particular, the resistive 
and capacitive components of output im-
pedance dictate the matched power gain can be 
obtained only at or below matched bandwidth, 
and definite limits are thereby imposed on the 
loaded Q of each stage. Data are presented for 
high-frequency graded base transistors and 
high-frequency tetrode transistors. The over-
all performance of a five-stage video IF is 
discussed in terms of: 1) single stage data, 
2) stability requirements, 3) method col 
achieving age, 4) age and overload charac-
teristics, 5) pole pattern, gain, and transient 
response, and 6) noise figure. 

Color Signal Distortions in Envelope Type 
of Second Detectors—B. D. Loughlin (p. 81) 

When an NTSC color signal transmission is 
detected by an envelope type of second 
detector, several distortion components can be 
produced. In saturated color areas the detected 
luminence signal may be lower than the in-
tended level, and additionally a 920-kc color-
sound beatnote may result. 

This paper reviews the characteristics of 
envelope detectors which produce these color 
signal distortions and discusses the expected 
magnitude of these distortions. Some of the 
methods currently used to reduce these distor-
tions to a tolerable level also are reviewed. 
Further, several detector system arrangements 
are described in which these distortions can be 
cancelled or eliminated. 
A New Approach to Horizontal Deflection 

Tube Testing—G. M. Lankard (p. 94) 
Static methods of testing horizontal deflec-

tion tubes have become inadequate and are 
being replaced by more significant methods of 
dynamic testing. This paper presents the 
problems encountered in arriving at a suitable 
dynamic test. It suggests a desirable test 
method to drive the horizontal deflection tube 
with a square-wave signal, thus permitting the 
measurement of such parameters as peak 
currents, Ib-to-lc2 ratio, and the voltage at 
the knee of the plate characteristic. 

Transistorized Television Vertical Deflec-
tion System—W. F. Palmer and G. Schiess 
(p. 98) 

Currently available power transistors are 
capable of driving the deflection coils of large 
screen television sets without impedance trans-
formation. Direct-coupled, single-ended deflec-
tion amplifiers, and problems and their solutions 
relative to decentering due to dc yoke current 
components, are discussed. 

Sawtooth generators using transistor mul-
tivibrators and blocking oscillators have been 
studied. Various methods of coupling sawtooth 
generators to the output stage are shown. 

Design of vertical deflection section of a 21-
inch television receiver employing transistors 
is discussed with practical circuits being given. 
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Transistor requirements of these circuits 
are also reviewed. 

1957 Awards of the PGBTR (p. 106) 

Component Parts 

VOL. CP-4, No. 3, SEPTEMBER, 1937 

Information for Authors (p. 71) 
Professional Group on Component Parts 

Administrative Committee for 1957-1958 
(p. 72) 

Dielectric Films in Aluminum and Tantalum 
Electrolytic and Solid Tantalum Capacitors— 
John Burnham (p. 73) 

The characteristics of electrolytic capacitors 
are determined primarily by the nature of the 
dielectric oxide film. The nature of this film and 
the factors which influence its physical and 
chemical characteristics are discussed. 

Electron photomicrographs of the elec-
trolytic oxide film on aluminum, as well as 
X-ray diffraction and direct electrical measure-
ments of the dry oxide film, reveal that it is 
crystalline 7-A1203. The characteristics of 
electrolytic Ta206 films on tantalum are com-
pared with those on aluminum, and the factors 
that make tantalum capacitors more reliable 
are indicated. 

Transformer Design for Zero Phase Shift— 
N. R. Grossner (p. 82) 
A design method for obtaining minimum 

phase shift between output and input of a 
transformer is described. The method is applic-
able to precision reference transformers em-
ployed in analog computers and servo loops 
where minimum quadrature voltages are man-
datory. 
A rigorous analysis of the equivalent circuit 

of the transformer demonstrates that the trans-
former can be treated as a combination lead 
and lag network to yield zero phase shift. This 
is done by making the ratio of primary resist-
ance to primary shunt reactance equal to the 
quotient of total leakage reactance and load 
resistance. The procedure consists of 1) de-
signing for theoretical zero phase shift, 2) 
manual adjustment of the air gap in the 
magnetic circuit, and 3) precision trimming of 
the load resistance. Very small shifts of the 
order of 16 to 50 seconds are obtainable. 
Optimum techniques for stabilization of phase 
shift in the presence of frequency, voltage, and 
temperature variations are also discussed. 

Modern Batteries—W. J. Hamer (p. 86) 
This article gives an outline of the electric 

batteries in use today. Included are discussions 
of primary, secondary, and reserve batteries 
with a section on batteries as component parts. 
Also included are discussions of special types of 
primary batteries, namely, solid-electrolyte bat-
teries, waxy-electrolyte batteries, ion exchange 
batteries, and nuclear cells. 

Bounds for Thermistor Compensation of 
Resistance and Conductance—A. B. Soble 

(13. 96) 
This paper shows how to compensate the 

exponential relation between thermistor re-
sistance and temperature: I) by means of two 
constant resistances, so that the compensated 
resistance becomes an S curve winding around 
an oblique straight line; and 2) by means of 
three constant resistances, so that the compen-
sated conductance becomes such an S curve. 

Formulas are given for the constant re-
sistances so that the errors of the S curve 
approximations to the oblique lines do not 
exceed preassigned tolerances. 

The first type of compensation is used to 
compensate a component whose resistance 
increases linearly with temperature, so that 
the resistance of the compensated component 
remains constant within a preassigned tolerance 

throughout a preassigned temperature range 
of operation. 

The second type of compensation is applic-
able to temperature measurement. 

Contributors (p. 102) 

Information Theory 

VOL. IT-3, No. 3, SEPTEMBER, 1957 

Brockway McMillan (p. 172) 
Where Do We Stand?—Brockway McMil-

lan (p. 173) 
Detection of Fluctuating Pulsed Signals in 

the Presence of Noise—Peter Swerling (p. 175) 
This paper treats the detection of pulsed 

signals in the presence of receiver noise for the 
case of randomly fluctuating signal strength. 
The system considered consists of a predetec-
tion stage, a square law envelope detector, and 
a linear postdetection integrator. The main 
problem is the calculation of the probability 
density function of the output of the postdetec-
tion integrator. The analysis is carried out for 
a large family of probability density functions 
of the signal fluctuations and for very general 
types of correlation properties of the signal 
fluctuations. The effects of nonuniform beam 
shape and of nonuniform weighting of pulses 
by the postdetection integrator are also taken 
into account. The function which is actually 
evaluated is the Laplace transform of the prob-
ability density function of the integrator out-
put. In many of the cases treated, the resulting 
Laplace transform has an inverse of known 
form. In such cases the evaluation of the prob-
ability density function would require the 
computation of a finite number of constants; 
in practice this would usually require the use 
of computing machinery, but would be per-
fectly feasible with presently available com-
puting m-ichinery. 

Fixed Memory Least Squares Filters Using 
Recursion Methods—Marvin Blum (p. 178) 

Given a set of equally spaced measurements, 
it is possible to curve fit a "least squares» 
polynomial to the N observed data points and 
obtain estimates of the past, present, or future 
values of the data or its derivatives by appro-
priate manipulations of the curve fit. 

This curve fitting can be accomplished by a 
linear weighting of the observed data over an 
interval (n — 1) T. If the data is measured in 
real time such that a new data point is observed 
each T seconds, then the desired output (for 
example, the smooth or predicted value of the 
data) can be obtained by sliding these fixed 
number of weights such that the same weight 
always multiplies the data which is at a fixed 
lag with respect to the most recent data. Since 
these weights are zero for lags greater than n, 
they may be described as a fix-finite memory 
linear digital filter. 

In calculating the desired output for each 
new sample one requires a machine which can 
store n coefficients, n data points and performs 
n multiplications and n — I additions in at 
least T seconds. The coefficients do not change 
but the multiplications and additions must be 
performed each T seconds as a new data point 
is measured. 

For large values of n, and small T, this may 
put a severe requirement on the real time 
solutions of the computer. This paper presents 
an alternate technique using recursion formulas 
to obtaining the same results as the n point 
weighting equation. The method has the ad-
vantage of requiring considerably less storage, 
multiplications and additions when n>>1 and 
the degree of the curve fitting polynomial ( K) 
is small. 

Locally Stationary Random Processes— 
R. A. Silverman (p. 182) 

A new kind of random process, the locally 
stationary random process, is defined, which 
includes the stationary random process as a 
special case. Numerous examples of locally 
stationary random processes are exhibited. By 
the generalized spectral density slf(co, co') of a 
random process is meant the two-dimensional 
Fourier transform of the covariance of the 
process; as is well known, in the case of sta-
tionary processes, •P(co, or') reduces to a positive 
mass distribution on the line co =co' in the co, co' 
plane, a fact which is the gist of the familiar 
Wiener-Khintchine relations. In the case of 
locally stationary random processes, a relation 
is found between the covariance and the spec-
tral density which constitutes a natural gen-
eralization of the Wiener-Khintchine relations. 

The Solution of a Homogeneous Wiener-
Hopf Integral Equation Occurring in the 
Expansion of Second-Order Stationary Random 
Functions—D. C. Youla (p. 187) 

In many of the applications of probability 
theory to problems of estimation and detection 
of random functions an eigenvalue integral 
equation of the type 

cir(x) -= X f K(x — y)4,(y)dy, O ≤x < T, 

is encountered where K(x) represents the 
covariance function of a continuous stationary 
second-order process possessing an absolutely 
continuous spectral density. 

In this paper an explicit operational solu-
tion is given for the eigenvalues and eigen-
functions in the special but practical case when 
the Fourier transform of K(x) is a rational 
function of co", i.e., 

s2 
K(x) G($2) = N( ) s = 

D(s2) 

in which N(s2) and D(s2) are polynomials in 
It is easy to show by elementary methods 

that the solutions are of the form 

cp(x) = E ce—a, cos (13,x ler), 

the constants C,, ar, (3r, and 7, being linked 
together by the integral equation. It is pre-
cisely the labor involved in their determination 
that in practice often causes the problem to 
assume awesome proportions. By means of the 
results given herein, this labor is diminished to 
the irreducible minimum—the solving of a 
transcendental equation. 

The Correlation Function of Smoothly 
Limited Gaussian Noise—R. F. Baum (p. 193) 

The correlation function of "smoothly" 
limited Gaussian noise is calculated and com-
pared with the correlation function of "ex-
tremely" clipped Gaussian noise. The limiting 
function is assumed to have the shape of the 
error integral curve. The output spectrum is 
calculated for the case of noise passed through 
an RC filter. 

On the Role of Dynamic Programming in 
Statistical Communication Theory—R. Bell-
man and R. Kalaba (p. 197) 

In this paper we wish to show that the 
fundamental problem of determining the 
utility of a communication channel in convey-
ing information can be interpreted as a 
problem within the framework of multistage 
decision processes of stochastic type, and as 
such may be treated by means of the theory 
of dynamic programming. 

We shall begin by formulating some aspects 
of the general problem in terms of multistage 
decision processes, with brief descriptions of 
stochastic allocation processes and learning 
processes. Following this, as a simple example 
of the applicability of the techniques of dynamic 
programming, we shall discuss in detail a 
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problem posed recently by Kelly. In this paper, 
it is shown by Kelly that under certain con-
ditions, the rate of transmission, as defined by 
Shannon, can be obtained from a certain 
multistage decision process with an economic 
criterion. Here we shall complete Kelly's 
analysis in some essential points, using func-
tional equation techniques, and considerably 
extend his results. 

Complex Processes for Envelopes of Normal 
Noise—Richard Arens (p. 204) 

The paper presents a brief exposition of the 
technique of complex normal random variables 
as utilized in the study of the envelopes of 
Gaussian noise processes. The central concept 
is the pre-envelope z( ) of a real normal 
process. The pre-envelope z( ) of a real func-
tion x( ) is a complex function whose real part 
is x( ) and whose absolute value is the envelope, 
in the sense of high-frequency theory, of x( ). 
The joint probability density for z(1), zi(t) is 
found and used to get the threshold crossing 
rate. Consideration of nonstationary processes 
is included. 

Correspondence (p. 208) 
Contributors (p. 208) 

Reliability & Quality 

Control 

PGRQC-12, NOVEMBER, 1957 

A Redundancy Analog—A. C. Block 
The Reliability Qualification of Electronic 

Equipment—D. W. Pertschuk 
Passive Components for Submarine Tele-

phone Cable Repeaters—M. C. Wooley 
Statistical Aspects of Reliability in Systems 

Development—J. S. Youtcheff 
A system reliability program is an opera-

tional procedure for obtaining the over-all 
reliability objectives in the development of a 
system. The reliability program must be 
closely integrated with the system develop-
mental activities to assure that the over-all 
program objectives are fully obtained within 
the required time scale. The analytical objec-
tives of the system reliability program are 
twofold. First, the specified system reliability 
requirements must be apportioned to the 
subsystems and components to assure adequate 
equipment design. Second, as component and 

C 9_ 

subsystem design data are made available 
throughout the development program, this 
information must be utilized in predicting the 
system reliability. In predicting system re-
liability, it is necessary to determine both the 
component reliability relationships and the 
individual component failure probabilities. 
Several statistical methods for determining 
component reliability are presented; however, 
the exact methodology must be tailored to the 
specific system and development program. 
System reliability can be predicted by utilizing 
component reliability data together with an 
adequate analysis of component and sub-
system reliability relationships. 

A Sequential Test for Comparing Com-
ponent Reliabilities—C. F. Stevens 
A statistical technique is presented by 

means of which the reliabilities of two types 
of component (or equipment) may be compared, 
and a decision made in favor of one type or the 
other. The technique differs from those previ-
ously devised for this purpose in that the as-
sumptions on which it is based are less restric-
tive and thus more likely to be satisfied in 
practice. 
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ACOUSTICS AND AUDIO FREQUENCIES 

534.121.1 3721 
The Calculation of the Resonance Frequen-

cies of Radially Oscillating Circular Disks and 
Rings—E. TranIde. (Frequenz, vol. 11, pp. 142-
145; May, 1957.) 

534.2-14 3722 
Sound Diffraction at a Thin Bounded Elastic 

Cylindrical Shell—L. M. Lyamshev. (C.R. 
Acad. Sci. U.R.S.S., vol. 115, pp. 271-273; 
July 11, 1957. In Russian.) Brief mathematical 
analysis. See also 309 of 1956. 

534.24 3723 
Reflection of Plane Waves of Sound from a 

Sinusoidal Surface—H. S. Heaps. (J. Appl. 
Phys., vol. 28, pp. 815-818; July, 1957.) The 
amplitudes of the reflected plane, undamped 
waves are calculated for the least mean 
square value of the surface pressure. Good 
agreement is obtained with the values meas-
ured by LaCasce and Tamarkin (1938 of 1956). 

534.76 3724 
Experimental Investigations of Monaural 

Acoustic Localization—A. Manfredi, L. Fiori-
Ratti, and S. Criffi. (Ricerca Sc., vol. 27, pp. 
1155-1160; April, 1957.) Test results indicate 
the existence in the human ear of a faculty of 
auditory perspective, particularly for noises of 
short duration and high harmonic content. 

621.395.61 3725 
On the Phasing of Microphones—B. B. 

Bauer. (IRE TRANS., vol. AU-4, pp. 155-161; 
November-December, 1956. Abstract, PROC. 
IRE, vol. 45, pp. 571-572; April, 1957.) 

621.395.623.7 3726 
Loudspeakers in Parallel—J. Moir. (Wire-
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less World, vol. 63, pp. 479-481; October, 
1957.) No increase in source size is obtained 
but advantages exist including lower distortion 
and increased efficiency. 

621.395.623.742:621.375.2.029.3 3727 
Amplifiers with Directly Coupled Loud-

speakers—J. Rodrigues de Miranda. (Tijdschr. 
ned. Radiogenoot, vol. 22, pp. 15-27; January, 
1957.) Description of an electrodynamic loud-
speaker with 80041 speech coil wound with 
wire of 40-µ diameter. A response essentially 
flat between 20 c and 100 kc is obtained using 
a preamplifier and a single-ended push-pull 
amplifier without output transformer. Circuit 
and characteristics are shown. 

621.395.625.3 3728 
On the Resolving Power in the Process of 

Magnetic Recording—S. Duinker. (Tijdschr. 
med. Radiogenoot, vol. 22, pp. 29-48; January, 
1957. In English.) Universal field curves are 
derived for various distances from a recording 
head of two semi-infinite pole pieces of infinite 
permeability, and lines of equal field strength 
are obtained for the resultant field. The record-
ing process is analyzed for the case of a pulse 
superimposed on a steady dc, with and without 
ac bias. Resolution, defined in terms of a limit-
ing wavelength, depends on the shape of the 
field curve and depth of magnetization; with ac 
bias the relative strength of the biasing field 
and the critical field strength for the tape are 
also important. Without ac bias resolution of 
the order of the gap length is obtainable; with 
bias a much shorter wavelength can be re-
corded. 

621.395.625.3:621.397.5 3729 
Video Tape Recorder uses Revolving Heads 

—Snyder. (See 4018.) 

ANTENNAS AND TRANSMISSION LINES 

621.372.2 3730 
A Graphical Approach to the Study of 

Irregularities in Transmission Lines—W. T. 
Blackband. (Proc. ME, Pt. C, vol. 104, pp. 
433-438; September, 1957.) 

621.372.2 3731 
Resonance in Two Coupled Sections of a 

Line with Low Losses--N. S. Kochanov. 
(Radiotekhnika, Moscow, vol. 11, pp. 60-62; 
July, 1956.) Brief mathematical analysis. 

621.372.2:62L372.8 3732 
A New Type of Surface Waveguide with 

Bandpass Properties—D. Marcuse. (Arch. 
elekt. übertragung, vol. 11, pp. 146-148; April, 
1957.) An axially stacked waveguide is de-
scribed which consists of thin circular metal 

disks alternating with disks of dielectric ma-
terial. Transmission of surface waves only 
takes place in certain frequency bands. Some 
transmission constants are calculated. 

621.372.2:621.372.8 3733 
Double-Slab Arbitrary-Polarization Sur-

face-Wave Structure—R. E. Plummer and 
R. C. Hansen. (Proc. IEE, Pt. C, vol. 104, pp. 
465-471; September, 1957). An analysis of the 
double-layer dielectric slab on a perfectly con-
ducting surface. Conditions permitting the prop-
agation of a wave of arbitrary polarization are 
derived. 

621.372.8 3734 
A Note on the Excitation of Surface Waves 

—A. L. Cullen. (Proc. IEE, Pt. C, vol. 104, 
pp. 472-474; September, 1957). An extension 
of results on the launching efficiency obtained 
in a previous paper (22 of 1055.) 

621.372.2.011.2 3735 
The Characteristic Impedance of a Slotted 

Coaxial Line—R. E. Collin. IRE TRANS., vol. 
MTT-4, pp. 4-8; January, 1956. Abstract, 
PROC. IRE, vol. 44, p. 581; April, 1956.) 

621.372.8 3736 
Waveguide Characteristics—A. E. Karbo-

wiak. (Electronic Radio Eng., vol. 34, pp. 379-
287; October, 1957.) Application of the surface 
impedance approach to the analysis of wave 
propagation in parallel-plane, rectangular, and 
circular waveguides leads to a general expres-
sion for the propagation coefficient, which 
holds above and below as well as at the cutoff 
frequency. Numerical examples are given. 

621.372.8 3737 
Analysis of Some Types of Septate Wave-

guides—R. G. Mirimanov and G. I. Zhileiko. 
(Radiolekhnika i Electronika, vol. 2, pp. 172-
183; February, 1957.) Six types of waveguides 
are considered and their main characteristics 
tabulated. 

621.372.8 3738 
Propagation of Transients in Waveguides— 

A. E. Karbowiak. (Proc. IEE, Pt. C, vol. 104, 
pp. 339-348; September, 1957.) Basic theory is 
developed and applied to the propagation of a 
unit-step-modulated carrier and of pulses. 
Formulas and graphs are outlined and numeri-
cal examples given. 

621.372.8 3739 
Mode Separation at the r-Mode in a Di-

electric-Loaded Waveguide Cavity—G. B. 
Walker and N. D. West. (Proc. IEE, Pt. C, 
vol. 104, pp. 381-387; September, 1957.) A 
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finite group velocity at the sr-mode frequency 
can be obtained in a waveguide loaded with 
solid dielectric disks which are reflectionless at 
the required frequency. Central holes required 
in the disks to permit passage of an electron 
beam set up evanescent and the propagating 
modes but operation is still possible in the 
z• mode. 

621.372.8 3740 
A Contribution to the Design of Multi-

element Directional Couplers—J. W. Cromp-
ton. (Proc. IEE, Pt. C, vol. 104, pp. 398-402; 
September, 1957.) Analysis of a cascaded set of 
2-element couplers emphasizes physical prin-
ciples and enables the coupling factors and 
dimensional tolerances of elements to be easily 
calculated. 

621.372.8 3741 
Calculation of Symmetrical Junctions in 

Waveguides of Circular Section for Waves of 
the Ho„-Type—Yu. N. Kazantsev. (Radiotekh-
nika i Elektronika, vol. 2, pp. 150-156; Feb-
ruary, 1957.) The reflection coefficient is de-
rived for several forms of dielectric insert and 
also for a conical metal coupling between two 
circular waveguides. The dielectric load is cal-
culated which has a small reflection coefficient 
for the 1101 mode. 

621.372.8 3742 
Waveguide Power Dividers—T. G. Name. 

(Electronic Eng., vol. 29, pp. 368-373; August, 
1957.) New forms of T and Y junctions in-
corporating wide-band matching wedges or 
mitres. 

621.372.8:538.6 3743 
Gyromagnetic Excitation of a Waveguide— 

V. V. Nikol'ski. (Radiolekhnika i Elektronika, 
vol. 2, pp. 157-161; February, 1957.) The 
formula for the gyromagnetic excitation of a 
waveguide is generalized for any direction of a 
constant magnetic field. The use of ferrite slabs 
or rods magnetized in different planes in rec-
tangular or cylindrical waveguides or in coaxial 
lines is described. 

621.372.8: 621.318.134 3744 
Broad-Band Ferrite Microwave Isolator— 

P. H. Vartanian, J. L. Melchor, and W. P. 
Ayres. (IRE TRANS., vol. M TT-4, pp. 8-13; 
January, 1956. Abstract, PROC. IRE, vol. 44, 
p. 581; April, 1956.) 

621.372.8: 621318.134: 621.372.5 3745 
The Gyrator--Roddam. (See 3769.); 

621.396.67.029.62:621.3.012.12 3746 
Distortion of a Polar Diagram due to Inter-

position of Wooden Screen in the Vicinity of a 
V.H.F. Radiator—H. R. B. Seetharam and 
M. N. Gadre. (J. Inst. Telecommun. Eng., 
India, vol. 3, pp. 140-156; March, 1957.) A 
theoretical and experimental study for different 
forms, coatings, and humidity. 

621.396.677.75 3747 
A Method of Estimating the Power Radi-

ated Directly at the Feed of a Dielectric-Rod 
Aerial—R. H. Clarke. (Proc. IEE, Pt. B, 
vol. 104, pp. 511-514; September, 1957.) The 
method is based on a simple transmission-line 
analog. As an example the radiation system at 
cm X of a waveguide-fed rod of rectangular 

cross section is found. 

621.396.677.8 3748 
A Method of Raising the Efficiency of Sim-

ple Wide-Band Aerials—S. I. Nadenenko. 
(Radiotekhnika, Moscow, vol. 11, pp. 25-30; 
August, 1956.) The efficiency of the symmetri-
cal dipole is increased by a plane reflector con-
sisting of conductors parallel to the dipole and 
supported by the same masts. 

621.396.677.8:523.16 3749 
New Radio Telescope—( Wireless World, 

vol. 63, pp. 477-478; October, 1957.) A brief 
description of the aperture synthesis technique 
to be used with the antenna system of the radio 
astronomy observatory at Cambridge, England. 

621.396.677.833: 523.16 3750 
The Jodrell Bank Radio Telescope—Lovell. 

(See 3847.) 

621.396.677.85 3751 
Recent Research on Microwave Optical 

Systems—N. Carrara, L. Ronchi, M. Schaff-
ner, and G. Toraldo di Francia. (Alla Pre-
quenza, vol. 26, pp. 116-158; April/June, 1957.) 
Survey of work carried out between 1953 and 
1955 at the "Center for Studies in Microwave 
Physics" in Florence. Some lenses of configura-
tion type are described, including the "Toraldon 
lens which is suitable for the rapid scanning of 
large angles. Methods of aberration correction 
and the development of microwave lens sys-
tems analogous to thick optical lenses are dis-
cussed. 

AUTOMATIC COMPUTERS 

681.142 3752 
Progress in Automatic Computers, 1956— 

A. Walther and W. Hoffman. (Z. Ver. Dtsch. 
lug., vol. 99, pp. 731-737; June 1, 1957.) Brief 
survey with 198 references. 

681.142 3753 
The Design of the Ferranti Pegasus Com-

puter: Part 1—T. G. H. Braunholtz. (Elec-
tronic Eng., vol. 29, pp. 358-363; August, 
1957.) A record of some of the considerations 
from which the design was developed. 

681.142 3754 
The Random-Access Memory Accounting 

Machine—(IBM J. Res. Devel., vol. 1, pp. 
62-71, 72-75; January, 1957.) 

Part 1—System Organization of the IBM 
305—M. L. Lesser and J. W. Haanstra. 

Part 2—The Magnetic-Disk, Random-
Access Memory—T. Noyes and W. E. Dickin-
son. 

681.142 3755 
Machine for Solving Polynomial Equations 

of Higher Degrees—G. C. Brack. (Elektron. 
Rundschau, vol. 11, pp. 183-187; June, 1957.) 
The method applies to equations with com-
plex coefficients of theoretically any degree. 
The apparatus described is compact and can 
be used for solving equations of the fifth de-
gree; solutions are indicated on a.tube volt-
meter and cro. Operation is illustrated by 
examples. 

681.142 3756 
High-Speed Analogue-to-Digital Convert-

ers—G. J. Herring and D. Lamb. (J. Brit. 
IRE, vol. 17, pp. 407-420; August, 1957.) A 
summary of general principles in the conversion 
of voltages from analog computers into digital 
form, for subsequent processing, and detailed 
circuits of one such converter. 100-kc pulses 
are controlled by gates operated by the input 
voltages in a servo-type circuit. 

681.142 3757 
Two New Comparison Instructions for a 

Three-Address Electronic Digital Computer— 
L. Dadda. (Ricerca Sci., vol. 27, pp. 1125-
1132; April, 1957.) Description of a program-
ming system based on a particular criterion for 
comparing binary numbers. 

681.142 3758 
A Control Circuit for Magnetic-Drum 

Storage Systems in Electronic Computers— 
L. Dadda. (Ricerca Sci., vol. 27, pp. 1482-

1488; May, 1957.) The circuit described is used 
for checking binary number read-out for a 
particular storage system. 

681.142 3759 
Digital Compensation for Control and 

Simulation—J. Tou. (PRoc. IRE, vol. 45, pp. 
1243-1248; September, 1957.) A technique is 
described for improving the performance of 
digital feedback control systems and opera-
tional digital simulators by making use of the 
computer to perform information programming 
or data processing. 

681.142:621-5 3760 
Integration of Computers with Factory 

Processes—A. H. Copper. (J. Brit. IRE, vol. 
17, pp. 431-440; August, 1957.) 

681.142: 621.3.049.75 3761 
A Three-Dimensional Printed Back Panel 

—E. R. Wyma. (IBM J. Res. Dead., vol. 
1, pp. 32-38; January, 1957.) Description of a 
new design for interconnections of printed-
circuit packages in the IBM 608 transistor-
ized computer. 

681.142:621.375.3 3762 
Magnetic Computer has High Speed— 

T. H. Bonn. (Electronics, vol. 30, pp. 156-160; 
August I, 1957.) Details are given of the mag-
netic-amplifier circuits and various types of 
core material. 

CIRCUITS AND CIRCUIT ELEMENTS 

621.3.049.75 3763 
Calculation of Stray Capacitances in 

Printed Circuit Assemblies of Radio Equip-
ment—L. M. Kononovich. (Radiotekhnika, 
Moscow, vol. 11, pp. 64-70; August, 1956.) 
The derivation of design formulas is based on a 
conformal transformation of printed conduc-
tors of various configurations into a coaxial long 
line. 

621.316.82:621.314.63 3764 
Some Characteristics of Metallic Varistors 

—G. W. Holbrook and A. L. Dulmage. (Elec-
tronic Eng., vol. 29, pp. 386-392; August, 
1957.) An attempt is made to provide an 
equivalent circuit which is applicable to all 
values of voltages within the rated limits, lead-
ing to an expression for describing the per-
formance of the rectifier used as a variable re-
sistor. 

621.319.4 3765 
A New Theorem in Electrostatics with Ap-

plications to Calculable Standards of Capaci-
tance—D. G. Lampard. (Proc. IEE, Pt. C, 
vol. 104, pp. 271-280; September, 1957.) 

621.372.412 3766 
Standard Hyper-Q Quartz Crystal (100-

kc/s GT-Cut.)—Y. Hiruta. (J. Radio Res. 
Labs., Japan, vol. 4, pp. 127-129; April, 1957.) 
A brief description with photographs and 
graphical data. 

621.372.44 3767 
Transient Response of Two-Terminal Net-

works—O. P. D. Cutteridge. (Proc. SEE, Pt. 
C, vol. 104, pp. 234-239; September, 1957.) 

621.372.5 3768 
Impedance Transformations by Extension 

of the Isometric Circle Method to the Three-
Dimensional Hyperbolic Space—E. F. Bolin-
der. (J. Math. Phys., vol. 36, pp. 49-61; April, 
1957.) The analysis or synthesis of a lossy 
quadripole from three measurements and the 
cascading of »say networks are considered. 

621.372.5 : 621.372.8: 621.318.134 3769 
The Gyrator—T. Roddam. (Wireless World, 

vol. 63, pp. 423-426, 497-500; October, 1957.) 
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Nonreciprocity in certain electrical networks 
is discussed and compared with that in the 
mechanical gyroscope. A description is given 
of the classical physics background of the 
Faraday rotation in a nonreciprocal, microwave 
device, using a ferrite in an applied magnetic 
field. 

621.372.5.029.6 3770 
General Active, Passive and Nonreciprocal 

Quadripoles—G. W. Epprecht. (Tech. Mitt. 
schweiz. Telegr.-Teleph. Vertu., vol. 35, pp. 
169-193; May I, 1957.) An introduction to 
quadripole theory with particular reference to 
microwave applications. 

621.372.512 3771 
An All-Pass Network—W. P. Wilson. 

(Electronic Radio Eng., vol. 34, pp. 391-394; 
October, 1957.) A study of transient response 
in terms of a finite series of Laguerre functions. 

621.372.512 3772 
The Characteristics of All-Pass Sections— 

W. Taeger. (Frequenz, vol. 11, pp. 145-153; 
May, 1957.) Parallel-T and bridge networks 
with and without losses are discussed. 

621.372.54 3773 
Design Data for Symmetrical Darlington 

Filters—J. K. Skwirzynski and J. Zdunek. 
(Proc. I EE, Pt. C, vol. 104, pp. 366-380; 
September, 1957.) Practical design data are 
given in graphical form for symmetrical, 
equally terminated filters consisting of react-
ances only. Underlying theory is explained with 
practical hints for alignment of the network. 

621.372.54 3774 
Analysis and Synthesis of Transitional 

Butterworth-Thomson Filters and Band-Pass 
Amplifiers—Y. Peless and T. Murakami. 
(RCA Rev., vol. 18, pp. 60-94; March, 1957.) 
A new class of filters, designated transitional 
Butterworth-Thomson (TBT), is described. 
These have more favorable transient character-
istics than either the Butterworth- or Thomson-
type filters. 

621.372.54:519.241.1 3775 
The Probability Distribution for the Fil-

tered Output of a Multiplier whose Inputs are 
Correlated, Stationary, Gaussian Time Series 
—D. C. Lampard. (IRE TRANS. 1101. IT-2, 
pp. 4-11; March, 1956. Abstract, PROC. IRE, 
vol. 44, pp. 955-956; July, 1956.) 

621.372.54.029.64 3776 
An Improved Design Procedure for the 

Multisection Generalized Microwave Filter— 
R. Levy. (Proc. IEE, Pt. C, vol. 104, pp. 423-
432; September, 1957.) An exact treatment of 
the Q factor of a direct-coupled filter. Design 
formulas are given for the bandwidth, pass-
band tolerance, and the attenuation in the re-
jection band for both quarter-wave-coupled 
and direct-coupled generalized filters. 

621.372.54.029.64:621.372.8 3777 
Microwave Filters utilizing the Cut-Off 

Effect—P. A. Rizzi. (IRE TRANS., vol. MTT-4, 
pp. 36-40. January, 1956. Abstract, PROC. IRE, 
vol. 44, p. 581; April, 1956.) 

621.373.076 3778 
Posicast Control of Damped Oscillatory 

Systems—O. J. M. Smith. (PROC. IRE, vol. 
45, pp. 1249-1255; September, 1957.) A 
method of producing dead-beat response in a 
lightly damped oscillatory feedback system. 
It consists in exciting several transient oscilla-
tions with magnitudes and phases so adjusted 
that the resultant of the transient oscillation 
vectors is zero. 

621.373.4 3779 
External Influences on an Oscillator—S. I. 

Evtyanov. (Radiotekhnika, Moscow, vol. 11, 
pp. 3-12; June, 1956.) A mathematical analysis 
of the operation of an oscillator subjected to 
external influences. Both synchronous and 
asynchronous conditions of operation are con-
sidered. 

621.373.4.029.63 3780 
Energy Relations in an U.H.F. Valve Os-

cillator—L. N. Kolesov. (Radiotekhnika, Mos-
cow, vol. 11, pp. 27-42; June, 1956.) The main 
energy relationships for an uhf triode oscillator 
are derived; the effects of electron inertia and 
of the parameters of the oscillatory system are 
taken into account. 

621.373.4.072.9 3781 
Synchronization of Oscillators by Periodi-

cally Interrupted Waves—D. W. Fraser. (PROC. 
IRE, vol. 45, pp. 1256-1268; September, 1957.) 
The principles, methods, circuit applications, 
and the theoretical basis of synchronization are 
discussed. It is demonstrated theoretically and 
experimentally that the average frequency of 
the oscillator can be synchronized to the funda-
mental component or to any sideband of the 
interrupted signal. 

621.373.42 3782 
Uni-control Wide-Range Oscillator—S. N. 

Das. (Electronic Radio Engr., vol. 34, pp. 365-
368; October, 1957.) A single tank circuit be-
tween grid and anode of a triode uses a com-
bination of a variable LC circuit and a variable 
short-circuited transmission line to give a fre-
quency range of about 23:1 (e.g., 25-580 mc.). 
Transition from LC mode to transmission-line 
mode of operation is smooth. 

621.373.42 3783 
Synchronization of a Sinuosidal Valve Os-

cillator by a Subharmonic Signal—T. A. Gana. 
and I. I. Minakova. (Radiotekhnika, Moscow, 
vol. 11, pp. 50-56; July, 1956.) Synchroniza-
tion is considered for the case in which the fre-
quency of the external signal is close to one of 
the subharmonics of the oscillator. Various 
operating conditions of the oscillator are in-
vestigated. 

621.373.42: 621.316.729 3784 
Nonstationary Processes in Self-Oscillating 

Systems with Strong Excitation by Radio 
Pulses—E. S. Voronin and I. I. Rogatnev. 
(Radiotekhnika i Elekironika, vol. 2, pp. 144-
149; February, 1957.) The conditions for syn-
chronization of a self-oscillating system are 
investigated. 

621.373.421 3785 
Synchronized Systems with Time Delay in 

the Loop—Z. J. Jelonek and C. I. Cowan. 
(Proc. IRE, Pt. C, vol. 104, pp. 388-397; 
September, 1957.) Filters in the feedback loop 
of synchronized oscillators can be represented 
under certain conditions by time delay net-
works. Stability and pulling effect are investi-
gated. 

621.373.421:621.376.32 3786 
Further Studies on Asymmetrical Three-

Phase Oscillator for Very Wide Frequency 
Deviation—P. Kundu. (Indian J. Phys., vol. 
31, pp. 83-98; February, 1957.) The circuit 
described earlier (1650 of 1956) is modified so 
that the loop gain of the oscillator is less de-
pendent on the frequency-selective elements. 
Performance is improved. 

621.373.43+621.317.755 3787 
High-Power Pulse Generators—H. G. 

Bruijning. (Tidjschr. ned. Radiogenoot, vol. 
22, pp. 1-14; January, 1957. In English.) De-
scription of 1) the development of a thyratron-
controlled generator delivering 0.01-psec 200-
kw pulses with repetition rate 2000/sec for a 
short-pulse radar system; 2) a cro with a band-

width of 400 mc based on a design described by 
Janssen (1434 of 1951), but using a thyratron 
to generate the sampling pulse. 

621.373.431.1:621.318.57 3788 
Polyphase Multivibrator—Va. E. Belen'ki 

and A. N. Svenson. (Radiotekhnika, Moscow, 
vol. 11, pp. 39-45; July, 1956.) A circuit is de-
scribed which requires half the number of tubes 
and components of existing circuits. 

621.373.44 3789 
The Build-Up of Oscillations in an Oscil-

lator Operating in the Decimetre Wavelength 
Range—N. F. Alekseev. (Radiotekhnika, Mos-
cow, vol. 11, pp. 52-63; August, 1956.) A 
method is described for decreasing the average 
delay of the leading edge of a pulse and for re-
ducing the "spread" of the delays. Experiments 
were carried out to determine the initial am-
plitudes of self-oscillation and free (damped) 
oscillation and also the preoscillatory noise. 
Pulses down to 0.1 µsec can be generated even 
if an input pulse of moderate slope is used. 

621.373.52: 621.314.7 3790 
Stable Transistor Oscillator—E. Keonjian. 

(IRE TRANS., vol. CT-3, pp. 38-44; March, 
1956. Abstract, PROC. IRE, vol. 44, p. 953; 
July, 1956.) 

621.373.52:621.373.431.1 3791 
Two-Terminal Analysis and Synthesis of 

Junction-Transistor Multivibrators—J. J. 
Suran and F. A. Reibert. (IRE TRANS., vol. 
CT-3, pp. 26-38; March, 1956. Abstract, 
PROC. IRE, vol. 44, pp. 952-953; July, 1956.) 

621.373.52: 621.373.431.1 3792 
The Astable Multivibrator using Junction 

Transistors—V. Cimagalli. (Alta Frequenza, 
vol. 26, pp. 159-184; April/June, 1957.) The 
behavior of a transistor multivibrator is an-
alyzed on the basis of transistor theory by tak-
ing account of various transistor characteristics 
including the effect of minority-carrier storage, 
and close agreement with experimental results 
is found. A three-transistor square-wave gen-
erator is described, which produces a waveform 
of 1.35-v peak-to-peak amplitude and 0.13-sec 
rise time. 

621.374.3 3793 
Millimicrosecond Time-to-Pulse-Height 

Converter using an R. F. Vernier—R. L. Chase 
and W. A. Higinbotham. (Rev. Sci. Instr., 
vol. 28, pp. 448-451; June, 1957.) Timing is 
accomplished by reference to the phase of a 
high-frequency (20-mc) clock. This is indicated 
by the phase of a low-frequency (200 kc) beat 
note produced between the clock signal and one 
generated by the event to be timed. 

621.374.3 3794 
The Construction of a Device for Comparing 

Code Pulses, with Protection against False 
Operation, and an Investigation into the Opera-
tion of such a Device.—B. V. Rybakov. (Radio-
lekhnika, Moscow, vol. 11, pp. 26-38; July, 
1956.) A description is given of a device in-
corporating a new anticoincidence circuit which 
prevents false operation caused by varying de-
lays in the application and clearance of the 
pulses to be registered. The operation of the 
circuit is discussed in detail. 

621.375: 621.385.029.6: 621.396.822 3795 
The Minimum Noise Figure of Unmatched 

Amplifiers—P6tzl. (See 4065.) 

621.375.026+621.373.11:538.632 3796 
The Hall Generator as Power Amplifier 

and Oscillator—F. Kuhrt. (Elektrotech. Z., 
Edn A, vol. 78, pp. 342-344; May 11, 1957.) 
Brief description of the construction and opera-
tion of the Hall-effect "multiplier» and its use 
as an oscillator. See also 3939 below. 
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621.375.123 3797 
Degenerative RC-Coupled Amplifiers with-

out Overshoot—K. Franz. (Archiv. elekt. 
übertragung, vol. 11, pp. 159-162; April, 1957.) 
Conditions are derived for obtaining freedom 
from overshoot in multistage RC-coupled am-
plifiers with negative feedback. 

621.375.13.029.4 3798 
Positive Current Feedback in L.F. Ampli-

fiers—G. Ya. Gurovich. (Radiotekhnika, Mos-
cow, vol. 11, pp. 58-62; June, 1956.) Certain 
types of distortion can be compensated without 
lowering the amplification factor of the stage. 

621.375.2.018.75 3799 
A Linear-Logarithmic Amplifier for Ultra-

Short Pulses—H. Kihn and W. E. Barnette. 
(RCA Rev., vol. 18, pp. 95-135; March, 1957.) 
The development is described of a five-stage 
amplifier having an over-all bandwidth of 180 
mc, centered on 180 mc and a total dynamic 
range of 67 db. 

621.375.2.024:681.142 3800 
Drift-Corrected D.C. Amplifier—M. H. 

McFadden. (Electronic Radio Eng., vol. 34, 
pp. 358-364; October, 1957.) The need for 
drift correction is explained and a continuously 
drift-corrected amplifier suitable for use in 
either a repetitive or real-time computer, is 
described. 

621.375.2.029.4 3801 
A Low-Frequency Amplifier with Fractional-

Ohm Input Impedance—K. Landecker. (J. 
Electronics Control, vol. 3, pp. 218-224; August, 
1957.) The low-impedance dc source is con-
nected in series with a two-button carbon 
microphone which is excited at 10 kc by a sound 
wave of constant amplitude. The interrupted 
("chopped") current is fed via a 2500/1 trans-
former into an amplifier tuned to 10 kc. Linear 
amplification is obtained from a fraction of a 
volt down to thermal noise voltages. 

621.375.2.029.4 3802 
The Consonant Amplifier-Limiter—D. B. 

Daniel. (Radio ü Telev. News, vol. 57, pp. 49-
51; March, 1957.) Circuit details and per-
formance characteristics for an af limiting de-
vice with fast response but without the distor-
tion occurring in conventional "clipper" cir-
cuits. 

621.375.2.029.4 3803 
A 3-Channel Amplifier—K. W. Betsh. 

(Radio ü Tejes. News, vol. 57, pp. 65-68; 
March, 1957.) This high-fidelity output ampli-
fier incorporates variable electronic crossovers 
provision for es loudspeakers. 

621.375.2.133 3804 
A 7- to 30-Mcis Preselector—E. L. Camp-

bell. (QST, vol. 41, pp. 16-18; February, 1957.) 
The design of a regenerative preamplifier, 
which increases the over-all gain and selectivity 
of existing equipment, is described. 

621.375.232.3.029.3 3805 
Triode Cathode-Followers: a Graphical 

Analysis for Audio Frequencies—T. J. Schultz. 
(IRE TRANS., vol. AU-4, pp. 42-45; March 
/April, 1956. Abstract, PROC. IRE, vol. 44, pt. 
1, p. 830; June, 1956.) 

621.375.3:621.3.042.001.4 3806 
Core Tester Simplifies Ferro-amplifier 

Design—R. W. Roberts and C. C. Horstman. 
(Electronics, vol. 30, pp. 150-153; August 1, 
1957.) A method of testing cores of magnetic 
material is described; the results are applied in 
normalized design equations for magnetic am-
plifiers. 

621.375.4: 621.3.087.6: 616 3807 
Transistor Amplifier for Medical Recording 

—D. W. R. McKinley and R. S. Richards. 
(Electronics, vol. 30, p. 161-163; August 1, 
1957.) "Pen-recorder amplifier provides trans-
formerless system for recording 3-cps heart 
signals. Modification of feedback circuit gives 
audio amplifier with up to 5-w output flat 
within 0.2 db from 20 cps to 20 kc." 

621.375.4: 621.314.7 3808 
An N-Stage Series Transistor Circuit— 

K. H. Beck. (IRE TRANS., vol. CT-3, pp. 44-
51; March, 1956. Abstract, PROC. IRE, vol. 44, 
p. 953; July, 1956.) 

621.375.4+621.314.71012.8 3809 

Electric-Network Representation of Tran-
sistors—a Survey—Pritchard. (See 4047.) 

621.375.4.024 3810 
A Transistor D.C. Chopper Amplifier— 

P. L. Burton. (Electronic Eng., vol. 29, pp. 
393-397; August, 1957.) Junction transistors 
are used as a switch, linear ac amplifier and 
synchronous rectifier to raise a thermocouple 
output of 50 mv to about 3 y for telemetering 
purposes. Printed circuits are used, and the 
instrument is encapsulated to the size of a 2-
inch cube. 

621.375.4.029.45 3811 
Distortion due to the Mismatch of Transis-

tors in Push-Pull Audio-Frequency Amplifiers 
—K. W. Gurnett and R. A. Hilbourne. (Proc. 
IEE, Pt. C, vol. 104, pp. 411-422; September, 
1957.) An analysis of the transistor parameter 
variations which give rise to even-harmonic 
distortion. To minimize the latter, some match-
ing of transistor characteristics is necessary; 
simple matching techniques are described. 

621.375.432.9 3812 
The Emitter-Coupled Differential Ampli-

fier—D. W. Slaughter. (IRE TRANS., vol. 
CT-3, pp. 51-53; March, 1956. Abstract, PROC. 
IRE, vol. 44, p. 953; July, 1957.) 

621.375.9.029.64:538.569.4 3813 
Superregenerative Masers—P. F. Chester 

and D. I. Bolef. (PRoc. IRE, vol. 45, pp. 1287-
1289; September, 1957.) The characteristics of 
a two-level maser amplifier operated both 
intermittently and superregeneratively are 
compared. The sensitivity of gain to changes in 
operating conditions is shown for the cases of 
continuous regeneration and superregeneration. 

621.375.9.029.64:538.569.4 3814 
Maximum Efficiency of the Solid-State 

Maser—H. Heffner. (PRoc. IRE, vol. 45, p. 
1289; September, 1957.) The efficiency of a 
three-state maser of the type proposed by 
Bloembergen (1062 of 1957) is estimated for 
operation at saturation. 

621.376.223 3815 
The Behaviour of Modulator Circuits with 

Complex and, in particular, Selective Termina-
tions—J. Gensel. (Frequenz, vol. 11, pp. 153-
159 and 175-185; May and June, 1957.) A 
quasilinear equivalent circuit is derived by 
means of which the linear and nonlinear distor-
tion of modulators working into filters can be 
determined. The circuit parameters are tabu-
lated for modulators of the ring, Cowan and 
series types. See also 2457 of 1955 (Tucker). 

621.376.32:621.318.134 3816 
Ferrites for F.M.—T. W. G. Calvert. (Wire-

less World, vol. 63, pp. 505-507; October, 
1957.) Circuits utilizing the change in perme-
ability of a ferrite under an applied magnetic 
field are described. Changes in inductance of 
about 1 per cent are obtained from a control 
current passed through a winding on the core; 
a 50 per cent change is possible with an external 

magnetic field. The upper limit in frequency is 
about 15 mc. 

621.396.822 3817 
Experimental Investigation into the Law of 

the Peak Distribution of Fluctuations with 
respect to their Duration—V. I. Tikhonov. 
Radiotekhnika, Moscow, vol. 11, pp. 31-35; 
August, 1956.) Experimental methods are de-
scribed for determining the density distribution 
of probability of electrical fluctuations at vari-
ous levels. From the experimental results ob-
tained a table is compiled which gives the total 
number of points, recurring at a given level 
and in a given range, for various lengths of 
peaks and intervals in a noise waveform. 

621.396.822:016 3818 
A Bibliography on Noise—P. L. Chessin. 

(IRE TRANS., vol. IT-1, pp. 15-31; September, 
1955.) A comprehensive bibliography of ma-
terial published up to 1954. An index of authors 
and a list of publishers is included. Entries are 
arranged under the following headings: 1) 
source works (textbooks); 2) internal noise 
sources; 3) external noise; 4) noise generation 
and measurements; 5) impulsive-type noise; 6) 
modulation and noise; 7) radar applications; 8) 
noise, communication, and filtering; 9) statisti-
cal theory. 

GENERAL PHYSICS 

530.145.61 3819 
Extension of WICB Equation—C. E. Hecht 

and J. E. Mayer. (Phys. Rev., vol. 106, pp. 
1156-1160; June 15, 1957.) The WKB form for 
the classical region is used to obtain a simple 
form for the argument z(x) which makes the 
solutions valid through the turning point and 
into the nonclassical region. 

535.13 3820 
On a Class of Solutions of Maxwell's Elec-

tromagnetic Equations—G. E. Hudson and 
D. H. Potts. (Commun. pure ape Math., vol. 
9, pp. 33-43; February, 1956.) 

536.2.01:621.3.09 3821 
The Solution of a Thermal Conduction 

Problems by means of an Analogy—H. Schlitt. 
(Arch. Elektrotech., vol. 43, pp. 51-58; January 
12, 1957.) An exact solution of the problem is 
found by using a system of equations analogous 
to that of the quadripole equations for a finite 
homogeneous transmission line. 

537.12: 551.510.53 3822 
Low-Energy Elastic Scattering of Electrons 

by Oxygen and Nitrogen—P. Hammerling, 
W. W. Shine, and B. Kivel. (J. Appi. Phys., 
vol. 28, pp. 760-764; July, 1957.) The electron-
atom interaction potential is formed from 1) 
the Hartree potential, 2) an exchange term, and 
3) a polarization term. The calculated scatter-
ing cross sections agree closely with experi-
mental results. 

537.222: 621.385 3823 
Electric Field of a Charged Spot Produced 

by an Electron Beam on the Surface of a Di-
electric: Part 1—V. Ya. Upatov. (Radiotekh-
nika i Elektronika, vol. 2, pp. 193-203; 
February, 1957.) The case of a uniformly 
charged spot, and that of a spot with Gaussian 
distribution of the surface charge are discussed. 

537.226 3824 
Theory of Dipole Orientation Process in 

the Dielectric based on the Concept of a Visco-
elastic Model: Parts 1 and 2—S. Sharan. (J. 
Inst. Telecommun. Eng., vol. 3, pp. 3-11 and 
123-129; December, 1956 and March, 1957.) 

537.311.31 3825 
Distribution Function for the Classic Elec-

tron Gas—S. V. Tyablikov and V. V. Tolma-



390 PROCEEDINGS OF THE IRE January 

chev. (C.R. Acad. Sci. U.R.S.S., vol. 114, pp. 
1210-1213; June 21, 1957. In Russian.) Brief 
mathematical analysis. 

537.311.33:538.632 3826 
Classification of First-Order Semiconduc-

tion Effects through Use of Electrochemical 
Potentials—J. A. Swanson. (IBM J. Res. 
Devel., vol. 1, pp. 39-43; January, 1957.) The 
use of the electrochemical potentials simplifies 
the treatment of conduction effects when only 
small carrier concentration deviations are in-
volved. Poisson's equation can be ignored in the 
first-order treatment of steady-state effects. 
Applications to Hall effect and probe potentials 
are considered. 

537.311.62 3827 
Skin Effect in Thin Films and Wires— 

B. M. Bolotovski. (Zh. Eksp. Teor. Fiz., vol. 
32, pp. 559-565; March, 1957.) Kinetic theory 
is used to derive skin-effect equations. An 
approximate method is given for obtaining the 
impedance of thin films or wires. 

537.525.029.6 3828 
Determination of the Coefficient of Diffu-

sion and Frequency of Ionization in Micro-
wave Discharges—M. P. Madan, E. I. Gordon, 
S. J. Buchsbaum, and S. C. Brown. (Phys. 
Rev., vol. 106, pp. 839-843; June 1, 1957.) The 
parameters are derived from measurement of 
the rate of growth of the electron density in a 
microwave cavity, in which an electric field 
larger than that necessary for breakdown, is 
applied. 

537.533.7 3829 
Radiation from a Point Charge Moving 

along the Boundary between Two Media— 
V. A. Pafomov. (Zh. Eksp. Teor. Fiz., vol. 32, 
p. 610; March, 1957.) Expressions are derived 
for an electron moving along the boundary be-
tween two dielectrics. 

537.56 3830 
Statistical Mechanical Theory of Trans-

port Phenomena in a Fully Ionized Gas—W. E. 
Brittin. (Phys. Rev., vol. 106, pp. 843-847; 
June 1, 1957.) Nonequilibrium statistical 
mechanics is applied to a system of charged 
particles interacting via the electromagnetic 
field. The particles and field are treated sta-
tistically both from the classical and quantum-
statistical standpoints. 

537.56:538.6 3831 
Oscillations of a Cylindrical Plasma— 

T. H. Stix. (Phys. Rev., vol. 106, pp.1146-1150; 
June 15, 1957.) A mathematical analysis with 
physical interpretation of natural modes of 
oscillation in a longitudinal magnetic field. 
Hydromagnetic waves and cyclotron-frequency 
resonance occur in two limiting cases. 

538.3 3832 
The Analogue of Kelvin's Theorem in 

Hydromagnetics—J. De. (Naturwiss., vol. 44, 
p. 256; April, 1957. In English.) 

538.566: 535.31 3833 
Reflection and Refraction of Electromag-

netic Waves at Plane Interfaces—W. E. 
Williams. (J. Math. Phys., vol. 36, pp. 26-35; 
April, 1957.) The general problem of an arbi-
trary em wave incident on a dielectric slab 
between two different dielectrics is considered. 

538.566:535.42 3834 
The Diffraction of an Electromagnetic Wave 

by a Large Aperture—R. F. Millar. (Proc. 
IRE, Pt. C, vol. 104, pp. 240-250; September, 
1957.) An approximate expression is obtained 
for the difference from unity of the trans-
mission coefficient for plane waves at normal 
incidence of a large aperture of rather general 
form in a plane perfectly conducting screen. 

Details are given for an elliptical aperture. See 
also 2425 of 1957. 

537.566 :535.43j+534.26 3835 
High-Frequency Scattering of Electromag-

netic Waves—D. S. Jones. (Proc. Roy. Soc. A, 
vol. 240, pp. 206-213; May 21, 1957.) "The 
assumption that the illuminated region and the 
penumbra of a body scatter independently at 
high frequencies is used to obtain scattering 
coefficients for perfectly reflecting convex 
bodies in plane electromagnetic and sound 
waves. The formulas involve only the scattering 
coefficients of the circular cylinder and the 
geometry of the shadow boundary. One general 
result is that the electromagnetic scattering 
coefficient of a solid of revolution, when the 
direction of propagation of the incident wave 
is along the axis of revolution, is the average of 
the sound-hard and sound-soft scattering coeffi-
cients." See also 3010 of 1957. 

538.566:537.56 3836 
Growing Electromagnetic Waves—V. A. 

Bailey. (Phys. Rev., vol. 106, p. 1356; June 15, 
1957.) A criticism of Piddington's paper 
(2030 of 1956), noting that his conclusions are 
based on a criterion contrary to Einstein's 
principle of special relativity (see, e.g., 105 of 
1952). 

538.569.4:621.375.9.029.64 3837 
Superregenerative Masers—Chester and 

Bolef. (See 3813.) 

538.569.4:621.375.9.029.64 3838 
Maximum Efficiency of the Solid-State 

Maser—H. Heffner. (See 3814.) 

538.569.4.029.5 3839 
Paramagnetic Resonance Detection along 

the Polarizing Field Direction—G. Whitfield 
and A. G. Redfield. (Phys. Rev., vol. 106, pp. 
918-920; June 1, 1957.) Report of measure-
ments on diphenyl picryyl hydrazyl. 

538.569.4.029.5:537.56 3840 
Ion Cyclotron Resonance—R. F. Saxe. 

(Nature, London, vol. 180, pp. 87-88; July 13, 
1957.) Absorption detected in a low-pressure 
hydrogen discharge in radial electric and vary-
ing magnetic fields is thought to correspond to 
the cyclotron resonance of atomic ions. 

538.569.4.029.6 3841 
Microwave Absorption in Ethyl Chloride— 

ICrishnali and G. P. Srivastava. (Phys. Rev., 
vol. 106, pp. 1186-1190; June 15, 1957.) 
Variation with pressure is determined at 7392 
and 8780 mc, and the results are interpreted 
theoretically. The absorption is equivalent to a 
nonresonant Debye type, due to a zero-fre-
quency (Q-branch) line. 

538.569.4.029.6 3842 
A Solid-State Paramagnetic-Resonance 

Spectrometer—P. M. Llewellyn. (J. Sri. 
lust,'., vol. 34, pp. 236-239; June, 1957.) A 
simple and sensitive instrument for use in the 
frequency range 9-10 kmc at temperatures 
down to 14°K. 

538.569.4.029.6:535.343 3843 
A "Free Space" Absorption Cell for Micro-

wave Spectroscopy—C. C. Costain. (Can. J. 
Phys., vol. 35, pp. 241-247; March, 1957.) "The 
absorption cell consists simply of a pyrex tube 
with a polystyrene lens and microwave horn at 
each end to couple to the standard microwave 
components. The lenses also serve as the 
vacuum windows. The attenuation at 8.5-mm 
wavelength is 3.4 db for a 250-cm cell. Since 
there are no metal surfaces, this type of cell 
is very suitable for the investigation of reactive 
molecules." 

538.63.001.57 3844 
A Mechanical Model for Demonstrating 

Gyromagnetic Phenomena—R. Pottel. (Tech. 
Mitt. schweiz. Telegr.-Teleph. Verw., vol. 35, 
pp. 193-196; May 1, 1957.) The model de-
scribed consists of an electrically driven gyro-
scope suitably suspended to simulate various 
magnetic effects. 

GEOPHYSICAL AND EXTRATER-
RESTRIAL PHENOMENA 

523.16 3845 
German Radio Observatory Stockert—T. 

Pederzani. (Elect. Eng., N. Y., vol. 76, pp. 196-
200; March, 1957.) See also 1738 of 1957. 

523.16:621.396.677.8 3846 
New Radio Telescope—(See 3749.) 

523.16:621.396.677.833 3847 
The Jodrell Bank Radio Telescope— 

A. C. B. Lovell. (Nature, London, vol. 180, pp. 
60-62; July 13, 1957.) The telescope is essen-
tially a paraboloidal steel bowl 250 feet in 
diameter with the focus in the aperture plane 
built so that it can be directed towards any 
part of the sky. Details of the specification are 
given. 

523.16:621.396.822 3848 
Cosmic Radio-Noise Intensities below 10 

Mc/s—Correction to 3126 of 1957: for 
W/cm°, please read W/m2. 

523.16:621.396.822 3849 
Some Interesting Variations of Background 

Noise Observed at a Frequency of 17.6 Mc/s— 
W. N. Abbott. (J. Atmos. Terr. Phys., vol. 11, 
no. 1, pp. 72-74; 1957. In French.) Cosmic 
noise signals at 17.6 mc are found to be weaker 
1-3 hours after sunset than one hour before 
sunset with a reversal of the effect nearer the 
critical frequency. The eff ect may be due to the 
ionosphere. 

523.5:621.396.96 3850 
Radar Echoes from Overdense Meteor 

Trails under Conditions of Severe Diffusion— 
G. S. Hawkins. (Pane. IRE, vol. 45, pp. 1290-
1291; September, 1957.) Formulas for the echo 
power and scattering cross section are de-
veloped. A nomogram is given for computing 
the radar cross section of diffuse trails. See also 
3717 of 1956. 

523.53 3851 
The Time Distribution of Meteors— 

K. R. R. Bowden and J. G. Davies. (J. Atmos. 
Tern Phys., vol. 11, no. 1, pp. 62-66; 1957.) 
Analysis of records of transient echoes at 36 
mc and 72 mc shows no evidence to support 
previous suggestions that the meteors produc-
ing the echoes enter the atmosphere in groups 
or that many of the echoes are in fact due to 
cloud discharges. 

523.75: 621.396.11 3852 
On the Disturbances of Radio Propagation 

along the North Polar Route—Hakura. (See 
3986.) 

550.385:523.75 3853 
Magnetic Activity following a Solar Flare— 

R. A. Watson. (J. Atmos. Terr. Phys., vol. 11, 
no. 1, pp. 59-61; 1957.) "Evidence is examined 
which suggests that either there is no increase 
of magnetic activity due to a solar flare or 
that the increase is a very rare event." 

550.385:523.78 3854 
The Fine Structure of the Geomagnetic 

Solar Eclipse Effect—H. Volland. (J. Atmos. 
Ter,'. Phys.,vol.11, no. 1, pp. 1-13; 1957. In Ger-
man.) The extension of the theory of the solar-
eclipse effect in the geomagnetic field by the 
introduction of empirical functions, and a de-
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tailed discussion of the induction in the earth's 
interior and other influences makes possible a 
quantitative interpretation of the effect. As a 
result of the height dependence of the location 
of the shadow center height for the effective 
center of the current-carrying layer can be de-
cided. A method of determining the direction of 
the Sq current during an eclipse is mentioned. 

550.389.2 3855 
The International Geophysical Year— 

(Radio, Moscow, no. 5, pp. 20-21; May, 1957.) 
Outline of the world-wide program involving 
5000 scientists. Some special equipment to be 
used by the U.S.S.R. is mentioned, such as 
panoramic ionospheric recording equipment 
and a statistical analyzer for noise and inter-
ference. The earth satellite is also discussed. 

550.389.2 3856 
The International Geophysical Year—M. 

Nicolet. (Nature, London, vol. 180, pp. 7-10; 
July 6, 1957.) Outline of activities of the sta-
tions participating in the IGY program. Tables 
give the number of stations, their location, 
and their function. 

550.389.2 3857 
Amateur Radio and the I.G.Y.—R. L. 

Smith-Rose. (RSGB Bull., vol. 32, pp. 396-
397; March, 1957.) Suitable projects for radio 
amateurs in different countries are suggested 
and the procedure for participation is outlined. 

550.389.2 3858 
N.B.S. Participation in the International 

Geophysical Year—( Tech. News Bull. Nat. 
Bur. Stand., vol. 41, pp. 136-140; September, 
1957.) The greatest part of the Bureau's 
efforts will be concerned with the ionosphere, 
including the phenomena of sporadic E and 
of forward scatter. In addition there are pro-
grams of work oft radio noise, whistlers, the 
"dawn chorus," and airglow. The Bureau is 
responsible for the World Warning Agency 
(3128 of 1957). During the IGY 12 stations will 
be directly operated by the Bureau and 25 
operated in close association with it. 

550.389.2 3859 
In the Arctic and Antarctic—(Radio, 

Moscow, no. 5, pp. 12-13; May, 1957.) Five 
short notes on Russian observation posts in-
cluding the Antarctic base of Mirny'f, where 
solar radiation, and ionospheric, and atmos-
pheric disturbances will be investigated during 
the IGY. Radio wave propagation and the 
aurora will also be studied. 

550.389.2:629.19 3860 
Artificial Earth Satellites—V. Vakhnin. 

(Radio, Moscow, no. 6, pp. 14-17; June, 1957.) 
Information for radio amateurs taking part in 
the IGY program. General data regarding the 
orbit of the U.S.S.R. satellite are given, its 
functions are outlined and the problem of sig-
nal reception from it is discussed. 

550.389.2:629.19 3861 
Observations of Radio Signals from an 

Artificial Earth Satellite and their Scientific 
Significance—A. Kazantsev. (Radio, Moscow, 
no. 6, pp. 17-19; June, 1957.) A. U.S.S.R. 
satellite launched during the IGY will be 
equipped with two 1-w transmitters operating 
at 20 and 40 mc, respectively, alternately trans-
mitting pulse signals of 0.05-0.7-second dura-
tion from above the F layer. 

550.389.2:629.19 3862 
The Observation of Signals from Artificial 

Earth Satellites—(Radio, Moscow, no. 7, pp. 
17-25; July, 1957.) Basic transmitter data of 
U.S.A. and U.S.S.R. satellites (see also 3861 
above) are summarized. The following two 
papers outline methods and describe equip-
ment for use by amateurs in locating the satel-

lites, and a further paper deals with the pro-
posed U.S.A. satellite. 

U.S.W. Receiver—O. Rzhiga and A. 
Shakhovskal (pp. 17-20). 

Radiolocation Unit—V. Dubrovin (pp. 21-
23.) 

550.389.2:629.19 3863 
The Observation of Signals from Artificial 

Earth Satellites—(Radio, Moscow, no. 8, pp. 
17-20; August, 1957.) 

Method of Observation—O. Rzhiga and A. 
Shakhovskol (pp. 17-19.) 

Work done with the Direction-Finding 
Equipment—V. Dubrovin (pp. 19-20.) 

Methods are outlined for the observation 
and recording of signals from a satellite and for 
determining the instant of its passage over-
head. A brief description is given of receiving 
equipment and reference is made to its experi-
mental use with an airborne transmitter, 
illustrating the change in the received signal 
when the aircraft passes overhead. See also 
3862 above. 

551.510.535 3864 
Tabulation of the Vertical Group Velocities 

of Ordinary Ionospheric Echoes—W. Becker. 
(Arch. elekt. Übertragung, vol. 11, pp. 166-
172; April, 1957.) Expanded tables of group 
refractive index for the ordinary ray including 
values to 4 decimal places given by Shinn (The 
Physics of the Ionosphere, pp. 402-406; 1955) 
and 6-figure values calculated by the author 
covering an extended range of gyromagnetic 
frequencies 

551.510.535 3865 
Measurement of the Gyro Frequency in the 

F Region—G. R. Ellis. (J. 'limos. Terr. Phys., 
vol. 11, no. 1, pp. 54-58; 1957.) The gyro fre-
quency at 378 km is calculated using triple 
splitting of foF2. The results are 10 per cent 
higher than would be expected using an ex-
trapolated ground-level value. 

551.510.535:523.75 3866 
The Influence of Solar Flares on the 

Ionospheric E Layer—J. Taubenheim. (J. 
Atmos. Terr. Phys., vol. 11, no. 1, pp. 14-22; 
1957. In German.) Solar-flare effects in the E 
layer are examined quantitatively for selected 
days. It is concluded that the observed varia-
tion in electron density is controlled by the slow 
decrease of excess radiation rather than by 
recombination. 

551.510.535:523.78 3867 
Investigation of Discrete Sources of Radi-

ation from Solar Eclipse Observations—N. 
Mitra. (Indian J. Phys., vol. 31, pp. 69-82; 
February, 1957.) Ionospheric observations dur-
ing the partial solar eclipse (89.5 per cent) of 
July 20, 1944, have been critically examined in 
order to determine whether the reduction of 
ion density of the E layer with the progress of 
the eclipse follows Chapman's theory of layer 
formation based on a homogeneous distribution 
of radiation across the solar disk. 

551.510.535: 621.396.11 3868 
Oblique Ray Paths in the Ionosphere— 

Haselgrove. (See 3990.) 

551.510.535:621.396.11 3869 
Application of the Generalized Magneto-

ionic Theory to the Propagation of Radio Waves 
at the Magnetic-Dip Poles of the Earth—Bai. 
(See 3989.) 

551.510.535 : 621.396.812.3 3870 
An Experimental Verification of Diffraction 

Microscopy, using Radio Waves—G. L. 
Rogers. (J. Atmos. Terr. Phys., vol. 11, no. 1, 
pp. 51-53; 1957.) An aircraft was flown over a 
Mitra spaced antenna system and the fading 
pattern analyzed. See also 2749 of 1957. 

551.594.5 3871 
Ha Emissions during Aurorae over West-

Central Canada—R. Montalbetti and A. V. 
Jones. (J. Attnos. Terr. Phys., vol. 11, no. 1, pp. 
43-50; 1957.) 1-1c, emission in auroras does not 
support Martyn's theory of a diurnal variation 
of the sign of auroral particles. It does show 
that with increasing magnetic disturbance, the 
southern fringe of strong emission moves 
southward. H. emission, unlike some nitrogen 
bands, can be completely missing from strong 
auroras. 

551.594.6: 621.396.11 3872 
Heavy-Ion Effects in Audio-Frequency 

Radio Propagation—Hines. (See 3991.) 

LOCATION AND AIDS TO 
NAVIGATION 

621.396.96:621.395.625.3 3873 
The Fundamentals of the Storing of Radar 

Displays on Magnetic Tape—W. H. Schtinfeld 
and H. Gillmann. (Elektron. Rundschau, vol. 
11, pp. 165-167; June, 1957.) Outline of ex-
perimental recording system for use with 
bandwidth compression equipment such as 
described by Groll, et a/. (3874 below). 

621.396.96:621.395.625.3:621.397.2 3874 
Frequency Compression Equipment for 

Long-Distance Transmission and Magnetic 
Tape Recording of Radar Displays—H. Groll, 
K. Dinter, and K. Lange. (Elektron. Rundschau, 
vol. 11, pp. 155-157; May, 1957.) Brief de-
scription of equipment for bandwidth com-
pression using methods discussed in 3744 of 
1956 (Meinke and Groll). 

621.396.96:681.14 3875 
"Nearest Approach" Calculator—A. L. P. 

Milwright. (Wireless World, vol. 63, pp. 475-
476; October, 1957.) A simple device for ob-
taining directly, from observations on a true-
motion marine radar, the closest approach 
between two ships which continue on their ob-
served courses. 

621.396.96.029.64 3876 
The Calculation of the Effective Reflection 

Area of a Surface Target in the Centimetre 
Wavelength Range—G. I. Perov. (Radio-
tekhnika, Moscow, vol. 11, pp. 57-59; July, 
1956.) Errors are discussed which arise in the 
derivation of formulas for the effective reflec-
tion area when the earth's surface is irradiated 
by pulses and for the directivity factor of an 
aircraft antenna. 

621.396.967:621.317.3 3877 
Test Set for 3-cm Radar Equipmnet—J. 

Verstraten. (Philips Telecommun. Rev., vol. 17, 
pp. 123-130; April, 1957.) Measurements can 
be made of transmitter frequency and pulse 
length, forward and reflected antenna power, 
receiver noise figure, and other equipment 
parameters for all frequencies from 8.5 to 9.6 

621.396.968: 621.376.239 : 621.396.822 3878 
An Analysis of Signal Detection and Loca-

tion by Digital Methods—G. P. Dinneen and 
I. S. Reed. (IRE TRANS., vol. IT-2, pp. 29-38. 
March, 1956. Abstract, PROC. IRE, vol. 44, 
p. 956; July, 1956.) 

MATERIALS AND SUBSIDIARY 
TECHNI QUES 

535.215:537.311.33 3879 
Influence of the External Potential and 

Other Factors on the Capacitor Photo-re-
sponse of Semiconductors—V. E. Kozhevin 
and V. E. Lashkarev. (Radiotekhnika j Elek-
tronika, vol. 2, pp. 260-268; March, 1957.) 
Several semiconductors including McI2, Pb12, 
CdS, with dielectric layers of mica, cellophane-
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mica, or cellophane were investigated by 
means of the capacitor method. The polarity 
of photocurrent carriers and the spectral dis-
tribution of photosensitivity were recorded. 

535.215: 537.311.33 3880 
The Influence of Molecular Absorption and 

the External Electrical Field on the Photo-
conductivity of Semi-conductors—V. I. Lya-
shenko and O. V. Snitko. (Radiotekhnika i 
Elektronika, vol. 2, pp. 269-277; March, 1957.) 
The method and results of an experimental in-
vestigation on the photoconductivity of Cu2O 
and molybdenum sulphide are discussed. 

535.215 : 546.23: 539.23 3881 
Transit-Time Measurements of Charge 

Carriers in Amorphous Selenium Films—W. E. 
Spear. (Proc. Phys. Soc., vol. 70, pp. 669-675; 
July 1, 1957.) Measured effective carrier mobili-
ties at room temperature are between 4.7 and 
5.5X 10-km2/v for electrons and about 0.15 
cmqv for holes. The temperature dependence 
of the mobilities indicates trapping levels which 
for electrons are 0.25 ev and for holes are 
0.16 ev below the conduction band. 

535.215: 546.482.21 3882 
Thermal and Electrolytic Activation of 

Photoconductivity in CdS Crystals—J. Woods. 
(J. Electronics Control, vol. 3, pp. 225-235; 
August, 1957.) Two processes whereby the 
photoconductivity of CdS crystals increases on 
heating are described. The previously reported 
activation of CdS by dielectric breakdown 
(1114 of 1957) is explained in terms of these 
thermal effects. 

535.215:546.482.21 3883 
The Form of Spectral Distribution of 

Photoconductivity in Single Crystals of CdS— 
V. E. Lashkarev, E. A. Sal'kov, G. A. Fedorus, 
and M. K. Sheinkmap. (C.R. Acad. Sci. 
U.R.S.S., vol. 114, pp. 1203-1205; June 21, 
1957. In Russian.) Carrier mobility was found 
to be independent of X in the experimental 
range 4500-5500 À. The causes of the drop in 
photocurrent were investigated. Results are 
shown in graphical form. 

535.215: 546.492.151 3884 
Photoelectric and Optical Properties of 

Hgk—D. V. Chepur. (Radiolekhnika i Elek-
tronika, vol. 2, pp. 278-286; March, 1957.) The 
lifetime of photo-current carriers for specimens 
illuminated by light of differing wavelengths, 
their quantum efficiency as dependent on tem-
perature, and the optical properties of Hg12 are 
discussed. 

535.215:546.57.131 3885 
Inertia of the Internal Photo-effect in 

Silver Chloride—K. K. Demidov. (Radio-
tekhnika i Elektronika, vol. 2, pp. 350-351; 
March, 1957.) The carrier lifetime in specimen 
of AgCI under monochromatic light of X=400 
to 500 mp is desreased by additional illumina-
tion at X=600 to 900 mil. 

535.215:546.817.221 3886 
Onset of Photo-e.m.f. in Layers of Lead 

Sulphide—R. Ya. Berlaga, M.A. Rumsh, and 
L. P. Strakhov. (Radiotekhnika i Elektronika, 
vol. 2, pp. 287-290; March, 1957.) Electron 
diffraction patterns and the microscopic exami-
nation of vapor-deposited layers of PbS show 
the existence of needle-shaped protuberances. 
The relation of needle orientation to photo-
electric characteristics is examined. 

535.215: 546.817.231 3887 
The Effect of Oxygen on an Evaporated 

PbSe Layer—R. H. Jones. (Proc. Phys. Soc. 
vol. 70, pp. 704-708; July 1, 1957.) An investi-
gation of the mechanism by which oxygen 
produces photoconductive sensitivity. 

535.37 3888 
Luminescence of Silver Bromoiodide Crys-

tals—F. Moser and F. Urbach. (Phys. Rev., 
vol. 106, pp. 852-858; June 1, 1957.) Low-
temperature measurements are reported. Trap-
ping has been investigated by a study of the 
slow build-up of fluorescence under weak ex-
citation. 

535.371:546.321.31 3889 
Colour Centres in Crystals of KC1, and 

SCI with Ag Added—N. G. Politov. (Radio-
tekhnika i Elektronika, vol. 2, pp. 291-295; 
March, 1957.) The absorption spectrum of 
single crystals is examined. The spectrum 
changes after irradiation with ultraviolet and 
X rays are also considered. 

535.376:546.281.26 3890 
Structure and Characteristics of Silicon 

Carbide Light-Emitting Junctions—L. Patrick. 
(J. Ape Phys., vol. 28, pp. 765-776; July, 
1957.) Junctions, where the leakage at the 
periphery and through "blue spots" has been 
reduced to a minimum, are found to have a 
p-n*-n structure. A theory of the forward char-
acteristic of the p-n*-n junction is given which 
explains the characteristics observed and their 
dependence upon temperature. The results of 
experiments on crystal growing and an explana-
tion of the growth of light-emitting junctions 
are given. 

535.376:546.472.21 3891 
Temperature Dependence of Electrolumi-

nescence—C. H. Haake. (J. Electrochem. 
Soc., vol. 104, pp. 291-298; May, 1957.) 
Measurements were made over wide ranges of 
temperature and frequency on a number of 
powdered single-band ZnS phosphors contain-
ing Cu, Cu-Pb, 02, and Cl impurities. From 
the temperature dependence of photolumi-
nescence a thermal extinction factor was de-
rived, which when introduced in the electro-
luminescence brightness values, led to an ideal 
electroluminescence brightness unaffected by 
thermal quenching. In general this ideal 
brightness was found to increase or tend to 
saturation with increasing temperature, but did 
not decrease. 

537.226/.227:546.431.824-31 3892 
Microstructure of Barium Titanate Ceram-

ics—R. C. DeVries and J. E. Burke. (J. Amer. 
Ceram. Soc., vol. 40, pp. 200-206; June I, 1957.) 
Using polishing and etching techniques, struc-
tural changes due to the application of a dc 
field can be seen. 

537.226/.227:546.431.824-31 3893 
Domain Orientation in Barium Titanate 

Single Crystals—D. P. Cameron. (IBM J. 
Res. Deed., vol. 1, pp. 2-7; January, 1957.) 

537.226/.227:546.431.824-31:537.311.33 3894 
Electrical Properties of BaTiO3 containing 

Samarium—G. G. Harman. (Phys. Rev., vol. 
106, pp. 1358-1359; June 15, 1957.) Unusual 
resistivity variations were associated with 
crystallographic transitions. From 0 to 120°C, 
the resistivity was independent of temperature; 
from 120 to 250°C, it rose rapidly. Below 0°C, 
semiconducting properties were found. 

537.227 3895 
Dielectric Constant and Conductivity of 

Guanidine Aluminium Sulphate during Switch-
ing—M. Prutton. (Proc. Phys. Soc., vol. 70, pp. 
702-703; July 1, 1957.) 

537.228.1 3896 
Anisotropy in Polarized Barium Titanate 

Ceramics—M. Marutake and T. Ikeda. (J. 
Phys. Soc. Japan, vol. 12, pp. 233-240; March, 
1957.) 

537.311.32:546.212-16 3897 
The Electrical Conductivity of Ice—R. S. 

Bradley. (Trans. Faraday Soc., vol. 53, pt 5, 
pp. 687-691; May, 1957.) "The dc electrical 
conductivity K of ice has been determined at 
0 to -25°C, and is given by K =23.4 exp 
( - 12300/R T) ohm-lcm-1. The results are dis-
cussed in terms of proton migration and semi-
conductor theory. 

537.311.33 3898 
An Analysis of Diffusion in Semiconductors 

—S. Zaromb. (IBM J. Res. Deed., vol. 1, pp. 
57-61; January, 1957.) It is shown that the 
usual Fick's laws may not apply to the diffu-
sion of impurities in semiconductors. Appre-
ciable covalent compound formation is likely to 
occur between some substitutional donors and 
acceptors, leading to a marked dependence of 
diffusion coefficients on concentration, and to 
interaction between donor and acceptor 
diffusion effects. 

537.311.33 3899 
Carrier Generation and Recombination in 

P-N Junctions and P-N Junction Character-
istics—C. T. Sah, R. N. Noyce, and W. Shock-
ley. (Paoc. IRE, vol. 45, pp. 1228-1243; Sep-
tember, 1957.) For certain p-n junctions the 
measured current/voltage characteristics devi-
ate from the ideal case of the diffusion model. 
It is shown that the current due to generation 
and recombination of carriers from generation-
recombination centers in the space-charge re-
gion of a p-n junction accounts for the ob-
served characteristics. The relative importance 
of the diffusion current outside the space-
charge layer and the recombination current 
inside the space-charge layer also explains the 
increase of the emitter efficiency of Si transis-
tors with emitter current. 

537.311.33 3900 
Determination of Optical Constants and 

Carrier Effective Mass of Semiconductors— 
W. G. Spitzer and H. Y. Fan. (Phys. Rev., vol. 
106, pp. 882-890; June I, 1957.) By means of 
reflectivity and absorption measurements in the 
region 5-35 p, the effect of free carriers on the 
optical constants has been determined for n-
and p-type Ge, Si, and InSb, and for n-type 
InAs. 

537.311.33 3901 
Experimental Determination of Injected 

Carrier Recombination Rates at Dislocations in 
Semiconductors—J. P. McKelvey. (Phys. Rev., 
vol. 106, pp. 910-917; June 1, 1957.) The re-
combination probabilities associated with 
lineage boundaries in Ge have been determined 
by measuring the ratio of injected-carrier con-
centration on either side of such a boundary. 
The capture cross sections for a single disloca-
tion correspond to circular recombination areas 
of diameter 1.15À. for holes in n-type Ge and 
2.812 for electrons in p-type Ge. 

537.311.33 3902 
An Empirical Regularity of Energy Gap in 

Semiconductors—T. Miyauchi. (J. Phys. Soc. 
Japan, vol. 12, p. 308; March, 1957.) An em-
pirical linear relation exists for several groups 
of compounds between the energy gap and 
r1/r2 where r1 is half the nearest neighbor 
distance and r2 is an average of the positive 
ionic radius. 

537.311.33 3903 
Prediction of Semiconductor Surface Re-

sponse to Ambients by Use of Lewis Acid-
Base Theory—C. G. Peattie and J. R. Mac-
donald. (Paoc. IRE, vol. 45, p. 1292; Septem-
ber, 1957.) In this treatment a p-type surface 
is considered a Lewis acid (electron-pair ac-
ceptor) and an n-type surface a Lewis base 
(electron-pair donor). 

537.311.33:546.28 3904 
Growth of Silicon Crystals by a Vapour-
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Phase Pyrolytic Deposition Method—R. C. 
Sangster, E. F. Maverick, and M. L. Croutch. 
(J. Electrochem. Soc., vol. 104, pp. 317-319; 
May, 1957.) Si crystals are grown by the re-
action of gaseous SiBr4 with H2 at the surfaces 
of hot Si seed filaments. 

537.311.33:546.28 3905 
Some Observations of the Effects of Oxygen 

on the Minority-Carrier Lifetime and Optical 
Absorption of Silicon Crystals Pulled in Vacuo 
—G. W. Green, C. A. Hogarth, and F. A. John-
son. (J. Electronics Control, vol. 3, pp. 171-182; 
August, 1957.) Discusses the technique of grow-
ing single crystals by pulling from a melt in 
vacuo. For such crystals the carrier lifetime de-
creases radially from the center. This decrease 
is attributed to the smaller amount of oxygen 
impurity near the surface, as shown by optical 
absorption measurements. In a vacuum oxygen 
is evaporated from the surface and removed by 
pumping. 

537.311.33:546.28 3906 
Diffusion of Oxygen in Silicon—R. A. 

Logan and A. J. Peters. (J. Appt. Phys., vol. 
28, pp. 819-820; July, 1957.) The diffused layer 
is revealed by etching, or by heating at 450°C 
the resultant n layer being demarcated by 
staining in HF, by the thermal probe technique, 
or by gold displacement plating. 

537.311.33:546.28 3907 
Retrograde Solubility of Aluminium in Sili-

con—D. Navon and V. Cherynshov. (J. Appt. 
Phys., vol. 28, pp. 823-824; July, 1957.) The 
solubility near the eutectic temperature and 
the diffusion constants as measured by Al dif-
fusion from an Al-Si are examined. 

537.311.33 : 546.28: 535.215 3908 
Analysis of the Photoconductance in Silicon 

—L. J. van der Pauw. (Philips Res. Rep., vol. 
12, pp. 364-376; August, 1957.) A general ex-
pression is derived in terms of bulk and surface 
properties for the change in the voltage drop 
across a semiconductor sample due to illumina-
tion. The experimental determination of these 
properties from the low-frequency phase shift 
between the voltage change and a sinusoidally 
modulated light signal is illustrated, and results 
of measurements on n- and p-type Si at room 
temperature are discussed. 

537.311.33: 546.28: 539.164.9 3909 
A Transformation of p-si into fl-Si by X 

Rays—F. Frey and F. Oberhauser. (Natur-
wiss., vol. 44, pp. 256-257; April, 1957.) Brief 
report of experimental results obtained with a 
single-crystal specimen. 

537.311.33:546.28:669.046.54/.55 3910 
Contribution to the Floating-Zone Refining 

of Silicon—E. Buehler. (Rev. Sci. ¡asir., vol. 
28, pp. 453-460; June, 1957.) 

537.311.33:546.289 3911 
Thermoelectric Power and Resistivity of 

Solid and Liquid Germanium in the Vicinity of 
its Melting Point—C. A. Domenicali. (J. Appt. 
Phys., vol. 28, pp. 749-753; July, 1957.) The 
absolute thermoelectric power Q of high-purity 
Ge is approximately linear in 1/T for 400°C < 
T <937°C. For liquid Ge Q is nearly zero and 
independent of temperature. The thermoelec-
tric power of liquid relative to solid Ge is 
-1-70µv/°C. 

537.311.33:546.289 3912 
The Lo, and Lei Lines in the Spectrum of 

Germanium—G. P. Borovikova and M. I. 
Krosunski. (C. R. Acad. Sci. U.R.S.S., vol. 
114, pp. 1192-1194; June 21, 1957. In Russian.) 
Report of investigations on single-crystal high-
purity Ge. 

537.311.33:546.289 3913 
Depth of Surface Damage due to Abrasion 

on Germanium—B. A. Irving, T. M. Buck, and 
F. S. McKim. (J. Electrochem. Soc., vol. 104, 
pp. 396-397; June, 1957.) Comment on 1957 
of July and authors' reply. 

537.311.33:546.289:535.215:538.63 3914 
Experiments on the Photomagnetoelectric 

Effect in Germanium—T. M. Buck and F. S. 
McKim. (Phys. Rev., vol. 106, pp. 904-909; 
June I, 1957.) Measurements of the PME 
short-circuit current and relative increase in 
conductance have been made over a wide range 
of light intensity. Results are in accord with 
the theory of van Roosbroeck (2780 of 1956.) 

537.311.33:546.682.86:669.046.54/.55 3915 
The Role of Evaporation in Zone Refining 

Indium Antimonide—K. F. Hulme and J. B. 
Mullin. (J. Electronics Control, vol. 3, pp. 160-
170; August, 1957.) "Experiments on the re-
fining of InSb are described; they include work 
with material heavily doped with Zn, Cd, Te, 
and As. Several lines of evidence show that the 
important acceptor impurities Zn and Cd are 
volatile from molten InSb. The removal of ac-
ceptors by volatilization under appropriate 
experimental conditions, followed by zone re-
fining, can yield material with less than 10'4 
excess donors per cm." 

537.311.33: 546.817.221 3916 
Interstitial Diffusion of Copper in PbS Sin-

gle Crystals—J. Bloem and F. A. Kroger. 
(Philips Res. Rep., vol. 12, pp. 281-302; 
August, 1957.) Report and discussion of results 
of an experimental investigation showing that 
at temperatures between 100° and 500°C Cu 
can diffuse rapidly into PbS via interstitial 
sites, causing n-type conductivity. 

537.311.33: 546.817.221 3917 
Interstitial Diffusion of Nickel in PbS Sin-

gle Crystals—J. Bloem and F. A. Kroger. 
(Philips Res. Rep., vol. 12, pp. 303-308; 
August, 1957.) "Under reducing conditions, 
nickel may penetrate into PbS crystals at tem-
peratures T <500°C at which the self-diffusion 
in PbS is negligible; it diminishes p-type con-
ductivity and may cause n-type conductivity 
with donors of a depth E e•.-; 0.03 ev. The dif-
fusion probably takes place via the interlattice 
with a diffusion constant DM= 17.8 exp 
( - 22000/R T) cm, sec-I. Under sulphurizing 
conditions (H2S) the nickel can be drawn out of 
the crystal again and the original conductivity 
restored." 

537.311.33: 546.817.241 3918 
On Electiical Resistivity and Hall Coeffi-

cient of PbTe Crystals—K. Shogenji and S. 
Uchiyama. (J. Phys. Soc. Japan, vol. 12, pp. 
252-258; March, 1957.) Results of measure-
ments on PbTe crystals give the intrinsic 
energy gap as 0.3 ev, and electron/hole mobil-
ity ratio as 2.5 with a 7-414 law for hole mo-
bility. 

537.311.33:621.3.082.52 3919 
Pulsed Light tests Minority-Carrier Lif e— 

H. L. Armstrong. (Electronics, vol. 30, p. 145; 
August 1, 1957.) "Xenon discharge tube is 
rapidly pulsed to illuminate semiconductor ma-
terial creating hole-electron pairs. Voltage drop 
across material is observed on oscilloscope to 
determine minority-carrier lifetime." 

537.311.33:621.314.63 3920 
Experimental Investigation of the Transient 

Behavior of Gold-Germanium Surface Bar-
riers—O. Curtis, Jr, and B. R. Gossick. (IRE 
TRANS. vol. ED-3, pp. 163-167; October, 1956.) 
Abstract, PROC. IRE, vol. 45, p. 254; February, 
1957.) 

537.311.33: 621.314.632: 621.357.6 3921 
A Quantitative Theory of the Electro-forma-

tion of Metal/Germanium Point Contacts— 

A. C. Sim. (J. Electronics Control, vol. 3, pp. 
139-159; August, 1957.) The characteristics of 
Ge point contacts are improved by electro-
forming, in which local heating and melting are 
induced by a current pulse. A quantitative cal-
culation supports the empirical findings that a 
high-impedance source for the current pulse is 
desirable and that the pulse length should be 
greater than 20 m for reproducible results. 
The improvement obtained with initial micro-
second pulses of up to 20 A is discussed and 
studied theoretically. 

537.311.4:621.3.066.6 3922 
A Survey of Contact Resistance Theory for 

Nominally Clean Surfaces—W. B. Ittner, III, 
and P. J. Magill. (IBM J. Res. Devel., vol. 
1,Ppp. 44-48; January, 1957.) 

537.533:546.482.21 3923 
Investigations of "Cold" Electron Emission 

from Cadmium Sulphide Single Crystals—R. 
Rompe. (Radiotekhnika i Elektronika, vol. 2, 
pp. 219-221; February, 1957.) Experiments 
carried out at l0-mm Hg pressure showed 
that electron emission from CdS crystals fore 
kv between anode and cathode produced a 
current of 10-7a, and for 12.5 kv this increased 
to 10-4a. 

538.22: 546.3-1-711-47-26 3924 
New Type of Magnetic Transition in Mn3-

ZnC—B. N. Brockhouse and H. P. Myers. 
(Can. J. Phys., vol. 35, pp. 313-323; March, 
1957.) "X-ray and neutron diffraction measure-
ments are reported which demonstrate that at 
231°K there is a second order transition below 
which ordering of the manganese ions occurs, 
resulting in a tetragonal distortion of the 
normally cubic lattice and a complex magnetic 
structure. One possible magnetic structure is 
discussed. Above the transition the alloy is 
apparently a normal ferromagnetic substance." 

538.221 : 538.569.4: 539.23 3925 
Stress in Evaporated Ferromagnetic Films 

—J. R. MacDonald. (Phys. Rev., vol. 106, pp. 
890-892; June 1, 1957.) Ferromagnetic reso-
nance and oscillation-magnetometer measure-
ments on a thin evaporated nickel film an-
nealed in a magnetic field are described. The 
magnetic annealing produced a preferred mag-
netic axis in the plane of the film. 

538.221 : 538.632 :539.23 3926 
Hall Effect and Ferromagnetism of Very 

Thin Nickel Films—R. Coren and H. J. 
Juretschke. Ape. Phys., vol. 28, pp. 806-
809; July, 1957.) The extraordinary Hall con-
stant for films less than 100 À thick, at room 
temperatures, is much greater than for bulk 
nickel. 

538.221:621.318.122 3927 
Supermendur, a New Rectangular-Loop 

Magnetic Material—H. L. B. Gould and D. H. 
Wenny. (Elect. Eng., N. Y., vol. 76, pp. 208-
211; March, 1957.) Characteristics are given of 
a Va-Fe-Co alloy which should be particularly 
useful for power applications. See also 2835 of 
1957. 

538.221 : [621.318.124 +621.318.134 3928 
Certain Properties of Ferrites—J. K. Galt. 

(Bell Lab. Rec., vol. 35, pp. 126-130; April, 
1957.) Basic description of the chemical struc-
ture and magnetic behavior of ferrites. The 
loss mechanisms acting in ferromagnetic ma-
terials are outlined. 

538.221: 621.318.124 3929 
Temperature Dependence of Spontaneous 

Magnetization in Co-Zn Ferrites at Low Tem-
peratures—N. M. ReInov and M. F. Stel' 
makh. (Radiotekhnika i Electronika, vol. 2, 
pp. 342-344; March 1957.) Experimental re-
sults of magnetic saturation of Co-Zn ferrites in 
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the temperature range from the Curie point to 
1.3°K are shown. No abnormal decrease in the 
magnetic saturation with the lowering of tem-
perature was observed. 

538.221:621.318.134 3930 
Theory of the Spontaneous Magnetization 

of Ferrites—E. I. Kondorski, A. S. Pakhomov, 
and T. Shildosh. (Radiotekhnika i Elektronika, 
vol. 2, pp. 334-341; March, 1957.) Mathemat-
ical analysis of the magnetization of ferromag-
netic semiconductors at temperatures near 
0°K. 

538.221:621.318.134 3931 
Cation Distribution and Magnetic Moment 

of Manganese Ferrite—F. W. Harrison, W. P. 
Osmond, and R. W. Teale. (Phys. Rev., vol. 106, 
p. 865; June 1, 1957.) 

538.221:621.318.134 3932 
Molecular Field Fluctuation Effects in 

Mixed Nickel-Zinc Ferrites—D. M. Grimes, 
S. Legvold, and E. F. Westrum. (Phys. Rev., 
vol. 106, pp. 866-867; June 1, 1957.) The ther-
mal variations of the magnetic moment and 
heat capacity of some mixed Ni-Zn ferrites are 
discussed. Experimental data on the magnetic 
moments are shown. 

538.221 : 621.318.134: 534.13 3933 
Acoustic Relaxations in Ferrite Single 

Crystals—D. F. Gibbons. (J. Appl. Phys., 
vol. 28, pp. 810-814; July, 1957.) A stress-
induced relaxation near 40°K, with an activa-
tion energy of 0.03 ±0.004 ev per electron 
jump, is common to all ferrites with divalent 
and trivalent ferrous ions on the octahedral 
sites. In Mn ferrite the activation energy of 
about 0.3 ev per electron jump depends upon 
the composition and homogeneity. In Mn and 
Mn-Zn ferrites a transformation occurs below 
14°K; the transition temperature depends upon 
the composition. 

538.221 : 621.318.134: 537.322 3934 
Thermoelectric Properties of Ferrites in 

the Range Close to Curie Temperature—S. A. 
Varchenya and Ya. G. Dorfman. (Radiotekh-
nika i Elektronika, vol. 2, pp. 345-347; March, 
1957.) Ni-Zn ferrites with specific resistance 
106-107 St cm were examined. The Peltier and 
Thomson effects showed similar magnetic 
anomalies as found in ferromagnetic metals. 

538.221 : 621.318.134: 538.569.4 3935 
Effects of Ceramic Parameters on Micro-

wave Properties of Nickel Ferrite—S. L. Blum, 
J. E. Zneimer, and H. Zlotnick. (J. Amer. 
Ceram. Soc., vol. 40, pp. 143-139; May 1, 1957.) 
A simple apparatus is described for measuring 
the magnetic loss as a function of magnetic 
field for ferrites at a frequency of 10 kmc. 
Tests on Ni Fe204 showed 1) it is possible to 
vary the width of the ferromagnetic resonance 
curve by adjusting the porosity of the ferrite; 
2) the dc resistivity decreases with an increase 
in peak firing temperature. The range of re-
sistivities possible in this material is 10-10e 
CIII. 

538.221 : 621.318.134: 538.569.4 3936 
Physical and Electrical Properties of a 

Nickel Ferrite as Affect by Compositional 
Changes—S. L. Blum and J. E. Zneimer. (J. 
Amer. Ceram. Soc., vol. 40, pp. 208-211; June 
I, 1957.) Experiments at 10 kmc on Nit_c„Coa, 
Fe204, where a varies from zero to 0.05, show 
that the ferromagnetic resonance curve may be 
narrowed by suitable Co addition. 

538.245 3937 
Influence of Foreign Ions on the Critical 

Field Strength of an Antiferromagnetic—K. F. 
Niessen. (Philips Res. Rep., vol. 12, pp. 355-
363; August, 1957.) See also 2843 of 1957. 

538.245:621.396.822 3938 
Frequency Spectrum of the Barkhausen 

Noise—G. Biorci and D. Pescetti. (J. Appt. 
Phys., vol. 28, pp. 777-780; July, 1957.) 
Measurements of iron, nickel, and ferroxcube 
show the spectral density to be constant up to 1 
kc and then to decrease rapidly. Agreement 
with theory is obtained if the single noise pulse 
is exponential with a time constant of 10-4 sec. 

538.632:537.311.33 3939 
The Hall Generator as a Quadripole—F. 

Kuhrt and W. Hartel. (Arch. Elektrotech., vol. 
43, pp. 1-15; January 12, 1957.) The quadripole 
representation of a Hall-effect device is an-
alyzed, in particular, the dependence of the 
characteristic impedance on the magnetic 
field and external circuit conditions. Three 
types of matching conditions are defined: 1) 
for achieving linearity, 2) for maximum power 
output, and 3) for maximum efficiency. The 
efficiency is calculated for the quadripole equa-
tions and evaluated, with the other character-
istics, for a given InAs Hall element. 

548.0: 53 3940 
Electrical, Optical and Elastic Properties 

of Diamond Type Crystals: Part 1—V. S. 
Mashkevich and K. B. Tolpygo. (Zh. Eksp. 
Teor. Fis., vol. 32, pp. 520-525; March, 1957.) 
The energy contained in a homopolar cyrstal 
is represented as a function of displacements 
and dipole movements of the atoms. 

549.514.51 3941 
Electrical Conductivity of Fused Quartz— 

J. Cohen. (J. Appt. Phys., vol. 28, pp. 795-800; 
July, 1957.) Measurements made in vacuo at 
temperatures between 600-1400°C show that 
one specimen obeyed Ohm's law while another 
did not. The variation in behavior is attributed 
to differences in the impurity contents. 

549.514.51:534.133 3942 
On the Angle between Wave Front and 

Displacement of Plane Acoustic Waves in 
Quartz—B. van der Veen. (Philips Res. Rep., 
vol. 12, pp. 273-280; August, 1957.) Develop-
ment of the theory of piezoelectric vibrations 
for nonrectangular X-cut crystals free from 
unwanted flexural modes of vibration. 

621.315.61: 537.529 3943 
Statistical Delay of Electrical Breakdown of 

Solid Dielectrics—E. A. Konorova. (Zh. Eksp. 
Tear. Fis., vol. 32, pp. 603-604; March, 1957.) 
Tests were made to determine the delay of 
electrical breakdown of samples of mica 2-10 µ 
and glass 3-10 µ thick. The duration of the 
voltage application to obtain punctures varied 
from 10" to 5X 10-8 sec. Results are shown 
graphically. 

621.319.4-762 3944 
Tropicalization—Results of Experiments on 

Sealing Capacitors—C. V. Ganapathy, R. 
Krishman, and T. V. Ramamurti. (J. Inst. 
Telecommun. Eng., India, vol. 3, pp. 116-122; 
March, 1957.) 

537.311.33 3945 
Report of the Meeting on Semiconductors 

held by the Physical Society, in collaboration 
with British Thomson-Houston Ltd., Rugby, 
in April 1956. [Book Review]—Publishers: The 
Physical Society, London, 153 pp., 20s; 1957. 
(Nature, London, vol. 180, pp. 25-26; July 6, 
1957.) The text of 22 of the 23 papers read is 
given. 

MATHEMATICS 

517:518.2 3946 
Laguerre Functions: Tables and Proper-

ties—J. W. Head and S. P. Wilson. (Proc. IEE, 

Pt. C, vol. 104, p. 543; September, 1957.) Dis-
cussion on 518 of 1957. 

517.512 3947 
Table of the Fresnel Integral to Six Decimal 

Places [Book Reviewi—T. Pearcey. Publish-
ers: Cambridge University Press, 63 pp., 12s. 
6d; 1956; (Nature, Landon, vol. 180, p. 6; July 
6, 1957.) 

MEASUREMENTS AND TEST GEAR 

53.082 3948 
Instrument Transducers—J. Thomson. (J. 

Sci. Instr., vol. 34, pp. 217-221; June, 1957.) 
A survey of available means for converting 
energy from one form to another, and their 
application to automatic manufacturing proc-
esses. 

621.3.018.41(083.74) +529.7861:538.569.4 3949 
Frequency Shift in Ammonia Absorption 

due to Self-Broadening—K. Matsuura, 
Sugiura, and G. M. Hatoyama. (J. Phys. Soc. 
Japan, vol. 12, p. 314; March, 1957.) Note on 
a shift in resonance frequency of the ammonia 
line with pressure near 23870 mc. See also 2858 
of 1957. 

621.314.7.001.4 3950 
Measuring Parameters of Junction Trans-

istors—R. W. Hendrick, Jr. (Electronics, vol. 
30, pp. 174-176; August 1, 1957.) The instru-
ment measures dynamic ground-emitter char-
acteristics of p-n-p or n-p-n transistors at any 
static collector current from 0.15 to 14 ma. 

621.314.7.012:621.317.755 3951 
Investigation of Transistor Characteristics 

by means of a Cathode-Ray Curve Tracer— 
A. M. Bonch-Bruevich and U. B. Soltamov. 
(Radiolekhnika i Elektronika, vol. 2, pp. 311-
316; March, 1957.) Description of circuits with 
photographs of characteristics displayed on the 
cr tube screen. 

621.317.18:621.373.421.1 3952 
Simple Grid-Dip Oscillator—R. Ireland 

and V. Penfold. (Short Wave Meg., vol. 15, pp. 
16-18; March, 1957.) Constructional details 
of a unit covering a wide frequency range. 

621.317.3.029.64: 621.396.822 3953 
Improved Microwave Noise Measurements 

using Ferrites—C. H. Mayer. (IRE TRANS., 
vol. MTT-4, pp. 24-28; January, 1956. Ab-
stract, PROC. IRE, vol. 44, p. 581; April, 1956.) 

621.317.32 3954 
Method of Measurement of Potential Dis-

tribution on the Surface of a Dielectric—V. Ya. 
Upatov. (Radiolekhnika i Elektronika, vol. 2, 
pp. 184-192; February, 1957.) A pulse method 
for measuring the potential distribution on a 
nonuniformly charged dielectric is described. 
A fine graticule placed on the surface of the 
dielectric is scanned by an electron beam to 
produce positive or negative pulses according 
to the charge present. The experimental cir-
cuits and some results are given. 

621.317.321: 537.311.33 3955 
New Modification of the Capacitance 

Method of Measuring Potential Difference 
and its Application to the Study of Contact 
Potentials of Semiconductors—B. F. Bogolyu-
bov. (Radiotekhnika i Elektronika, vol. 2, pp. 
323-327; March, 1957.) The effect of illumina-
tion and pressure on the potential difference 
in metallic Se contacts is investigated. For a 
pressure P.<5 X 10-i mm Hg this contact po-
tential does not dept.nd on illumination and 
remains approximately constant, but for 
P >2 X 10-1 mm Hg the contact potential 
varies linearly with weak illumination. Results 
for seven samples are tabulated. 
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621.317.328 3956 
A New Type of V.H.F. Field Intensity 

Meter using a Loop Antenna—H. Koseki. 
(J. Radio Res. Labs., Japan, vol. 4, pp. 123-
125; April, 1957.) Calibration is achieved by 
feeding a comparison voltage, which can be 
measured, through a coupling circuit to the 
loop and the receiver. Errors of ± 1 db over the 
range 15-100 mc are quoted. 

621.317.33:621.3.035.4 3957 
A New Device for Conductivity Measure-

ment by Means of Radio Frequency Currents 
and Nonimmersed Electrodes—G. Barbi. 
(Ricerca Sci., vol. 27, pp. 1438-1447; May, 
1957.) Description of apparatus for measuring 
the conductivity of electrolytic solutions using 
a frequency of about 9 mc. 

621.317.33.029.6:621.317.755 3958 
An Automatic Smith-Diagram Display Unit 

for Use at Low Power Levels—H. V. Shurmer. 
(Proc. TEE, Pt. B, vol. 104, pp. 507-510; 
September, 1957.) The method, by which a 
Smith diagram is directly displayed on a cr 
tube, may be applied to microwave transmis-
sion systems generally. 

621.317.335.3.029.63/.64:538.569.2.047 3959 
The Determination of Dielectric Constants 

particularly of Biological Substances in the 
Range of Decimetre and Centimetre Waves— 
B. Rajewsky and A. Redhardt. (Arch. ele/el. 
übertragung, vol. 11, pp. 163-166; April, 1957.) 
A resonance method of measurement such as 
that used by Schwan and Kamli (813 of 1954) is 
discussed and formulas are derived facilitating 
the evaluation of results. 

621.317.335.3.029.64 3960 
A Method of Determining the Dipole 

Moment and Relaxation Time from Micro-
wave Measurements—K. V. G. Krishna. 
(Trans. Faraday Soc., vol. 53, pt. 6, pp. 767-
770; June, 1957.) The method is applied to 
dilute solutions of polar substances in nonpolar 
solvents and is based on measuring the dielec-
tric constant and loss as a function of concen-
tration. 

621.317.336 3961 
The Accuracy of Impedance Measurements 

by means of Long Lines—R. M. Dombrugov. 
(Radiolekhnika, Moscow, vol. 11, pp. 66-70; 
June, 1956.) A formula for correcting the errors 
due to line losses is derived and a number of 
curves for facilitating calculations are plotted. 
The accuracy so obtained is estimated. 

621.317.34 3962 
Self-Calibrating Method of Measuring In-

sertion Ratio—( Tech. News Bull. Nat. Bur. 
Stand., vol. 41, pp. 132-133; September, 1957.) 
Description of a null method for the determina-. 
tion of phase angle and insertion loss of a net-
work. The circuit illustrated has three parallel 
legs connected between a rf generator and a 
monitor. Two of the legs contain piston at-
tenuators, one in series with a phase shifter. 
The third leg contains the unknown network in 
series with a second phase shifter which is used 
for self-calibration. 

621.317.34.029.64: 621.372.5 : 621.396.822 3963 
Measurements on Noisy Fourpoles at 

Microwave Frequencies—M. T. Vlaardinger-
broeck, K. S. Knol, and P. A. H. Hart. (Philips 
Res. Rep., vol. 12, pp. 323-332; August, 1957.) 
A new method of measuring the characteristic 
noise quantities of noisy linear fourpoles is 
described. Applied to microwave frequencies 
this method is very simple when the fourpole is 
matched to the characteristic impedance of the 
waveguide, which can always be achieved. The 
method is applied to a microwave triode ampli-
fier. 

621.317.342:621.396.65 3964 
Sensitive Group Delay Meters—R. Mag-

nusson. (Ericsson Tech., vol. 13, no. 1, pp. 
109-142; 1957.) The requirements of an instru-
ment for measuring the group delay of wide-
band radio-link IF amplifiers are stated. A 
critical survey of existing methods of measuring 
group delay is given and a delay meter of very 
high sensitivity is described. 

621.317.361.029.64: 538.569.4 3965 
A Frequency Comparator using Electron 

and Proton Resonance in a Common Magnetic 
Field—O. Nourse. (Nature, London, vol. 180, 
p. 192; July 27, 1957.) An outline of a method 
of measuring microwave frequencies using 
electron and proton paramagnetic resonances 
in a common magnetic field. With the ratio 
of the two resonance frequencies 658.5 the 
lower frequency can be determined accurately 
by conventional methods. 

621.317.382.029.64:621.3.089.6 3966 
Measurements of Efficiency of Bolometer 

and Thermistor Mounts by Impedance Meth-
ods—J. A. Lane. (Proc. I EE, Pt. B, vol. 104, 
pp. 485-486; September, 1957.) The method of 
calibrating milliwattmeters for microwave 
frequencies by measuring impedances is com-
pared with the method of calibrating them 
against standard equipment. The impedance 
method may be satisfactory for bolometers but 
is unsatisfactory at present for thermistors. 

621.317.733.011.22: 621.314.58: 621.375.13 3967 
An Inductronic Double Bridge—J. H. 

Miller. (Elect. Eng., N. Y., vol. 76, pp. 300-
302; April, 1957.) Low resistances can be 
measured with accuracy, speed, and simplicity 
of operation using a system of two "inductronic" 
dc amplifiers based on a principle applied in the 
induction galvanometer described by Gilbert 
(3666 of 1953). 

621.317.733.3:621.3.011.21 3968 
A Precision Dual Bridge for the Standardi-

zation of Admittance at Very High Frequencies 
—D. Woods. (Proc. TEE, Pt. C, vol. 104, pp. 
506-521; September, 1957.) A detailed de-
scription of a twin-T dual bridge for use in the 
band 3-300 mc. The inaccuracy in either com-
ponent of a complex admittance is 0.2 per cent 
or less at 200 mc. The calibration is based on a 
range of coaxial susceptance standards whose 
parameters are calculated from measurements 
of length and time. 

621.317.755+621.373.43 3969 
High-Power Pulse Generators—Bruijning. 

(See 3787.) 

621.317.755 3970 
A Cathode-Ray-Tube Oscilloscope for Use 

in Millimicrosecond Pulse Techniques—J. W. 
Armitage, G. Gaskin, and K. Phillips. (Elec-
tronic Eng., vol. 29, pp. 364-367; August, 1957.) 
The time base employs a thyratron trigger and 
a hard-tube sweep circuit with a continuously 
variable sweep speed from 3 µsec down to 15 
mpsec with a scan of approximately 2 kv. A cr 
tube with side-arm connections is used. Full 
design details are given. 

621.317.784.029.64 3971 
An Instrument for the Absolute Measure-

ment of Low-Level Microwave Power in the 
3-cm Band—A. L. Cullen and H. A. French. 
(Proc. I EE, Pt. C, vol. 104, pp. 456-464; 
September, 1957.) The instrument consists of 
a thin metallic rod suspended inside a rec-
tangular Hon cavity. The ocillating system re-
ceives periodic impulses from the interaction 
between the em field and the rod, the source 
being switched on and off periodically. The 
estimated error in the range 5-100 mw or more 
is not greater than ± 2 per cent. 

621.317.79:537.56 3972 
An R.F. Probe Technique for the Measure-

ment of Plasma Electron Concentrations in the 
Presence of Negative Ions—T. H. Y. Yeung 
and J. Sayers. (Proc. Phys. Soc., vol. 70, pp. 
663-668; July 1, 1957.) 

621.317.794 3973 
An Evaporated Gold Bolometer—E. Arch-

bold. (J. Sci. Instr., vol. 34, pp. 240-242; June, 
1957.) Description of an infrared detector with 
a sensitivity of 1.5 v/w, minimum detectable 
energy is 3.6X 10-10w, measured at 10 c. 

621.317.794: 537.311.33 3974 
Some Problems in the Application of Semi-

conductor Bolometers—A. M. Bonch-Bruevich 
and Ya. A. Imas. (Radiotekhnika i Elektronika, 
vol. 2, pp. 317-322; March, 1957.) The instru-
ment described is used for the investigation of 
fast transients. By means of a compensating 
RC circuit various time constants are obtained. 
Such a compensating circuit reduces the thresh-
old sensitivity of the device to a lesser extent 
than the lowering of bolometer inertia by an 
increase of its heat radiation. 

621.317.794:621.396.822 3975 
The Theoretical Sensitivity of the Dicke 

Radiometer—L. D. Strom. (PRoc. IRE, vol. 
45, pp. 1291-1292; September, 1957.) A new 
analysis of the Dicke circuit (475 of 1947) has 
been made which shows that the sensitivity is 
independent of the detector characteristics. 

621.317.794.029.64 3976 
The Measurement of Thermal and Similar 

Radiations at Millimetre Wavelengths—G. R. 
Nicoll. (Proc. I EE, Pt. B, vol., 104, pp. 519-
527; September, 1957.) "The measurement of 
thermal and similar noise radiations at milli-
meter wavelengths is discussed. It is shown how 
this type of measurement is applied to radiation 
from gas discharges, flames, and crystal diodes, 
and how it is used in certain studies of the 
atmosphere. Two types of measuring instru-
ments are compared." 

OTHER APPLICATIONS OF RADIO 
AND ELECTRONICS 

534-8 3977 
Cleaning by Ultrasonics—L. Atherton. 

(Brit. Commun. Electronics, vol. 4, pp. 138-
144; March, 1957.) Small engineering com-
ponents are suspended in a tank of cleaning 
solvent in which ultrasonic vibrations are in-
duced by a BaTiO3 transducer operating at 1 
mc. 

621-57:537.288.4 3978 
Development of the Electrostatic Clutch— 

C. J. Fitch. (IBM J. Res. Devel., vol. 1, pp. 
2-7; January, 1957.) See also 3253 of 1957. 

621.365.5 3979 
Electronic Heating and Automation—M. T. 

Elvy. (J. Brit. IRE, vol. 17, pp. 443-462; 
August, 1957.) A survey of principles of induc-
tion and dielectric heating and their application 
to some industrial processes. 

621.384.6 3980 
Electron Model Fixed-Field Alternating-

Gradient Accelerator—F. T. Cole, R. O. 
Haxby, L. W. Jones, C. H. Pruett, and K. M. 
Terwilliger. (Rev. Sci. Instr., vol. 28, pp. 403-
420; June, 1957.) Detailed description of the 
design, construction, and performance of a 
radial-sector model accelerating electrons from 
25 to 400 key. 

621.384.611 3981 
New Possibilities of Increasing the Efficien-

cy of Accelerators of Charged Particles—E. M. 
Moroz. (C. R. Acad. Sci. U.R.S.S., vol. 115, 
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pp. 78-79; July 1, 1957. In Russian.) An im-
proved magnet system is briefly described 
which consists of three or more sectors produc-
ing a uniform magnetic field. See also 3503 of 
1956. 

621.384.622.2 3982 
The Possibility of Focusing in a Linear Ac-

celerator by means of a Travelling Wave— 
V. S. Tkalich. (Zh. Eksp. Teor. Fig., vol. 32. 
pp. 625-626; March, 1957.) Theoretical investi-
gation of the simultaneous radial and phase 
stability of heavy particles obtained by means 
of the focusing effect of a traveling wave. 

621.387.424 3983 
Geiger-Miiller Counter Tubes—J. Sharpe. 

(Brit. Commun. Electronics, vol. 4, pp. 150-
157; March, 1957.) Includes a table of repre-
sentative British types. 

621.398:621.3.087.9 3984 
Automatic Data Plotter for F.M./F.M. Tele-

metering—H. B. Riblet. (Electronics, vol. 30, 
pp. 182-187; August 1, 1957.) Apparatus for 
plotting results derived linearly or nonlinearly 
from telemetry data with any scale factor. 

PROPAGATION OF WAVES 

621.396.11 3985 
Wave Propagation over an Irregular Ter-

rain: Part 1—K. Furutsu. (J. Radio Res. Labs., 
Japan, vol. 4, pp. 135-153; April, 1957.) A 
mathematical treatment of a model earth in 
which there are simultaneous discontinuities in 
the electrical properties and the radius of the 
earth's surface. 

621.396.11:523.75 3986 
On the Disturbances of Radio Propagation 

along the North Polar Route—Y. Hakura. (J. 
Radio Res. Labs., Japan, vol. 4, pp. 101-110; 
April, 1957.) An analysis of disturbances on the 
VVWV-Hiraiso route. Storms are divided into 
two main types, sudden commencement and 
M region, but each of these may be recurrent 
or nonrecurrent. The four types are discussed 
in terms of solar activity. 

621.396.11:538.566 3897 
Fundamental Radio Scatter Propagation 

Theory—E. C. S. Megaw. (Proc. I EE, Pt. C, 
vol. 104, pp. 441-455; September, 1957.) A 
detailed theoretical treatment of scatter propa-
gation beyond the horizon. The spectral density 
of refractive index fluctuation is derived from 
the universal equilibrium theory of turbulence, 
and the results are applied to the problem of 
fluctuations in the free-space paths for both 
light and radio waves. The predictions are com-
pared with experiment, and the variation of the 
intensity of refractive index fluctuations with 
height is derived. The detailed treatment of 
radio scatter propagation includes a full analy-
sis of the influence of the geometry of the scat-
tering volume on the received field strength. 
The form of the scattering cross section implied 
in the results is compatible with those obtained 
in alternative treatments based on idealized 
models. Twenty-nine references. 

621.396.11:551.510.53 3988 
The Role of Stratospheric Scattering in 

Radio Communication—H. G. Booker and 
W. E. Gordon. (Paoc. IRE, vol. 45, pp. 1223-
1227; September, 1957.) The mixing-in-gradi-
ent hypothesis is applied to the stratosphere 
and the power scattered to a receiver is calcu-
lated. The characteristics of this means of prop-
agation relative to its role in communications 
are discussed and comparisons are made be-
tween observations and theoretical predictions. 

621.396.11:551.510.535 3989 
Application of the Generalized Magneto-

ionic Theory to the Propagation of Radio Waves 

at the Magnetic-Dip Poles of the Earth—C. L. 
Bai. (J. Atmos. Terr. Phys., vol. 11, no. 1, pp. 
31-35; 1957.) Booker's magneto-ionic theory 
is used to evaluate the reflection levels, at the 
dip poles, of the ordinary and extraordinary 
rays at various angles of incidence and for fre-
quencies above and below the gyro frequency. 

621.396.11:551.510.535 3990 
Oblique Ray Paths in the Ionosphere—J. 

Haselgrove. (Proc. Phys. Soc., vol. 70, pp. 653-
662; July 1, 1957.) Ray paths are calculated 
using an electronic digital computer for propa-
gation in the magnetic meridian plane of the 
ordinary ray over a flat earth with a parabolic 
ionosphere. The computed range and equivalent 
path for various angles of incidence are com-
pared with those given by simple no-field 
theory. 

621.396.11:551.594.6 3991 
Heavy-Ion Effects in Audio-Frequency Ra-

dio Propagation—C. O. Hines. (J. Atmos. Terr. 
Phys., vol. 11, no. 1, pp. 36-42; 1957.) Propaga-
tion of whistlers may be due to ions as well as 
electrons, whereas the previous theory includes 
only electrons. The effect is to allow propaga-
tion in all directions and to introduce transverse 
modes with the dispersion in the opposite sense 
to that for the longitudinal ones. 

621.396.11.029.6 3992 
Calculation of the Field Strength in Shadow 

and Half-Shadow Regions in the Case of Ultra-
Short Waves Travelling along a Smooth Spheri-
cal Surface of the Earth—A. I. Kalinin. (Radio-
tekhnika, Moscow, vol. 11, pp. 43-49; June, 
1956.) An approximation method is described 
and its limits of validity are established. 

621.396.11.029.62 3993 
Results of Experiments on V.H.F. Overland 

Propagation beyond the Radio Horizon—S. 
Niwa, S. Watanabe, H. Saito, T. Sasaki, Y. 
Fujii and N. Minowa. (J. Radio Res. Labs., 
Japan, vol. 4, pp. 111-122; April, 1957.) Fre-
quencies near 150 mc were used over a 123-km 
path in Japan from March to August, 1956. The 
results are presented in statistical and graphical 
form. 

621.396.812.029.6 3994 
Meteorological Influences on the Hourly 

Median Field Strength of Ultra Short Waves 
in the Diffraction Region—K. Tao. (J. Radio 
Res. Labs., Japan, vol. 4, pp. 155-254; April, 
1957.) Statistics of the vertical gradient of 
atmospheric refractive index over Japan are 
presented and their effect on vhf propagation 
discussed. Observed seasonal variations in field 
strength are correlated with abnormal distribu-
tions of refractive index, and reflections from 
elevated discontinuities are shown to cause high 
field strength at night. Some eighty references. 

RECEPTION 

621.396.621:621.396.666 3995 
Theoretical Investigations of some Diversity 

Methods—E. Henze. (Arch. ele/el. Übertragung, 
vol. 11, pp. 183-194; May, 1957.) General 
equations are derived for the characteristics 
of signals received by means of various antenna 
and receiver diversity methods. Statistically 
correlated and uncorrelated signals are con-
sidered, and the effect of noise is taken into 
account. 

621.396.621:621.396.822 3996 
The Efficiency of Diversity Reception in 

the Presence of Interference from Radio Sta-
tions Operating at Adjacent Frequencies— 
V. M. Rozov. (Radiolekhnika, Moscow, vol. 11, 
pp. 14-25; July, 1956.) The average percentage 
distortion of telegraph signals when diversity 
on two antennas is used is compared with the 
corresponding figure for ordinary reception. 

The analysis is carried out for a long-range 
short-wave radio link. 

621.396.621.029.62:621.372.632 3997 
Design Considerations of 50-Mc/s Con-

verters—D. F. Hadlock. (QST, vol. 41, pp. 
17-20; March, 1957.) The minimizing of cross 
modulation and overloading of the first stage 
from adjacent-channel interference is discussed 
in relation to the over-all noise figure. A circuit 
design is presented. 

621.396.621.57: 621.314.7 3998 
Transistor Superregenerative Detection— 

W. F. Chow. (IRE TRANS., vol. CT-3, pp. 58-
61; March, 1956. Abstract, PROC. IRE, vol. 
44, p. 953; July, 1956.) 

621.396.82 3999 
Minimum Signal-to-Interference Ratio Re-

quired for Broadcasting—S. C. Mazumdar, 
G. V. Padhye, and W. V. B. Ramalingam. 
(J. Inst. Telecommun. Eng., India, vol. 3, 
pp. 110-115; March, 1957.) A determination 
from listening tests (750 recordings and 12000 
opinions) of the protection required for a 
speech-modulated broadcast signal against 
interference from speech, music, and cw morse. 

STATIONS AND COMMUNICATION 
SYSTEMS 

621.376:621.396.4 4000 
Single-Sideband Modulation by means of 

Phase-Shift Systems—B. B. Shtein. (Radio-
tekhnika, Moscow, vol. 11, pp. 13-26; June, 
1956.) The separation of a sideband by means 
of three-phase modulation is considered. Ex-
periments show that the second sideband can 
be suppressed by more than 40 db. 

621.376.322:621.3.018.78 4001 
Discriminator Distortion in Frequency-

Modulation Systems—R. G. Medhurst and 
H. D. Hyamson. (Proc. I EE, Pt. C, vol. 104, 
pp. 357-365; September, 1957.) Theory given 
earlier [2503 of 1954 (Medhurst)] is extended 
to cover discriminator networks whose char-
acteristics exhibit small departures from ideal 
forms. Single-tone and noise-band modulations 
are treated. Two numerical examples are given. 

621.376.56:621.396.8 4002 
Some Optimal Signals for Time Measure-

ment—H. Sherman. (TRANS, IRE, vol. IT-2, 
pp. 24-28; March, 1956. Abstract, PROC. IRE, 
vol. 44, p. 956; July, 1956.) Discussion of the 
optimum code for determination of the phase 
of a signal in the presence of Gaussian noise. 

621.39 4003 
Communications and the Future—G. Rad-

ley. (J. Electronics Control, vol. 3, pp. 211-217; 
August, 1957.) A survey of current develop-
ments with consideration of economic factors. 
The introduction of electronic exchanges and 
nation-wide dialing for the telephone service, 
and links for data transmission are discussed. 

621.39.001.11:016 4004 
A Bibliography of Information Theory 

(Communication Theory-Cybernetics)—F. L. 
Stumpers. IRE TRANS., vol. IT-1, pp. 31-47; 
September, 1955.) Supplement to previous list 
(see 1566 of 1954). 

621.396.41: 621.376.3: 621.396.813 4005 
Intermodulation Distortion due to Fading 

in Frequency-Modulation Frequency-Division 
Multiplex Trunk Radio Systems—R. G. Med-
hurst and M. Hodgkinson. (Proc. IEE, Pt. C, 
vol. 104, pp. 475-480; September, 1957.) A 
theoretical study, with numerical results, of the 
dependence of distortion level on the character-
istics of the echoes responsible for the fade. See 
also 1867 of 1956 (Medhurst and Small). 
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621.396.41.029.6: 621.396.822 4006 
Noise Considerations on Toll Telephone 

Microwave Radio Systems—T. A. Comebellick 
and M. E. Ferguson. (Elect. Eng., N. Y., 
vol. 76, pp. 314-317; April, 1957.) Performance 
of microwave radio equipment is analyzed to 
determine whether it will conform to over-all 
noise requirements of the telephone network. 

621.396.65.029.64 4007 
Crosstalk Measurements between An-

tennae on the Johannesburg-Pretoria Micro-
wave Radio System—D. Davidson and B. P. 
Mackenzie. (Trans. S. Air. Inst. elec. Eng., vol. 
48, pt. 3, pp. 93-111. discussion, pp. 111-119; 
March, 1957.) Detailed report of an investi-
gation of excessive crosstalk occurring in a two-
frequency system operating in the 4-kmc band. 
Measurement methods including heterodyne 
and sweep techniques are described, and the 
effectiveness of antenna screening and cross 
polarization in eliminating reflection effects is 
discussed. 

621.396.933 4008 
Second Annual Symposium on Aeronautical 

Communications—J. W. Worthington, Jr. 
(IRE TRANS., vol. CS-5, pp. 3-130; March, 
1957.) The text is given of 17 papers presented 
at a symposium held at Utica, New York, in 
October, 1956. Abstracts of most of these papers 
are given in PROC. IRE, vol. 45, pp. 895-896; 
June, 1957. 

SUBSIDIARY APPARATUS 

621.316.722.078.3 4009 
A Voltage Stabilizer Principle—C. Billing-

ton and E. Chakanovskis. (Electronic Eng., 
vol. 29, pp. 374-376; August, 1957.) Positive 
feedback eliminates the need for an auxiliary 
negative supply in controlling the output down 
to zero volts with a series-tube stabilizer ar-
rangement. 

621.316.722.078.3 4010 
A Discussion of Series Valves for Small 

D. C. Voltage Stabilizers—C. Billington. 
(Electronic Eng., vol. 29, pp. 377-379; August, 
1957.) °A graphical method of assessing the 
performance of a series tube is presented. On 
this basis fifteen tube types are compared, and 
some tubes not normally used in this applica-
tion are shown to have unsuspected advan-
tages. ° 

621.316.722.1 4011 
Stabilization of A.C. Supplies—O. E. 

Dzierzynski. (Wireless World, vol. 63, pp. 491-
496; October, 1957.) A comprehensive, com-
parative review of methods of voltage control 
with practical examples of a number of circuits 
and techniques. 

621.316.79:621.365.41 4012 
Simple Constant-Temperature Oven and 

Control System—G. R. Gunther-Mohr and S. 
Triebwasser. (IBM J. Res. Devel., vol. 1, pp. 
84-89; January, 1957.) A thermocouple-moni-
tored system consisting of an oven, a stable 
reference source and a chopper-amplifier con-
troller unit is described. A stable and uniform 
temperature, ±0.1°C from 200° to 1050°C is 
maintained in a cylindrical region 5 cm in 
diameter and 12 cm long. 

621.316.925 4013 
An H. T. Overload Cut-Out Circuit—J. D. 

Ralphs. (Electronic Eng., vol. 29, pp. 398-400; 
August, 1957.) Description of a circuit designed 
in conjunction with a stabilized hv supply for 
laboratory work. 

TELEVISION AND PHOTOTELEGRAPHY 

621.397.26:621.396.82 4014 
Freedom from Interference and the Effi-

ciency of Radio Phototelegraphy Systems in 
the Presence of Fluctuation—Type Interfer-
ence—A. G. Zyuko. (Radiotekhnika, Moscow, 
vol. 11, pp. 14-24; August, 1956.) Four dif-
ferent types of modulation system are com-
pared. 

621.397.3:654.171 4015 
Statistical Methods of Phototelegraphy 

Transmission—R. R. Vasil'ev. (Radiotekhnika 
i Elektronika, vol. 2, pp. 136-143; February, 
1957.) Two methods of scanning are described 
whereby the speed of phototelegraphic trans-
mission can be increased. In one, signals are 
transmitted in binary form, in the other an 
image is reproduced on a cr tube and photo-
graphed. 

621.397.33 4016 
A Variable-Velocity Scanner for Magnetic 

Deflection of a Scanning Spot—M. P. Beddoes. 
(Proc. IEE, Pt. C vol. 104, pp. 481-488; 
September, 1957.) A description of a magnetic 
scanner with negative feedback. Satisfactory 
operation is obtained for repetitive scanning 
rates up to 101/sec with a maximum displace-
ment error of no more than 0.2 per cent. 

621.397.5:535.623 4017 
Subjective Colour for Television?—C. E. M. 

Hansel (Wireless World, vol. 63, pp. 508-509; 
October, 1957.) An explanation of color im-
pressions observed on monochrome television 
in terms of the "Helmholtz top" experiment. 

621.397.5:621.395.625.3 4018 
Video Tape Recorder uses Revolving Heads 

—R. H. Snyder. (Electronics, vol. 30, pp. 138-
144; August 1, 1957.) Low tape speed and ex-
tended high-frequency response are achieved 
by revolving four magnetic recording heads 
transversely across the tape, which moves only 
fast enough to prevent overlapping. For an-
other system of rotating pick-up heads, see 
2952 of 1956 (Springer). 

621.397.5: 718.5 4019 
A 16-mm Television Recording Channel— 

M. E. Pemberton. (Marconi Rev., vol. 20, 
pp. 4-22 and 39-50, 1st and 2nd quarters; 
1957.) Details are given of a system operating 
at 625/405 lines with 50 fields /s or at 525 lines 
with 60 fields /s. In Part 1 the over-all channel 
and the recording monitor are described; Part 
2 deals with the fast pull-down camera and 
driving unit, the flywheel-synchronizing panel 
and the power supplies. 

621.397.6 4020 
Television Links for an Outside Broadcast 

from a Vessel on Lake Geneva—F. Grand-
champ. (Tech. Mitt. schweiz. Telegr.-Teleph. 
Verw., vol. 35, pp. 243-248; June 1, 1957. In 
French.) 

621.397.6535.623 4021 
Sync Generator for Dot-Interlace TV— 

F. T. Thompson. (Electronics, vol. 30, p. 170-
173; August 1, 1957.) "Accurately phased hori-
zontal and vertical synchronization pulses are 
obtained by sampling pulses from frequency-
divided chains to obtain output corresponding 
in phase to half-cycle of high-frequency signal. 
Though design is for 14.7-kc line and 60-cps 
field frequencies, with 2.47-mc reference fre-
quency, technique is directly applicable to 
NTSC color systems." 

621.397.6:621.396.73 4022 
An Improved "Roving Eye"—T. Worswick 

and G. W. H. L,arkby. (B.B.C. Eng. Div. 
Monographs, no. 12, pp. 5-18; April, 1957.) 
Details are given of a television camera vehicle 
which can transmit pictures and sound while 
moving or stationary. Two cameras and associ-
ated equipment, power supplies, radio-link ap-
paratus, and antennas are included in a corn-

pact self-contained unit particularly suitable 
for short outside broadcasts. 

621.397.611 4023 
Motion Minimizes Image-Orthicon Burn-

In—J. T. Wilner. (Electronics, vol. 30, pp. 180-
181; August 1, 1957.) The image orthicon tends 
to retain a previous camera shot. This effect 
can be greatly reduced by oscillating slowly 
the lens board of the television camera. 

621.397.611 4024 
Television Camera with Storage Tube hav-

ing a Curved Characteristic—W. Dillenburger. 
(Elektron. Rundschau, vol. 11, pp. 143-146 and 
174-178; May and June, 1957.) The design and 
operation of such a camera system are discussed 
with particular reference to the vidicon tube. 

621.397.611.2:621.317.351 4025 
Contribution to the Technique of Measure-

ments on Television-Camera Pre-amplifiers— 
W. Dillenburger. (Frequenz, vol. 11, pp. 137-
142; May, 1957. Correction, ibid., vol. 11, 
p. 191; June, 1957.) Methods for obtaining the 
frequency characteristics of the preamplifier 
without removing the camera tube are out-
lined. 

621.397.8 4026 
The Reception of Crystal Palace Transmis-

sions in Australia—N. Burton. (RSGB Bull. 
vol. 32, pp. 401-402; March, 1957.) 

621.397.8 4027 
Measurement of Service Area for Tele-

vision Broadcasting—( Tech. News Bull. Not. 
Bur. Stand., vol. 41, pp. 113-115; August, 
1957.) Currently field-strength contours are 
determined using recorders in moving mad 
vehicles. It is not always possible to use a 30-
foot antenna height with such vehicles and 
extrapolated measurements made with lower 
antennas are not reliable. Sample measure-
ments at fixed locations are now considered to 
be more satisfactory. 

621.397.8:535.623 4028 
Level Clamping and some Interference 

Effects in Colour Television Transmission 
Systems—W. Dillenburger. (Arch. elekt. Über-
tragung, vol. 11, pp. 195-213; May, 1957.) 
Equipment is described which was developed 
for investigating the effects of level variations, 
carrier interference, and detuning on picture 
quality in the 3-channel and NTSC systems. 
Results are discussed and are illustrated by 
color photographs. 

621.397.813:778.5 4029 
The Evaluation of Picture Quality in Tele-

vision—N. R. Phelp. (Marconi Rev., vol. 20, 
pp. 23-32, 1st quarter; 1957.) The technique 
described in 1127 of 1952 (Jesty and Phelp) is 
applied to assess the performance of a television 
recording channel. 

621.397.828 4030 
Problems in Metropolitan TV Reception— 

s. Holzman. (Radio ü Telev. News, vol. 57, 
pp. 38-39; March, 1957.) Suitable remedies 
for multipath signals and interference are sug-
gested. 

TRANSMISSION 

621.396.61 4031 
Single-Sideband Exciter—J. Headland. 

(Short Wave Meg., vol. 15, pp. 8-15; March, 
1957.) Practical details of design and construc-
tion of a filter-type SSB unit based on a 93-
kc crystal oscillator. 

621.396.61 4032 
A 3-Band 90-Watt Transmitter—C. C. 

Tiemeyer. (QST, vol. 41, pp. 35-37; March, 
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1957.) The transmitter operates in the 160-, 
80-, and 40-m bands. 

621.396.61:621.396.662 4033 
High-Power Transmitter Tuning Devices— 

the Mechanical and Electrical Problems—V. 0 
Stokes. (Brit. Commun. Electronics, vol. 4, 
pp. 158-162; March, 1957.) Transmitters 
operating in the 4-27.5-mc band are considered. 
Tuning and coupling systems used in a 30-kw 
communication transmitter and a 100-kw broad-
casting transmitter are detailed. 

TUBES AND THERMIONICS 

621.314: 537.312.8: 538.63 4034 
The Gaussistor, a Solid-State Electronic 

Valve—M. Green. (IRE TRANS., vol. ED-3, 
pp. 133-141; July, 1956. Abstract, PROC. IRE, 
vol. 44, p. 1642; November, 1956.) 

621.314.63:621.316.82 4035 
Some Characteristics of Metallic Varistors 

—Holbrook and Dulmage. (See 3764). 

621.314.632 : 537.311.33: 621.372.632 4036 
Theory and Operation of Crystal Diodes as 

Mixers—G. C. Messenger and C. T. McCoy. 
(PROC. IRE., vol. 45, pp. 1269-1283; Septem-
ber, 1957.) The electrical parameters of a 
crystal diode are quantitatively related to its 
fundamental physical properties and the effects 
of these parameters on conversion loss at 
uhf and microwave frequencies are discussed. 
A figure of merit by which semiconductor ma-
terials may be compared for their mixer sensi-
tivity is suggested and it is shown that n-type 
Ge is a better mixer material than p-type Si. 
The relation between conversion loss and noise 
temperature, and receiver noise are discussed. 
The application of the theory to the design of 
mixers is demonstrated. 

621.314.632:546.289 4037 
Investigation of the Input Impedance, and 

the Experimental Checking of the Equivalent 
Circuit of Germanium Detectors in the Fre-
quency Range 1-10 Mc/s—N. E. Skvortsova. 
(Racliotekhnika i Elektronika, vol. 2, pp. 296-
310; March, 1957.) 

621.314.7+621.314.63 4038 
A Developmental Intrinsic-Barrier Tran-

sistor—R. M. Warner, Jr. and W. C. Hittinger. 
(IRE TRANS., vol. ED-3, pp. 157-160; July, 
1956. Abstract, PRoc. IRE, vol. 44, p. 1642; 
November, 1956.) See also 2133 of 1955 
(Hittinger, et al.). 

621.314.7 4039 
A New Higher-Ambient Transistor—J. J. 

Bowe. (IRE TRANS., vol. ED-3, pp. 121-123; 
July, 1956. Abstract, PROC. IRE, vol. 44, p. 
1642; November, 1956.) 

621.314.7 4040 
Design, Construction and High-Frequency 

Performance of Drift Transistors—A. L. 
Kestenbaum and N. H. Ditrick. (RCA Rev., 
vol. 18, pp. 12-23; March, 1957.) The electrical 
characteristics of developmental drift tran-
sistors are related to their physical structure, 
which is described. 

621.314.7 4141 
Transistor Characteristics at Very Low 

Temperatures—S. Uda. (J. Inst. Telecommun. 
Eng., India, vol. 3, pp. 97-109; March, 1957.) 
A comparison of terminal dc characteristic 
curves of common-base p-n-p junction transis-
tors measured at liquid helium, liquid air, and 
room temperatures. Gain is decreased at the 
lowest temperatures. 

621.314.7 4042 
Effect of Nonlinear Collector Capacitance 

on Collector-Current Rise Time—T. R. Bash-

kow. (IRE TRANS., vol. ED-3, pp. 167-172; 
October, 1956. Abstract, PROC. IRE, vol. 45, 
p. 254; February, 1957.) 

621.314.7:546.289 4043 
Application Aspects of the Germanium 

Diffused-Base Transistor—D. E. Thomas and 
G. C. Dacey. (IRE TRANS., vol. CT-3, pp. 
22-25; March, 1956. Abstract, PROC. IRE, 
vol. 44, p. 952; July, 1956.) 

621.314.7: 621.318.57 4044 
Solution of a Transistor Transient Response 

Problem—J. R. Macdonald. (IRE TRANS., 
vol. CT-3, pp. 54-57; March, 1956. Abstract, 
PROC. IRE, vol. 44, p. 953; July, 1956.) See 
also 885 of 1955 (Moll). 

621.314.7.001.4 4045 
Measuring Parameters of Junction Tran-

sistors—Hendrick, Jr. (See 3950.) 

621.314.7.012:621.317.755 4046 
Investigation of Transistor Characteristics 

by means of a Cathode-Ray Curve Tracer— 
Bonch-Bruevich and Soltamov. (See 3951.) 

621.314.7+621.375.41.012.8 4047 
Electric-Network Representation of Tran-

sistors—a Survey—R. L. Pritchard. (IRE 
TRANS., vol. CT-3, pp. 5-21. March, 1956. 
Abstract, PROC. IRE, vol. 44, p. 952; July, 
1956.) 

621.383 4048 
Photoelectric Cells—J. D. McGee. (Proc. 

I EE, Pt. B, vol. 104, pp. 467-484; September, 
1957.) A review of progress. Topics discussed 
include the theory of the external and internal 
photoelectric effects, methods of manufacture 
and measurement, the characteristics of typi-
cal photoelectric cells, and photoconductive 
and photovoltaic cells. 

621.385.029.6 4049 
Application of the Potential Analogue in 

Multicavity Klystron Design and Operation— 
S. V. Yadavalli. (PROC. IRE vol. 45, pp. 1286-
1287; September 1957.) Using space-charge 
wave theory, relations are developed which 
allow the output/input voltage ratio of a 
multicavity klystron with arbitrary parameters 
to be written down. Expressions for the power 
gain under broadband conditions are given. 

621.385.029.6 4050 
Description of Operating Characteristics of 

the Platinotron—a New Microwave Tube De-
vice—W. C. Brown. (PROC. IRE, vol. 45, 
pp. 1209-1222; September, 1957.) The platino-
tron is structurally similar to a magnetron. The 
electron beam is re-entrant and originates from 
a cathode coaxial to the rf circuit, but, unlike 
the magnetron, the rf circuit is not re-entrant 
and its characteristic impedance is matched 
at both ends to two external connections over 
the frequency range of interest. In operation 
the device acts as an efficient broad-band 
saturated amplifier when the signal is passed 
through it in one direction and as a passive 
network in the other direction. The platino-
tron may be used as an oscillator of high fre-
quency stability. Details are given of its opera-
tion as an amplifier at frequencies in the region 
of 1300 mc ("amplitron» operation). 

621.385.029.6 4051 
Platinotron increases Search Radar Range 

—W. C. Brown. (Electronics, vol. 30, pp. 164-
168; August I, 1957.) The platinotron is a 
crossed-field microwave tube whose operating 
frequency is determined externally. It may be 
used as a wide-band amplifier or as an oscillator; 
the tube described gives a peak power of 2 
mw at frequencies near 1300 mc. 

621.385.029.6 4052 
Positive Ion Oscillations in Long Electron 

Beams—T. G. Mihran. (IRE TRANS., vol. 
ED-3, pp. 117-121; July, 1956. Abstract, PROC. 
IRE, vol. 44, pp. 1641-1642; November, 1956.) 

621.385.029.6 4053 
Space-Charge Waves for a Finite Magnetic 

Field at the Cathode of a Cylindrical Electron 
Stream—R. Liebscher. (A rch. elekt. Ubertragung 
vol. 11, pp. 214-221; May, 1957.) The plasma 
wavelength is calculated under the assumption 
of a finite magnetic focusing field at the cathode. 

621.385.029.6 4054 
Space-Charge Limitation on the Focus of 

Electron Beams—J. W. Schwartz. (RCA Rev., 
vol. 18, pp. 3-11; March, 1957.) The motion of 
electrons within a homocentric uniform-density 
beam in the presence of space-charge forces 
is examined. A universal curve for the smallest 
spot size at the traget is obtained. At high 
beam currents this differs significantly from 
available curves for the beam cross section at 
the point of zero radial velocity. 

621.385.029.6 4055 
Effect of Space Charge on the Interaction of 

an Electron Stream and a Travelling Electro-
magnetic Wave—V. N. Shevchik and V. S. 
Stal'makhov. (Radiolekhnika i Elecktronika, 
vol. 2, pp. 230-236; February, 1957.) The con-
ditions necessary for establishing backward-
wave oscillation are given. Analytical results 
are compared with experimental data and 
formulas of other authors. 

621.385.029.6 4056 
The Cascade Bunching of Electrons Ap-

plied to the Analysis of the Interaction of 
Electron Stream and Travelling Magnetic 
Wave—V. N. Shevchik and Yu. D. Zharkov. 
(Radiotekhnika i Elektronika, vol. 2, pp. 237-
243; February, 1957.) Expressions are derived 
for the active and reactive components of elec-
tron power. The effect of the interaction of non-
synchronous space harmonics on power is 
examined and results are used for determining 
the starting conditions for backward-wave 
oscillators. 

621.385.029.6 4057 
The Reciprocity of the Coupling in Travel-

ling-Wave Valves—F. Paschke. (Arch. elekt. 
übertragung, vol. 11, pp. 137-145; April, 1957.) 
The law of reciprocity is proved which states 
that to obtain a coupled wave and amplifica-
tion the field of the undisturbed circuit wave 
must be present at the beam and the field 
of the undisturbed space-charge wave must 
be present at the slow-wave structure. For 
low-noise operation the amplifier should have 
a large beam diameter, low beam velocity, and 
a large coupling impedance. For an ideal travel-
ing-wave tube the maximum gain per beam 
wavelength obtainable is shown to be 37.5 
(cop,./(.42/3db, where cop,,,,/co is the ratio of plasma 
frequency to signal frequency. 

621.385.029.6 4058 
Investigation of Noise Characteristics of 

Traveling-Wave Valves—A. S. Tager. (Radio-
tekhnika i Electronika, vol. 2, pp. 222-229; 
February, 1957.) The results of experiments 
made with tubes having a movable electron 
gun are discussed with reference to theoretical 
investigations. 

621.385.029.6 4059 
Modified Contrawound Helix Circuits for 

High-Power Travelling-Wave Tubes—C. K. 
Birdsall and T. E. Everhart. (IRE TRANS., 
vol. ED-3, pp. 190-204; October, 1956. Ab-
stract, PROC. IRE, vol. 45, p. 254; February, 
1957.) See also 1825 or 1955 (Chodorow and 
Chu). 
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621.385.029.6 : 537.533 4060 
Break-Up of Hollow Cylindrical Electron 

Beams—R. L. Kylh and H. F. Webster. (IRE 
TRANS., vol. ED-3, pp. 172-183; October, 
1956.) Abstract, PROC. IRE, vol. 45, p. 254; 
February, 1957.) For earlier report, see J. Apy. 
Phys., vol. 26, pp. 1386-1387; November, 1955. 
(Webster). 

621.385.029.6:537.533 4061 
Instability of Hollow Beams—J. R. Pierce. 

(IRE TRANS., vol. ED-3, pp. 183-189; October, 
1956. Abstract, PROC. IRE, vol., 45, p. 254; 
February, 1957.) See also 4060 above. 

621.385.029.6:537.54 4062 
On the Interaction between Microwave 

Fields and Electrons, with Special Reference 
to the Strophotron—B. Agdur. (Ericsson Tech. 
vol. 13, no. 1, pp. 3-108; 1957.) "The interaction 
between a microwave field and electrons is 
investigated theoretically in a system where the 
electrons oscillate in an electrostatic field and 
a superimposed microwave field both of which 
are nonlinear. The operating characteristics of 
such a system are deduced from the theory. 
The theoretical results are applied to the stro-
photron oscillator and the measurements per-
formed are in satisfactory agreement with the 
theory. Of special interest is the fact that both 
theory and experiments show that it is possible 
to combine high efficiency with good electronic 
tuning properties of the tube." See also 3398 of 
1954 (Afvén and Romell). 

621.385.029.6:621.318.2 4063 
The Design of Periodic Permanent Magnets 

for Focusing of Electron Beams—F. Sterzer 
and W. W. Siekanowicz. (RCA Rev., vol. 18, 
pp. 39-59; March, 1957.) An extension to the 
theory of Chang (1202 and 2793 of 1955). 

621.385.029.6:621.372.2 4064 
The Interpretation of Homogeneous Delay 

Systems—A. I. Shtyrov. (Radiotekhnika i 
Elektronika, vol. 2, pp. 244-251; February, 
1957.) The propagation of slow electronic 
waves in periodic structures of filter type based 
on internal reflection is compared with propaga-
tion in a rectangular comb-type delay structure 
formed by an anisotropic dielectric. 

621.385.029.6:621.375:621.396.822 4065 
The Minimum Noise Figure of Unmatched 

Amplifiers—H. Ptitzl. (Arch. elekt. Übertra-
gung, vol. 11, pp. 177-181; April. 1957.) The 
work of Haus and Robinson (3442 of 1955) 
is generalized to apply to amplifiers, particu-
larly microwave beam amplifiers, under any 
conditions of matching. The representation of 
an amplifier by a scattering matrix is dis-
cussed. 

621.385.029.6: 621.396.662 4066 
Tuning of Interdigital Magnetrons by Co-

axial Lines—A. Singh. (J. Electronics Control, 
vol. 3, pp. 183-193; August, 1957.) The inter-
digital magnetron, especially the inverted form 
with the cathode outside the anode, is shown 
to be especially suitable for tuning by a coaxial 
line since it has only one cavity. Tuning ranges 
of 2:1 are calculated and confirmed by cold 
measurements. Suggested modifications should 
give wider ranges. 

621.385.029.6:621.398.822 4067 
Validity of Traveling-Wave Tube Noise 

Theory—R. C. Knechtli and W. R. Beam. 
(RCA Rev., vol. 18, pp. 24-38; March, 1957.) 
Experimental results are presented which are 
substantially in agreement with the first-order 
theory of noise based on a single space-charge 
wave. Zero correlation was found between 
beam-current and electron velocity fluctua-
tions at the potential minimum in front of the 
cathode. 

621.385.029.64:621.373.4.018.75 4068 
Technique of Pulsing Low-Power Reflex 

Klystrons—J. I. Davis. (IRE TRANS., v01. 
MTT-4, pp. 40-47; January, 1956. Abstract, 
PROC. IRE vol. 44, p. 581; April, 1956.) 

621.385.032.21 4069 
Modern Thermionic Cathodes—R. W. 

Fane. (Wireless World, vol. 63, pp. 488-490; 
October, 1957.) A review of the main types 
and their relative merits. Possible future de-
velopments in the microwave field are described 
for all ordinary low-current applications the 
oxide cathode is still preferred. 

621.385.032.21:537.568 4070 
Study of a Method for Reducing the Auto-

electronic Cathode Bombardment by the Ions 
of Residual Gases—M. I. Elinson, V. A. 
Gor'kov, and G. F. Vasil'ev. (Radiolekhnika 
i Elektronika, vol. 2, pp. 204-218; February, 
1957.) 

621.385.032.213.2 4071 
The Relationship between Cathode Emis-

sion, Cathode Resistance and Mutual Con-
ductance in Receiving Valves—M. F. Holmes. 
(Proc. I EE, Pt. C, vol. 104, pp. 251-264; 
September, 1957.) Techniques available for 
the measurement of cathode emission and 
resistance in a normal tube are considered. 
Reasonable quantitative relations between the 
parameters are examined and compared with 
experimental life-test records. 

621.385.032.216 4072 
The Conductivity of Oxide Cathodes: 

Part 1—Potential Distribution—G. H. Metson. 
(Proc. I EE, Pt. C, vol. 104, pp. 316-322; 
September, 1957.) For various operating con-
ditions found in common receiving tubes, experi-
ments show that in a well-activated cathode 
the potential gradient is constant across the 
oxide matrix but may increase towards the 
outer surface as deactivation occurs. 

621.385.032.216 4073 
The Conductivity of Oxide Cathodes: Part 

2—Influence of Ion Movements on Matrix 
Resistance—G. H. Metson. (Proc. IEE 
Pt. C, vol. 104, pp. 496-505; September, 
1957.) A discussion of the influence of residual 
gas ions and oxygen matrix on the matrix 
resistance. For Part I see 4072 above. 

621.385.032.216 4074 
Lifetime of Oxide Cathodes—W. Dahlke. 

(Telefunken Zig, vol. 30, pp. 55-61. March, 
1957. English summary, p. 75.) The results of 
investigations on versions of the hf pentode 
Type EF80 are analyzed. Five different core-
metal alloys were tested with underheated, 
overheated, or normally heated filaments and 
under various load conditions. The correspond-
ing tube characteristics are plotted against 
hours of operation. The relation of cathode life 
expectancy to heater voltage is shown for one 
of the core materials. Above and below the 
optimum operating temperature cathode pois-
oning reduces the emission. Results of tests on 
the uhf triodes Type 2C39A and Type 2C40 are 
also given. 

621.385.1.032.29 4075 
Growth of Anode-to-Grid Capacitance in 

Low-Voltage Receiving Valves—F. H. Rey-
nolds, C. G. Johnson, and M. W. Rogers. 
(Proc. IEE, Pt. B, vol. 104, pp. 487-492; 
September, 1957.) "The capacitance between 
the anode and the control grid of a certain 
type of receiving pentode has been found to 
increase with life, the rate of growth being de-
pendent on the operating conditions of the tube 
and on the material and processing schedule of 
the anode. It is shown that the phenomenon 
is due to the transfer of impurity carbon from 
the anode to the mica insulators." 

621.385.2:537.525.92 4076 
The Space-Charge-Limited Flowof Charged 

Particles in Planar, Cylindrical and Spherical 
Diodes at Relativistic Velocities—E. W. V. 
Acton. (J. Electronics Control, vol. 3, pp. 203-
210; August, 1957.) The Langmuir and Child 
equations are extended to the case of relativistic 
velocities and the solutions are valid for any 
value of accelerating voltage. 

621.385.3 4077 
Perturbation Analysis of Stationary Dense 

Electron Flow and a Space-Charge-Limited 
Triode—G. A. Stuart and B. Meltzer. (J. Elec-
tronics Control, vol. 3, pp. 51-62; July, 1957.) 
The perturbation method is used to deduce the 
electron flow in planar, cylindrical, and spherical 
triodes from the rectilinear flow in diodes of 
the same shape. The analysis is restricted to a 
range of positive grid voltages. 

621.385.3 4078 
On the Amplification Factor of the Triode— 

E. 13. Moullin. (Proc. IEE, Pt. C, vol. 104, pp. 
538-541; September, 1957.) Discussion on 
2649 of 1957. 

621.385.3(09) 4079 
Birth of the Electron-Tube Amplifier—F. B. 

Llewellyn. (Radio ü Tejes. News, vol. 57, 
pp. 43-45; March, 1957.) Historical review of 
the early work of Lee de Forest and his con-
temporaries. 

621.385.3.029.64 4080 
Microwave Triode Oscillators—C. L. An-

drews. (Rev. Sci. Instr., vol. 28, pp. 443-447; 
June, 1957.) Disk-seal triodes have been 
scaled down to give oscillators for frequencies 
of 4-6 kmc. The upper frequency limit is im-
posed by the internal circuit and not by the 
electronics of the tube. 

621.385.5.011.2. 4081 
The Internal Resistance of a Radio-Fre-

quency Pentode—J. L. H. Jonker and Z. van 
Gelder. (Philips Res. Rep., vol. 12, pp 141-
175; April, 1957.) Detailed analysis of the 
distribution of current between screen grid and 
anode taking account of the reflection of elec-
trons by the suppressor grid and by the anode, 
and the extra space charge due to these elec-
trons. To obtain a high value of internal resist-
ance R; the reflection coefficient of the sup-
pressor grid must be small, but the effective 
potential must be kept low. Measurements 
made on conventional rf pentodes and on 
specially constructed tubes are reported. Cal-
culated values of 12; are about 40 per cent above 
measured values. See also 265 and 3179 of 
1951 (Jonker!. 

621.385.832 4082 
Tne Heating of Fluorescent Screens Bom-

barded by Electrons—G. D. Archard and P A. 
Einstein. (Brit. J. Appl. Phys., vol. 8, pp. 232-
236; June, 1957.) The temperature rise is cal-
culated for various forms of bombardment, and 
fair agreement is found with exr.erimental re-
sults. Application to practical Cr tubes is con-
sidered. 

621.385.832:535.371.07 4083 
The Movement of the Second Crossover 

Potential of Insulators—A. B. McFarlane. 
(Brit. J. Appz. Phys., vol. 8, pp. 248-252; 
June, 1957.) By suitable treatment of the lu-
minescent screen of a cr tube, e.g., by settling it in 
a strong silicate solution or by applying a layer 
of magnesium oxide smoke to the bombarded 
surface, the second cross-over potential can be 
made to follow closely the applied anode volt-
age. This allows the application of almost un-
limited voltages with a consequent gain in 
luminance and performance. 
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621.385.832:621.396.662 4084 
Problems of Comparative Tuning Indica-

tion—G. Linckelmann. (Telefunken Ztg, vol. 30, 
pp. 62-69; March, 1957. English summary, p. 
75.) Various methods of comparing two signal 
voltages by means of "magic eye"-type indi-
cators are discussed. Details are given of the 
indicator tube Type EMM 801 which has a sin-
gle cathode. For an application of this tube, see 
1455 of 1957 (Troost). 

621.387:621.3.032.12:546.293 4085 
Influence of Argon Content on the Char-

acteristics of Glow-Discharge Tubes—F. A. 
Benson and E. F. F. Gillespie. (Prot. I EE, Pt. 
B, vol. 104, pp. 498-506; September, 1957.) 
A discussion on specially manufactured neon-
filled and helium-filled tubes having argon con-
tents from zero to 2.5 per cent. Thirty-five 
references. 

MISCELLANEOUS 

061.6:621.396 4086 
The New Radio Research Station, Ditton 

Park, Slough—R. L. Smith-Rose. (Nature, 
London, vol. 180, pp. 163-166; July 27, 1957.) 

A summary of the program of research and of 
its part in an international range of activities. 
See also 3461 of 1955. 

389.6(43) 4087 
50 Years of the A.E.F. [Committee for Units 

and Symbols[—E. Flegler. (Elektrotech. Z., 
Edn A, vol. 8, pp. 273-295; April 11, 1957.) 
This issue contains nine papers dealing with 
the history, achievements, and tasks of the 
committee. 

621.3.03:356/359 4088 
Component Developments—G. W. A. 

Dummer. (Wireless World, vol. 63, pp. 482-485; 
October, 1957.) Trends in design and testing of 
electronic components used by the Armed 
Services. 

621.3.049.75 4089 
Components for Printed Circuits—L. W. D. 

Sharp. (Brit. Commun. Electronics, vol. 4, pp. 
202-207; April, 1957.) The design features of 
the various types of component and the meth-
ods of insertion and of fixing to wiring boards 
are tabulated and discussed. Recent mechani-
cal improvements are described and future 
trends outlined. 

621.3.049.75 4090 
Recent Advances in Automatic Assembly— 

L. H. Gipps, and K. M. McKee. (J. Brit. IRE, 
vol. 17, pp. 501-511; September, 1957.) Recent 
and probable future development of machines 
for preparing electronic components and in-
serting them automatically into printed wiring 
boards are considered. The design of com-
ponents and the processing of printed wiring 
boards is discussed in relation to the require-
ments of automatic assembly. 

621.317+681.1421:061.3 4091 
IRE Instrumentation Conference and 

Exhibit—(IRE TRANS. vol. PGI-5, pp. 1-224; 
June, 1956.) Text of 32 papers read at the Con-
ference in Atlanta, Georgia, November, 28-
30, 1955, under the headings: recording and 
data utilization, data-handling systems, proc-
essing techniques, analog-to-digital conver-
sion, and transducers. (For abstracts of papers, 
see PROC. IRE, vol. 44, pp. 1210-1213; Sep-
tember, 1956.) 

621.37/.39(091) 4092 
A History of some Foundations of Modern 

Radio-Electronic Technology—J. H. Ham-
mond, Jr, and E. S. Purington. (PRoc, IRE, 
vol. 45, pp. 1191-1208; September, 1957.) 


