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The past 50 years have brought forward a unique capa-
bility to research and expand scientific knowledge of
the Solar System through the use of radar to conduct
planetary astronomy. This technology involves the aim-
ing of a carefully controlled radio signal at a planet (or
some other Solar System target, such as a planetary
satellite, an asteroid, or a ring system), detecting its
echo, and analyzing the information that the echo car-
ries.

This capability has contributed to the scientific knowl-
edge of the Solar System in two fundamental ways.
Most directly, planetary radars can produce images of
target surfaces otherwise hidden from sight and can
furnish other kinds of information about target surface -
features. Radar also can provide highly accurate mea-
surements of a target’s rotational and orbital motions.
Such measurements are obviously invaluable for the
navigation of Solar System exploratory spacecraft, a
principal activity of NASA since its inception in 1958.

Andrew ]. Butrica has written a comprehensive and
illuminating history of this little-understood but sur-
prisingly significant scientific activity. Quite rigorous
and systematic in its methodology, To See the Unseen
explores the development of the radar astronomy spe-
cialty in the larger community of scientists.

More than just discussing the development of this
field, however, Butrica uses planetary radar astronomy
as a vehicle for understanding larger issues relative to
the planning and execution of “big science” by the
Federal government. His application of the “social
construction of science” and Kuhnian paradigms to
planetary radar astronomy is a most welcome and
sophisticated means of making sense of the field’s
historical development.

Andrew ]. Butrica received his Ph.D. in the history of
science and technology at Iowa State University. He is
a research historian in Franklin Park, New Jersey, spe-
cializing in the history of science. In 1990, Praeger
Publishers issued his Out of Thin Air: A History of Air
Products and Chemicals, Inc., 1940-1990.

About the cover: “Big Dish Antenna” painting by Paul Arit.
Courtesy of the NASA Art Program, no. 74-HGA467.
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From Locksley Hall

For I dipt into the future,
far as human eye could see,
Saw the Vision of the world,
and all the wonder that would be;

Saw the heavens fill with commerce,
argostes of magic sails,

Pilots of the purple twilight,
dropping down with costly bales;

Heard the heavens fill with shouting,
and there rained a ghastly dew

From the nations’ airy navies
grappling in the central blue;

Far along the world-wide whisper

of the south-wind rushing warm,
With the standards of the peoples

plunging through the thunder-storm;

Tiill the war-drum throbbed no longer,
and the battle-flags were furled
In the Parliament of man,
the Federation of the world.

There the common sense of most

shall hold a fretful realm in awe,
And the kindly earth shall slumber,

lapt in universal law.

So I triumphed ere my passion

sweeping through me left me dry,
Left me with the palsied heart,

and left me with the jaundiced eye;

Eye, to which all order festers,
all things here are out of joint:
Science moves, but slowly slowly,
creeping on from point to point:

Alfred Baron Tennyson
(1842)

ii
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Introduction

Planetary radar astronomy has not attracted the same level of public attention as, say, the
Apollo or shuttle programs. In fact, few individuals outside those scientific communities
concerned with planetary studies are aware of its existence as an ongoing scientific
endeavor. Yet, planetary radar has contributed fundamentally and significantly to our
knowledge of the solar system.

As early as the 1940s, radar revealed that meteors are part of the solar system. After the
first detections of Venus in 1961, radar astronomers refined the value of the astronomical
unit, the basic yardstick for measuring the solar system, which the International
Astronomical Union adopted in 1964, and they discovered the rotational rate and direc-
tion of Venus for the first time. Next, radar astronomers determined the correct orbital
period of Mercury and calculated an accurate value for the radius of Venus, a measure-
ment that Soviet and American spacecraft had failed to make reliably. Surprisingly, radar
studies of Saturn revealed that its rings were not swarms of minute particles, but rather
consisted of icy chunks several centimeters or more in diameter. Planetary radar also pro-
vided further proof of Albert Einstein’s theory of General Relativity, as well as the “dirty
snowball” theory of comets. The only images of Venus’ surface available to researchers are
those made from radar observations. The ability of planetary radar astronomy to charac-
terize the surfaces of distant bodies has advanced our general knowledge of the topogra-
phy and geology of the terrestrial planets, the Galilean moons of Jupiter, and the aster-
oids. The Viking project staff utilized radar data to select potential landing sites on Mars.
More recently, radar revealed the surprising presence of ice on Mercury and furnished
the first three-dimensional images of an asteroid.

Again, these achievements seldom have attracted the attention of the media. The initial
American radar detections of the Moon in 1946 and of Venus in 1961 attracted notice in
daily newspapers, weekly news magazines, news reels, and cartoons. Only in recent years
have the accomplishments of radar astronomy returned to the front-page of the news. The
images of Venus sent back by Magellan received full media coverage, and images of the
asteroid Toutatis appeared on the front-page of the New York Times.

Planetary radar astronomy has shared its anonymity with other applications of radar to
space research. The NASA radarequipped SEASAT satellite provided unprecedented
images of Earth’s oceans; European, Canadian, and Japanese satellites, as well as a num-
ber of space shuttles, have imaged Earth with radar. The radars of NASA’s Deep Space
Network also have played a major role in tracking space launches and spacecraft on route
to planets as distant as Saturn and Neptune. Among the more down-to-Earth, visible and
even pervasive applications of radar are those for air traffic control and navigation, the
surveillance of automobile traffic speeds, and the imaging of weather patterns reported
daily on television and radio.

Planetary radar astronomy is part of the great wave of progress in solid-state and digital
electronics that has marked the second half of the twentieth century. For instance, the ear-
liest planetary radar experiment marked the first use of a maser (a solid-state microwave
amplifying device) outside the laboratory. Although radio astronomy has long claimed the
first maser application for itself, namely in April 1958 by Columbia University and the
Naval Research Laboratory, two months earlier, MI'T’s Lincoln Laboratory used a maser
in its first attempt to bounce radar waves off Venus. The same radar experiment also saw



one of the first uses of a digital tape recorder, as well as the incorporation of a digital com-
puter and other digital data processing equipment into a civilian radar system.

The origins of this solid-state and digital electronics progress, as well as of planetary radar
astronomy, are rooted in electronic research and development that started as early as the
1930s. The first radar astronomy experiments, which were carried out on meteors and the
Moon in the 1940s, relied on equipment designed and built for military defense during
World War II and were based on research conducted during the 1930s.

Planetary radar astronomy, and so too radar itself, had its origins in Big Science. British
war preparations during the 1930s concentrated large amounts of scientific, technologi-
cal, financial, and human resources into a single effort. Part of that effort was a massive
radar research and development program that produced an impressive range of defensive
and offensive radars. In a secret mission known only at the highest levels of government,
Britain gave the United States one of the key devices born of that large-scale radar effort,
the magnetron. In turn, the magnetron formed the technological base for an American
radar research and development effort on a scale equal to that of the Manhattan Project,
which historians traditionally have recognized as the beginning of Big Science.

The history of planetary radar astronomy in the United States is the history of Big Science.
Without Big Science, planetary radar astronomy would be impossible and unthinkable.
That is one of the main contentions of this book. The radar astronomy experiments of the
1940s and 1950s, as well as much of pre-war radar development, were intimately linked to
ionospheric research, which was then undergoing a rapid publication rate typical of Big
Science. ;

Also, the evolutions of planetary radar and radio astronomy converged. The search for
research instruments free of military constraints brought planetary radar astronomers
closer to radio astronomy during the 1960s, a time when radio astronomy was undergoing
a rapid growth that transformed it into Big Science. Planetary radar and radio astronomy
shared instruments and a common interest in electronic hardware and techniques,
though ironically the instrumentation needs of the two communities ultimately provided
little basis for cohabitation.

In the end, military Big Science was far more important than either radio astronomy or
ionospheric science. Planetary radar astronomy emerged in the late 1950s thanks to Cold
War defense research that furnished the essential instruments of planetary radar experi-
mentation. The vulnerability of the United States to aircraft and ICBM attacks with
nuclear explosives necessitated the creation of a network of ever more powerful and
sensitive defensive radars. What President Dwight D. Eisenhower called the military-
industrial complex, and what historian Stuart Leslie calls the military-industrial-academic
complex,! provided the radar instrument for the first attempts at Venus. The military-
industrial or military-industrial-academic complex served as the social matrix which nur-
tured military and other Big Science research. Planetary radar astronomy eventually
found itself part of a different, though at times interlocking, complex centered on the
civilian enterprise to explore space, that is, what one might call the NASA-industrial-
academic complex.

i Stuart W. Leslie, The Cold War and American Science: The Military-Industrial-Academic Complex at MIT
and Stanford (New York: Columbia University Press, 1993).
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The emergence of space as Big Science under the financial and institutional aegis of
NASA, and the design and construction of a worldwide network of antennas to track
launches and communicate with spacecraft, furnished instruments for planetary radar
research as early as 1961. Within a decade, NASA became the de facto underwriter of all
planetary radar astronomy. Data on the nature of planetary surface features and precise
reckoning of both the astronomical unit and planetary orbits were highly valuable to an
institution whose primary goal was (and whose budgetary bulk paid for) the designing,
building, and launching of vessels for the exploration of the solar system. Association with
NASA Big Science enhanced the tendency of radar astronomers to emphasize the utility
of their research and promoted mission-oriented, as opposed to basic, research.

The history of planetary radar astronomy is intrinsically interesting and forms the frame-
work of this book. It also says something about Big Science. Defining Big Science, or even
Little Science, is not easy though. After all, how true are the images of the Little Scientist
as “the lone, long-haired genius, moldering in an attic or basement workshop, despised by
society as a nonconformist, existing in a state of near poverty, motivated by the flame
burning within him,” and the Big Scientist as “honored in Washington, sought after by all
the research corporations of the ‘Boston ring road,’ part of an elite intellectual brother-
hood of co-workers, arbiters of political as well as technological destiny”?2

Since the publication in 1963 of Derek J. De Solla Price’s ground-breaking Little Science,
Big Science, historians have attempted to define Big Science.3 Their considerable efforts
have clarified the meaning of the term, though without producing a universally authori-
tative definition. If large-scale expensive research instruments are the measure, then one
might count the island observatory of Tycho Brahe in the sixteenth century, or the giant
electrical machines built in eighteenth-century Holland. If Big Science is a large grouping
of investigators from several disciplines working together on a common project, then the
gathering of mathematicians, chemists, and physicists at Thomas Edison’s West Orange
laboratory was Big Science. A long-term research project, such as the quest for an AIDS
cure, or one that entails elaborate organization, such as the Manhattan Project, might be
termed Big Science too.

Defining Big Science is the intellectual equivalent of trying to nail Jell-O to the wall. For
the purposes of this book, we shall call Big Science the large-scale organization of science
and scientists, underwritten by an imposing pledge of (usually) public funds and centered
around a complex scientific instrument. In his search to understand Big Science, Derek
Price decided to “turn the tools of science on itself,” charting the historical growth of sci-
ence by means of a variety of statistical indicators obtained from the Institute for Scientific
Information in Philadelphia. Price concluded that scientific activity (as measured by the
amount of literature published) has grown exponentially over the last three hundred
years, doubling in size about every fifteen years.# We also shall define a rapid growth in
scientific literature greater than the Price rate (doubling every fifteen years) as indicating

2. Derek J. DeSolla Price, Little Science, Big Science... and Beyond (New York: Columbia University Press,
1986), p. 2.

3. Price, Little Science, Big Science... and Beyond, p. 15.-

4. Price, Little Science, Big Science (New York: Columbia University Press, 1963). This discussion of Big
Science draws on Peter Galison and Bruce Hevly, eds., Big Science: The Growth of Large-Scale Research (Stanford:
Stanford University Press, 1992); James H. Capshaw and Karen A. Rader, “Big Science: Price to the Present,”
Osinis, ser. 2, vol. 7 (1992): 3-25; and Joel Genuth, “Microwave Radar, the Atomic Bomb, and the Background to
U.S. Research Priorities in World War 11,” Science, Technology, and Human Values 13 (1988): 276-289.
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an emerging Big Science field. Whatever it is, Big Science has become the dominant form
of contemporary American science. Moreover, because of its scale and scope, the conduct
of Big Science necessarily intrudes into many areas of society, and in turn, society, through
political, economic, and other activity, shapes the conduct of Big Science.

The interdependency of institutional factors, funding patterns, science, technology, and
techniques found in Big Science has been the subject of extensive study by historians and
sociologists of science and technology. Scholars traditionally have concerned themselves
with both science and technology and their interactions. Such studies came to be termed
“internalist,” meaning that they dealt solely with the inner workings of science and tech-
nology. In contrast stood the so-called “externalist” approaches, which emphasized the
social, economic, political, and other factors neglected by the “internalists.”

Starting around 1980, sociologists of science, such as Michel Callon, developed new
approaches, which were introduced into the history of technology by Thomas P. Hughes.
These new approaches came to be called generically the “social construction of technol-
ogy.” The “technosocial networks” of Callon and the “systems” of Hughes consider the
“internalist” and “externalist” aspects of technology as constituting a single continuum or
“seamless web”. Inventors, scientists, instruments, financing, institutions, politics, laws,
and so forth are all equally part of the “technosocial network” or “system”.

The chief advantage of replacing the “internalist” and “externalist” dualism with the uni-
tarian approach of the social construction school is the more sophisticated and certainly
more complex view of the scientific, technical, economic, political, institutional, legal, and
other aspects of Big Science that it offers. Moreover, by stressing that all components of a
technosocial network are equal and necessary, the social construction approach dissuades
us from emphasizing any one factor, “internal” or “external”, over all others.

The social construction approach is useful for creating a taxonomy of the factors that
shape Big Science. Nonetheless, although they served as a guiding principle in the writ-
ing of this book, social construction case studies do not go far enough; they fail to address
the question that is, after chronicling the achievements of radar astronomy, central to this
book—namely the conduct of Little Science in the context of Big Science. Furthermore,
in all the discussions of Big Science, with few exceptions, the symbiotic relationship
between Big Science and Little Science has been overlooked. This relationship is
especially relevant to the organization of science within NASA space missions. The scien-
tists who conduct experiments from those spacecraft typify Little Science: they work
individually or in small collaborative groups, often with graduate assistants, and have
relatively small budgets and limited laboratory equipment. Participation in NASA space-
craft missions induces these Little Scientists to function as part of a Big Science endeavor.
The scientists are organized into both working groups around a single scientific
instrument and disciplinary groups. They participate in the design of experiments and in

5.  For a discussion of this evolution, see John M. Staudenmaier, “Recent Trends in the History of
Technology,” The American Historical Review 95 (1990): 715-725, as well as Hughes, “The Seamless Web:
Technology, Science, Etcetera, Etcetera,” Social Studies of Science 16 (1986): 281-292. The primary social con-
struction works are Wiebe E. Bijker, Hughes, and Trevor Pinch, eds., The Social Construction of Technological
Systems: New Directions in the Sociology and History of Teckhnology (Cambridge: MIT Press, 1987), and Bijker and John
Law, eds., Shaping Technology/Building Society: Studies in Sociotechnical Change (Cambridge: MIT Press, 1992).



the decisions to drop or modify certain experiments, as well as in the design of the instru-
ments themselves. The overall scale of operation and budget is beyond that normally
encountered by Little Scientists.

One noteworthy exception to the lack of literature dealing with the relationship between
Big Science and Little Science is historian John Krige’s study of British nuclear physics
research in the period immediately following World War II. The Labor Government of
Clement Attlee set out to equip the universities of Birmingham, Glasgow, Liverpool,
Cambridge, and Oxford with particle accelerators for conducting high-energy nuclear
physics research. The accelerator program involved the kinds of large-scale budgets and
instruments that typify Big Science; however, research was conducted in a manner more
typical of Little Science. Large multidisciplinary teams, in which physicists and engineers
rubbed shoulders, did not form; rather the physicists remained individual academic
researchers.5

Krige’s case of “Big Equipment but not Big Science” finds its parallel in planetary radar
astronomy. Big Science was the sine qua non of planetary radar astronomy, but planetary
radar astronomy was not Big Science. It was, and remains, Little Science in terms of
manpower, instruments, budget, and publications. Planetary radar astronomy took root
within the interstices of Big Science, but rather than expand over time, it actually shrank.

The field attained its largest size, in terms of personnel, instruments, and publications,
during the 1960s. Although one can count five active instruments between 1961 and 1964,
the greatest number to ever carry out planetary radar experiments, only three subse-
quently sustained active research programs. That number fell to two instruments after
1975. For much of the period between 1978 and 1986, only one instrument, indeed the
only instrument to have an established and secure planetary radar astronomy research
program, the Arecibo Observatory, was steadily active.

The number of active planetary radar astronomers has declined since the 1960s too. As a
group, they tend not to reproduce as easily or as abundantly as other scientists, and many
practitioners in the long run find something else to do. Two paths—artifacts of the field’s
evolution—lead to a career in planetary radar astronomy. Many follow the traditional
university path—doctoral research on a planetary radar topic, followed by a research
position that permits them to perform planetary radar experiments. Of the current prac-
titioners, the most recent Ph.D. was granted in 1994, the second most recent in 1978. The
path more followed: practitioners were hired to conduct planetary radar experiments.

The declining instrument and manpower numbers are reflected in the planetary radar
astronomy publication record (see Appendix: Planetary Radar Astronomy Publications).
Price has shown that science publications have doubled about every fifteen years over the
last three centuries. The planetary radar publication curve differs markedly from that nor-
mal growth pattern, suggesting a ceiling condition that has limited growth. The nature of
that ceiling condition, as well as the causal factors for the declining size of the planetary
radar enterprise, are part of the story of how planetary radar Little Science has been con-
ducted within the framework of American Big Science. The association of planetary radar

6.  John Krige, “The Installation of High-Energy Accelerators in Britain after the War: Big Equipment
but not ‘Big Science,” in Michelangelo De Maria, Mario Grilli, and Fabio Sebastiani, eds., The Restructuring of
Physical Sciences in Europe and the United States, 1945-1960 (Teaneck, NJ: World Scientific, 1989), pp. 488-501.
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Little Science with NASA Big Science ultimately affected the conduct of planetary radar
astronomy. Radar astronomers always had argued the utility of their efforts for space
research; NASA mission-oriented support of planetary radar astronomy only reinforced
that utilitarian inclination. As the story unfolds, other factors that shaped and amplified
the utilitarian tendency of radar astronomers will rise to the surface.

Its relationship with NASA Big Science also transformed planetary radar astronomy from
an exclusively ground-based scientific activity to one that was conducted in space as well.
During the 1960s, planetary radar astronomers distinguished their ground-based research
from that conducted from spacecraft, which they characterized as space exploration as
opposed to astronomy. Starting in the following decade, when NASA became its sole
underwriter, planetary radar astronomy began to engage the planetary geology commu-
nity largely through its ability to image and otherwise characterize planetary surfaces.
NASA funded specific radar imaging projects. At the same time, NASA began planning
two missions to Venus, Pioneer Venus and Magellan, in order to capture in radar images
the features of that planet’s surface. Its opaque atmosphere keeps Venus’s surface hidden
from sight and bars exploration with optical methods.

Pioneer Venus and Magellan ultimately had a profound impact on the practice of plane-
tary radar astronomy. In addition to enlarging the community of scientists using radar
imagery and other data to encompass both geologists and astronomers, those two NASA
missions erased the turf boundary between space exploration and ground-based plane-
tary radar astronomy. Although Magellan in particular also gave radar astronomers a taste
of Big Science, planetary radar astronomy did not permanently shift from Little to Big
Science. Radar imaging from a spacecraft had limited prospects. Ultimately, the greatest
consequence of Magellan for planetary radar astronomy was that it effectively ended
ground-based radar observations of Venus, the chief object of radar research.

The plan of this book is to relate the history of planetary radar astronomy from its origins
in radar to the present day and secondarily to bring to light that history as a case of “Big
Equipment but not Big Science”. Chapter One sketches the emergence of radar astrono-
my as an ongoing scientific activity at Jodrell Bank, where radar research revealed that
meteors were part of the solar system. The chief Big Science driving early radar astrono-
my experiments was ionospheric research. Chapter Two links the Cold War and the Space
Race to the first radar experiments attempted on planetary targets, while recounting the
initial achievements of planetary radar, namely, the refinement of the astronomical unit
and the rotational rate and direction of Venus.

Chapter Three discusses early attempts to organize radar astronomy and the efforts at
MIT’s Lincoln Laboratory, in conjunction with Harvard radio astronomers, to acquire
antenna time unfettered by military priorities. Here, the chief Big Science influencing the
development of planetary radar astronomy was radio astronomy. Chapter Four spotlights
the evolution of planetary radar astronomy at the Jet Propulsion Laboratory, a NASA
facility, at Cornell University’s Arecibo Observatory, and at Jodrell Bank. A congeries of
funding from the military, the National Science Foundation, and finally NASA marked
that evolution, which culminated in planetary radar astronomy finding a single Big
Science patron, NASA.

Chapter Five analyzes planetary radar astronomy as a science using the theoretical frame-
work provided by philosopher of science Thomas Kuhn. Chapter Six explores the shift in



planetary radar astronomy beginning in the 1970s that resulted from its financial and
institutional relationship with NASA Big Science. This shift saw the field 1) transform
from an exclusively ground-based scientific activity to one conducted in space, as well as
on Earth, and 2) capture the interest of planetary scientists from both the astronomy and
geology communities. Chapter Seven relates how the Magellan mission was the culmina-
tion of this evolution. Chapters Eight and Nine discuss the research carried out at ground-
based facilities by this transformed planetary radar astronomy, as well as the upgrading of
the Arecibo and Goldstone radars.

The conclusion serves a dual purpose. It responds to the concern for the future of plan-
etary radar astronomy expressed by many of the practitioners interviewed for this book,
as well as to the author’s wish to provide a slice of applied history that might be of value
to both radar astronomers and policy makers. The conclusign also appraises planetary
radar as a case of “Big Equipment but not Big Science”. It considers the factors that have
limited the size of planetary radar, its utilitarian nature, and its dependency on large-scale
technological enterprises.

A technical essay appended to this book provides an overview of planetary radar tech-
niques, especially range-Doppler mapping, for the general reader. Furthermore, the text
itself explains certain, though not all, technical aspects of radar astronomy. The author
assumed that the reader would have a familiarity with general technical and scientific ter-
minology or would have access to a scientific dictionary or encyclopedia. For those read-
ers seeking additional, and especially more technically-oriented, information on plane-
tary radar astronomy, the technical essay includes a list of articles on the topic written by
radar practitioners.

xiii
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Chapter One
A Meteoric Start

During the 1940s, investigators in the United States and Hungary bounced radar
waves off the Moon for the first time, while others made the first systematic radar studies
of meteors. These experiments constituted the initial exploration of the solar system with
radar. In order to understand the beginnings of radar astronomy, we first must examine
the origins of radar in radio, the decisive role of ionospheric research, and the rapid
development of radar technology triggered by World War II.

As early as 20 June 1922, in an address to a joint meeting of the Institute of Electrical
Engineers and the Institute of Radio Engineers in New York, the radio pioneer Guglielmo
Marconi suggested using radio waves to detect ships:!

As was first shown by Hertz, electric waves can be completely reflected by conduct-
ing bodies. In some of my tests I have noticed the effects of reflection and deflection of these
waves by metallic objects miles away.

It seems to me that it should be possible to design apparatus by means of which a ship
could radiate or project a divergent beam of these rays in any desived direction, which rays,
if coming across a metallic object, such as another steamer or ship, would be reflected back
to a receiver screened from the local transmitler on the sending ship, and thereby immedi-
ately reveal the presence and bearing of the other ship in fog or thick weather.

One further advantage of such an arrangement would be it would have the ability
to give warning of the presence and bearing of ships, even should these ships be unpro-
vided with any kind of radio.

By the time Germany invaded Poland in September 1939 and World War II was
underway, radio detection, location, and ranging technologies and techniques were avail-
able in Japan, France, Italy, Germany, England, Hungary, Russia, Holland, Canada, and
the United States. Radar was not so much an invention, springing from the laboratory
bench to the factory floor, but an ongoing adaptation and refinement of radio technolo-
gy. The apparent emergence of radar in Japan, Europe, and North America more or less
at the same time was less a case of simultaneous invention than a consequence of the glob-
al nature of radio research.?

Although radar is identified overwhelmingly with World War II, historian Sean S.
Swords has argued that the rise of high-performance and long-range aircraft in the late
1930s would have promoted the design of advanced radio navigational aids, including
radar, even without a war.3 More decisively, however, ionospheric research propelled radar
development in the 1920s and 1930s. As historian Henry Guerlac has pointed out, “Radar
was developed by men who were familiar with the ionospheric work. It was a relatively
straightforward adaptation for military purposes of a widely-known scientific technique,

1. Gugliclmo Marconi, “Radio Telegraphy,” Proceedings of the Institute of Radio Engineers 10 (1922): 237.

% Charles Sisskind, “Who Invented Radar?” Endeavour9 (1985): 92-96; Henry E. Guerlac, “The Radio
Background of Radar,” Journal of the Franklin Institute 250 (1950): 284-308.

8.  Swords, A Technical History of the Beginnings of Radar (London: Peter Peregrinus Press, 1986),
Pp- 270-271.
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which explains why this adaptation—the development of radar—took place simultane-
ously in several different countries.”

The prominence of ionospheric research in the history of radar and later of radar
astronomy cannot be ignored. Out of ionospheric research came the essential technology
for the beginnings of military radar in Britain, as well as its first radar researchers and
research institutions. After the war, as we shall see, ionospheric research also drove the
emergence of radar astronomy.

Chain Home

Despite its scientific origins, radar made its mark and was baptized during World War
II as an integral and necessary instrument of offensive and defensive warfare. Located on
land, at sea, and in the air, radars detected enemy targets and determined their position
and range for artillery and aircraft in direct enemy encounters on the battlefield. Other
radars identified aircraft to ground bases as friend or foe, while others provided naviga-
tional assistance and coastal defense. World War II was the first electronic war, and radar
was its prime agent.’

In 1940, nowhere did radar research achieve the same advanced state as in Britain. The
British lead initially resulted from a decision to design and build a radar system for coastal
defense, while subsequent research led to the invention of the cavity magnetron, which
placed Britain in the forefront of microwave radar. The impetus to achieve that lead in radar
came from a realization that the island nation was no longer safe from enemy invasion.

For centuries, Britain’s insularity and navy protected it from invasion. The advent of
long-range airplanes that routinely outperformed their wooden predecessors spelled the
end of that protection. Existing aircraft warning methods were ineffectual. That Britain
was virtually defenseless against an air assault became clear during the summer air exer-
cises of 1934. In simulated night attacks on London and Coventry, both the Air Ministry
and the Houses of Parliament were successfully “destroyed,” while few “enemy” bombers
were intercepted.6

International politics also had reached a critical point. The Geneva Disarmament
Conference had collapsed, and Germany was rearming in defiance of the Treaty of
Versailles. Under attack from Winston Churchill and the Tory opposition, the British gov-
ernment abandoned its disarmament policy and initiated a five-year expansion of the
Royal Air Force. Simultaneously, the Air Ministry Director of Scientific Research, Henry
Egerton Wimperis, created a committee to study air defense methods.

Just before the Committee for the Scientific Survey of Air Defence first met on 28
January 1935, Wimperis contacted fellow Radio Research Board member Robert (later
Sir) Watson-Watt. Watson-Watt, who oversaw the Radio Research Station at Slough, was a
scientist with twenty years of experience as a government researcher. Ionospheric research
had been a principal component of Radio Research Station studies, and Watson-Watt fos-
tered the development there of a pulse-height technique.”

4.  Guerlac, “Radio Background,” p. 304.

5.  Alfred Price, Instruments of Darkness: The History of Electronic Warfare, 2d. ed. (London: MacDonald
and Jane’s, 1977); Tony Devereux, Messeager Gods of Battle, Radio, Raday, Sonar: The Story of Electronics in War
(Washington: Brassey’s, 1991); David E. Fisher, A Race on the Edge of Time: Radar—the Decisive Weapon of World War
II (New York: McGraw-Hill, 1988).

6.  H. Montgomery Hyde, British Air Policy Between the Wars, 1918-1939 (London: Heinemann, 1976),
p. 322. See also Malcolm Smith, British Air Strategy Between the Wars (Oxford, Clarendon Press, 1984).

7. Swords, p. 84; Edward G. Bowen, Radar Days (Bristol: Adam Hilger, 1987), pp. 4-5, 7 and 10; Robert
Watson-Watt, The Pulse of Radar: The Autobiography of Sir Robert Watson-Watt (New York: Dial Press, 1959),
pp- 29-38, 51, 69, 101, 109-110, 113; A.P. Rowe, One Story of Radar (Cambridge: Cambridge University Press,
1948), pp. 6-7; Reg Batt, The Radar Army: Winning the War of the Airwaves (London: Robert Hale, 1991),
pp. 21-22. The Radio Research Board was under the Department of Scientific and Industrial Research, created
in 1916.
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The pulse-height technique was to send short pulses of radio energy toward the
ionosphere and to measure the time taken for them to return to Earth. The elapsed trav-
el time of the radio waves gave the apparent height of the ionosphere. Merle A. Tuve, then
of Johns Hopkins University, and Gregory Breit of the Carnegie Institution’s Department
of Terrestrial Magnetism in Washington, first developed the technique in the 1920s and
undertook ionospheric research in collaboration with the Naval Research Laboratory and
the Radio Corporation of America.8

In response to the wartime situation, Wimperis asked Watson-Watt to determine the
practicality of using radio waves as a “death ray.” Rather than address the proposed “death
ray,” Watson-Watt’s memorandum reply drew upon his experience in ionospheric
research. Years later, Watson-Watt contended, “I regard this Memorandum on the
‘Detection and Location of Aircraft by Radio Methods’ as marking the birth of radar and
as being in fact the invention of radar.” Biographer Ronald William Clark has termed the
memorandum “the political birth of radar.” Nonetheless, Watson-Watt’s memorandum
was really less an invention than a proposal for a new radar application.

The memorandum outlined how a radar system could be put together and made to
detect and locate enemy aircraft. The model for that radar system was the same pulse-
height technique Watson-Watt had used at Slough. Prior to the memorandum in its final
form going before the Committee, Wimperis had arranged for a test of Watson-Watt’s idea
that airplanes could reflect significant amounts of radio energy, using a BBC transmitter
at Daventry. “Thus was the constricting ‘red tape’ of official niceties slashed by Harry
Wimperis, before the Committee for the Scientific Survey of Air Defence had so much as
met,” Watson-Watt later recounted. The success of the Daventry test shortly led to the
authorization of funding (£12,300 for the first year) and the creation of a small research
and development project at Orford Ness and Bawdsey Manor that drew upon the exper-
tise of the Slough Radio Research Station.

From then onwards, guided largely by Robert Watson-Watt, the foundation of the
British radar effort, the early warning Chain Home, materialized. The Chain Home began
in December 1935, with Treasury approval for a set of five stations to patrol the air
approaches to the Thames estuary. Before the end of 1936, and long before the first test
of the Thames stations in the autumn of 1937, plans were made to expand it into a
network of nineteen stations along the entire east coast; later, an additional six stations
were built to cover the south coast.

Born Robert Alexander Watson Watt in 1892, he changed his surname to “Watson-Watt” when knighted
in 1942. See the popularly-written biography of Watson-Watt, John Rowland, The Radar Man: The Story of Sir Robert
Watson-Watt (London: Lutterworth Press, 1963), or Watson-Watt, Three Steps to Victory (London: Odhams Press
Ltd., 1957). An account of Watson-Watt's research at Slough is given in Watson-Watt, John F. Herd, and L.H.
Bainbridge-Bell, The Cathode Ray Tube in Radio Research (London: His Majesty’s Stationery Office, 1933).

8. By “apparent height of the ionosphere,” I mean what ionosphericists call virtual height. Since the
ionosphere slows radio waves before being refracted back to Earth, the delay is not a true measure of height.
The Tuve-Breit method preceded that of Watson-Watt and was a true send-receive technique, while that of
Watson-Watt was a receive-only technique.

Tuve “Early Days of Pulse Radio at the Carnegie Institution,” Journal of Atmospheric and Terrestrial Physics 36
(1974): 2079-2083; Oswald G. Villard, Jr., “The Ionospheric Sounder and its Place in the History of Radio
Science,” Radio Science 11 (1976): 847-860; Guerlac, “Radio Background,” pp. 284-308; David H. DeVorkin,
Science With a Vengeance: How the Military Created the U.S. Space Sciences after World War II (New York: Springer-Verlag,
1992), pp. 12, 301 and 316; C. Stewart Gilimor, “Threshold to Space: Early Studies of the Ionosphere,” in Paul
A. Hanle and Von Del Chamberlin, eds., Space Science Comes of Age: Perspectives in the History of the Space Sciences
(Washington: National Air and Space Museum, Smithsonian Institution, 1981), pp. 102-104; J.A. Ratcliffe,
“Experimental Methods of lonospheric Investigation, 1925-1955,” Journal of Atmospheric and Terrestrial Physics 36
(1974): 2095-2103; Tuve and Breit, “Note on a Radio Method of Estimating the Height of the Conducting
Layer,” Terrestrial Magnetism and Atmospheric Electricity 30 (1925): 15-16; Breit and Tuve, “A Radio Method of
Estimating the Height of the Conducting Layer,” Nature 116 (1925): 357; and Breit and Tuve, “A Test of the
Existence of the Conducting Layer,” Physical Review 2d ser., vol. 28 (1926): 554-575; special issue of Journal of
Atmospheric and Terrestrial Physics 36 (1974): 2069-2319, is devoted to the history of ionospheric research.

9. Watson-Watt, Three Steps, p. 83; Ronald William Clark, Tizard (London: Methuen, 1965), pp. 105-127.
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The Chain Home played a crucial role in the Battle of Britain, which began in July
1940. The final turning point was on 15 September, when the Luftwaffe suffered a record
number of planes lost in a single day. Never again did Germany attempt a massive daylight
raid over Britain. However, if radar won the day, it lost the night. Nighttime air raids
showed a desperate need for radar improvements.

The Magnetron

In order to wage combat at night, fighters needed the equivalent of night vision—
their own on-board radar, but the prevailing technology was inadequate. Radars operating
at low wavelengths, around 1.5 meters (200 MHz), cast a beam that radiated both straight
ahead and downwards. The radio energy reflected from the Earth was so much greater
than that of the enemy aircraft echoes that the echoes were lost at distances greater than
the altitude of the aircraft. At low altitudes, such as those used in bombing raids or in air-
to-air combat, the lack of radar vision was grave. Microwave radars, operating at wave-
lengths of a few centimeters, could cast a narrower beam and provide enough resolution
to locate enemy aircraft.10

Although several countries had been ahead of Britain in microwave radar technolo-
gy before the war began, Britain leaped ahead in February 1940, with the invention of the
cavity magnetron by Henry A. H. Boot and John T. Randall at the University of
Birmingham.!! Klystrons were large vacuum tubes used to generate microwave power, but
they did not operate adequately at microwave frequencies. The time required for elec-
trons to flow through a klystron was too long to keep up with the frequency of the exter-
nal oscillating circuit. The cavity magnetron resolved that problem and made possible the
microwave radars of World War II. As Sean Swords asserted, “The emergence of the
resonant-cavity magnetron was a turning point in radar history.”12 The cavity magnetron
launched a line of microwave research and development that has persisted to this day.

The cavity magnetron had no technological equivalent in the United States, when
the Tizard Mission arrived in late 1940 with one of the first ten magnetrons constructed.
The Tizard Mission, known formally as the British Technical and Scientific Mission, had
been arranged at the highest levels of government to exchange technical information
between Britain and the United States. Its head and organizer, Henry Tizard, was a promi-
nent physics professor and a former member of the committee that had approved Watson-
Watt’s radar project. As James P. Baxter wrote just after the war’s end with a heavy hand-
ful of hyperbole, though not without some truth: “When the members of the Tizard
Mission brought one [magnetron] to America in 1940, they carried the most valuable
cargo ever brought to our shores. It sparked the whole development of microwave radar
and constituted the most important item in reverse Lease-Lend.”13

10. Swords, pp. 84-85; Bowen, pp. 6, 21, 26 and 28; Batt, pp. 10, 21-22, 69 and 77; Rowe, pp. 8 and 76;
R. Hanbury Brown, Boffin: A Personal Story of the Early Days of Radar, Radio Astronomy, and Quantum Optics (Bristol:
Adam Hilger, 1991), pp. 7-8; P.S. Hall and R.G. Lee, “Introduction to Radar,” in P.S. Hall, T.K. Garland-Collins,
R.S. Picton, and R.G. Lee, eds., Radar (London: Brassey’s, 1991), pp. 6-7; Watson-Watt, Pulse, pp. 55-59, 64-65,
75, 113-115 and 427-434; Watson-Watt, Three Steps, pp. 83 and 470-474; Bowen, “The Development of Airborne
Radar in Great Britain, 1935-1945,” in Russel W. Burns, ed., Radar Development to 1945 (London: Peter
Peregrinus Press, 1988), pp. 177-188. For a description of the technology, see B.T. Neale, “CH-——the First
Operational Radar,” in Burns, pp. 132-150.

11. Boot and Randall, “Historical Notes on the Cavity Magnetron,” IEEE Transactions on Electron Devices
ED-23 (1976): 724-729; R.W. Burns, “The Background to the Development of the Cavity Magnetron,” in Burns,
Pp- 259-283.

12. Swords, p. xi.

13.  Baxter, Scientists Against Time.(Boston; Little, Brown and Company, 1946), p. 142; Swords, pp. 120,
259, and 266; Clark, especially pp. 248-271.
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In late September 1940, Dr. Edward G. Bowen, the radar scientist on the Tizard
Mission, showed a magnetron to members of the National Defense Research Committee
(NDRC), which President Roosevelt had just created on 27 June 1940. One of the first acts
of the NDRC, which later became the Office of Scientific Research and Development, was
to establish a Microwave Committee, whose stated purpose was “to organize and consoli-
date research, invention, and development as to obtain the most effective military
application of microwaves in the minimum time.”14

A few weeks after the magnetron demonstration, the NDRC decided to create the
Radiation Laboratory at MIT. While the MIT Radiation Laboratory accounted for nearly
80 percent of the NDRC Microwave Division’s contracts, an additional 136 contracts for
radar research, development, and prototype work were let out to sixteen colleges and
universities, two private research institutions, and the major radio industrial concerns,
with Western Electric taking the largest share. The MIT Radiation Laboratory personnel
skyrocketed from thirty physicists, three guards, two stock clerks, and a secretary for the
first year to a peak employment level of 3,897 (1,189 of whom were staff) on 1 August
1945. The most far-reaching early achievement, accomplished in the spring of 1941, was
the creation of a new generation of radar equipment based on a magnetron operating at
3 cm. Experimental work in the one cm range led to numerous improvements in radars
at 10 and 3 cm.13

Meanwhile, research and development of radars of longer wavelengths were carried
out by the Navy and the Army Signal Corps, both of which had had active ongoing radar
programs since the 1930s. The Navy started its research program at the Naval Research
Laboratory (NRL) before that of the Signal Corps, but radar experimenters after the war
used Signal Corps equipment, especially the SCR-270, mainly because of its wide avail-
ability. A mobile SCR-270, placed on Oahu as part of the Army’s Aircraft Warning System,
spotted incoming Japanese airplanes nearly 50 minutes before they bombed United States
installations at Pearl Harbor on 7 December 1941. The warning was ignored, because an
officer mistook the radar echoes for an expected flight of B-17s.16

Historians view the large-scale collection of technical and financial resources and
manpower at the MIT Radiation Laboratory engaged in a concerted effort to research
and develop new radar components and systems, along with the Manhattan Project, as

14. Guerlac, Radar in World War II, The History of Modern Physics, 1800-1950, vol. 8 (New York:
Tomash Publishers for the American Institute of Physics, 1987), vol. 1, p. 249; Swords, pp. 90 and 119; Batt, pp.
79-80; Bowen, pp. 159-162: Watson Watt, Pulse, pp. 228-229 and 257; Watson-Watt, Three Steps, 293.

In addition to Tizard and Bowen, the Mission team consisted of Prof. J.D. Cockcroft, Col. F.C. Wallace,
Army, Capt. H.W. Faulkner, Navy, Capt. F.L. Pearce, Royal Air Force, W.E. Woodward Nutt, Ministry of Aircraft
Production, Mission Secretary, Prof. RH. Fowler, liaison officer for Canada and the United States of the
Department of Scientific and Industrial Research, and Col. HEG. Letson, Canadian military attache in
Washington.

15.  Guerlac, Radar in World War II, 1:258-259, 261, 266 and 507-508, and 2:648 and 668. Sce also the
personal reminiscences of Ernest C. Pollard, Radiation: One Story of the MIT Radiation Laboratory (Durham: The
Woodburn Press, 1982). Interviews (though not all are transcribed) of some Radiation Laboratory participants
are available at the IEEE Center for the History of Electrical Engineering (CHEE), Rutgers University. CHEE,
Sources in Electrical History 2: Oral History Collections in U.S. Repositories (New York: IEEE, 1992), pp. 6-7. The British
also developed magnetrons and radar equipment operating at microwave frequencies concurrently with the MIT
Radiation Laboratory effort.

16. Guerlac, Radar in World War II, 1:247-248 and 117-119. For the Navy, see LA. Hyland, “A Personal
Reminiscence: The Beginnings of Radar, 1930-1934,” in Burns, pp. 29-33; Robert Morris Page, The Origin of
Radar (Garden City, NY: Anchor Books, Doubleday & Company, 1962); Page, “Early History of Radar in the U.S.
Navy,” in Burns, pp. 35~44; David Kite Allison, New Eye for the Navy: The Origin of Radar at the Naval Research
Laboratory (Washington: Naval Research Laboratory, 1981); Guerlac, Radar in World War II, 1:59-92; Albert Hoyt
Taylor, The First Twenty-five Years of the Naval Research Laboratory (Washington: Navy Department, 1948). On the
Signal Corps, sec Guerlac, Radar in World War II, 1:93-121; Harry M. Davis, History of the Signal Corps Development
of U.S. Army Radar Equipment (Washington: Historical' Section Field Office, Office of the Chief Signal Officer,
1945); Arthur L. Vieweger, “Radar in the Signal Corps,” IRE Transactions on Military Electronics MIL4 (1960):
555-561.
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signalling the emergence of Big Science. Ultimately, from out of the concentration of
personnel, expertise, materiel, and financial resources at the successor of the Radiation
Laboratory, Lincoln Laboratory, arose the first attempts to detect the planet Venus with
radar. The Radiation Laboratory Big Science venture, however, did not contribute imme-
diately to the rise of radar astronomy.

The radar and digital technology used in those attempts on Venus was not available
at the end of World War II, when the first lunar and meteor radar experiments were
conducted. Moreover, the microwave radars issued from Radiation Laboratory research
were far too weak for planetary or lunar work and operated at frequencies too high to be
useful in meteor studies. Outside the Radiation Laboratory, though, U.S. Army Signal
Corps and Navy researchers had created radars, like the SCR-270, that were more power-
ful and operated at lower frequencies, in research and development programs that were
less concentrated and conducted on a smaller scale than the Radiation Laboratory effort.

Wartime production created an incredible excess of such radar equipment. The end
of fighting turned it into war surplus to be auctioned off, given away, or buried as waste.
World War II also begot a large pool of scientists and engineers with radar expertise who
sought peacetime scientific and technical careers at war’s end. That pool of expertise,
when combined with the cornucopia of high-power, low-frequency radar equipment and
a pinch of curiosity, gave rise to radar astronomy.

A catalyst crucial to that rise was ionospheric research. In the decade and a half
following World War II, ionospheric research underwent the kind of swift growth that is
typical of Big Science. The ionospheric journal literature doubled every 2.9 years from
1926 to 1938, before stagnating during the war; but between 1947 and 1960, the literature
doubled every 5.8 years, a rate several times faster than the growth rate of scientific liter-
ature as a whole.!7 Interest in ionospheric phenomena, as expressed in the rapidly
growing research literature, motivated many of the first radar astronomy experiments
undertaken on targets beyond the Earth’s atmosphere.

Project Diana

Typical was the first successful radar experiment aimed at the Moon. That experi-
ment was performed with Signal Corps equipment at the Corps’ Evans Signal Laboratory,
near Belmar, New Jersey, under the direction of John H. DeWitt, Jr., Laboratory Director.
DeWitt was born in Nashville and attended Vanderbilt University Engineering School for
two years. Vanderbilt did not offer a program in electrical engineering, so DeWitt
dropped out in order to satisfy his interest in broadcasting and amateur radio. In 1929,
after building Nashville’s first broadcasting station, DeWitt joined the Bell Telephone
Laboratories technical staff in New York City, where he designed radio broadcasting trans-
mitters. He returned to Nashville in 1932 to become Chief Engineer of radio station WSM.
Intrigued by Karl Jansky’s discovery of “cosmic noise,” DeWitt built a radio telescope and
searched for radio signals from the Milky Way.

In 1940, DeWitt attempted to bounce radio signals off the Moon in order to study
the Earth’s atmosphere. He wrote in his notebook: “It occurred to me that it might be
possible to reflect ultrashort waves from the moon. If this could be done it would open up
wide possibilities for the study of the upper atmosphere. So far as I know no one has ever

17.  Gillmor, “Geospace and its Uses: The Restructuring of Tonospheric Physics Following World War 11,”
in DeMaria, Grilli, and Sebastiani, pp. 75-84, especially pp. 78-79.

18. DeWitt notebook, 21 May 1940, and DeWitt biographical sketch, HL Diana 46 (04), HAUSACEC.
There is a rich literature on Jansky’s discovery. A good place to start is Woodruff T. Sullivan III, “Karl Jansky and
the Discovery of Extraterrestrial Radio Waves,” in Sullivan, ed., The Early Years of Radio Astronomy: Reflections Fifty
Years after Jansky’s Discovery (New York: Cambridge University Press, 1984), pp. 3-42.
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sent waves off the earth and measured their return through the entire atmosphere of the
earth.”18

On the night of 20 May 1940, using the receiver and 80-watt transmitter configured
for radio station WSM, DeWitt tried to reflect 138-MHz (2-meter) radio waves off the
Moon, but he failed because of insufficient receiver sensitivity. After joining the staff of
Bell Telephone Laboratories in Whippany, New Jersey, in 1942, where he worked exclu-
sively on the design of a radar antenna for the Navy, DeWitt was commissioned in the
Signal Corps and was assigned to serve as Executive Officer, later as Director, of Evans
Signal Laboratory.

On 10 August 1945, the day after the United States unleashed a second atomic bomb
on Japan, military hostilities between the two countries ceased. DeWitt was not demobi-
lized immediately, and he began to plan his pet project, the reflection of radio waves off
the Moon. He dubbed the scheme Project Diana after the Roman mythological goddess
of the Moon, partly because “the Greek [sic] mythology books said that she had never
been cracked.”

In September 1945, DeWitt assembled his team: Dr. Harold D. Webb, Herbert P.
Kauffman, E. King Stodola, and Jack Mofenson. Dr. Walter S. McAfee, in the Laboratory’s
Theoretical Studies Group, calculated the reflectivity coefficient of the Moon. Members
of the Antenna and Mechanical Design Group, Research Section, and other Laboratory
groups contributed too.

No attempt was made to design major components specifically for the experiment.
The selection of the receiver, transmitter, and antenna was made from equipment already
on hand, including a special crystal-controlled receiver and transmitter designed for the
Signal Corps by radio pioneer Edwin H. Armstrong. Crystal control provided frequency
stability, and the apparatus provided the power and bandwidth needed. The relative veloc-
ities of the Earth and the Moon caused the return signal to differ from the transmitted
signal by as much as 300 Hz, a phenomenon known as Doppler shift. The narrow-band
receiver permitted tuning to the exact radio frequency of the returning echo. As DeWitt
later recalled: “We realized that the moon echoes would be very weak so we had to use a
very narrow receiver bandwidth to reduce thermal noise to tolerable levels....We had to
tune the receiver each time for a slightly different frequency from that sent out because
of the Doppler shift due to the earth’s rotation and the radial velocity of the moon at the
time.”19

The echoes were received both visually, on a nine-inch cathode-ray tube, and acousti-
cally, as a 180-Hz beep. The aerial was a pair of “bedspring” antennas from an SCR-271 sta-
tionary radar positioned side by side to form a 32-dipole array antenna and mounted on
a 30-meter (100-ft) tower. The antenna had only azimuth control; it had not been practi-
cal to secure a better mechanism. Hence, experiments were limited to the rising and set-
ting of the Moon.

19. DeWitt to Trevor Clark, 18 December 1977, HL Diana 46 (04); “Background Information on DeWitt
Observatory” and “U.S. Army Electronics Research and Development Laboratory, Fort Monmouth, New Jersey,”
March 1963, HL Diana 46 (26), HAUSACEC. For published full descriptions of the equipment and experiments,
see DeWitt and E. King Stodola, “Detection of Radio Signals Reflected from the Moon,” Proceedings of the Institute
of Radio Engineers 37 (1949): 229-242; Jack Mofenson, “Radar Echoes from the Moon,” Electronics 19 (1946):
92-98; and Herbert Kauffman, “A DX Record: To the Moon and Back,” QST 30 (1946): 65-68.
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Figure 1
The “bedspring™ mast antenna, U.S. Army Signal Corps, Ft. Monmouth, New Jersey, used by Lt. Col. John H. DeWitt, Jx., to
bounce radar echoes off the Moon on 10 January 1946. Two antennas from SCR-271 stationary radars were positioned side
by side to form a 32-dipole array aerial and were mounted on a 100ft (30-meter) tower. (Courtesy of the U.S. Army
Communications-Electronics Museum, Ft. Monmouth, New Jersey.)
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The Signal Corps tried several times, but without success. “The equipment was very
haywire,” recalled DeWitt. Finally, at moonrise, 11:48 A.M., on 10 January 1946, they
aimed the antenna at the horizon and began transmitting. Ironically, DeWitt was not pre-
sent: “I was over in Belmar having lunch and picking up some items like cigarettes at the
drug store (stopped smoking 1952 thank God).”0 The first signals were detected at 11:58
AM.,, and the experiment was concluded at 12:09 P.M., when the Moon moved out of the
radar’s range. The radio waves had taken about 2.5 seconds to travel from New Jersey to
the Moon and back, a distance of over 800,000 km. The experiment was repeated daily
over the next three days and on eight more days later that month.

The War Department withheld announcement of the success until the night of
24 January 1946. By then, a press release explained, “the Signal Corps was certain beyond
doubt that the experiment was successful and that the results achieved were pain-staking-
ly [sic] verified.”?!

As DeWitt recounted years later: “We had trouble with General Van Deusen our head
of R&D in Washington. When my C.O. Col. Victor Conrad told him about it over the tele-
phone the General did not want the story released until it was confirmed by outsiders for
fear it would embarrass the Sig[nal]. Clorps].” Two outsiders from the Radiation
Laboratory, George E. Valley, Jr. and Donald G. Fink, arrived and, with Gen. Van Deusen,
observed a moonrise test of the system carried out under the direction of King Stodola.
Nothing happened. DeWitt explained: “You can imagine that at this point I was dying.
Shortly, a big truck passed by on the road next to the equipment and immediately the
echoes popped up. I will always believe that one of the crystals was not oscillating until it
was shaken up or there was a loose connection which fixed itself. Everyone cheered
except the General who tried to look pleased.”22

Although he had had other motives for undertaking Project Diana, DeWitt had
received a directive from the Chief Signal Officer, the head of the Signal Corps, to devel-
op radars capable of detecting missiles coming from the Soviet Union. No missiles were
available for tests, so the Moon experiment stood in their place. Several years later, the
Signal Corps erected a new 50-ft (15-meter) Diana antenna and 108-MHz transmitter for
ionospheric research. It carried out further lunar echo studies and participated in the
tracking of Apollo launches.23

The news also hit the popular press. The implications of the Signal Corps experi-
ment were grasped by the War Department, although Newsweek cynically cast doubt on the
War Department’s predictions by calling them worthy of Jules Verne. Among those War
Department predictions were the accurate topographical mapping of the Moon and plan-
ets, measurement and analysis of the ionosphere, and radio control from Earth of “space
ships” and “jet or rocket-controlled missiles, circling the Earth above the stratosphere.”
Time reported that Diana might provide a test of Albert Einstein’s Theory of Relativity. In
contrast to the typically up-beat mood of Lifs, both news magazines were skeptical, and

20. DeWitt replies to Clark questions, HL Diana 46 (04), HAUSACEC.

21. HL Radar 46 (07), HAUSACEC; Harold D. Webb, “Project Diana: Army Radar Contacts the Moon,”
Sky and Telescope 5 (1946): 3-6.

22. DeWitt to Clark, 18 December 1977, HL Diana 46 (04), HAUSACEC; Guerlac, Radar in World War
17, 1:380 and 382, 2:702.

23. DeWitt, telephone conversation, 14 June 1993; Materials in folders HL Diana 46 (25), HL Diana 46
(28), and HL Diana 46 (33), USASEL Research & Development Summary vol. 5, no. 3 (10 February 1958): 58, in
*Signal Corps Engineering Laboratory Journal/R&D Summary,” and Monmouth Message, 7 November 1963, n.p.,
in "Biographical Files,” "Daniels, Fred Bryan,” HAUSACEC; Daniels, “Radar Determination of the Scattering
Properties of the Moon,” Nature 187 (1960): 399; and idem., “A Theory of Radar Reflection from the Moon and
Planets,” Journal of Geophysical Research 66 (1961): 17811788,
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rightly so; yet all of the predictions made by the War Department, including the relativity
test, have come true in the manner of a Jules Verne novel.2¢

Zoltan Bay

Less than a month after DeWitt's initial experiment, a radar in Hungary replicated
his results. The Hungarian apparatus differed from that of DeWitt in one key respect; it
utilized a procedure, called integration, that was essential to the first attempt to bounce
radar waves off Venus and that later became a standard planetary radar technique. The
procedure’s inventor was Hungarian physicist Zoltin Bay.

Bay graduated with highest honors from Budapest University with a Ph.D. in physics
in 1926. Like many Hungarian physicists before him, Bay spent several years in Berlin on
scholarships, doing research at both the prestigious Physikalisch-Technische-Reichanstalt
and the Physikalisch-Chemisches-Institut of the University of Berlin. The results of his
research tour of Berlin earned Bay the Chair of Theoretical Physics at the University of
Szeged (Hungary), where he taught and conducted research on high intensity gas dis-
charges.

Bay left the University of Szeged when the United Incandescent Lamps and Electric
Company (Tungsram) invited him to head its industrial research laboratory in Budapest. -
Tungsram was the third largest manufacturer of incandescent lamps, radio tubes, and
radio receivers in Europe and supplied a fifth of all radio tubes. As laboratory head,
Zoltan Bay oversaw the improvement of high-intensity gas discharge lamps, fluorescent
lamps, radio tubes, radio receiver circuitry, and decimeter radio wave techniques.?

Although Hungary sought to stay out of the war through diplomatic maneuvering,
the threat of a German invasion remained real. In the fall of 1942, the Hungarian Minister
of Defense asked Bay to organize an early-warning system. He achieved that goal, though
the Germans occupied Hungary anyway. In March 1944, Bay recommended using the
radar for scientific experimentation, including the detection of radar waves bounced off
the Moon. The scientific interest in the experiment arose from the opportunity to test the
theoretical notion that short wavelength radio waves could pass through the ionosphere
without considerable absorption or reflection. Bay’s calculations, however, showed that
the equipment would be incapable of detecting the signals, since they would be signifi-
cantly below the receiver’s noise level.

The critical difference between the American and Hungarian apparatus was fre-
quency stability, which DeWitt achieved through crystal control in both the transmitter
and receiver. Without frequency stability, Bay had to find a means of accommodating the
frequency drifts of the transmitter and receiver and the resulting inferior signal-to-noise
ratio. He chose to boost the signal-to-noise ratio. His solution was both ingenious and far-
reaching in its impact.

Bay devised a process he called cumulation, which is known today as integration. His
integrating device consisted of ten coulometers, in which electric currents broke down a
watery solution and released hydrogen gas. The amount of gas released was directly
proportional to the quantity of electric current. The coulometers were connected to the
output of the radar receiver through a rotating switch. The radar echoes were expected

24. “Diana,” Time Vol. 47, no. 5 (4 February 1946): 84; “Radar Bounces Echo off the Moon to Throw
Light on Lunar Riddle,” Newsweek vol. 27, no. 5 (4 February 1946): 76-77; “Man Reaches Moon with Radar,” Life
vol. 20, no. 5 (4 February 1946): 30.

25. Zoltan Bay, Life is Stronger, trans. Margaret Blakey Hajdu (Budapest: Paski Publisher, 1991), pp. 5
and 17-18; Francis S. Wagner, Zoltdn Bay, Atomic Physicist: A Pioneer of Space Research (Budapest: Akadémiai Kiado,
1985), pp. 23-27, 29, 31-32; Wagner, Fifly Years in the Laboratory: A Survey of the Research Activities of Physicist Zoltan
Bay (Center Square, PA: Alpha Publications, 1977),p. 1.
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to return from the Moon in less than three seconds, so the rotating switch made a sweep
of the ten coulometers every three seconds. The release of hydrogen gas left a record of
both the echo signal and the receiver noise. As the number of signal echoes and sweeps
of the coulometers added up, the signal-to-noise ratio improved. By increasing the total
number of signal echoes, Bay believed that any signal could be raised above noise level
and made observable, regardless of its amplitude and the value of the signal-to-noise
ratio.26 Because the signal echoes have a more-or-less fixed structure, and the noise varies
from pulse to pulse, echoes add up faster than noise.

Despite the conceptual breakthrough of the coulometer integrator, the construction
and testing of the apparatus remained to be carried out. The menace of air raids drove
the Tungsram research laboratory into the countryside in the fall of 1944. The subsequent
siege of Budapest twice interrupted the work of Bay and his team until March 1945. The
Ministry of Defense furnished Bay with war surplus parts for a 2.5-meter (120-MHz) radar
manufactured by the
Standard Electrical Co., a
Hungarian subsidiary of ITT.
Work was again interrupted
when the laboratory was dis-
mantled and all equipment,
including that for the lunar
radar experiment, was carried
off to the Soviet Union. For a
third time, construction of
entirely new equipment start-
ed in the workshops of the
Tungsram Research Laboratory,
beginning August 1945 and
ending January 1946.

Electrical disturbances
in the Tungsram plant were
so great that measurements
and tuning had to be done in
the late afternoon or at night.
The experiments were carried
out on 6 February and 8 May
1946 at night by a pair of
researchers. Without the
handicap of operating in a
war zone, Bay probably would
have beaten the Signal Corps
to the Moon, although he
could not have been aware of
DeWitt’s experiment. More

Figure 2 g
Antenna built and used by Zoltin Bay to bounce radar echoes off the Moon in gmportan dy’ thoug,h’ he
February and May 1946. (Courttesy of Mrs. Julia Bay) invented the technique of

26. Bay, “Reflection of Microwaves from the Moon,” Hungarica Acta Physica 1 (1947): 1-6; Bay, Life is
Stronger, pp. 20 & 29; Wagner, Zoltin, pp. 39-40; Wagner, Fifty Years, pp. 1-2.
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long-time integration generally used in radar astronomy. As the American radio
astronomers Alex G. Smith and Thomas D. Carr wrote some years later: “The additional
tremendous increase in sensitivity necessary to obtain radar echoes from Venus has been
attained largely through the use of long-time integration techniques for detecting peri-
odic signals that are far below the background noise level. The unique method devised by
Bay in his pioneer lunar radar investigations is an example of such a technique.”2?

Both Zoltin Bay and John DeWitt had fired shots heard round the world, but there
was no revolution, although others either proposed or attempted lunar radar experiments
in the years immediately following World War II. Each man engaged in other projects
shortly after completing his experiment. Bay left Hungary for the United States, where he
taught at George Washington University and worked for the National Bureau of
Standards, while DeWitt re-entered radio broadcasting and pursued his interest in astron-
omy.28

As an ongoing scientific activity, radar astronomy did not begin with the spectacular
and singular experiments of DeWitt and Bay, but with an interest in meteors shared by
researchers in Britain, Canada, and the United States. Big Science, that is, ionospheric
physics and secure military communications, largely motivated that research. Moreover,
just as the availability of captured V-2 parts made possible rocket-based ionospheric
research after the war,29 so war-surplus radars facilitated the emergence of radar astrono-
my. Like the exploration of the ionosphere with rockets, radar astronomy was driven by
the availability of technology.

Meteors and Auroras

Radar meteor studies, like much of radar history, grew out of ionospheric research.
In the 1930s, ionospheric researchers became interested in meteors when it was hypothe-
sized that the trail of electrons and ions left behind by falling meteors caused fluctuations
in the density of the ionosphere.30 Edward Appleton and others with the Radio Research
Board of the British Department of Scientific and Industrial Research, the same organi-
zation with which Watson-Watt had been associated, used war-surplus radar furnished by

27. Smith and Carr, Radio Exploration of the Planetary System (New York: D. Van Nostrand, 1964), p. 123;
Bay, “Reflection,” pp. 2, 7-15 and 18-19; P. Vajda and J.A. White, “Thirtieth Anniversary of Zoltin Bay’s Pioneer
Lunar Radar Investigations and Modern Radar Astronomy,” Acta Physica Academiae Scientiarum Hungaricae 40
(1976): 65-70; Wagner, Zoltin, pp. 40-41. Bay, Life is Stronger, pp. 103-124, describes the looting and dismantling
of the Tungsram works by armed agents of the Soviet Union.

28. DeWitt, telephone conversation, 14 June 1993; DeWitt biographical sketch, HL Diana 46 (04),
HAUSACEC; Wagner, Zoltin, p. 49; Wagner, Fifty Years, p. 2.

Among the others were Thomas Gold, Von Eshleman, and A.C. Bernard Lovell. Gold, retired Cornell
University professor of astronomy, claims to have proposed a lunar radar experiment to the British Admiralty
during World War II; Eshleman, Stanford University professor of electrical engineering, unsuccessfully attempt-
ed a lunar radar experiment aboard the U.S.S. Missouri in 1946, while returning from the war; and Lovell pro-
posed a lunar bounce experiment in a paper of May 1946. Gold 14 December 1993, Eshleman 9 May 1994, and
Lovell, “Astronomer by Chance” manuscript, February 1988, Lovell materials, p. 183.

Even earlier, during the 1920s, the Navy unsuccessfully attempted to bounce a 32-KHz, 500-watt radio sig-
nal off the Moon. A. Hoyt Taylor, Radio Reminiscences: A Half Century (Washington: NRL, 1948), p. 133. 1am grate-
ful to Louis Brown for pointing out this reference.

29. See DeVorkin, passim.

30. A.M. Skellett, “The Effect of Meteors on Radio Transmission through the Kennelly-Heaviside Layer,”
Physical Review 37 (1931): 1668; Skellett, “The lonizing Effect of Meteors,” Proceedings of the Institute of Radio
Engineers 23 (1935): 132~149. Skellett was a part-time graduate student in astronomy at Princeton University and
an employee of Bell Telephone Laboratories, New York City. The research described in this article came out of
a study of the American Telegraph and Telephone Company transatlantic short-wave telephone circuits in
1930-1932, and how they were affected by metcor ionization. DeVorkin, p. 275. 5
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the Air Ministry to study meteors immediately after World War II. They concluded that
meteors caused abnormal bursts of ionization as they passed through the ionosphere.3!

During the war, the military had investigated meteor trails with radar. When the
Germans started bombarding London with V2 rockets, the Army’s gun-laying radars were
hastily pressed into service to detect the radar reflections from the rockets during their
flight in order to give some warning of their arrival. In many cases alarms were sounded,
but no rockets were aloft. James S. Hey, a physicist with the Operational Research Group,
was charged with investigating these mistaken sightings. He believed that the false echoes
probably originated in the ionosphere and might be associated with meteors.

Hey began studying the impact of meteors on the ionosphere in October 1944, using
Army radar equipment at several locations until the end of the war. The Operational
Research Group, Hey, G. S. Stewart (electrical engineer), S. J. Parsons (electrical and
mechanical engineer), and J. W. Phillips (mathematician), found a correlation between
visual sightings and radar echoes during the Giacobinid meteor shower of October 1946.
Moreover, by using an improved photographic technique that better captured the echoes
on the radar screen, they were able to determine the velocity of the meteors.

Neither Hey nor Appleton pursued their radar investigations of meteors. During the
war, Hey had detected radio emissions from the Sun and the first discrete source of radio
emission outside the solar system in the direction of Cygnus. He left the Operational
Research Group for the Royal Radar Establishment at Malvern, where he and his col-
leagues carried on research in radio astronomy. Appleton, by 1946 a Nobel Laureate and
Secretary of the Department of Scientific and Industrial Research, also became thor-
oughly involved in the development of radio astronomy and became a member of the
Radio Astronomy Committee of the Royal Astronomical Society in 1949.32

Radar astronomy, however, did gain a foothold in Britain at the University of
Manchester under A. C. (later Sir) Bernard Lovell, director of the University’s Jodrell
Bank Experimental Station. During the war, Lovell had been one of many scientists work-
ing on microwave radar.33 His superior, the head of the Physics Department, was Patrick
M. S. Blackett, a member of the Committee for the Scientific Survey of Air Defence that
approved Watson-Watt’s radar memorandum. With the help of Hey and Parsons, Lovell
borrowed some Army radar equipment. Finding too much interference in Manchester, he
moved to the University’s botanical research gardens, which became the Jodrell Bank
Experimental Station. Lovell equipped the station with complete war-surplus radar sys-
tems, such as a 4.2-meter gun-laying radar and a mobile Park Royal radar. He purchased
at rock-bottom prices or borrowed the radars from the Air Ministry, Army, and Navy,
which were discarding the equipment down mine shafts.

31. Appleton and R. Naismith, “The Radio Detection of Meteor Trails and Allied Phenomena,”
Proceedings of the Physical Society 59 (1947): 461-473; James S. Hey and G.S. Stewart, “Radar Observations of
Meteors,” Proceedings of the Physical Society 59 (1947): 858; Lovell, Meteor Astronomy (Oxford: Clarendon Press,
1954), pp. 23-24.

82. Hey, The Evolution of Radio Astronomy (New York: Science History Publications, 1973), pp. 19-23 and
38-34; Lovell, The Story of Jodrell Bank (London: Oxford University Press, 1968), p. 5; Hey, Stewart, and S]J.
Parsons, "Radar Observations of the Giacobinid Meteor Shower,” Monthly Notices of the Royal Astronomical Society
107 (1947): 176-183; Hey and Stewart, "Radar Observations of Meteors,” Proceedings of the Physical Society 59
(1947): 858-860 and 881-882; Hey, The Radio Universe (New York: Pergamon Press, 1971), pp. 131-134; Lovell,
Meteor Astronomy, pp. 28-29 and 50-52; Peter Robertson, Beyond Southern Skies: Radio Astronomy and the Parkes
Telescope (New York: Cambridge University Press, 1992), p. 39; Dudley Saward, Bernard Lovell, a Biography
(London: Robert Hale, 1984), pp. 142-145; David O. Edge and Michael J. Mulkay, Astronomy Transformed: The
Emergence of Radio Astronomy in Britain (New York: Wiley, 1976), pp. 12-14. For a brief historical overview of the
Royal Radar Establishment, see Ernest H. Putley, “History of the RSRE,” RSRE Research Review 9 (1985): 165-174;
and D.H. Tomin, “The RSRE: A Brief History from Earliest Times to Present Day,” IEE Review 34 (1988): 403-407.
This major applied sciene institution deserves a more rigorously researched history.

83. See Lovell, Echoes of War: The Story of HoS Radar (Bristol: Adam Hilger, 1991). Lovell’s wartime
records are stored at the Imperial War Museum, Lambeth Road, London.
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Figure 3
The Jodrell Bank staff 1951 in front of the 4.2-meler searchlight aerial used in some meteor radar experiments. Sir Bernard
Lovell is in the center front. (Courtesy of the Director of the Nuffield Radio Astronomy Laboratories, Jodrell Bank.)

Originally, Lovell wanted to undertake research on cosmic rays, which had been
Blackett’s interest, too. One of the primary research objectives of the Jodrell Bank facility,
as well as one of the fundamental reasons for its founding, was cosmic ray research. Indeed,
the interest in cosmic ray research also lay behind the design and construction of the
76-meter (250-ft) Jodrell Bank telescope. The search for cosmic rays never succeeded, how-
ever; Blackett and Lovell had introduced a significant error into their initial calculations.

Fortuitously, though, in the course of looking for cosmic rays, Lovell came to realize
that they were receiving echoes from meteor ionization trails, and his small group of
Jodrell Bank investigators began to concentrate on this more fertile line of research.
Nicolai Herlofson, a Norwegian meteorologist who had recently joined the Department
of Physics, put Lovell in contact with the director of the Meteor Section of the British
Astronomical Association, J. P. Manning Prentice, a lawyer and amateur astronomer with
a passion for meteors. Also joining the Jodrell Bank team was John A. Clegg, a physics
teacher whom Lovell had known during the war. Clegg was a doctoral candidate at the
University of Manchester and an expert in antenna design. He remained at Jodrell Bank
until 1951 and eventually landed a position teaching physics in Nigeria. Clegg converted
an Army searchlight into a radar antenna for studying meteors.34

34. Lovell 11 January 1994; Lovell, Jodrell Bank, pp. 5-8, 10; Lovell, Meteor Astronomy, pp. 55-63; Edge
and Mulkay, pp. 15-16; Saward, pp. 129-131; R.H. Brown and Lovell, “Large Radio Telescopes and their Use in
Radio Astronomy,” Vistas in Astronomy 1 (1955): 542-560; Blackett and Lovell, “Radio Echoes and Cosmic Ray
Showers,” Proceedings of the Royal Society of London ser. A, vol. 177 (1941): 183-186; and Lovell, “The Blackett-
Eckersley-Lovell Correspondence of World War I1 and the Origin of Jodrell Bank,” Notes and Records of the Royal
Society of London 47 (1993): 119-131. For documents relating to equipment on loan from the Ministry of Aviation,
the War Office, the Royal Radar Establishment, the Admiralty, and the Air Ministry as late as the 1960s, see
10/51, “Accounts,” JBA.
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The small group of professional and amateur scientists began radar observations of
the Perseid meteor showers in late July and August 1946. When Prentice spotted a mete-
or, he shouted. His sightings usually, though not always, correlated with an echo on the
radar screen. Lovell thought that the radar echoes that did not correlate with Prentice’s
sightings might have been ionization trails created by cosmic ray showers. He did not
believe, initially, that the radar might be detecting meteors too small to be seen by the
human eye.

The next opportunity for a radar study of meteors came on the night of 9 October
1946, when the Earth crossed the orbit of the Giacobini-Zinner comet. Astronomers antic-
ipated a spectacular meteor shower. A motion picture camera captured the radar echoes
on film. The shower peaked around 3 A.M.; a radar echo rate of nearly a thousand mete-
ors per hour was recorded. Lovell recalled that “the spectacle was memorable. It was like
a great array of rockets coming towards one."35

The dramatic correlation of the echo rate with the meteors visible in the sky finally
convinced Lovell and everyone else that the radar echoes came from meteor ionization
trails, although it was equally obvious that many peculiarities needed to be investigated.
The Jodrell Bank researchers learned that the best results were obtained when the aerial
was positioned at a right angle to the radiant, the point in the sky from which meteor
showers appear to emanate. When the aerial was pointed at the radiant, the echoes on the
cathode-ray tube disappeared almost completely.36

Next joining the Jodrell Bank meteor group, in December 1946, was a doctoral
student from New Zealand, Clifton D. Ellyett, followed in January 1947 by a Cambridge
graduate, John G. Davies. Nicolai Herlofson developed a model of meteor trail ionization
that Davies and Ellyett used to calculate meteor velocities based on the diffraction pattern
produced during the formation of meteor trails. Clegg devised a radar technique for
determining their radiant.37

At this point, the Jodrell Bank investigators had powerful radar techniques for study-
ing meteors that were unavailable elsewhere, particularly the ability to detect and study
previously unknown and unobservable daytime meteor showers. Lovell and his colleagues
now became aware of the dispute over the nature of meteors and decided to attempt its
resolution with these techniques.38

Astronomers specializing in meteors were concerned with the nature of sporadic
meteors. One type of meteor enters the atmosphere from what appears to be a single
point, the radiant. Most meteors, however, are not part of a shower, but appear to arrive
irregularly from all directions and are called sporadic meteors. Most astronomers believed
that sporadic meteors came from interstellar space; others argued that they were part of
the solar system.

The debate could be resolved by determining the paths of sporadic meteors. If they
followed parabolic or elliptical paths, they orbited the Sun; if their orbit were hyperbolic,
they had an interstellar origin. The paths of sporadic meteors could be determined by an
accurate measurement of both their velocities and radiants, but optical means were insuf-
ficiently precise to give unambiguous results. Fred L. Whipple, future director of the

35. Lovell 11 January 1994; Lovell, Jodrel! Bank, pp. 7-8, 10.

36. Lovell 11 January 1994; Lovell, Jodrell Bank, pp. 8-10; Lovell, Clegg, and Congreve J. Banwell, “Radio
Echo Obscrvations of the Giacobinid Meteors 1946, Monthly Notices of the Royal Astronomical Society 107 (1947):
164-175. Banwell was a New Zealand veteran of the Telecommunications Research Establishment wartime radar
effort and an expert on receiver electronics.

37. Saward, p. 137; Herlofson, “The Theory of Meteor lonization,” Reports on Progress in Physics 11
(1946-47): 444-454; Ellyett and Davies, “Velocity of Meteors Measured by Diffraction of Radio Waves from Trails
during Formation,” Nature 161 (1948): 596-597; Clegg, “Determination of Meteor Radiants by Observation of
Radio Echoes from Meteor Trails,” Philosophical Magazine ser. 7, vol. 39 (1948): 577-594; Davies and Lovell, “Radio
Echo Studies of Meteors,” Vistas in Astronomy 1 (1955): 585-598, provides a summary of meteor research at Jodrell
Bank.
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Harvard College Observatory, a leading center of United States meteor research, attempt-
ed state-of-the-art optical studies of meteors with the Super Schmidt camera, but the first
one was not operational until May 1951, at Las Cruces, New Mexico.39

Radar astronomers thus attempted to accomplish what optical methods had failed to
achieve. Such has been the pattern of radar astronomy to the present. Between 1948 and
1950, Lovell, Davies, and Mary Almond, a doctoral student, undertook a long series of spo-
radic meteor velocity measurements. They found no evidence for a significant hyperbolic
velocity component; that is, there was no evidence for sporadic meteors coming from
interstellar space. They then extended their work to fainter and smaller meteors with sim-
ilar results.

The Jodrell Bank radar meteor studies determined unambiguously that meteors
form part of the solar system. As Whipple declared in 1955, “We may now accept as proven
the fact that bodies moving in hyperbolic orbits about the sun play no important role in
producing meteoric phenomena brighter than about the 8th effective magnitude.”
Astronomers describe the brightness of a body in terms of magnitude; the larger the mag-
nitude, the fainter the body.

The highly convincing evidence of the Jodrell Bank scientists was corroborated by
Canadian radar research carried out by researchers of the Radio and Electrical
Engineering Division of the National Research Council under Donald W. R. McKinley.
McKinley had joined the Council’s Radio Section (later Branch) before World War II and,
like Lovell, had participated actively in wartime radar work.

McKinley conducted his meteor research with radars built around Ottawa in 1947
and 1948 as part of various National Research Council laboratories, such as the Flight
Research Center at Arnprior Airport. Earle L. R. Webb, Radio and Electrical Engineering
Division of the National Research Council, supervised the design, construction, and oper-
ation of the radar equipment. From as early as the summer of 1947, the Canadian radar
studies were undertaken jointly with Peter M. Millman of the Dominion Observatory.
They coordinated spectrographic, photographic, radar, and visual observations. The
National Research Council investigators employed the Jodrell Bank technique to deter-
mine meteor velocities, a benefit of following in the footsteps of the British.41

Their first radar observations took place during the Perseid shower of August 1947,
as the first radar station reached completion. Later studies collected data from the
Geminid shower of December 1947 and the Lyrid shower of April 1948, with more radar
stations brought into play as they became available. Following the success of Jodrell Bank,

39. Ron Doel, “Unpacking a Myth: Interdisciplinary Research and the Growth of Solar System
Astronomy, 1920-1958,” Ph.D. diss. Princeton University, 1990, pp. 33-35, 42-44 and 108-111; DeVorkin, pp. 96,
273, 278 and 293; Luigi G. Jacchia and Whipple, “The Harvard Photographic Meteor Programme,” Vistas in
Astronomy 2 (1956): 982-994; Whipple, “Meteors and the Earth’s Upper Atmosphere,” Reviews of Modern Physics
15 (1943): 246-264; Whipple, “The Baker Super-Schmidt Meteor Cameras,” The Astronomical Journal 56 (1951):
144-145, states that the first such camera was installed in New Mexico in May 1951. Determining the origin of
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(Cambridge: Cambridge University Press, 1957), p. 376; Almond, Davies, and Lovell, “The Velocity Distribution
of Sporadic Meteors,” Monthly Notices of the Royal Astronomical Society 111 (1951): 585-608; 112 (1952): 21-39; 118
(1953): 411-427. The meteor studies at Jodrell Bank were continued into later years. See, for instance, L. C.
Browne and T. R. Kaiser, “The Radio Echo from the Head of Meteor Trails,” Journal of Atmospheric and Terrestrial
Physics 4 (1953): 1-4.
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Council of Canada, 1939-1946 (Waterloo, Ontario: Wilfred Laurier University Press, 1981), pp. 18, 25, 2L
106-109; Millman and McKinley, “A Note on Four Complex Meteor Radar Echoes,” Journal of the Royal
Astronomical Society of Canada 42 (1948): 122; McKinley and Millman, “A Phenomenological Theory of Radar
Echoes from Meteors,” Proceedings of the Institute of Radio Engineers 37 (1949): 364-375; McKinley and Millman,
“Determination of the Elements of Meteor Paths from Radar Observations,” Canadian Journal of Research A27
(1949): 53-67; McKinley, “Deceleration and Ionizing Efficiency of Radar Meteors,” Journal of Applied Physics 22
(1951): 203; McKinley, Meteor Science and Engineering (New York: McGraw-Hill, 1961), p. 20; Lovell, Meteor
Astronomy, pp. 52-55.
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McKinley’s group initiated their own study of sporadic meteors. By 1951, with data on
10,933 sporadic meteors, McKinley’s group reached the same conclusion as their British
colleagues: meteors were part of the solar system. Soon, radar techniques became an inte-
gral part of Canadian meteor research with the establishment in 1957 of the National
Research Council Springhill Meteor Observatory outside Ottawa. The Observatory con-
centrated on scientific meteor research with radar, visual, photographic, and spectro-
scopic methods.42

These meteor studies at Jodrell Bank and the National Research Council, and only
at those institutions, arose from the union of radar and astronomy; they were the begin-
nings of radar astronomy. Radar studies of meteors were not limited to Jodrell Bank and
the National Research Council, however. With support from the National Bureau of
Standards, in 1957 Harvard College Observatory initiated a radar meteor project under
the direction of Fred Whipple. Furthermore, radar continues today as an integral and vital
part of worldwide meteor research. Its forte is the ability to determine orbits better than
any other technique. In the last five years, a number of recently built radars have studied
meteors in Britain (MST Radar, Aberytswyth, Wales), New Zealand (AMOR, Meteor Orbit
Radar, Christchurch), and Japan (MU Radar, Shigaraki), not to mention earlier work in
Czechoslovakia and Sweden.43

Unlike the Jodrell Bank and National Research Council cases, the radar meteor stud-
ies started in the United States in the early 1950s were driven by civilian scientists doing
ionospheric and communications research and by the military’s desire for jam-proof,
point-to-point secure communications. While various military laboratories undertook
their own research programs, most of the civilian U.S. radar meteor research was carried
out at Stanford University and the National Bureau of Standards, where investigators fruit-
fully cross-fertilized ionospheric and military communications research. The Stanford
case is worth examining not only for its later connections to radar astronomy, but also for
its pioneering radar study of the Sun that arose out of an interest in ionospheric and radio
propagation research.

In contrast to the Stanford work, many radar meteor experiments carried out in the
United States in the 1940s were unique events. As early as August and November 1944, for
instance, workers in the Federal Communications Commission Engineering Department
associated visual observations of meteors and radio bursts. In January 1946, Oliver Perry
Ferrell of the Signal Corps reported using a Signal Corps SCR-270B radar to detect mete-
or ionization trails.# The major radar meteor event in the United States and elsewhere,

42. Millman, McKinley, and M. S. Burland, "Combined Radar, Photographic, and Visual Observations
of the 1947 Perscid Meteor Shower," Nature 161 (1948): 278-280; McKinley and Millman, “Determination of the
Elements,” p. 54; Millman and McKinley, “A Note," pp. 121-130; McKinley, “Meteor Velocities Determined by
Radio Observations,” The Astrophysics Journal 113 (1951): 225-267; F. R. Park, “An Observatory for the Study of
Meteors,” Engineering Journat 41 (1958): 68-70.

43. Whipple, “Recent Harvard-Smithsonian Meteoric Results,” Transactions of the JAU 10 (1960):
345-350; Jack W. Baggaley and Andrew D. Taylor, “Radar Meteor Orbital Structure of Southern Hemisphere
Cometary Dust Streams,” pp. 33-36 in Alan W. Harris and Edward Bowell, eds., Asteroids, Comets, Meteors 1991
(Houston: Lunar and Planetary Institute, 1992); Baggaley, Duncan 1. Steel, and Taylor, “A Southern Hemisphere
Radar Meteor Orbit Survey,” pp. 3740 in ibidem; William Jones and S. P. Kingsley, "Observations of Meteors by
MST Radar,” pp. 281-284 in ibidem; Jun-ichi Wattanabe, Tsuko Nakamura, T. Tsuda, M. Tsutsumi, A. Miyashita,
and M. Yoshikawa, “Meteor Mapping with MU Radar,” pp. 625-627 in ibidem. The MST Radar and the AMOR
were newly commissioned in 1990. The MU Radar is intended primarily for atmospheric research.

For the meteor radar research in Sweden and Czechoslovakia, see B. A. Lindblad and M. Simek,
“Structure and Activity of Perseid Meteor Stream from Radar Observations, 1956-1978,* pp. 431-434 in Clacs-
Ingva Lagerkvist and Hans Rickman, eds., Asteroids, Comets, Meteors (Uppsala: Uppsala University, 1983); A.
Hajduk and G. Cevolani, “Variations in Radar Reflections from Mecteor Trains and Physical Properties of
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(Uppsala: Uppsala University, 1989); Simek and Lindblad, “The Activity Curve of the Perseid Meteor Stream as
Determined from Short Duration Meteor Radar Echoes,” pp. 567-570 in ibidem.

44. Ferrell, “Meteoric Impact Ionization Observed on Radar Oscilloscopes,” Physical Review 2d ser., vol.
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however, was the spectacular meteor shower associated with the Giacobini-Zinner comet.

On the night of 9 October 1946, 21 Army radars were aimed toward the sky in order
to observe any unusual phenomena. The Signal Corps organized the experiment, which
fit nicely with their mission of developing missile detection and ranging capabilities. The
equipment was operated by volunteer crews of the Army ground forces, the Army Air
Forces, and the Signal Corps located across the country in Idaho, New Mexico, Texas, and
New Jersey. For mainly meteorological reasons, only the Signal Corps SCR-270 radar suc-
cessfully detected meteor ionization trails. No attempt was made to correlate visual obser-
vations and radar echoes. A Princeton University undergraduate, Francis B. Shaffer, who
had received radar training in the Navy, analyzed photographs of the radar screen echoes
at the Signal Corps laboratory in Belmar, New Jersey.

This was the first attempt to utilize microwave radars to detect astronomical objects.
The equipment operated at 1,200 MHz (25 cm), 3,000 MHz (10 cm), and 10,000 MHz (3
cm), frequencies in the L, S, and X radar bands that radar astronomy later used. “On the
basis of this night’s experiments,” the Signal Corps experimenters decided, “we cannot
conclude that microwave radars do not detect meteor-formed ion clouds.”5

In contrast to the Signal Corps experiment, radar meteor studies formed part of
ongoing research at the National Bureau of Standards. Organized from the Bureau’s
Radio Section in May 1946 and located at Sterling, Virginia, the Central Radio
Propagation Laboratory (CRPL) division had three laboratories, one of which concerned
itself exclusively with ionospheric research and radio propagation and was especially inter-
ested in the impact of meteors on the ionosphere. In October 1946, Victor C. Pineo and
others associated with the CRPL used a borrowed SCR-270-D Signal Corps radar to
observe the Giacobinid meteor shower. Over the next five years, Pineo continued research
on the effects of meteors on the ionosphere, using a standard ionospheric research instru-
ment called an ionosonde and publishing his results in Science.

Pineo’s interest was in ionospheric physics, not astronomy. Underwriting his
research at the Ionospheric Research Section of the National Bureau of Standards was the
Air Force Cambridge Research Center (known later as the Cambridge Research
Laboratories and today as Phillips Laboratory). His meteor work did not contribute to
knowledge about the origin of meteors, as such work had in Britain and Canada, but it
supported efforts to create secure military communications using meteor ionization
trails.46 Also, it related to similar research being carried out concurrently at Stanford
University.

The 1946 CRPL experiment, in fact, had been suggested by Robert A. Helliwell of
the Stanford Radio Propagation Laboratory (SRPL). Frederick E. Terman, who had head-
ed the Harvard Radio Research Laboratory and its radar countermeasures research dur-
ing the war, “virtually organized radio and electronic engineering on the West Coast” as
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and Telescope 6 (March 1947): 35. They reported their earlier results in a paper, “Radar Observations of the
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HL Diana 46 (26), HAUSACEC.
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Science 110 (1949): 280-283; Pineo, “A Comparison of Meteor Activity with Occurrence of Sporadic-E
Reflections,” Science 112 (1950): 5051; Pineo and T. I4. Gautier, “The Wave-Frequency Dependence of the
Duration of Radar-Type Echoes from Meteor Trails,” Science 114 (1951): 460-462. Other articles by Pineo on his
ionospheric research can be found in Laurence A. Manning, Bibliography of the lonosphere: An Annotated Survey
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Stanford Dean of Engineering, according to historian C. Stewart Gillmor. Terman nego-
tiated a contract with the three military services for the funding of a broad range of
research, including the SRPL’s long-standing ionospheric research program.47

Helliwell, whose career was built on ionospheric research, was joined at the SRPL by
Oswald G. Villard, Jr. Villard had earned his engineering degree during the war for the
design of an ionosphere sounder. As an amateur radio operator in Cambridge,
Massachusetts, he had noted the interference caused by meteor ionizations at shortwave
frequencies called Doppler whistles.8

In October 1946, during the Giacobinid meteor shower, Helliwell, Villard, Laurence
A. Manning, and W. E. Evans, Jr., detected meteor ion trails by listening for Doppler whis-
tles with radios operating at 15 MHz (20 meters) and 29 MHz (10 meters). Manning then
developed a method of measuring meteor velocities using the Doppler frequency shift of
a continuous-wave signal reflected from the ionization trail. Manning, Villard, and Allen
M. Peterson then applied Manning’s technique to a continuous-wave radio study of the
Perseid meteor shower in August 1948. The initial Stanford technique was significantly
different from that developed at Jodrell Bank; it relied on continuous-wave radio, rather
than pulsed radar, echoes.

One of those conducting meteor studies at Stanford was Von R. Eshleman, a gradu-
ate student in electrical engineering who worked under both Manning and Villard. While
serving in the Navy during World War II, Eshleman had studied, then taught, radar at the
Navy’s radar electronics school in Washington, DC. In 1946, while returning from the war
on the U.S.S. Missouri, Eshleman unsuccessfully attempted to bounce radar waves off the
Moon using the ship’s radar. Support for his graduate research at Stanford came through
contracts between the University and both the Office of Naval Research and the Air Force.

Eshleman’s dissertation considered the theory of detecting meteor ionization trails
and its application in actual experiments. Unlike the British and Canadian meteor stud-
ies, the primary research interest of Eshleman, Manning, Villard, and the other Stanford
investigators was information about the winds and turbulence in the upper atmosphere.
Their investigations of meteor velocities, the length of ionized meteor trails, and the fad-
ing and polarization of meteor echoes were part of that larger research interest, while
Eshleman’s dissertation was an integral part of the meteor research program.

Eshleman also considered the use of meteor ionization trails for secure military com-
munications. His dissertation did not explicitly state that application, which he took up
after completing the thesis. The Air Force supported the Stanford meteor research main-
ly to use meteor ionization trails for secure, point-to-point communications. The Stanford
meteor research thus served a variety of scientific and military purposes simultaneously.50
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The meteor research carried out at Stanford had nontrivial consequences.
Eshleman’s dissertation has continued to provide the theoretical foundation of modern
meteor burst communications, a communication mode that promises to function even
after a nuclear holocaust has rendered useless all normal wireless communications. The
pioneering work at Stanford, the National Bureau of Standards, and the Air Force
Cambridge Research Laboratories received new attention in the 1980s, when the Space
Defense Initiative (“Star Wars”) revitalized interest in using meteor ionization trails for
classified communications. Non-military applications of meteor burst communications
also have arisen in recent years.5!

Early meteor burst communications research was not limited to Stanford and the
National Bureau of Standards. American military funding of early meteor burst commu-
nications research extended beyond its shores to Britain. Historians of Jodrell Bank radio
astronomy and meteor radar research stated that radio astronomy had surpassed meteor
studies at the observatory by 1955. However, that meteor work persisted until 1964
through a contract with the U.S. Air Force, though as a cover for classified military
research.52

Auroras provided additional radar targets in the 1950s. A major initiator of radar
auroral studies was Jodrell Bank. As early as August 1947, while conducting meteor
research, the Jodrell Bank scientists Lovell, Clegg, and Ellyett received echoes from an
aurora display. Arnold Aspinall and G. S. Hawkins then continued the radar auroral stud-
ies at Jodrell Bank in collaboration with W. B. Housman, Director of the Aurora Section
of the British Astronomy Association, and the aurora observers of that Section. In Canada,
McKinley and Millman also observed an aurora during their meteor research in April
1948.53

The problem with bouncing radar waves off an aurora was determining the reflect-
ing point. Researchers in the University of Saskatchewan Physics Department (B. W.
Currie, P. A. Forsyth, and F. E. Vawter) initiated a systematic study of auroral radar reflec-
tions in 1948, with funding from the Defense Research Board of Canada. Radar equip-
ment was lent by the U.S. Air Force Cambridge Research Center and modified by the
Radio and Electrical Engineering Division of the National Research Council. Forsyth had
completed a dissertation on auroras at McGill University and was an employee of the
Defense Research Board’s Telecommunications Establishment on loan to the University
of Saskatchewan for the project. The Saskatchewan researchers discovered that the echoes
bounced off small, intensely ionized regions in the aurora.>*

Other aurora researchers, especially in Sweden and Norway, took up radar studies.
In Sweden, Gotha Hellgren and Johan Meos of the Chalmers University of Technology
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Research Laboratory of Electronics in Gothenburg decided to conduct radar studies of
auroras as part of their ionospheric research program. Beginning in May 1951, the Radio
Wave Propagation Laboratory of the Kiruna Geophysical Observatory undertook round-
the-clock observations of auroras with a 30.3-MHz (10-meter) radar. In Norway, Leiv
Harang, who had observed radar echoes from an aurora as early as 1940, and B.
Landmark observed auroras with radars lent by the Norwegian Defense Research
Establishment and installed at Oslo (Kjeller) and Troms6, where a permanent center for
radar investigation of auroras was created later.55

These and subsequent radar investigations changed the way scientists studied auro-
ras, which had been almost entirely by visual means up to about 1950. Permanent auroral
observatories located at high latitudes, such as those at Oslo and Troms6 in Norway, at
Kiruna in Sweden, and at Saskatoon in Saskatchewan, integrated radar into a spectrum of
research instruments that included spectroscopy, photography, balloons, and sounding
rockets. The International Geophysical Year, 1957-1958, was appropriately timed to fur-
ther radar auroral research; it coincided with extremely high sunspot and auroral activity,
such as the displays visible from Mexico in September 1957 and the “Great Red Aurora”
of 10 February 1958. Among those participating in the radar aurora and meteor studies
associated with the International Geophysical Year activities were three Jodrell Bank stu-
dents and staff who joined the Royal Society expedition to Halley Bay, Antarctica.56

To the Moon Again

The auroral and meteor radar studies carried out in the wake of the lunar radar
experiments of DeWitt and Bay were, in essence, ionospheric studies. While the causes of
auroras and meteor ionization trails arise outside the Earth’s atmosphere, the phenome-
na themselves are essentially ionospheric. At Jodrell Bank, meteor and auroral studies pro-
vided the initial impetus, but certainly not the sustaining force, for the creation of an
ongoing radar astronomy program. That sustaining force came from lunar studies.
However, like so much of early radar astronomy, those lunar studies were never far from
ionospheric research. Indeed, the trailblazing efforts of DeWitt and Bay opened up new
vistas of ionospheric and communications research using radar echoes from the Moon.

Historically, scientists had been limited to the underside and lower portion of the
ionosphere. The discovery of “cosmic noise” by Bell Telephone researcher Karl Jansky in
1932 suggested that higher frequencies could penetrate the ionosphere. The experiments
of DeWitt and Bay suggested radar as a means of penetrating the lower regions of the
ionosphere. DeWitt, moreover, had observed unexpected fluctuations in signal strength
that lasted several minutes, which he attributed to anomalous ionospheric refraction.57
His observations invited further investigation of the question.

The search for a better explanation of those fluctuations was taken up by a group of
ionosphericists in the Division of Radiophysics of the Australian Council for Scientific and
Industrial Research: Frank J. Kerr, C. Alex Shain, and Charles S. Higgins. In 1946, Kerr
and Shain explored the possibility of obtaining radar echoes from meteors, following the
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example of Lovell in Britain, but Project Diana turned their attention toward the Moon.
In order to study the fluctuations in signal strength that DeWitt had observed, Kerr, Shain,
and Higgins put together a rather singular experiment.

For a transmitter, they used the 20-MHz (15-meter) Radio Australia station, located
in Shepparton, Victoria, when it was not in use for regular programming to the United
States and Canada. The receiver was located at the Radiophysics Laboratory, Hornsby,
New South Wales, a distance of 600 km from the transmitter. Use of this unique system was
limited to days when three conditions could be met all at the same time: the Moon was
passing through the station’s antenna beams; the transmitter was available; and atmos-
pherig conditions were favorable. In short, the system was workable about twenty days a
year.>

Kerr, Shain, and Higgins obtained lunar echoes on thirteen out of fifteen attempts.
The amplitude of the echoes fluctuated considerably over the entire run of tests as well as
within a single test. Researchers at ITT’s Federal Telecommunications Laboratories in
New York City accounted for the fluctuations observed by DeWitt by positing the existence
of smooth spots that served as “bounce points” for the reflected energy. Another possibil-
ity they imagined was the existence of an ionosphere around the Moon.59 The Australians
disagreed with the explanations offered by DeWitt and the ITT researchers, but they were
initially cautious: “It cannot yet be said whether the reductions in intensity and the long-
period variations are due to ionospheric, lunar or inter-planetary causes.”60

During a visit to the United States in 1948, J. L. Pawsey, a radio astronomy enthusiast
also with the Council for Scientific and Industrial Research’s Division of Radiophysics,
arranged a cooperative experiment with the Americans. A number of U.S. organizations
with an interest in radio, the National Bureau of Standards CRPL, the Radio Corporation
of America (Riverhead, New York), and the University of Illinois (Urbana), attempted to
receive Moon echoes simultaneously from Australia, beginning 30 July 1948. Ross
Bateman (CRPL) acted as American coordinator. The experiment was not a great success.
The times of the tests (limited by transmitter availability) were all in the middle of the day
at the receiving points. Echoes were received in America on two occasions, 1 August and
28 October, and only for short periods in each case.

Meanwhile, Kerr and Shain continued to study lunar echo fading with the Radio
Australia transmitter. Based on thirty experiments (with echoes received in twenty-four of
them) conducted over a year, they now distinguished rapid and slow fading. Kerr and
Shain proposed that each type of fading had a different cause. Rapid fading resulted from
the Moon’s libration, a slow wobbling motion of the Moon. Irregular movement in the
ionosphere, they originally suggested, caused the slower fading.6! Everyone agreed that
the rapid fading of lunar radar echoes originated in the lunar libration, but the cause of
slow fading was not so obvious.

The problem of slow fading was taken up at Jodrell Bank by William A. S. Murray and
J. K Hargreaves, who sought an explanation in the ionosphere. Although Lovell had pro-
posed undertaking lunar radar observations as early as 1946, the first worthwhile results
were not obtained until the fall of 1953. Hargreaves and Murray photographed and ana-
lyzed some 50,000 lunar radar echoes at the Jodrell Bank radar telescope in October and
November 1953 to determine the origin of slow fading.
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With rare exceptions, nighttime runs showed a steady signal amplitude, while day-
time runs, especially those within a few hours of sunrise, were marked by severe fading.
The high correlation between fading and solar activity strongly suggested an ionospheric
origin. However, Hargreaves and Murray believed that irregularities in the ionosphere
could not account for slow fading over periods lasting up to an hour. They suggested
instead that slow fading resulted from Faraday rotation, in which the plane of polarization
of the radio waves rotated, as they passed through the ionosphere in the presence of the
Earth’s magnetic field.

Hargreaves and Murray carried out a series of experiments to test their hypothesis in
March 1954. The transmitter had a horizontally polarized antenna, while the primary feed
of the receiving antenna consisted of two dipoles mounted at right angles. They switched
the receiver at short intervals between the vertical and horizontal feeds so that echoes
would be received in both planes of polarization, a technique that is a standard planetary
radar practice today.

As the plane of polarization of the radar waves rotated in the ionosphere, stronger
echo amplitudes were received by the vertical feed than by the horizontal feed. If no
Faraday rotation had taken place, both the transmitted and received planes of polariza-
tion would be the same, that is, horizontal. But Faraday rotation of the plane of polariza-
tion in the ionosphere had rotated the plane of polarization so that the vertical feed
received more echo power than the horizontal feed. The results confirmed that slow
fading was caused, at least in part, by a change in the plane of polarization of the received
lunar echo.62

Murray and Hargreaves soon took positions elsewhere, yet Jodrell Bank continued to
feature radar astronomy through the persistence of Bernard Lovell. Lovell became entan-
gled in administrative affairs and the construction of a giant radio telescope, while John
V. Evans, a research student of Lovell, took over the radar astronomy program. Evans had
a B.Sc. in physics and had had an interest in electronics engineering since childhood. He
chose the University of Manchester Physics Department for his doctoral degree, because
the department, through Lovell, oversaw the Jodrell Bank facility. The facility’s heavy
involvement in radio and radar astronomy, when Evans arrived there on his bicycle in the
summer of 1954, assured Evans that his interest in electronics engineering would be sated.

With the approval and full support of Lovell, Evans renewed the studies of lunar
radar echoes, but first he rebuilt the lunar radar equipment. It was a “poor instrument,”
Evans later recalled, “and barely got echoes from the Moon.” After he increased the power
output from 1 to 10 kilowatts and improved the sensitivity of the receiver by rebuilding the
front end, Evans took the lunar studies in a new direction. Unlike the majority of Jodrell
Bank research, Evans’s lunar work was underwritten through a contract with the U.S. Air
Force, which was interested in using the Moon as part of a long-distance communications
system.

With his improved radar apparatus, Evans discovered that the Moon overall was a rel-
atively smooth reflector of radar waves at the wavelength he used (120 MHz; 2.5 meters).
Later, from the way that the Moon appeared to scatter back radar waves, Evans speculat-
ed that the lunar surface was covered with small, round objects such as rocks and stones.
Hargreaves proposed that radar observations at shorter wavelengths should be able to give
interesting statistical information about the features of the lunar surface.®® That idea was
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the starting point for the creation of planetary radar techniques that would reveal the sur-
face characteristics of planets and other moons.

Experimenters prior to Evans had assumed that the Moon reflected radar waves from
the whole of its illuminated surface, like light waves. They debated whether the power
returned to the Earth was reflected from the entire visible disk or from a smaller region.
The question was important to radar astronomers at Jodrell Bank as well as to military and
civilian researchers developing Moon-relay communications.

In March 1957, Evans obtained a series of lunar radar echoes. He photographed
both the transmitted pulses and their echoes so that he could make a direct comparison
between the two. Evans also made range measurements of the echoes at the same time. In
each case, the range of the observed echo was consistent with that of the front edge of the
Moon. The echoes came not from the entire visible disk but from a smaller portion of the
lunar surface, that closest to the Earth and known as the subradar point.54 This discovery
became fundamental to radar astronomy research.

Because radar waves reflected off only the foremost edge of the Moon, Evans and
John H. Thomson (a radio astronomer who had transferred from Cambridge in 1959)
undertook a series of experiments on the use of the Moon as a passive communication
relay. Although initial results were “not intelligible,” because FM and AM broadcasts tend-
ed to fade, Lovell bounced Evans’ “hello” off the Moon with a Jodrell Bank transmitter
and receiver during his BBC Reith Lecture of 1958. Several years later, in collaboration
with the Pye firm, a leading British manufacturer of electronic equipment headquartered
in Cambridge, and with underwriting from the U.S. Air Force, a Pye transmitter at Jodrell
Bank was used to send speech and music via the Moon to the Sagamore Hill Radio
Astronomy Observatory of the Air Force Cambridge Research Center, at Hamilton,
Massachusetts. The U.S. Air Force thus obtained a successful lunar bounce communica-
tion experiment at Jodrell Bank for a far smaller sum than that spent by the Naval
Research Laboratory.65

The Moon Bounce

The lunar communication studies at Jodrell Bank illustrate that astronomy was not
behind all radar studies of the Moon. Much of the lunar radar work, especially in the
United States, was performed to test long-distance communication systems in which the
Moon would serve as a relay. Thus, the experiments of DeWitt and Bay may be said to have
begun the era of satellite communications. Research on Moon-relay communications sys-
tems by both military and civilian laboratories eventually drew those institutions into the
early organizational activities of radar astronomers. After all, both communication
research and radar astronomy shared an interest in the behavior of radio waves at the
lunar surface. Hence, a brief look at that research would be informative.

Before the advent of satellites, wireless communication over long distances was
achieved by reflecting radio waves off the ionosphere. As transmission frequency
increased, the ionosphere was penetrated. Long-distance wireless communication at high
frequencies had to depend on a network of relays, which were expensive and technically
complex. Using the Moon as a relay appeared to be a low-cost alternative.%6
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Reacting to the successes of DeWitt and Bay, researchers at the ITT Federal
Telecommunications Laboratories, Inc., New York City, planned a lunar relay telecom-
munication system operating at UHF frequencies (around 50 MHz; 6 meters) to provide
radio telephone communications between New York and Paris. If such a system could be
made to work, it would provide ITT with a means to compete with transatlantic cable car-
riers dominated by rival AT&T. What the Federal Telecommunications Laboratories had
imagined, the Collins Radio Company, Cedar Rapids, Iowa, and the National Bureau of
Standards CRPL, accomplished.

On 28 October and 8 November 1951, Peter G. Sulzer and G. Franklin Montgomery,
CRPL, and Irvin H. Gerks, Collins Radio, sent a continuous-wave 418-MHz (72-cm) radio
signal from Cedar Rapids to Sterling, Virginia, via the Moon. On 8 November, a slowly
hand-keyed telegraph message was sent over the circuit several times. The message was the
same sent by Samuel Morse over the first U.S. public telegraph line: “What hath God
wrought?”67

Unbeknownst to the CRPL/Collins team, the first use of the Moon as a relay in a
communication circuit was achieved only a few days earlier by military researchers at the
Naval Research Laboratory (NRL). The Navy was interested in satellite communications,
and the Moon offered itself as a free (if distant and rough) satellite in the years before an
artificial satellite could be launched. In order to undertake lunar communication studies,
the NRL built what was then the world’s largest parabolic antenna in the summer of 1951.
The dish covered over an entire acre (67 by 80 meters; 220 by 263 ft) and had been cut
into the earth by road-building machinery at Stump Neck, Maryland. The one-megawatt
transmitter operated at 198 MHz (1.5 meters). The NRL first used the Moon as a relay in
a radio communication circuit on 21 October 1951. After sending the first voice trans-
mission via the Moon on 24 July 1954, the NRL demonstrated transcontinental satellite
teleprinter communication from Washington, DC, to San Diego, CA, at 301 MHz (1
meter) on 29 November 1955 and transoceanic satellite communication, from
Washington, DC, to Wahiawa, Oahu, Hawaii, on 23 January 1956.68

Later in 1956, the NRL’s Radio Astronomy Branch started a radar program under
Benjamin S. Yaplee to determine the feasibility of bouncing microwaves off the Moon and
to accurately measure both the Moon’s radius and the distances to different reflecting
areas during the lunar libration cycle. Aside from the scientific value of that research, the
information would help the Navy to determine relative positions on the Earth’s surface.
The first NRL radar contact with the Moon at a microwave frequency took place at 2860
MHz (10-cm) and was accomplished with the Branch’s 15-meter (50-ft) radio telescope.5?

Although interest in bouncing radio and radar waves off the Moon drew military and
civilian researchers to early radar astronomy conferences, lunar communication schemes
failed to provide either a theoretical or a funding framework within which radar astrono-
my could develop. The rapidly growing field of ionospheric research, on the other hand,
provided both theoretical and financial support for radar experiments on meteors and
the Moon. Despite the remarkable variety of radar experiments carried out in the years
following World War II, radar achieved a wider and more permanent place in ionospher-
ic research (especially meteors and auroras) than in astronomy.
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All that changed with the start of the U.S./U.S.S.R. Space Race and the announce-
ment of the first planetary radar experiment in 1958. That experiment was made possible
by the rivalries of the Cold War, which fostered a concentration of expertise and financial,
personnel, and material resources that paralleled, and in many ways exceeded, that of
World War II. The new Big Science of the Cold War and the Space Race, often indistin-
guishable from each other, gave rise to the radar astronomy of planets.

The Sputnik and Lunik missions were not just surprising demonstrations of Soviet
achievements in science and technology. Those probes had been propelled off the Earth
by ICBMs, and an ICBM capable of putting a dog in Earth-orbit or sending a probe to the
Moon was equally capable of delivering a nuclear bomb from Moscow to New York City.
Behind the Space Race lay the specter of the Cold War and World War II, or to para-
phrase Clausewitz, the Space Race was the Cold War by other means. Just as the vulnera-
bility of Britain to air attacks had led to the creation of the Chain Home radar warning
network, the defenselessness of the United States against aircraft and ICBM attacks with
nuclear bombs and warheads led to the creation of a network of defensive radars. The
development of that network in turn provided the instrument with which planetary radar
astronomy, driven by the availability of technology, would begin in the United States.



Chapter Two
Fickle Venus

In 1958, MIT’s Lincoln Laboratory announced that it had bounced radar waves off
Venus. That apparent success was followed by another, but in England, during Venus’ next
inferior conjunction. In September 1959, investigators at Jodrell Bank announced that
they had validated the 1958 results, yet Lincoln Laboratory failed to duplicate them. All
uncertainty was swept aside, when the Jet Propulsion Laboratory (JPL) obtained the first
unambiguous detection of echoes from Venus in 1961.

As we saw in the case of radar studies of meteors and the Moon in the 1940s and
1950s, planetary radar astronomy was driven by technology. The availability of military
apparatus made possible the rise of radar astronomy in Britain in the 1940s. Just as the
threat of airborne invasion gave rise to the Chain Home radar, the Cold War and its sci-
entific counterpart, the Space Race, demanded the creation of a new generation of defen-
sive radars, and those radars made possible the first planetary radar experiments. Even
British and Soviet planetary radar astronomy were not free of the sway of military and
space efforts. Thus, the Big Science efforts brought into being by the Cold War and the
Space Race provided the material resources necessary for the emergence of planetary
radar astronomy.

The initial radar detections of Venus signaled a benchmark in radar capacity that
separated a new generation of radars from their predecessors. High-speed digital com-
puters linked to more powerful transmitters and more sensitive receivers utilizing state-of-
the-art masers and parametric amplifiers provided the new capacity. As we saw in Chapter
One, initial radar astronomy targets were either ionospheric phenomena, like meteors
and auroras, or the Moon, whose mean distance from Earth is about 384,000 kilometers.
The new radars reached beyond the Moon to Venus, about 42 million kilometers distant
at its closest approach to Earth.

Radar detections of the planets, while sterling technical achievements, were inca-
pable of demonstrating the value of planetary radar as an ongoing scientific activity. As
radar astronomy already had achieved with meteor studies, planetary radar became a sci-
entific activity by solving problems left unsolved or unsatisfactorily solved by optical
means.

As they made their first detections of Venus, planetary radar astronomers found and
solved two such problems. One was the rotation of Venus, the determination of which was
prevented by the planet’s optically impenetrable atmosphere. The other problem was the
astronomical unit, the mean radius of the Earth’s orbit around the Sun. Astronomers
express the distances of the planets from the Sun in terms of the astronomical unit, but
agreement on its exact value was lacking. Radar observations of Venus provided an exact
value, which the International Astronomical Union adopted, and revealed the planet’s
retrograde rotation.

While the astronomical unit and the rotation of Venus interested astronomers, they
also held potential benefit for the nascent space program. In many respects, the problems
solved by the first planetary radar experiments needed solutions because of the Space
Race. By February 1958, when Lincoln Laboratory first tried to bounce radar waves off
Venus, Sputnik 1 and the Earth-orbiting dog Laika were yesterday’s news. The Space Race
was hot, and so was the competition between the United States and the Soviet Union.

27
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Planetary radar astronomy rode the cresting waves of Big Science (the Space Race) and
the Cold War well into the 1970s.

From the Rad Lab to Millstone Hill

Scientists and engineers at MIT’s Lincoln Laboratory attempted to reach Venus by
radar in 1958, because they had access to a radar of unprecedented capability. The radar
existed because MIT, as it had since the days of the Radiation Laboratory, conducted mil-
itary electronics research. Lincoln Laboratory did not emerge directly from the Radiation
Laboratory but through its direct descendant, the Research Laboratory of Electronics
(RLE).

The RLE, a joint laboratory of the Physics and Electrical Engineering Departments,
continued much of the fundamental electronic research of the Radiation Laboratory. The
Signal Corps, Air Force, and the Office of Naval Research jointly funded the new labora-
tory, with the Signal Corps overseeing the arrangement. Former Radiation Laboratory
employees filled research positions at the RLE, which occupied a temporary structure on
the MIT campus erected earlier for the Radiation Laboratory. The two leaders of the
Lincoln Laboratory Venus radar experiment, Robert Price and Paul E. Green, Jr., were
both student employees of the RLE. Price also had an Industrial Fellowship in Electronics
from Sperry. Among the other early RLE fellowship sponsors were the General Radio
Company, RCA, ITT, and the Socony-Vacuum Oil Company.

In September 1949, the Soviet Union detonated its first nuclear bomb; within
months civil war exploded in Korea. The need for a United States air defense capable of
coping with a nuclear attack was urgent. Project Charles, a group of military and civilian
experts, studied the problems of air defense. Its findings led directly to the creation of
Lincoln Laboratory in the Autumn of 1951.1

MIT was, in the words of Hoyt S. Vandenberg, U.S. Air Force chief of staff, “unique-
ly qualified to serve as contractor to the Air Force for the establishment of the proposed
[Lincoln] laboratory. Its experience in managing the Radiation Laboratory of World War
11, the participation in the work of ADSEC [Air Defense Systems Engineering Committee]
by Professor [George E.] Valley and other members of the MIT staff, its proximity to
AFCRL [Air Force Cambridge Research Laboratories], and its demonstrated competence
in this sort of activity have convinced us that we should be fortunate to secure the services
of MIT in the present connection.”

Lincoln Laboratory was to design and develop what became known as SAGE (Semi-
Automatic Ground Environment), a digital, integrated computerized North-American
network of air defense. SAGE involved a diversity of applied research in digital computing
and data processing, long-range radar, and digital communications. The Army, Navy, and
Air Force jointly underwrote Lincoln Laboratory through an Air Force prime contract.
The Air Force provided nearly 90 percent of the funding. In 1954, Lincoln Laboratory
moved out of its Radiation Laboratory buildings on the MIT campus and into a newly con-
structed facility at Hanscom Field, in Lexington, Massachusetts, next to the Air Force
Cambridge Research Center.

1. “President’s Report Issue,” MIT Bulletin vol. 82, no. 1 (1946): 133-136; ibid., vol. 83, no. 1 (1947):
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Lincoln Laboratory quickly began work on the Distant Early Warning (DEW) Line
in the arctic region of North America. The first experimental DEW-line radar units were
in place near Barter Island, Alaska, by the end of 1953. The radar antennas were enclosed
by a special structure called a radome, which protected them from arctic winds and cold.

InterContinental Ballistic Missiles (ICBMs) challenged the DEW Line and the North
American coordinated defense network, which had been designed to warn against air-
plane attacks. ICBMs could carry nuclear warheads above the ionosphere, higher than any
pilot could fly; existing warning radars were useless. In order to detect and track ICBMs,
radars would have to recognize targets smaller than airplanes at altitudes several hundred
kilometers above the Earth and at ranges of several thousand kilometers. The new radars
would have to distinguish between targets and auroras, meteors, and other ionospheric
disturbances, which experience already had shown were capable of crippling military
communications and radars.3

In 1954, Lincoln Laboratory began initial studies of Anti-InterContinental Ballistic
Missile (AICBM) systems and the creation of the Ballistic Missile Early Warning System
(BMEWS). By the spring of 1956, the construction of an experimental prototype BMEWS
radar was underway. Its location, atop Millstone Hill in Westford, Massachusetts, was well
away from air routes and television transmitters and close to MIT and Lincoln Laboratory.
The Air Force owned and financed the radar, while Lincoln Laboratory managed it under
Air Force contract through the adjacent Air Force Cambridge Research Center.

Herbert G. Weiss was in charge of designing and building Millstone. After graduat-
ing from MIT in 1936 with a BS in electrical engineering, Weiss conducted microwave
research for the Civil Aviation Authority in Indianapolis and worked in the MIT Radiation
Laboratory. After the war, Weiss worked at Los Alamos, then at Raytheon, before return-
ing to MIT to work on the DEW radars.

Millstone embodied a new generation of radars capable of detecting smaller objects
at farther ranges. Thanks to specially designed, 3-meter-tall (11-feet-tall) klystron tubes,
Millstone was intended to have an unprecedented amount of peak transmitting power,
1.25 megawatts from each Klystron (2.5 megawatts total). Its frequency was 440 MHz (68
cm). The antenna, a steerable parabolic dish 26 meters (84-feet) from rim to rim, stood
on a 27-meter-high (88-foot-high) tower of concrete and steel. Millstone began operating
in October 1957, just in time to skin track the first Sputnik.
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F' 4
The Lincoln Laboratory Millstone Hill Radar Observatory, ca. 1958. (Courtesy of MIT Lincoln Laboratory, Lexington,
Massachusetts, photo no. P489-128.)

Millstone furnished valuable scientific and technological information to the military,
while advancing ionospheric and lunar radar research. In addition to testing and evaluat-
ing new defense radar techniques and components, its scientific missions included mea-
suring the ionosphere and its influence on radar signals (such as Faraday rotation),
observing satellites and missiles, and performing radar studies of auroras, meteors, and
the Moon, all of which were potential sources of false alarm for BMEWS radars.4

The Lunchtime Conversazione

The idea of using the Millstone Hill radar to bounce signals off Venus arose during
one of the customary lunchtime discussions between Bob Price and Paul Green. As MIT
doctoral students and later as Lincoln Laboratory engineers, Price and Green worked
closely together under Wilbur B. Davenport, Jr., their laboratory supervisor and disserta-
tion director. They worked on different aspects of NOMAC (NOise Modulation And
Correlation), a high-frequency communication system (known by the Army Signal Corps
production name FIC) that used pseudonoise sequences, and on Rake, a receiver that
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Kingston, Leon G. Kraft, Jr., Gordon H. Pettengill, Roland Silver, William B. Smith, “Radar Echoes from Venus,”
Science 129 (1959): 753; “Missile Radar Probes Arctic,” Electronics 30.(1957)::19; Pettengill 28 September 1993.
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solved NOMAC multipath propagation problems. Later, what Lincoln Laboratory called
NOMAC came to be called spread spectrum.

Their work was vital to maintaining military communications in the face of enemy
Jjamming. One of their units went to Berlin in 1959 in anticipation of a blockade to pro-
vide essential communications in case of jamming. The Soviet Union already had demon-
strated its jamming expertise against the Voice of America. Conceivably, all NATO com-
munications could be jammed in time of war. The Lincoln Laboratory anti-amming pro-
ject was a direct response to that threat.5

Radio astronomy, which influenced the rise of planetary radar astronomy during the
1960s, played a small role in the Lincoln Laboratory Venus experiment. Price actually had
worked at the University of Sydney under radio astronomer Gordon Stanley and met such
pioneers as Pawsey, Taffy Bowen, Paul Wild, Bernie Mills, and Chris Christiansen. A
recently published book on radio astronomy by the Australian scientists J. L. Pawsey and
Ronald N. Bracewell was the subject of lunch conversation between Green and Price in
the Lincoln Laboratory cafeteria. The chapter on radar astronomy predicted that one day
man would bounce radar waves off the planets. But radio astronomy did not give rise to
the decision to attempt a radar detection of Venus.®

What did trigger the decision was the completion of the Millstone facility. Green and
Price wondered if it was powerful enough to bounce radar signals off Venus. Gordon
Pettengill, a junior member of the team, joined the lunchtime discussions. Trained in
physics at MIT and an alumnus of Los Alamos, Pettengill had an office at Millstone. After
making calculations on a paper napkin, though, they estimated that Millstone did not
have enough detectability for the experiment, even if one assumed that Venus was per-
fectly reflective.

The lunchtime conversazione went nowhere, until Robert H. Kingston, who had a
joint MIT and Lincoln Laboratory appointment, joined the discussions. Kingston had just
built a maser. “Within an hour,” Green recalled, “we had the whole damn thing mapped
out.”” The maser gave the radar receiver the sensitivity necessary to carry out the experi-
ment.

The maser, an acronym for Microwave Amplification by Stimulated Emission of
Radiation, was a new type of solid-state microwave amplifying device vaunted by one
author as “the greatest single technological step in radio physics for many years, with the
possible exception of the transistor, comparable say with the development of the cavity
magnetron during the Second World War.” The maser was at the heart of the low-noise
microwave amplifiers used in radio astronomy. The first radio-astronomy maser
application, a joint effort by Columbia University and the Naval Research Laboratory,
occurred in April 1958. The first use of a maser in radar astronomy, however, preceded
that application by two months, in February 1958, at Millstone. While most masers
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functioned above 1,000 MHz, Kingston’s operated in the UHF region, around 440 MHz,
and reduced overall system noise temperature to an impressive 170 K.8

Despite the maser’s low noise level, Price and Green knew that they would have to
raise the level of the Venus echoes above that of the noise. Their NOMAC antijamming
work had prepared them for this problem. They chose to integrate the return pulses over
time, as Zoltin Bay had done in 1946. In theory, the signals buried in the noise reinforced
each other through addition, while the noise averaged out by reason of its random
nature.9

A digital computer, as well as additional digital data processing equipment, linked to
the Millstone radar system performed the integration and analysis of the Venusian echoes.
An analog-to-digital convertor, initially developed for ionospheric research by William B.
Smith, digitized information on each radar echo. That information simultaneously was
recorded on magnetic tape and fed to a solid-state digital computer. The experiment was
innovative in digital-signal processing and marked one of the earliest uses of digital tape
recorders.10

Venus or Bust

Kingston’s maser was installed at Millstone Hill just in time for the inferior conjunc-
tion of Venus. However, a klystron failure left only 265 kilowatts of transmitter power avail-
able for the experiment. On 10 and 12 February 1958, the radar was pointed to detect
Venus, then some 45 million kilometers (28 million miles) away. The radar signals took
about five minutes to travel the round-trip distance. In contrast, John DeWitt’s signals
went to the Moon and back to Fort Monmouth, NJ, in only about 2.5 seconds.

Of the five runs made, only four of the digital recordings had few enough tape blem-
ishes that they could be easily edited and run through the computer. Two of the four runs,
one from each day, showed no evidence of radar returns. The others had one peak each.
Price recalled, “When we saw the peaks, we felt very blessed.”!1 It was not absolutely clear,
however, that the two peaks were really echoes.

Green explained: “We looked into our soul about whether we dared to go public with
this news. Bob was the only guy who really stayed with it to the end. He had convinced
himself that he had seen it, and he had convinced me that he had seen it. Management
asked us to have a consultant look at our results, and we did.” Thomas Gold of Cornell
University looked at the peaks and said “Yes, I think you should publish this.” Green and
Price then published their findings in the 20 March 1959 issue of Science, the journal of

8. J. V. Jelley, “The Potentialities and Present Status of Masers and Parametric Amplifiers in Radio
Astronomy,” Proceedings of the IEEE 51 (1963): 31 and 36, esp. 30; J. W. Meyer, The Solid State Maser—PFrinciples,
Applications, and Potential, Technical Report ESD-TR-68-261 (Lexington: Lincoln Laboratory, 1960), pp. 14-16;
J- A. Giordmaine, L. E. Alsop, C. H. Mayer, and C. H. Townes, “A Maser Amplifier for Radio Astronomy at X-
band,” Proceedings of the IRE 47 (1959): 1062-1070; Pettengill and Price, “Radar Echoes from Venus and a New
Determination of the Solar Parallax,” Planetary and Space Science 5 (1961): 73. For Townes and the invention of
the maser, see Paul Forman, “Inventing the Maser in Postwar America,” Osiris ser. 2, vol. 7 (1992): 105-134.

9.  Price, p. 70; Price et al, p. 751. Later, Price acknowledged the pioneering integration work of Zoltin
Bay in 1946. Price, p. 73. Kerr, “On the Possibility of Obtaining Radar Echoes from the Sun and Planets,”
Proceedings of the IRE 40 (1952): 660666, specifically recommended long-period integration for radar observa-
tion of Venus.

10.  Smith graduated MIT in 1955 with a master’s degree in electrical engineering and worked with Price
and Green on the FOC in Davenport’s group. Smith 29 September 1993; Green 20 September 1993; Price
27 September 1993; Price, p. 72; Price et al, p. 751; Scholtz, p. 838; Weiss, Space Radar Trackers, pp. 53, 59, 61 and
63-64; “Biographical data, MIT Lincoln Laboratory,” 18 March 1959, LLLA.

11. Price 27 September 1993; Weiss, Space Radar Trackers, pp. 29 and 44; Price, pp. 71 and 76; Price et
al, p. 751.
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the American Association for the Advancement of Science, 13 months after their
observations in February 1958.12

By then, despite the unsuccessful Lunik I Moon shot, the Soviet Union had achieved
a number of successful satellite launches. The United States space effort still was marked
by repeated failures. All of the four Pioneer Moon launches of 1958 ended in failure.
There was a desperate need for good news; the Lincoln Laboratory publicity department
gave the Venus radar experiment full treatment. In addition to a press conference, Green
and Price quickly found themselves on national television and on the front page of the
New York Times. President Eisenhower sent a special congratulatory telegram calling the
experiment a “notable achievement in our peaceful ventures into outer space.”!3

Once Price and Green accepted the validity of the two peaks, the next step was to
determine the distance the radar waves travelled to Venus and to calculate a value for the
astronomical unit. They estimated a value of 149,467,000 kilometers and concluded,
moreover, that it did not differ enough from those found in the astronomical literature to
warrant a re-evaluation of the astronomical unit.!4

The Lincoln Laboratory 1958 Venus experiment launched planetary radar astrono-
my; Millstone Hill was the prototype planetary radar. Its digital electronics, recording of
data on magnetic tape for subsequent analysis, use of a maser (or other low-noise
microwave amplifier) and a digital computer, and long-period integration all became stan-
dard equipment and practice. As with any experiment, scientists must be able to duplicate
results. The next inferior conjunction provided an opportunity for scientists at Jodrell
Bank to attempt Venus, too.

Jodrell Bank had a new, 76-meter (250-ft) radio telescope, the largest of its type in
the world. Although planned as early as 1951, the telescope did not detect its first radio
waves until 1957 as a consequence of a long, nightmarish struggle with financial and con-
struction difficulties. The civilian Department of Scientific and Industrial Research and
the Nuffield Foundation underwrote its design and construction. Success in detecting
Soviet and American rocket launches brought visits from Prince Philip and Princess
Margaret and fame. Fame in turn brought solvency and a name (the Nuffield Radio
Astronomy Laboratories, Jodrell Bank).

Although the design and construction of the large dish was unquestionably an enter-
prise carried out with civilian funding, radar research at Jodrell Bank owed a debt to the
United States armed forces; however, that military research was limited to meteor studies
carried out with the smaller antennas, not the 76-meter (250-ft) dish. The U.S. Air Force
and the Office of Naval Research supplied additional money for tracking rocket launch-
es, while the European Office of the U.S. Air Force Research and Development Command
(EOARDC) funded general electronics research at a modest level. During the Cuban mis-
sile crisis, the 76-meter (250-ft) radio telescope served to detect missiles that might be
launched from the Soviet Union. From intelligence sources, the locations of such missiles
directed against London were known, and the telescope was aimed accordingly. No U.S.
equipment or funding were engaged in this effort, though.15

12. Green 20 September 1993; Gold 14 December 1993; Price et al, pp. 751-753.

13. Green 20 September 1993; Price 27 September 1993; Pettengill 28 September 1993; Overhage to
Wilson, 24 March 1959, 1/24/AC 134, MITA; “Venus is Reached by Radar Signals,” New York Times, vol. 108 (20
March 1959), pp. 1 and 11.

14. For their calculation of the astronomical unit, see Pettengill and Price, “Radar Echoes from Venus
and a New Determination of the Solar Parallax,” Planetary and Space Science 5 (1961): 71-74.

15. Lovell, 11 January 1994; Lovell, Jodrell Bank, passim, but especially pp. 220-222, 224, 242, 225. On
the Foundation, see Ronald William Clark, A Biography of the Nuffield Foundation (London: Longman, 1972).
Created in 1962, EOARDC was essentially a military operation headquartered in Brussels. It underwrote a wide
range of European scientific research, though more money went into electronics research than any other field.
Howard J. Lewis, “How our Air Force Supports Basic Research in Europe,” Science 131 (1960): 15-20. From
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Figure 5
The Jodrell Bank 250-foot (76-meter) telescope in June 1961. The control room is partially visible bottom left. The 1962 and
1964 Jodrell Bank Venus radar experiments were carried out using a U.S.-supplied continuous-wave radar mounted on this
telescope. (Courtesy of the Director of the Nuffield Radio Astronomy Laboratories, Jodrell Bank.)

Preparation for the 1959 Venus experiment began in 1957, as the dish was reaching
completion. The telescope, however, was not yet ready for radar work. John Evans recog-
nized that its transmitter power and operating frequency would have to be raised in order
to achieve critical extra gain for the Venus experiment. The 100-MHz (3-meter), 10-kilo-
watt Moon radar was not powerful enough. The University of Manchester Physics
Department had developed a 400-MHz (75-cm), 100-kilowatt Klystron. “It was a real
kludge,” Evans later recalled, “because it was basically a Physics Department experiment.
It was continuously pumped; it sat on top of vacuum pumps, which required liquid nitro-
gen for cooling.”6

Lovell had the General Electric Company of Britain supply a modulator for the kly-
stron. Evans was responsible for designing and building the rest of the equipment. As the
1958 Venus inferior conjunction approached, “we simply were not ready, and Lovell was
quite upset,” Evans explained. Out of desperation, Evans employed the 100-MHz Moon
radar enhanced with a computer integration scheme, but the equipment failed to detect
echoes. When Lincoln Laboratory announced its success, Evans recalled, “We shrugged
and felt we were beaten to the punch.”

The 1958 Jodrell Bank failure put all that much more pressure on Evans to produce
results during the next inferior conjunction of September 1959. The transmitter was more

August 1957, when Jodrell Bank began preliminary calibration measurements to August 1970, the telescope
gathered results for 68,538 hours. Of those, 4,877 hours (7.1% of operational time) represented “miscellaneous
use.” Of that “miscellaneous use,” 2,498 hours (3.6% of operational time) were directly concerned with the space
programs of the United States and the Soviet Union. Lovell, Out of the Zenith: Jodrell Bank, 1957-1970 (New York:
Harper & Row, 1973), p. 2.

16. Evans 9 September 1993,
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or less ready. The klystron was mounted in one of the telescope towers. “It was a royal
pain,” Evans remembered, “because we had to take liquid nitrogen up the elevator and
then a vertical ladder to get to this darn thing.” As if that were not enough, a water pump
burned up, and the connectors on the coaxial cable carrying power to the dish burned
out every ten or fifteen minutes. While still struggling with the connector problem, Evans
made several runs on Venus.

Evans was a junior scientist, having just received his Ph.D. in 1957. He felt he was
under great pressure to produce positive results. Lovell was anxious to know if they had
found an echo; the Duke of Edinburgh was about to visit. Evans looked at his data, taken
from the first few minutes of each run, when he thought the apparatus was working. He
had what looked like a return, but it could have been noise. Evans decided, “Well, I think
we have an echo.” The Venus detection was announced in the 31 October 1959 issue of
Nature. The Duke of Edinburgh visited Jodrell Bank on 11 November 1959; he received
an explanation and a demonstration of the technique, using the Moon as a target.

Despite the patchwork equipment, the 50-kilowatt, 408-MHz (74-cm) radar obtained
a total of 58 and three quarters hours of useful operating data, before Venus passed
beyond its range. As expected, none of the echoes were stronger than the receiver noise
level; integration techniques increased the strength of the echoes.!” The Jodrell Bank sig-
nal processing equipment was rather limited in its ability to search. Without accurate
range or Doppler correction information, Evans had to make assumptions; he chose the
Lincoln Laboratory 1958 published value. Not surprisingly, the value Jodrell Bank derived
for the astronomical unit agreed with that determined at Lincoln Laboratory. The Jodrell
Bank confirmation of the Lincoln Laboratory results placed them on solid scientific
ground, that is, until Lincoln Laboratory repeated the experiment.

Fickle Venus

Bob Price and his fellow Lincoln Laboratory investigators were highly optimistic
about verifying their 1958 results. Millstone now had a peak transmitter power of 500 kilo-
watts, almost twice the 1958 level. In addition to using a higher pulse repetition rate,
which improved signal detectability, Price’s team replaced the maser with a parametric
amplifier. Like the maser, the parametric amplifier was a solid-state microwave amplifier.
Parametric amplifiers were simpler, smaller, cheaper, and lighter than masers, and they
did not require cryogenic fluids to keep them cool. Although masers generally were less
noisy, the Millstone parametric amplifier was, Pettengill and Price reported, “gratifyingly
stable and reliable in its operation.”!8

Over a four-week period around the inferior conjunction of Venus, the Lincoln
Laboratory team made two types of radar observations. On 66 runs, they recorded the
echoes digitally for subsequent computer processing, as they had done in 1958. The sec-
ond approach, used on 117 runs, involved initial analog processing in a series of elec-
tronic circuits, followed by digitization and integration in real time by the site’s comput-
er. It was their first attempt at a real-time planetary detection by radar. Of all the runs, only
one displayed a peak sufficiently above the noise level to be statistically significant. When
subjected to detailed analysis, though, the peak turned out to be only noise. Price and

17. Evans 9 September 1993; Jodrell Bank, Moon and Venus Radar Passive Satellite Observations: Technical
(Final) Report, October 1958-December 1960, AFCRL Report 1129 (Macclesfield: Nuffield Radio Astronomy
Laboratories, 1961), p. 22; Evans and G. N. Taylor, “Radio Echo Observations of Venus,” Nature 184 (1959):
1358-1359; Lovell, Out of the Zenith, p. 193. The noise figure was 4.6 db. The frequency of the lunar radar was
lowered from 120 MHz to 100 MHz, when it was found to interfere with operations at nearby Manchester
Airport.

18.  Pettengill and Price, p. 73.
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Pettengill concluded that “none of the individual runs show strong evidence of Venus
echoes.”9

Jodrell Bank had corroborated the 1958 results; yet with an improved radar, Lincoln
Laboratory could not confirm them. The disparity between the results was perplexing—
and bothersome. “It is difficult to explain the disparity between the results obtained at the
two Venus conjunctions. Our current feeling,” wrote Green and Pettengill, “is that the
planet’s reflectivity may be highly variable with time, and that the two successes in 1958
were observations made on very favorable occasions.”20

At the Jet Propulsion Laboratory (JPL), the Lincoln Laboratory and Jodrell Bank
experiments were viewed with disbelief. As an internal report stated in 1961, “It is not
known at the present time with certainty that a radio signal has ever been reflected from
the surface of Venus and successfully detected.”?! JPL investigators intended to obtain the
first unambiguous detection of radar echoes from the Venusian surface.

The Jet Propulsion Laboratory

JPL began modestly in Pasadena, California, in 1936 as the Guggenheim
Aeronautical Laboratory, California Institute of Technology (GALCIT), rocket project,
led by Hungarian-born professor Theodore von Kirman and financed by Harry
Guggenheim. Starting in 1940, with backing from the Army Air Corps, the GALCIT group
turned into a vital rocket research, development, and testing facility. A 1944 contract
signed by GALCIT, the Army Air Force, and the California Institute of Technology
(Caltech) transformed it into a large permanent laboratory called the Jet Propulsion
Laboratory, whose major responsibility was research, development, and testing of missile
technology, including the country’s first tactical nuclear missiles, the Corporal and
Sergeant, for the Army.

JPL electronics arose out of the need for missile guidance and tracking systems.
William Pickering, a Caltech electrical engineering professor with a Ph.D. in physics,
became the director of JPL in 1954 and remained in that position until 1976. His special-
ization was electronics, not propulsion. Under Pickering’s aegis, electronics grew in
prominence at JPL and came to the forefront in 1958, when JPL became a NASA labora-
tory and started work on a worldwide, civilian satellite communications network known
today as the Deep Space Network (DSN).22

The communications network, known originally as the Deep Space Instrumentation
Facility (DSIF), was the home of planetary radar at JPL. The three leaders of the Venus
radar experiment were engineers involved in its design, Eberhardt Rechtin, Robertson
Stevens, and Walter K. Victor. Rechtin, the architect of the DSIF, had a Ph.D. in electrical
engineering from Caltech. He also was an inventor, with Richard Jaffe (also at JPL), of
CODORAC (COded DOppler, Ranging, And Command), a radio communication system

19. Pettengill and Price, p. 73; Green and Pettengill, “Exploring the Solar System by Radar,” Sky and
Telescope 20 (1960): 12-13; Jelley, pp. 30 and 35. During the 1959 Lincoln Laboratory Venus experiment, over
150 runs were made, yet no echoes as strong as those of 1958 were observed. Overall system noise temperature
rose from 170 Kelvins in 1958 to 185 Kelvins with the parametric amplifier. For a discussion of parametric ampli-
fiers, see Karl Heinz Locherer, Parametric Electronics: An Introduction (New York: Springer-Verlag, 1981),
Pp- 276-286.

20. Green and Pettengill, p. 13.

21.  JPL, Research Summary No. 36-7, Volume 1, for the period December 1, 1960 to February 1, 1961 (Pasadena:
JPL, 1961), pp. 68 and 70.

22.  “Jet” was a broader term than rocket and avoided any stigma still attached to that word. Clayton R.
Koppes, JPL and the American Space Program: A History of the Jet Propulsion Laboratory (New Haven: Yale University
Press, 1982), pp. ix, 4-5, 10-17, 20, 38, 45 and 65. p
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that detected and tracked narrow band signals in the presence of wideband noise.
CODORAC, whose electronics in' many ways resembled Lincoln Laboratory’s NOMAC,
became the basis for much of the DSIF’s electronics. Bob Stevens had an M.S. in electri-
cal engineering from the University of California at Berkeley, and Walt Victor, who assist-
ed Rechtin in developing CODORAGC, had a B.S. in mechanical engineering from the
University of Texas.

JPL located its share of the DSIF antennas in the Mojave Desert, about 160 kilometers
from JPL, on the Fort Irwin firing range near Goldstone Dry Lake, where GALCIT earlier
had tested Army rockets.2? The two antennas on which JPL investigators performed their
Venus experiment in 1961 were artifacts of the funding and research agendas of both the
military and NASA. The first was a 26-meter-diameter (85-feet-diameter) dish named the
HA-DEC antenna, because its axes were arranged to measure angles in terms of local hour
angle (HA) and declination (DEC). JPL installed it at Goldstone during the second half of
1958 to track and receive telemetry from the military’s Pioneer probes.24

Figure 6
JPL Goldstone 26-meter HA-DEC antenna erected in late 1958 to track and receive telemetry from the military’s Pioneer probes.
It was used with the 26-meter AZ-EL antenna to delect radar echoes from Venus in 1961. (Courtesy of Jet Propulsion
Laboratory, photo no. 333-5968AC.)

23. Rechtin, telephone conversation with author, 13 September 1993; Stevens 14 September 1993;
Nicholas A. Renzetti, ed., A History of the Deep Space Network from Inception to January 1, 1969, vol. 1, Technical
Report 32-1533 (Pasadena: JPL, 1 September 1971), pp. 6-7 and 11; William R. Corliss, A History of the Deep Space
Network, CR-151915 (Washington: NASA, 1976), pp. 34 and 16; Craig B. Waff, “The Road to the Deep Space
Network,” IEEE Spectrum (April 1993): 53; Scholtz, pp. 841-843; additional background material supplied from
oral history collection, JPLA.

24. Dish diameters have been expressed in meters only recently. Initially, they were measured in feet.
For the sake of consistency, diameters are given in both feet and meters throughout the text. Victor, “General
System Description,” p. 6 in Victor, Stevens, and Solomon W. Golomb, eds., Radar Exploration of Venus: Goldstone
Observatory Report for March-May 1961, Technical Report No. 32-132 (Pasadena: JPL, 1961); Corliss, Deep Space
Network, pp. 16-17 and 20-25.
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JPL erected the second antenna for Project Echo. Echo, a large balloon in Earth
orbit, tested the feasibility of long-range satellite communications. As such, it was heir to
the lunar-repeater communication tests discussed in Chapter One. Originally funded by
NASA'’s predecessor, the National Advisory Committee for Aeronautics (NACA), and the
Defense Department’s space research organization, the Advanced Research Projects
Agency (ARPA), Project Echo became a JPL, NASA, and Bell Telephone Laboratories
undertaking in an agreement signed in January 1959.

The Echo experiments used the existing HA-DEC antenna to receive as part of a
satellite circuit running from east to west. The west-to-east circuit, however, required the
construction of an antenna capable of transmitting. Therefore, JPL installed a second 26-
meter-diameter (85-feet-diameter) dish at Goldstone about a year after the HA-DEC
antenna for Project Echo. The axes of the second antenna measured angles in terms of
azimuth (AZ) and elevation (EL); hence, it was referred to as the AZ-EL antenna.25

Figure 7
Jet Propulsion Laboratory Goldstone 26-meter AZ-EL antenna built for Project Echo and used with the 26-meter HA-DEC
antenna to detect echoes from Venus in 1961. (Courtesy of Jet Propulsion Laboratory, photo no. 332-168.)

25. Victor, “General System Description,” in Victor, Stevens, and Golomb, p. 6; Corliss, Degp Space
Network, pp. 25-27; Donald C. Elder, 111, “Out From Behind the Eight Ball: Echo I and the Emergence of the
American Space Program, 1957-1960,” Ph.D. diss., University of California at San Diego, 1989, passim. For a his-
tory of ARPA, see Richard J. Barber Associates, Inc., The Advanced Research Projects Agency, 1958-1974
(Washington, D.C.: National Technical Information Service, 1975). For the story of JPL and Project Echo, see
Stevens and Victor, eds., The Goldstone Station C ications and Tracking System for Project Echo, Technical Report
32-59 (Pasadena: JPL, 1960); Victor and Stevens, “The Role of the Jet Propulsion Laboratory in Project Echo,”
IRE Transactions on Space Electronics.and Telemetry SET-7 (1961): 20-28.
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By August 1960, as Goldstone prepared to participate in Project Echo, the Lincoln
Laboratory and Jodrell Bank Venus experiments already had taken place. Solomon
Golomb, assistant chief of the Communications System Research Section under Walt
Victor, asked his employee, Richard Goldstein, to design a space experiment to feed the
rivalry between Eb Rechtin, JPL program director for the DSIF, and Al Hibbs, who was in
charge of space science at JPL. Goldstein suggested the Venus radar experiment. Victor,
JPL project engineer for the Echo program and recently promoted to chief of the
Communications System Research Section, and Bob Stevens, head of the Communica-
tions Elements Research Section, became the project managers.26

Rechtin, Victor, and Stevens organized the Venus experiment as a drill of the DSIF
and its technical staff. The functional, organizational, and budgetary status of planetary
radar astronomy as a test of the DSIF originated in their conception of the 1961 Venus
experiment and defined planetary radar at JPL for over two decades. At the time, the lab-
oratory was preparing for the first Mariner missions. Consequently, as Rechtin pointed
out, JPL had “a particular interest in an accurate determination of the distance to Venus
in order that we might guide our space probes to that target.”2?

The NASA Office of Space Science approved the Mariner 1 and 2 missions in July
1960. Goldstone was to provide communications with them. The task would be more chal-
lenging than communicating with a Ranger Moon probe. While a Ranger mission
required three days, the Mariner missions would involve months of round-the-clock, high-
level technical performance. In June 1960, even before final approval of the Mariner
probes, Rechtin proposed the radar experiment to NASA, emphasizing not its scientific
value, but the “practical, purely project point of view.”28

In order to perform the Venus experiment, JPL had to modify the Echo equipment.
Venus was a much farther object than the Earth-orbiting Echo balloon, and both differed
radically as radar targets. Victor and Stevens, moreover, wanted to avoid long-term inte-
gration and after-the-fact data reduction and analysis, that is, the Lincoln Laboratory and
Jodrell Bank approach. Instead, JPL attempted a real-time radar detection of Venus.

The JPL antennas were unlike those of Lincoln Laboratory and Jodrell Bank in many
ways. They operated in tandem, the AZ-EL transmitting and the HA-DEC receiving. This
bistatic mode, as it is called, offered advantages over the Millstone and Jodrell Bank mono-
static mode, in which a single instrument both sent and received. Monostatic radars have
to stop transmitting half the time in order to receive, while bistatic radars can operate con-
tinuously, gathering twice the data in the same period of time. The Goldstone radars also
operated at a higher frequency (S-band v. UHF) and sent a continuous wave, whereas the
Lincoln Laboratory and Jodrell Bank radars transmitted discrete pulses.

JPL also boosted the transmitting power and receiver sensitivity of the two radars.
The normal output of the AZ-EL transmitter klystron tube was 10 kilowatts at 2388 MHz
(12.6 cm), but engineers coaxed a nominal average power output of 13 kilowatts out of it.

26. Golomb, “The First Touch of Venus,” paper presented at the Symposium Celebrating the Thirtieth
Anniversary of Planetary Radar Astronomy, Pasadena, October 1991, Renzetti materials; Goldstein 7 April 1993;
Goldstein 14 Scptember 1993; Goldstein 19 September 1991; Stevens 14 September 1993; biographical materi-
al and JPL Press Release, 23 May 1961, 3-15, Historical File, JPLA.

27. Rechtin, “Informal Remarks on the Venus Radar Experiment,” in Armin J. Deutsch and Wolfgang
B. Klemperer, eds., Space Age Astronomy (New York: Academic Press, 1962), p. 365; Golomb, “Introduction,” in
Victor, Stevens, and Golomb, pp. 1-2; Rechtin, telephone conversation, 13 September 1993; Goldstein
19 September 1991.

28.  Golomb, “Introduction,” p. 1; JPL, Research Summary No. 36-7, p. '70; Rechtin, telephone conversa-
tion, 13 September 1993; Waff, “A History of the Deep Space Nctwork,” manuscript furnished to author,
ch. 6, pp. 22 and 24. Because the manuscript is not paginated sequentially, both chapter and page references are
provided.
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Raising the sensitivity of the HA-DEC receiver was a daunting challenge; the total receiv-
er system noise temperature on Project Echo had been 1570 K129

The technical solution was a maser and a parametric amplifier in tandem on the HA-
DEC antenna. Charles T. Stelzried and Takoshi Sato created a 2388-MHz maser specifi-
cally for the Venus radar experiment and suitable for Goldstone’s tough desert ambient
temperatures (from -12° to 43°C; 10° to 110°F) and climate (rain, dust, and snow). The
maser and 2388-MHz parametric amplifier combined gave an overall average system noise
temperature of about 64 K during the two months of the Venus experiment, considerably
lower than the best achieved at Millstone in 1958 (170 K). As Victor and Stevens pro-
claimegb “This is believed to be the most sensitive operational receiving system in the
world.”

“No Echo, No Thesis”

Besides testing the personnel and materiel of the Goldstone facility, the JPL Venus
experiment also was the doctoral thesis topic of two employees in Walt Victor’s section,
Duane Muhleman and Richard Goldstein. Muhleman graduated from the University of
Toledo with a BS in physics in 1953, then worked two years at the NACA Edwards Air Force
Base High-Speed Flight Station as an aeronautical research engineer, before joining JPL.
As part of his duties at JPL, Muhleman tested the Venus radar system and its components
during January, February, and March 1961, using the Moon as a target. For the Venus
experiment, Muhleman contributed an instrument to measure Doppler spreading.3!

Goldstein was a Caltech graduate student in electrical engineering. His task on the
Venus radar experiment was to build a spectrum measuring instrument. It recorded what
the spectrum looked like during reception of an echo and what it looked like when the
receiver saw only noise. JPL hired his brother, Samuel Goldstein, a JPL alumnus and radio
astronomer at Harvard College Observatory, as a consultant on the Venus experiment;
Samuel also helped his brother with some of the radio techniques.

Dick Goldstein wanted to use the Venus radar experiment as his thesis topic at
Caltech, but his advisor, Hardy Martel, was highly skeptical. The inability of Lincoln
Laboratory to detect Venus was widely known. Although he thought the task indisputably
impossible, Martel finally agreed to accept the topic, but with a firm admonition: “No
echo, no thesis.”32

29. Rechtin, p. 366; Victor, “General System Description,” pp. 6-7; Stevens and Victor, “Summary and
Conclusions,” p. 95; Victor and Stevens, “The 1961 JPL Venus Radar Experiment,” IRE Transactions on Space
Electronics and Telemetry SET-8 (1962): 85-90; Charles T. Stelzried, “System Capability and Critical Components:
System Temperature Results,” in Victor, Stevens, and Golomb, pp. 28-29. For a general description of the radar
system, see M. H. Brockman, Leonard R. Malling, and H. R. Buchanan, “Venus Radar Experiment,” in JPL,
Research Summary No. 36-8, Volume 1, for the period February 1, 1961 to April 1, 1961 (Pasadena: JPL, 1961),
pp. 65-73; Victor and Stevens, “Exploration of Venus by Radar,” Science 134 (1961): 46. The Jodrell Bank trans-
mitter had a peak power of 50 kilowatts; Millstone’s peak power was 265 kilowatts in 1958 and 500 kilowatts in
1959. However, comparing the peak power ratings of pulse and continuous-wave radars is the electronic equiva-
lent of comparing apples and oranges. One must compare their average power outputs.

30. Stevens and Victor, “Summary and Conclusions,” p. 95; Sato, “System Capability and Critical
Components: Maser Amplifier,” in Victor, Stevens, and Golomb, p. 17; Stelzried, “System Capability and Critical
Components: System Temperature Results,” pp. 28-29; H. R. Buchanan, “System Capability and Critical
Components: Parametric Amplifier,” in Victor, Stevens, and Golomb, pp. 22-25; Walter H. Higa, A Maser System
for Radar Astronomy, Technical Report 32-103 (Pasadena: JPL, 1961); Higa, “A Maser System for Radar
Astronomy,” in K. Endresen, Low Noise Electronics (New York: Pergamon Press, 1962), pp. 296-304.

31.  Muhleman 8 April 1993; Muhleman 19 May 1994; Muhleman 27 May 1994; Goldstein 19 September
1991; Stevens 14 September 1993; Golomb, “Introduction,” p. 3; Stevens, “Additional Experiments: Resume,” in
Victor, Stevens, and Golomb, p. 70. Muhleman’s dissertation was “Radar Investigations of Venus,” Ph.D. diss.,
Harvard University, 1963.

32.  Goldstein 7 April 1993; Goldstein 19 September 1991; Goldstein 14 September 1993.
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On 10 March 1961, a month before inferior conjunction, the Goldstone radars were
pointed at Venus. The first signals completed the round-trip of 113 million kilometers in
about six and a half minutes. During the 68 seconds of electronic signal integration time,
1 of 7 recording styluses on Goldstein’s instrument deviated significantly from its zero
level and remained at the new level.

To verify that the deflection came from Venus and was not leakage from the trans-
mitter or an instability in the receiver, the transmitter antenna was deliberately allowed to
drift off target. Six and a half minutes later, the recording stylus on Goldstein’s instrument
returned to its zero setting. The experiment was immediately repeated with the same
result. JPL had achieved the first real-time detection of a radar signal from Venus. And
Dick Goldstein had his dissertation topic.33

On 16 March, Eb Rechtin telexed Paul Green: “HAVE BEEN OBTAINING REAL
TIME RADAR REFLECTED SIGNALS FROM VENUS SINCE MARCH 10 USING 10 KW
CW AT 2388 MC AT A SYSTEM TEMPERATURE OF 55 DEGREES.” The following day,
Green, John Evans (then at Lincoln Laboratory), Pettengill, and Price telexed back:
“HEARTIEST CONGRATULATIONS ON YOUR SUCCESS WITH THE FICKLE LADY.
MILLSTONE IS ON WITH THE USUAL MODE OF OPERATION BUT HAS HAD NO
SUCH LUCK AS YET. PRESENT PARAMETERS 2.4 MEGAWATTS PEAK FOR 2 MIL-
LISECONDS EVERY 33 MILLISECONDS 190 DEGREES KELVIN."34

Following the initial contact, JPL conducted additional radar experiments almost
daily from 10 March to 10 May 1961, collecting 238 hours of recorded radar data about
Venus.3> No previous Venus radar experiment, nor any others carried out in 1961,
collected as many hours of data as the JPL experiment.

The JPL experiment succeeded, because it did not depend on knowing the range to
Venus, specifically; it did not depend on prior knowledge of the precise value of the astro-
nomical unit. On the other hand, Lincoln Laboratory, as well as Jodrell Bank, had based
its experiment on an assumed, yet commonly accepted, value for the astronomical unit,
and, consequently, for the distance between Earth and Venus during inferior conjunction.

“We Were Wrong.”

The results obtained by Lincoln and other laboratories in 1961 agreed with those
obtained by JPL. That agreement led Gordon Pettengill to discern the error of the 1958
Lincoln Laboratory observations. “In view of the generally excellent agreement among
the various observations made at several wavelengths [in 1961],” Pettengill and his col-
leagues concluded, “it seems likely that the results reported from observations of the 1958
inferior conjunction are in error, although no explanation has been found."36

Green recalled: “It was sort of devastating, when the next conjunction of Venus came
around, and we learned that we were wrong. We had the wrong value of the astronomical
unit. It wasn’t over here; it was way over there someplace. In fact, it wasn’t even easy to go
back and look at the original data and conclude that it was really over there. The original

33. JPL Press Release, 23 May 1961, 3-15, Historical File, JPLA; Malling and Golomb, “Radar
Measurements of the Planet Venus," Journal of the British Institution of Radio Engineers 22 (1961): 298; Victor and
Stevens, “The 1961 JPL Venus Radar Experiment,” IRE Transactions on Space Electronics and Telemetry SET-8 (1962):
90-91. Goldstein’s disscrtation was “Radar Exploration of Venus,” Ph.D. diss., California Institute of Technology,
1962.

34. 3-15, Historical File, JPLA.

85. Victor and Stevens, “1961 JPL Venus Radar Experiment,” p. 91.

36. Pettengill, Briscoe, Evans, Gehrels, Hyde, Kraft, Price, and Smith, “A Radar Investigation of Venus,”
The Astronomical Journal 67 (1962): 186.
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data just had turned out to be too noisy....It was a chastening experience for us.”37 Price
remembered someone entering his office with “a rather long look on his face” and saying,
“Bob, I think we've been found to be wrong.” It was an embarrassing moment,

Price re-examined the Lincoln Laboratory 1958 tapes. “I wanted to be sure that we
hadn’t detected it. I really mean that. I wanted to make sure that we had a negative result
and that by accident we didn’t have two wrongs making a right, that is, false processing of
the 1958 data led to a false result, so the proper processing of the 1958 data would agree
with JPL. I wanted to prove that that was nof the case. So I went back and found the peaks,
justas I had done before. I made a meticulous measurement of their position, which is the
whole thing that the false echo hinged on. I developed with magnetic powder over and
over again those tapes, and I inspected them until my eyes were sore. I reran the Fortran
programs and checked all the programs, because you could create a timing error in the
program.”

The experience reminded Price of his work in Australia. Every day, his group had
made ink-pen recordings of the radio sky over the antenna, usually recording only ran-
dom lines, but a peak appeared on two successive days. Did the peak mean a detection of
deuterium? They decided that it was a fluke and published their negative results. “If we
had behaved the same way at Millstone,” Price reflected, “we might have saved ourselves
some embarrassment. But that is hindsight.” The two Venus pulses arrived 2.2 millisec-
onds apart. “We just turned our back on it,” Price admitted, “did a little wishful thinking,
and said, ‘That’s the same pulse.’...I just pulled them together, ignored the 2.2-millisec-
ond difference, and sat one on top of the other.”8

Whatever the cause of the 1958 false readings, JPL was unquestionably the first to
detect radar waves reflected off Venus. The literature contains two earlier, but after-the-
fact detections. Only months after acknowledging JPL’s priority, Lincoln Laboratory
found on their data tapes a detection of Venus on 6 March 1961, a few days prior to that
of JPL. Later, in 1963, Lincoln Laboratory electrical engineer Bill Smith re-examined the
1959 data tapes and found that an echo had been recorded on 14 September 1959.3% Such
after-the-fact discoveries are not uncommon in the history of science, and radar
astronomers from both JPL and MIT thirty years later commemorated JPL’s uncontested
priority in detecting radar waves reflected off Venus.

Once JPL unambiguously detected echoes from Venus, the key question planetary
radar astronomers addressed was the size of the astronomical unit. In order to determine
more precisely the Earth-to-Venus distance, JPL ran ranging experiments between 18
April and 5 May 1961. In the July 1961 issue of Science, Victor and Stevens announced a
preliminary value for the astronomical unit of 149,599,000 kilometers with an accuracy of
+ 1500 kilometers.#® That value was over 100,000 kilometers larger than the false radar
value determined by Lincoln Laboratory in 1958 and confirmed by Jodrell Bank in 1959,
149,467,000 kilometers. Values obtained from preliminary analyses of radar data at
Lincoln Laboratory and elsewhere in 1961 agreed closely with that of JPL (Table 1).

When Lincoln Laboratory undertook its 1961 Venus radar experiment, Gordon
Pettengill, joined by John Evans, took over Bob Price’s leadership role. Evans had left
Jodrell Bank for Lincoln Laboratory during the previous summer, after being courted by
the National Bureau of Standards and Stanford. At Jodrell Bank, Evans had had one

37. Green 20 September 1993.

38. Price 27 September 1993.

39. Smith 29 September 1993; Smith, “Radar Observations of Venus, 1961 and 1959,” The Astronomical
Journal 68 (1963): 17; Pettengill et al, “A Radar Investigation of Venus,” p. 183.

40. Rechtin, p. 367; Victor, “General System Description,” p. 7; Victor and Stevens, “1961 JPL Venus
Radar Experiment,” p. 88; Victor and Stevens, “Exploration of Venus by Radar,” p. 46. °



FICKLE VENUS

43

Table 1
Radar Values for the Astronomical Unit, 1961-1964
Error of Value of
Measurement Astronomical Unit
(in kilometers) (in kilometers)
Optical Values
Spencer Jones +17,000 149,675,000
Eugene Rabe +10,000 149,530,000
1961 Conjunction
Jet Propulsion Laboratory
July 1961 (1) 1,500 149,599,000
August 1961 (2) 1500 149,598,500
Muhleman (3) 250 149,598,845
Lincoln Laboratory
May 1961 (4) +1,500 149,597,700
Corrected value (5) +400 149,597,850
Jodrell Bank (6) 15,000 149,601,000
RCA/Flower and Cook Observatory (7) +200 149,596,000
Soviet Union
Pravda value (8) +130,000P 149,457,000
November 1961 (9) 13,300 149,598,000
Revised Value (10) +2,000 149,599,300
Space Technology Laboratories (11) +13,700 149,544,360
1962 Conjunction
Jodrell Bank (12) +900 149,596,600
Soviet Union (13) +270 149,597,900
Jet Propulsion Laboratory Muhleman (14) 1670 149,598,900
1964 junction
Lincoln Laboratory (15) +100 149,598,000
Jet Propulsion laboratory (16) £100 149,598,000
Soviet Union (17) +400 149,598,000
IAU Value 149,600,000
Sources
1.  W.K. Victor and R. Stevens, R‘loranon of Venux by Radar Science 134 (July 1961): 46-48.
2. D.O.Muhleman, D.B. Holdndge, and Block, of the | Unit from Velocity, Ran c.
and Integrated Velocity Data, and the Venus-Earth Ephemeris,” pp 83-92in WK. Vlclor, R. Stevens, and S.W. Golomb,

Radar tion of Venus: Goldstone Observalory Report for March-May 1961, Technical Report 32-132 (Pasadcna Jet Propulslon
labonmry 1 August 1961)

3. ﬁmhlcmzn D.B. Holdridge, and N. Block, “The Astronomical Unit Determined by Radar Reflections from
Venus,” mblmwmml_[oumalﬂ (1962): 191-203.

4. Seaff, Millstonc Radar Obscrvatory, Lincoln Laboratory, “The Scale of the Solar System,” Nature 190 (13 May 1961):
592.

5. GH. Pettengill, HW. Briscoe, .V. Evans, E. Gehrels, G.M. Hydc, L.G. Kraft, R. Price, and W.B. Smith, “A Radar
Investigation of Venus,” The Astronomical Journal 67 (1962): 181-190.
6.  J.H. Thomson, J.E.B. Ponsonby, G.N. Taylor, and R.S. Rogcr “A New Determination of the Solar Parallax by Means
of Radar Echocs from Venus," Nature 190 (1961): 519-520.
7. L. Maron, G. Luchak, and W. Blizstein, "Radar Observation of Venus,” Science 134 (1961): 1419-1421.
8. VA Komlmlmv “Radar Contact with Venus,” Journal of the British Institution of Radio Engineers 22 (1961): 293-295.
9.  V.A. Kotelnikov, V.M. Dubrovin, V.A. Morozov, G.M. Petrov, O.N. Rzhiga, Z. Trunova, and A.M. Shakhovosk
Rcsuhs of Radar Contact mlh Venus in 1961 Radio Engineering and El«ctrrmm Phy.m: 11 (November 1961) 1722-173
0.  V.A. Kotchnikoy, B.A. Dubinskiy, M.D. Kislik, and D.M. Tsvetkov, “Refy of thy ical Unit on the Basis
of thc Resnlts of Radar Observations of the Planet Venus in 1961," NASA TT F-8532, October 1963.
11. J.B. McGuire, E.R. Spangler, and L. Wong, “The Size of the Solar Syslcm," Scientific American vol. 204, no. 4 (1961):

J-E.B. Ponso .H. Thomson. and K.S. Imrie, "Radar Observations of Venus and a Determination of the
Astronormal Unit," M Astronomical Society 128 (1964): 1-17.
3. VA Kotclnikov, VM Du mvm, ‘A, Dubinskii, M.D. Kislik, B.l. Kusnetsov, L.V. Lishin, V.A. Morosov, G.M. Petrov,
O.N. thl , GA. Syl.sko and A.M. Shakhovskoi, "Radar Observations of Venus in the Sovict Union in 1962," Soviet Physics-
Doklady 8 1964): 642-64
J4. D.O. Muhlcman.RelatmuhadewcnUlu)uen ‘Astronomical Constants and the Radar determinations of the A ical
Unit, Technical Report 32-477 (Pasadena: Jet Propulsion Laboratory, 15 Jan: 1964).
15. i,C Pecker, ed., Proccedings of the Twelfth Gcncral Asscmbly New York: Academic Press, 1966), p. 602.

16. ].C. Pecker, ed., Proceedings of the Twelfth General Assembly (New York: Academic Press, 1966), p. 603.

17 A. Kotelnikov, Yu. N. Aleksandrov, L.V. Apraksin, V.M. Dubrovin, M.D. Kislik, B.I. Kuznetsov, G.M. Petrov, O.N.
Rzhiga, A.V. Frantsesson, and A.M. Shakhovskoi, "Ra: (E\r Observations of Venus in the Soviet Union in 1964," Soviet Physics-
Doklady 10 (1966): 578-580.
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technical assistant; but at Lincoln Laboratory, as Bernard Lovell pointed out, he had “an
army of engineers and technicians together with a transmitter vastly superior to the one
at Jodrell Bank.”

Evans’ departure from Jodrell Bank could not have come at a worse time, in the
opinion of Lovell. “For me it was the beginning of a distressing series of losses of the bril-
liant young men who had been with me throughout the crisis of the telescope and whose
devotion and skill had been a determining factor in the immediate success of the instru-
ment. But who could expect a young man to resist a lavish red carpet reception and an
offer of a salary many times greater than any sum which we could possibly offer him?”41

During the 1961 Venus experiment, the Millstone Hill radar ran at peak transmitting
power, 2.5 megawatts. The increased transmitter power overcame the higher overall
receiver noise temperature (240 K) to make the telescope a far more capable instrument.
Pettengill and his colleagues aimed their radar at Venus on 6 March 1961, again using a
technique to provide real-time detection. No echoes appeared until 24 March.
Preliminary analysis yielded a value for the astronomical unit of 149,597,700 + 1,500 kilo- -
meters in May 1961.42 That agreed closely with JPL’s preliminary value, 149,599,000 kilo-
meters. Despite considerable obstacles, and chastened by their 1959 false detection,
Jodrell Bank investigators also found a value for the astronomical unit that agreed with the
JPL value.

In 1959, John H. Thomson took over the planetary radar program, and in the
autumn of 1960, Lovell added John E. B. Ponsonby, who had come to Jodrell Bank to work
on a doctorate after graduating in electrical engineering from Imperial College, London.
Ponsonby had experience in meteor radar through his high school teacher and one-time
member of the Jodrell Bank group, Ian C. Browne.3

Working from notes and memoranda left by Evans, the new team, which included G.
N. Taylor and R. S. Roger, put together a radar system that ‘yielded a clearcut and deci-
sive answer after only a few 5 minute integration periods.” The first thing they did, how-
ever, was to abandon the atrocious klystron. With most of the problems that plagued the
1959 experiment overcome, with a more sensitive receiver, and with peak power output
boosted from 50 to 60 kilowatts, the 76-meter (250-ft) Jodrell Bank telescope detected
Venus beginning 8 April 1961, a few weeks after both JPL and Lincoln Laboratory had
started their experiments, and ending 25 April 1961.

Jodrell Bank calculated a value for the astronomical unit, 149,600,000 + 5000 kilo-
meters,*3 close to the preliminary values of JPL (149,599,000 kilometers) and Lincoln

41. Lovell, Out of the Zenith, pp. 192 and 195; Evans 9 September 1993; Green 20 September 1993; Smith
29 September 1993; Pettengill 28 September 1993,

42. The Staff, Millstone Radar Observatory, Lincoln Laboratory, “The Scale of the Solar System,” Nature
190 (1961): 592; Pettengill et al, "A Radar Investigation of Venus,” pp. 182-183; Pettengill and Price, p. 73;
Pettengill, “Radar Measurements of Venus,” in Wolfgang Priester, ed., Space Research III, Proceedings of the Third
International Space Science Symposium (New York: Interscience Publishers Division, John Wiley and Sons, 1963), p.
874; Overhage to Wilson, 22 May 1961, 1/24/AC 134, MITA.

43. Ponsonby 11 January 1994; I. C. Browne and T. R. Kaiser, “The Radio Echo from the Head of Meteor
Trails,” Journal of Atmospheric and Terrestrial Physics 4 (1953): 1-4.

44. Evans 9 September 1993; Lovell, Out of the Zenith, pp. 198-199; Thomson, Ponsonby, Taylor, and
Roger, “A New Determination of the Solar Parallax by Means of Radar Echoes from Venus,” Nature 190 (1961):
519-520. The Jodrell Bank experiment was funded by Air Force contract no. AF61(052)-172. John Evans, then
of Lincoln Laboratory, privately had communicated the laboratory’s results to Thomson at Jodrell Bank.

45. 1 have calculated this value from the information provided in Thomson, Ponsonby, Taylor, and
Roger, pp. 519-520. While the authors concern themselves with the solar parallax, they also provide a figure for
the light-time of the astronomical unit, 499,011 £0.017 seconds, which represents the time taken by radar waves
to travel the distance of one astronomical unit, and another for the speed of light, 299,792.5 kilometers per sec-
ond, which is the same as the speed of electromagnetic waves. By multiplying the two figures, I obtained a prod-
uct of 149,599,750 kilometers.

The first published value of the astronomical unit I have found was in the comments given by Thomson
following a presentation by Malling and Golomb at a convention in Oxford that took place 5-8 July 1961. The
date of publication was October 1961. Malling and Golomb, p: 302:
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Laboratory (149,597,700 kilometers), but with a far greater possible error of measure-
ment. Similar results came from an unexpected source. RCA’s Missile and Surface Radar
Division in Moorestown, New Jersey, carried out its first and last planetary radar experi-
ment in 1961. The Division performed radar research for the Army Signal Corps and the
Navy, and in 1960, the Division performed solar radio experiments using a missile-track-
ing radar. On their Venus radar experiment, RCA investigators collaborated with the
Flower and Cook Observatory of the University of Pennsylvania. Between 12 March and 8
April 1961, RCA tracked Venus with a BMEWS experimental radar in order to measure
the astronomical unit. In over six hours of transmitted signals, they found only four peaks
from which they calculated a value for the astronomical unit of 149,596,000 + 200 kilo-
meters,* only 3,000 kilometers less than the JPL value. Not all Venus radar results agreed
with those of JPL, however.

In the Soviet Union, planetary radar was fundamental to the space program. One of
the main objectives of the Crimean Venus experiment was to calculate a more precise
value for the astronomical unit for use in launching planetary probes. The calculation of
the orbit of the Mars-1 probe, in November 1962, utilized a radar-based value for the astro-
nomical unit. The Institute of Radio Engineering and Electronics (IREE) of the U.S.S.R.
Academy of Sciences, in association with other unnamed (but presumably military and
intelligence) organizations and under the direction of Vladimir A. Kotelnikov, of the
Soviet Academy of Sciences, designed and built planetary radar equipment that was
installed at the Long-Distance Space Communication Center, located near Yevpatoriya in
the Crimea. The IREE installation had nothing to do with the radar work carried out in
the Soviet Union in 1946 on meteors or between 1954 and 1957 on the Moon.

The IREE planetary radar was a monostatic pulse 700-MHz (43-cm) system. For the
receiver, the IREE expressly designed both a parametric and a paramagnetic amplifier,
another form of solid-state, low-noise microwave amplifier. The noise temperature of the
entire receiver (without antenna) was claimed to be 20 + 10 K. The antenna was an array
of eight 16-meter dishes, unlike any design ever used in the United States or Britain for
planetary radar astronomy.47

Kotelnikov and his colleagues observed Venus between 18 and 26 April 1961. Their
preliminary analysis of the data yielded an estimate of the astronomical unit, 149,457,000
kilometers, which appeared in the newspapers Pravda and Izvestiia on 12 May 1961. Over
100,000 kilometers less than the JPL and other values, the Soviet astronomical unit mea-
surement was so incredibly incongruous, that Solomon Golomb told a conference of
astronomers, “we should congratulate our Russian colleagues on the discovery of a new

46. W. O. Mehuron, “Passive Radar Measurements at C-Band using the Sun as a Noise Source,” The
Microwave Journal 5 (April, 1962): 87-94; David K. Barton, “The Future of Pulse Radar for Missile and Space
Range Instrumentation,” IRE Transactions on Military Electronics MIL-5, no. 4 (October, 1961): 330-351; Irving
Maron, George Luchak, and William Blitzstein, “Radar Observation of Venus,” Scence 134 (1961): 1419-1420.

47. B. I. Kuznetsov and I. V. Lishin, “Radar Investigations of the Solar System Planets,” in Air Force
Systems Command, Radio Seventy Years (Wright-Patterson AFB, Ohio: Air Force Systems Command, 1967),
pp. 187-188, 190 and 201; Vladimir A. Kotelnikov, “Radar Contact with Venus,” Journal of the British Institution of
Radio Engineers 22 (1961): 293; Kotelnikov, L. V. Apraksin, V. O. Voytov, M. G. Golubtsov, V. M. Dubrovin, N. M.
Zaytsev, E. B. Korenberg, V. P. Minashin, V. A. Morozov, N. 1. Nikitskiy, G. M. Petrov, O. N. Rzhiga, and A. M.
Shakhovskoy, “Radar System Employed during Radar Contact with Venus in 1961, Radio Engineering and
Electronic Physics 11 (1962): 1715-1716. For a brief history of the IREE, sce Y. V. Gulyaev, “40 Years of the Institute
of Radioengineering and Electronics of the Russian Academy of Sciences,® Radiotekhnika Elektronika vol. 38, no.
10 (October 1993): 1729-1733. Soviet investigators performed radar studies of meteors in 1946 and of the Moon
in 1954-1957, according to A. E. Solomonovich, “The First Steps of Soviet Radio Astronomy,” pp. 284-285 in
Sullivan. Although radar astronomers recently have used the arrayed dishes of the Very Large Array in bistatic
experiments, dish arrays have not been used as transmitting antcnnas.
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planet. It surely wasn’t Venus!” Retrospectively, Kotelnikov explained that “random real-
izations of noise were taken for reflected signals.”8

The cause of the Soviet error might have been rooted in Cold War competition,
which placed Soviet scientists under great pressure to produce results quickly for political
reasons. The Pravda and Izvestiia announcements appeared on 12 May 1961, six days after
the Jodrell Bank, but before the Lincoln Laboratory, announcements. If published
sources had guided Kotelnikov and his colleagues, they would have been the erroneous
Lincoln Laboratory and Jodrell Bank results of 1958 and 1959, with which the Lvestiia
value agreed closely (within 10,000 kilometers).

The Cold War prevented communication and cooperation among planetary radar
investigators. The Space Race in 1961 was still an extension of the Cold War; informal
communications did not exist. Lincoln Laboratory did secret military research; JPL was a
sensitive space research center with connections to ARPA, a military research agency.
Jodrell Bank did not yet have ties with their Soviet counterparts. While Lincoln
Laboratory, JPL, and Jodrell Bank personnel exchanged data, such informal links with
Soviet scientists did not and could not exist.

Kotelnikov and his associates at the IREE, after realizing their error, turned their
attention to a complete analysis of the raw radar data recorded on magnetic tape with the
help of a special analyzer. Their new value, 149,598,000 + 3300 kilometers, agreed closely
with those of the United States and Britain.4? Although the Soviet and British errors of
measurement were greater than those of the American laboratories, they were far less
than the values obtained by optical methods. The accuracy of the radar over the optical
method and the general agreement among the preliminary results obtained in the United
States, Britain, and the Soviet Union were the basis for a re-evaluation of the astronomi-
cal unit by the International Astronomical Union (IAU).

Redefining the Astronomical Unit

The re-evaluation of the astronomical unit was part of a general movement within
the IAU to reform the entire system of astronomical constants conventionally used to com-
pute ephemerides. On 21 August 1961, shortly after JPL, Lincoln Laboratory, and Jodrell
Bank announced their first estimations of the astronomical unit, the IAU executive com-
mittee decided to organize a symposium on the system of astronomical constants. That sys-
tem rested upon observations made in the nineteenth century and values adopted at
international conferences held in Paris in 1896 and 1911.50

By 1950, two competing optical methods provided more accurate values for the astro-
nomical unit. Harold Spencer Jones, Astronomer Royal of Great Britain from 1933 to
1955, used a trigonometric approach based on the triangulation of Eros. The orbit of the

48. Kotelnikov et al, “Radar System,” pp. 1715 and 1721; Kotelnikov, “Radar Contact,” p. 294; Malling
and Golomb, p. 300; Kotelnikov, “Radar Observations of the Planet Venus in the Soviet Union in April, 1961,”
typed manuscript, 27 February 1963, anonymous translation of a technical report of the Soviet Institute of Radio
Engineering and Electronics, DTIC report number AD-401137, pp. 41-42, Renzetti materials. The Soviet publi-
cation venue and aberrant astronomical unit value raise serious doubts about the veracity of their announce-
ment.

49. Kotelnikov et al, “Radar System,” p. 1721; Kuznetsov and Lishin, p. 188; Kotelnikov, “Radar
Observations,” p. 2; Kotelnikov, Dubrovin, Morozov, Petrov, Rzhiga, Z. G. Trunova, and Shakhovoskoy, “Results
of Radar Contact with Venus in 1961,” Radio Engineering and Electronics Physics 11 (1962): 1722 and 1725. For a
discussion of the integration technique, see V. 1. Bunimovich and Morozov, “Small-Signal Reception by the
Method of Binary Integration,” ibid., pp. 1734-1740.

50. Jean Kovalevsky, ed., The System of Astronomical Constants (Paris: Gauthier-Villars and Cie., 1965), p.
1; Walter Fricke, “Arguments in Favor of the Revision of the Conventional System of Astronomical Constants,”
in J. C. Pecker, ed., Proceedings of the Twelfth General Assembly (New York: Academic Press, 1966), p. 604.
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asteroid, discovered in 1898 by Berlin astronomer Gustav Witt, approaches Earth at regu-
lar intervals. As president of the IAU Solar Parallax Commission, Spencer Jones oversaw
a worldwide operation to record photographic observations of Eros during its closest
approach to Earth in 1930 and 1931. Through a complicated analysis of nearly 3,000 pho-
tographs, Spencer Jones estimated the astronomical unit to be 149,675,000 + 17,000 kilo-
meters. Eugene Rabe, an astronomer at the Cincinnati Observatory, applied the so-called
dynamic method to observations of Eros between 1926 and 1945. He took into account
the gravitational effects of the Earth, Mars, Mercury, and Venus on the orbit of Eros, and
arrived at a value of 149,530,000 + 10,000 kilometers.5!

In addition, investigators at the Space Technology Laboratories (STL), a wholly-
owned subsidiary of Ramo-Wooldridge (later TRW), computed a value from data acquired
during the Pioneer 5 mission. In figuring the probe’s trajectory, STL chose Rabe’s value
over that of Lincoln Laboratory in 1958. Not surprisingly, STL found a value for the astro-
nomical unit, 149,544,360 + 13,700 kilometers, in agreement with Rabe, but with a greater
error of measurement. The STL value hardly challenged the more accurate ground-based
radar measurements. Its “published accuracy,” Walter Fricke, astronomer and professor at
the Heidelberg Astronomisches Rechen-Institut, judged, “does not yet indicate any advan-
tage over the traditional methods.”2 The Pioneer 5 value did not play any part in the
IAU’s revision of the astronomical unit.

The organizing committee of the IAU symposium on astronomical constants
brought together astronomers from the United States and Europe who were responsible
for drawing up the ephemerides. COSPAR (the Committee on Space Research) named an
ad hoc committee to participate in the symposium, and additional astronomers from the
United States, Britain, France, West Germany, Portugal, the Soviet Union, and South
Africa took part. The members of the organizing committee included Eb Rechtin, the JPL
manager of the DSIF; Dirk Brouwer, director of the Yale Observatory; and Gerald M.
Clemence, scientific director of the U.S. Naval Observatory in Washington. Both Brouwer
and Clemence had helped JPL with the Venus radar experiment ephemerides. Among the
additional astronomers participating in organizing committee activities were two radar
astronomers, Dewey Muhleman and Irwin 1. Shapiro.53

Soon after the 1961 Venus experiment, Muhleman left JPL for the Harvard
Astronomy Department. There, under Fred Whipple, A. Edward Lilley, and William Liller,
he completed a doctoral dissertation based on Venus radar data collected at Goldstone in
June 1963. After returning to JPL, Muhleman took a teaching position in the Cornell
Astronomy Department in 1965. Shapiro had a Ph.D. in physics from Harvard and had
worked on the detection of objects with radar in a clutter environment and on ballistic
missile defense systems, before joining the team conducting radar experiments on Venus
as the “guru” who calculated the ephemerides for Lincoln Laboratory planetary radar
research.54

51. Spencer Jones, “The Solar Parallax and the Mass of the Moon from Observations of Eros at the
Opposition of 1931,” Memoirs of the Royal Astronomical Society 66 (1938-1941): 11-66; Rabe, “Derivation of
Fundamental Astronomical Constants from the Observations of Eros during 1926-1945,” The Astronomical Journal
55 (1950): 112-126; Fricke, “Inaugural Address Delivered at the JAU-Symposium No. 21,” in Kovalevsky,
pp- 12-13.

52. Fricke, “Inaugural Address,” p. 18; James B. McGuire, Eugene R. Spangler, and Lem Wong, “The
Size of the Solar System,” Scientific American vol. 204, no. 4 (1961): 64-72. The value given in the article is
92,925,100 £8,500 miles, which [ have converted into kilometers for consistency.

53. Rechtin, p. 368; Muhleman, D. Holdridge, and N. Block, “Determination of the Astronomical Unit
from Velocity, Range and Integrated Velocity Data, and the Venus-Earth Ephemeris,” in Victor, Stevens, and
Golomb, pp. 83-92. Kovalevsky, p. 1, provides a list of their names.

54. Muhleman 8 April 1993; Muhleman 19 May 1994; Shapiro 30 September 1993; Evans 9 September
1993.
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The IAU symposium took place at the Paris Observatory between 27 and 31 May
1963. By then, Lincoln Laboratory and JPL had refined the accuracy of their calculations
even further, to + 400 and + 250 kilometers respectively. In his inaugural address, Walter
Fricke lauded the accuracy and general agreement of the radar measurements. As far as
Fricke and other symposium participants were concerned, the real debate was between
the radar and dynamic methods. Spencer Jones’ trigonometric method contained too
many inherent sources of systematic error. In an attempt to reconcile the dynamic and
radar methods, Brian G. Marsden, an astronomer at the Yale University Observatory, con-
cluded in favor of the radar measurements. Rabe defended his method in person, argu-
ing that the radar observations were inconsistent with the observed orbit of Eros and with
gravitational theory.55

Muhleman and Shapiro supported the radar method and explained the basis on
which JPL and Lincoln Laboratory had obtained their results. Additional support for the
radar method came from Britain. D. H. Sadler, Superintendent of H. M. Nautical Almanac
Office at the Royal Greenwich Observatory, read a paper on the results of the Jodrell Bank
1962 Venus experiment.

Lest it appear that there was unanimous approval of the radar method, COSPAR
raised the question of the discrepancy between the radar observations of 1958 and 1959
and those of 1961. Both Muhleman and Shapiro insisted that a discussion of the 1958
data, which they both labelled “manifestly wrong,” would be too difficult and serve no pur-
pose. They explained that the 1958 technology was highly inadequate and stressed the
harmonious agreement among the 1961 measurements.56

The participants unanimously adopted Resolution Six, which recommended that the
astronomical constants be studied by both existing and new methods, so that the results
might be compared. The IAU Executive Committee then translated Resolution Six into
Resolution Four, which recommended that a working group study the system of astro-
nomical constants, including the astronomical unit expressed in meters. Next, the [AU
Executive Committee named the Working Group on astronomical constants: Dirk
Brouwer, Jean Kovalevsky (Bureau of Longitudes, Paris), Walter Fricke (chairman),
Aleksandr A. Mikhailov (director of the Pulkovo Observatory, Soviet Union), and George
A. Wilkins (Royal Observatory of Greenwich; Secretary). The Working Group sent a cir-
cular letter and copies of the Paris resolutions to all persons, some 80 in number, who
were thought to be likely to be able to help the Group or who might be affected by the
introduction of new constants. The Working Group met in January 1964, at the Royal
Greenwich Observatory, Herstmonceux Castle, and drew up a list of constants, including
the astronomical unit, for consideration by the IAU general assembly, which met in
Hamburg later that year.57

The Working Group met again during the Hamburg meeting on 27 August.
Muhleman and Pettengill, who read Shapiro’s paper in his place, reviewed the latest radar
determinations of the astronomical unit by JPL and Lincoln Laboratory from new obser-
vations made in 1964. Pettengill reported that preliminary analysis of the new data con-
firmed a value of 149,598,000 kilometers, while Muhleman disclosed the JPL value of

55. Kovalevsky, p. 3; Fricke, “Inaugural Address,” pp. 12-13; Fricke, “Arguments in Favor of the Revision
of the Conventional System of Astronomical Constants,” in Pecker, p. 606; Marsden, “An Attempt to Reconcile
the Dynamical and Radar Determinations of the Astronomical Unit,” in Kovalevsky, pp. 225-236; Rabe, “On the
compatibility of the Recent Solar Parallax Results from Radar Echoes of Venus with the Motion of Eros,” in
Kovalevsky, pp. 219-223.

56. Shapiro, “Radar Determination of the Astronomical Unit,” in Kovalevsky, pp. 177-215, and
Muhleman, “Relationship between the System of Astronomical Constants and the Radar Determinations of the
Astronomical Unit,” in ibid., pp. 153-175; Kovalevsky, pp. 298 and 311.

57. Kovalevsky, pp. 314 and 323; “Joint Discussion on the Report of the Working Group on the IAU
System of Astronomical Constants,” in Pecker, p. 600.
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149,598,500 kilometers. The error of measurement reported by both laboratories, + 100
kilometers, was the smallest yet.58

Walter Fricke, chair of the Working Group, had misgivings about the radar method:
“One could argue that the radar results are still too fresh to deserve full confidence. My
personal distrust of them in so far as it originates in their newness has a counterpart in my
distrust of the dynamical [Rabe] result obtained from the discussion of the observations
of Eros.”?

Without any discussion of the dynamic method, however, the Working Group rec-
ommended adoption of a value expressed in meters and based on radar observations. The
IAU general assembly then adopted the recommended value, 149,600 X 106 meters
(149,600,000 kilometers).% It was now a matter of incorporating the new value into the
various national almanacs and ephemerides.

The Rotation of Venus

The establishment of a highly accurate value for the astronomical unit and its adop-
tion by the IAU was but one way that planetary radar demonstrated its value as a problem-
solving scientific activity. The distance from Earth to Venus as measured by JPL radar also
proved essential in keeping the 1962 Mariner 2 Venus probe on target. Early in its flight,
Mariner 2 went off course. The Pioneer and Echo antennas sent midcourse commands,
and a 34-minute maneuver put Mariner 2 on course. Had Rabe’s value for the astronom-
ical unit been used in place of the radar value, Mariner 2 would have passed Venus with-
out acquiring any useful data.6!

Valuable insight into the rotation of Venus further demonstrated the problem-solv-
ing scientific merit of planetary radar. Optical and spectrographic methods failed to
reveal the planet’s period or direction of rotation, because Venus’ thick, opaque cloud
layer hid all evidence of its motion. Astronomers could only infer and imagine. Radar
waves, on the other hand, were quite capable of penetrating the Venusian atmosphere; yet
determining the planet’s rotation by radar was still not easy. The key was methodical and
meticulous attention to the shape of the echo spectra. Although JPL, Lincoln Laboratory,
Jodrell Bank, and the Soviet Yevpatoriya facility calculated rotational rates for Venus, only
JPL and Lincoln Laboratory found its “locked” orbit and retrograde motion.62

Evans and Taylor at Jodrell Bank published the first estimate of the planet’s rota-
tional period, about 20 days, using their erroneous 1959 data. In 1964, John Thomson
reckoned a slow rotational rate, “probably” somewhere between 225 days and a similar ret-
rograde period. After seeming to be on the brink of discovery, Thomson pulled back, con-
cluding, “Future observations of the change of spectral width with time should enable the
rotation rate and rotation axis to be determined.” “Retrograde rotation,” he held, was
“physically unlikely.”63

58. ‘Joint Discussion,” pp. 591, 599 and 602-603; Shapiro, “Radar Determinations,” in Pecker,
pp. 615-623.

59. “Joint Discussion,” p. 606.

60. Ibid., p. 606; “Report to the Executive Committee of the Working Group on the System of
Astronomical Constants,” in Pecker, p. 594.

61. Renzetti 17 April 1992; Renzetti, A History, pp. 20 and 31; Renzetti, Tracking and Data Acquisition
Support for the Mariner Venus 1962 Mission, Technical Memorandum 33-212 (Pasadena: JPL, 1 July 1965), pp. 9,
17 and 75-76.

62. RCA did not hesitate a guess on the rotation rate or direction. Maron, Luchak, and Blitzstein, pp.
1419-1421.

63. Evans and Taylor, p. 1359; Ponsonby, Thomson, and Imrie, “Radar Observations of Venus and a
Determination of the Astronomical Unit,” Monthly Notices of the Royal Astronomical Society 128 (1964): 14-16.
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As close as Jodrell Bank came to discovering Venus’ retrograde motion, the Soviets
were that far away. Looking at frequency shifts in their 1961 data, Kotelnikov’s group per-
sistently estimated the planet’s rotational period as 11 days, if not 9 or 10 days. They
entirely missed the planet’s retrograde motion. The Soviet error arose from their finding
that the spectrum had a wide base, at least 400 hertz wide, indicating rapid motion. All
British and United States workers agreed that the spectrum was far narrower. Lincoln
Laboratory, for example, found a narrow spectrum of only 0.6 hertz. After their 1962
radar study of Venus, Kotelnikov and his colleagues re-evaluated their data and conclud-
ed a retrograde rotational period of 200 to 300 days.64

By then, though, JPL and Lincoln Laboratory already had discovered Venus’ retro-
grade motion. Finding it was not easy. Along the way, both laboratories concluded that the
Venusian day was as long as its year, about 225 days. Venus was “locked” in its orbit, turn-
ing one face always toward the Earth at the moment of inferior conjunction. However,
these initial reports failed to note the planet’s retrograde motion.65

The investigators who found it did not follow the same path of discovery. Just as the
availability of technology had made planetary radar astronomy possible, the limits of that
technology shaped the paths of discovery. JPL harvested the benefits of a powerful, low-
noise continuous-wave radar in their 1962 and 1964 Venus experiment, while Lincoln
Laboratory reaped the rewards of their computer and signal processing skills.

The Goldstone radar permitted Roland L. Carpenter to find the retrograde motion
of Venus in a rather novel fashion. Carpenter actually had a BA in psychology from
California State University at Los Angeles, but he had been interested in astronomy since
childhood, and he had worked at Griffith Observatory as a guide. Finding very little work
available in psychology, Carpenter found a job at Collins Radio as an electrician thanks to
his friend, astronomer George Abell (known for Abell’s clusters of galaxies), who had a
summer job there. Carpenter gradually worked his way up to electronics engineer, simply
through his work experience at Collins Radio. Then, when JPL began hiring people with
experience in radio communications for the Deep Space Network, Carpenter jumped at
the opportunity. Carpenter worked with Dewey Muhleman in Walt Victor’s group and
took advantage of JPL’s employee benefits program by pursuing an advanced degree in
astronomy at UCLA, while working full-time at JPL. His doctoral dissertation, “The Study
of Venus by CW Radar,” written under Lawrence Aller and completed in 1966, used data
from the 1964 JPL Venus radar experiment.56 By then, however, Carpenter already had
published his discovery of the retrograde rotation of Venus.57

64. Kuznetsov and Lishin, pp. 199-201; Kotelnikov, “Radar Contact with Venus,” Journal of the British
Institution of Radio Engineers 22 (1961): 295; Kotelnikov et al, “Results of Radar Contact,” p. 1732; Kotelnikoy,
Dubrovin, M. D. Kislik, Korenberg, Minashin, Morozov, Nikitskiy, Petrov, Rzhiga, and Shakhovskoy, “Radar
Observations of the Planet Venus,” Soviet Physics—Doklady 7 (1963): 728-731; Kotelnikov, Dubrovin, V. A,
Dubinskii, Kislik, Kusnetsov, Lishin, Morozov, Petrov, Rzhiga, G. A. Sytsko, and Shakhovskoy, “Radar
Observations of Venus in the Soviet Union in 1962,” Soviet Physics—Doklady 8 (1964): 644; Smith, p. 15. Rzhiga,
“Radar Observations of Venus in the Soviet Union in 1962,” in M. Florkin and A. Dollfus, eds. Life Sciences and
Space Research 11 {New York: Interscience Publishers, 1964), pp. 178-189, states 300 days but still misses the ret-
rograde motion.

65. Pettengill et al, “A Radar Investigation of Venus,” pp. 189-190; Pettengill, “Radar Measurement of
Venus,” in Priester, pp. 880-883. The range given was between 115 and 500 days, that is, 225 (+275, -110) days.
The first JPL external announcement of that finding was made in a paper read by Solomon Golomb and
Leonard R. Malling at a convention on radio techniques and space research held at Oxford in July 1961. Malling
and Golomb, pp. 297-303. The paper was not published until October 1961 and was preceded in print by the
internal report, Victor and Stevens, “Summary and Conclusions,” pp. 94-95. See also Victor and Stevens,
“Exploration of Venus by Radar,” pp. 46-47; Muhleman, “Early Results of the 1961 JPL Venus Radar
Experiment,” The Astronomical Journal 66 (1961): 292; Victor and Stevens, “The 1961 JPL Venus Radar
Experiment,” p. 94.

66. Carpenter, telephone conversation, 14 September 1993.

67. Carpenter, “An Analysis of the Narrow-Band Spectra of Venus,” in JPL Research Summary No. 36-14 for
the Period February 1, 1962 to April I, 1962 (Pasadena: JPL, 1 May 1962), pp. 56-59.
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His first announcement of the planet’s retrograde motion appeared in a JPL inter-
nal report dated 1 May 1962 and was based on the 1961 Venus experiment. Carpenter sug-
gested a retrograde rotational period of about 150 days, but backed off from insisting on
his discovery. “Unfortunately,” Carpenter concluded, “a definitive answer cannot be given
for the rotation period of Venus based on the present data.”

Carpenter hesitated until he had the results of the Goldstone 1962 Venus experi-
ment. Between 1 October and 17 December 1962, when Venus was closest to Earth,
Goldstone made nearly daily radar observations of the planet with a 13-kilowatt continu-
ous-wave transmitter operating at 2388 MHz (12.6 cm). Equipped with a maser and a para-
metric amplifier, the system’s total noise temperature was only 40 K, better than the 64 K
achieved in 1961.68

The Goldstone radar was sufficiently powerful and sensitive that a large feature on
the planet’s surface showed up as an irregularity or “detail” on the power spectrum. The
surface feature scattered back to the radar antenna more energy than the surrounding
area. Normally, most spectral irregularities resulted from random fluctuations produced
by noise. The power and sensitivity of the Goldstone radar made all the difference.

“On close examination,” Carpenter wrote, “one irregularity was found to persist from
day to day and to change its position slowly.... The relative permanence of the detail strong-
ly suggests that it was caused by an actual physiographic feature on the surface of Venus
and that its motion was the result of the planet’s rotation. The true nature of the feature
can only be guessed at; however, it is not unreasonable to assume that it is a particularly
rough region of rather large extent.”
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Lower portion of the spectra obtained by Roland Carpenter
during the week prior lo the 1962 conjunction of Venus.
Note the persistent detail on the left side of each spectrum.
Carpenter followed that detail to determine the retrograde
motion of Venus. (Courtesy of Jet Propulsion Laboratory.)

68. Carpenter, telephone conversation, 14 September 1993; Goldstein and Carpenter, “Rotation of
Venus: Period Estimated from Radar Measurements,” Science 139 (1963): 910; Carpenter, “Study of Venus by CW
Radar,” The Astronomical Journal 69 (1964): 2. Details of the 1962 JPL Venus radar experiment are given in
Goldstein, Stevens, and Victor, eds., Radar Exploration of Venus: Goldstone Observatory Report for October-December
1962, Technical Report 32-396 (Pasadena: JPL, 1 March 1965).
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Carpenter then followed the movement of this “detail” in order to deduce the plan-
et’s rotational period. He calculated that Venus had either a forward period of about 1200
days or a retrograde period of 230 days from one conjunction to the other. Next, he mea-
sured the bandwidth of the lower portion of the spectra; their widths were incompatible
with a 1200-day forward rotation. The base bandwidth measurements, however, did
“strongly suggest that the sidereal rotation period of Venus is not synchronous, but rather
250 + 40 days retrograde.”9

Millstone lacked the power and sensitivity of Goldstone. The discovery of Venus’
retrograde motion at Lincoln Laboratory by William B. Smith relied instead on his
computer and signal analyzing skills. Although Smith preceded Carpenter in announcing
the retrograde motion of Venus in a publication, he did not achieve recognition as its
discoverer.

Smith looked at the spectral bandwidths of radar returns on 11 separate days
between 2 April and 8 June 1961. Like Carpenter, he failed to verify a synchronous rota-
tion; however, Smith came to realize that the way the signal bandwidth changed over time
could be explained only by retrograde motion. He wrote up his findings and submitted
them to his supervisor, Paul Green, for approval. Smith wanted to feature the planet’s ret-
rograde motion in his paper, but Green remembered an earlier episode, when “we had
been badly burned.” That was the embarrassment of 1958.

Green hesitated. Uranus was the only planet then known to have a retrograde peri-
od, “but that one is way the hell out, and who would have thought that the next planet to
the Earth would have had that kind of anomalous behavior?” Green admitted, “I guess I
was working more on psychological factors than on anything else. So I had Bill tone it
down.” The published article’s abstract read: “The (relatively weak) result implies a very
slow or possibly retrograde rotation of the planet.” The article itself contained no state-
ment of the planet’s retrograde motion.”

The watered down version made all the difference. Carpenter published his explicit
and unequivocal results jointly with fellow JPL radar astronomer Dick Goldstein in the
8 March 1963 issue of Science, while the February 1963 issue of The Astronomical Journal
carried Smith’s suggestive abstract.”!

Green regretted his decision. “Bill Smith is the man who discovered that Venus has
retrograde spin, and he should go down in the history books. Due to me he didn't,
because his paper didn’t feature it the way it should have. If I hadn’t sat on it, it would
have featured it, but as it came out, it didn’t. The people that look at the fine print real-
ize that he had that message, that that was what his data showed, but it didn’t make the
big splash and give him the career achievement that he deserved.””? Fellow Lincoln
Laboratory radar astronomer Irwin Shapiro concurred: “I felt he [Smith] got a raw deal,
because he made a major discovery for which he never got credit.””3

The detection of Venus, the measurement of the size of the astronomical unit, and
the determination of the rotational period and direction of Venus formed the foundation
on which planetary radar astronomy was laid. Planetary radar advanced by solving prob-
lems left unresolved or at best unsatisfactorily resolved by optical methods. Deliberately or
not, the problems solved supported the NASA mission to explore the solar system. Driving
the new scientific activity was the availability of a new generation of radars built for mili-
tary defense (at Lincoln Laboratory) and for space exploration (at JPL). The limits of that
technology shaped the paths of discovery.

69. Carpenter, “Study of Venus by CW Radar,” pp. 4-6; Carpenter, telephone conversation, 14
September 1993.

70. Green 20 September 1993; Smith 29 September 1993; Smith, pp. 15-21.

71. Goldstein and Carpenter, pp. 910-911; Smith, pp. 15-21. Internal evidence indicates that Science
received the paper on 15 January 1963.

72.  Green 20 September 1993.

73. Shapiro 30 September 1993.
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Without technology and without funding, planetary radar astronomy was impossible.
The emergence of planetary radar coincided with the creation of a national, civilian space
agency, NASA, a national, civilian agency to fund scientific research, the National Science
Foundation (NSF), and a national, military space research agency, ARPA. It also paralleled
the rise of American radio astronomy and the age of the Big Dish. Standing at the inter-
section of civilian and military research into space, the ionosphere, the Moon, and the
Sun, planetary radar offered much to potential patrons. It was a wonderful and unique
time to organize a new scientific activity.
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Chapter Three
Sturm und Drang

The period between 1958 and 1964 saw the explosive growth of planetary radar
astronomy in terms of the number of active facilities and investigators. Investigators in
three countries (the United States, Britain, and the Soviet Union) attempted to detect
Venus in 1961, and three facilities in the United States alone (Lincoln Laboratory, JPL,
and RCA) succeeded. During the 1962 conjunction, the Jicamarca Radar Observatory, a
National Bureau of Standards ionospheric facility in Peru, made radar observations of
Venus at 50 MHz (6 meters). At the same time, the Lincoln Laboratory solar radar facili-
ty at El Campo, Texas, completed in the summer of 1960, observed Venus at 38 MHz (8
meters).! Thus, by 1964, five American facilities had performed radar experiments on
Venus.

The creation of radar astronomy courses, a textbook, and a conference dedicated
solely to radar astronomy also signalled the emergence of a new and rapidly growing
scientific field. As it had in carrying out planetary radar experiments, Lincoln Laboratory
took the lead in shaping the new field. In addition to organizing radar astronomy cours-
es and a textbook, Lincoln Laboratory sponsored the first, and only, radar astronomy
conference and undertook, in association with the Cambridge astronomical community,
a campaign to design and build a new radar research instrument.

MIT routinely offered summer courses and asked Lincoln Laboratory to propose
some. As John Evans explained, “Radar astronomy was in vogue, we were just entering the
Space Age, and Sputnik had been launched.” So Lincoln Laboratory agreed to run a sum-
mer school in radar astronomy beginning in August 1960. In all, about twenty people gave
lectures. Evans talked about lunar radar astronomy. Jack Harrington, head of the Radio
Physics Division of Lincoln Laboratory and in charge of the summer course, promised lec-
turers that the talks would be organized into a book. As it turned out, Evans recalled, “the
lecture notes weren'’t that good. We were all asked to rewrite them.”?

In August 1961, Harrington and Evans ran the radar astronomy summer course
again. The topics and lecturers were somewhat different; the course of 15 lectures lasted
only one week. Among the lecturers were Paul Green, Bob Kingston (who had designed
the maser for the 1958 Venus experiment), Gordon Pettengill, Bob Price, Herb Weiss
(who had built Millstone), and Victor Pineo (formerly of the National Bureau of
Standards). Von Eshleman (Stanford), a guest lecturer, discussed solar radar experiments.
The week ended with a two-hour tour of the Millstone Hill Radar Observatory led by
Pettengill, Pineo, and Evans “to observe firsthand a modern space radar facility and to wit-
ness a representative experiment in radar astronomy.”3

1. W.K Klemperer, G. R. Ochs, and Kenneth L. Bowles, “Radar Echoes from Venus at 50 Mc/sec,” The
Astronomical Journal 69 (1964): 22-28; Overhage to Lt. Gen. James Ferguson, 28 March 1963, MITA; Jesse C.
James, Richard P. Ingalls, and Louis P. Rainville, “Radar Echoes from Venus at 38 Mc/sec,” The Astronomical
Journal 72 (1967): 1047-1050.

2.  Evans 9 September 1993. MITA does not have a copy of the 1960 summer course lecture notes.

3 Brochure, MIT, Radar Ast: y: S Session 1961 August 14—18 (Cambridge: MIT, 1961), LLLA;
MIT, Radar Astronomy: Summer Session MIT, August 14-18, 1961, Lectures 1-15, 3 vols. (Cambridge: MIT, 1961),
MITA.
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The radar astronomy summer course was not given again, “largely because the peo-
ple concerned have been occupied with other commitments,” Evans later wrote.4 Price
and Green were no longer involved in radar astronomy, and Pettengill had left Lincoln
Laboratory. Harrington himself became Director of the MIT Center for Space Research,
which he founded with funding from NASA in 1963.

At the end of the 1961 summer course, the lecture notes were assembled into a three-
volume tome. Yet, as Evans explained, “We didn’t have a good set of course notes that
would constitute a book.” Paul Green became irritated with the lack of progress on the
project, announced that he would no longer contribute any material to the book, and
nominated Evans to take over the project from Harrington. Evans found himself in an
awkward situation; Harrington was his boss. Fortunately, Wilbur B. Davenport, Jr., one of
the Assistant Directors of Lincoln Laboratory, had an interest in radar astronomy and
pressured Harrington to get the book done quickly.

Evans recalled: “So my arm got twisted very hard by Davenport. I really didn’t want
to do it. I was quite busy, and I didn’t want to take over Jack’s project, so I resisted. I even-
tually capitulated after enough pressure on the condition that a) I had somebody to help
me, and b) I had a secretary assigned to do typing and nothing else, because part of the
problem was just getting material out of rough draft form and into typed form. They
agreed to both of those conditions.” Tor Hagfors, a graduate of Scandinavian technical
schools and the Stanford University electrical engineering program, edited the book with
Evans.

Next, the project met difficulty at the publisher. The McGraw-Hill editor who had
been handling the project left, but no one at Lincoln Laboratory knew. “The manuscript
sat in his drawer for almost two years,” Evans related. “Meanwhile, we were thinking that
the manuscript was going through proofing and so on. Finally, we got a letter from some
guy who had inherited this desk and found this manuscript. He got it printed fairly quick-
ly, but in sort of photo-offset form rather than nice copy. At least it came out, belatedly.”

Once McGraw-Hill published Radar Astronomy in 1968, radar astronomy had a text-
book, parts of which are still used to teach radar astronomy. Nonetheless, neither MIT nor
Lincoln Laboratory (which is not a teaching institution) offered a course in radar astron-
omy until 1970.8 Although the Evans-Hagfors textbook and the MIT summer course might
have served to train a generation of radar astronomers, they did not. Planetary radar
astronomy was the child of a research center (Lincoln Laboratory), not an educational
institution (MIT). As a result, Lincoln Laboratory radar astronomers did not reproduce
themselves in a traditional academic fashion through graduate education, but through
employment.

Three radar astronomers came to Lincoln Laboratory during the 1960s through
employment: Stanley H. Zisk, Richard P. Ingalls, and Alan E. E. Rogers. Zisk, who created
lunar radar images for NASA in support of the Apollo program, and Haystack Associate
Director Dick Ingalls, who had been a Lincoln Laboratory employee since 1953, both had
degrees in electrical engineering. Alan Rogers, born in Salisbury, Rhodesia (now
Zimbabwe), earned a Ph.D. in electrical engineering from MIT in 1967, and was trained
in radio astronomy, before carrying out radar astronomy experiments.”

As far as defining the field of radar astronomy, and particularly in terms of defining
actual and potential patrons, the most important step taken by Lincoln Laboratory was

4. Evansand Tor Hagfors, eds., Radar Astronomy (New York: McGraw-Hill Book Company, 1968), p. viii.

5.  Evans 9 September 1993.

6.  Campbell 9 December 1993; E-mail, Pettengill to author, 29 September 1994; Rogers 5 May 1994.

7. Pettengill 28 September 1993; Rogers 5 May 1994; NEROC, “Technical Proposal: Radar Studies of
the Moon (Topography),” 12 November 1971, SEBRING.
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the organization of a conference on radar astronomy. Never again did another such con-
ference take place, mainly because radar astronomers located themselves within existing
professional organizations. Moreover, the small number of radar astronomers never justi-
fied the creation of a separate society or journal.

The conference underscored the Big Science environment in which radar astrono-
my was evolving. Only a few attempts at Venus had been made by Lincoln Laboratory and
Jodrell Bank when the conference convened; lunar, meteor, and ionospheric radar stud-
ies were well established. Those radar studies were part of growing civilian and military
programs in ionospheric and communication research. More importantly for planetary
radar, a new civilian space agency, NASA, had been created only the year before. Its cre-
ation, and the prospect of participating in space research, eventually shaped the new field
of planetary radar astronomy more than any other Big Science patron.

The Conference on Radar Astronomy

The National Academy of Sciences, through its Space Science Board, underwrote
the radar astronomy conference. Established in 1958, the Space Science Board main-
tained liaisons with the National Science Foundation, NASA, ARPA, the Office of the
Science Advisor to the President, and other federal agencies participating in the country’s
space program. The Space Science Board solicited the opinions of scientists through dis-
cussions and summer studies and recommended space programs to federal agencies.8

Bruno B. Rossi, a member of the Space Science Board and a leading MIT physics
professor, organized the radar astronomy conference. Rossi had undertaken experimen-
tal research on cosmic rays in the 1930s, before working at Los Alamos Laboratory during
World War II. He joined MIT in 1946. In 1958, coincidentally with the creation of NASA,
Rossi began to consider the potential value of direct measurement of the ionized inter-
planetary gas by space probes.?

Thomas Gold, recently hired to head Cornell’s Center for Radiophysics and Space
Research, the parent organization for its radio and radar telescope, and MIT’s Philip
Morrison, both members of the Space Science Board, assisted Rossi in organizing the con-
ference; however, the brunt of the actual work fell on Rossi’s shoulders. He reserved MIT’s
Endicott House in Dedham, Massachusetts, for 15 and 16 October 1959. Endicott House
had a dining area, meeting rooms, large gardens, and accommodations for 8 people; the
remainder were lodged at a nearby hotel.

Rossi saw the conference as a small group meeting to develop concrete recommen-
dations for consideration by the Space Science Board at its October meeting. The origi-
nal conference title, “Reflections and Scattering of Radar Signals Beyond Several Earth
Radii,” by definition excluded ionospheric radar. However, the revised name,
“Conference on Radar Astronomy,” was less unwieldy and did not appear to exclude those
interested in ionospheric research.10

Holding a different vision of the conference was Stanford professor of electrical engi-
neering Von R. Eshleman. Seeking to exploit the creation of NASA, Eshleman proposed
radar studies of planetary ionospheres and atmospheres from spacecraft. Such studies
were a logical extension of Stanford’s ionospheric radio and radar work of the 1950s,
which included a pioneering solar radar experiment.

8.  Space Science Board, Proposal for Continuation of Contract NSR 09-012-903, 28 October 1965,
“NAS-SSB, 1965, NHO; Joseph N. Tatarewicz, Space, Technology, and Planetary Astronomy (Bloomington: Indiana
University Press, 1990), p. 38.

9, Rossi biographical information, MITA; “President’s Report Issue,” MIT Bulletin vol. 82, no. 1 (1946):
137-138. [

10. “Conference on Radar Astronomy Program,” n.d., and George A. Derbyshire, Memorandum for the
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In 1959, contemporary with the first radar attempts at Venus, Eshleman and Philip
B. Gallagher of Stanford, with Lt. Col. Robert C. Barthle of the U.S. Army Signal Corps, a
Stanford graduate student, attempted to bounce radar waves off the solar corona. The Air
Force Cambridge Research Center (AFCRC) underwrote the Stanford experiment, and
the Office of Naval Research funded the 46-meter (150-ft) dish antenna constructed for
ionospheric research under the direction of Oswald Villard. Although Eshleman claimed
success, a comparison of his results with those obtained shortly afterward by the El Campo
solar radar cast serious doubt about their validity, which some radar astronomers contin-
ue to express.!!

As planning for the radar conference was underway, Eshleman was preparing the
solar radar experiment and was on the point of campaigning NASA to underwrite studies
of planetary ionospheres from spacecraft. It was a pivotal moment for calling attention to
the Stanford radar work. Eshleman saw the conference as a Stanford opportunity. In a let-
ter to Rossi, he claimed that Stanford already “had begun to plan some kind of a meeting
to bring together all who are active in this field. However these plans had {sic] not pro-
gressed very far.” He proposed a larger conference with Stanford and the Stanford
Research Institute (SRI) “as co-hosts.” If the AFCRC were invited to co-sponsor the con-
ference, Eshleman suggested, part of the travel expenses for foreign visitors might be cov-
ered. Conference papers could be published as a group in the Proceedings of the Institute
of Radio Engineers.12

The conference, however, was solely an MIT affair sponsored only by the National
Academy of Sciences. The spectrum of United States civilian and military scientific radar
research facilities was represented: MIT and Lincoln Laboratory, Stanford and SRI,
Cornell University, the NRL, and the National Bureau of Standards CRPL. In addition,
radio astronomers were invited from Harvard University, Yale University, the University of
Michigan, and the National Radio Astronomy Observatory (NRAQO), Green Bank, West
Virginia, the country’s major radio astronomy center. ARPA and the AFCRC represented
the military.
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