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Introduction

A popular image persists of Albert Einstein as a loner, someone who avoided the
hustle and bustle of everyday life in favor of quiet contemplation. Einstein did much to
contribute to that image, famously telling a journalist, for example, that his ideal
occupation would have been a lighthouse keeper—only then could he have achieved his
sought-for isolation from society. Yet Einstein was deeply engaged with politics
throughout his life. An outspoken socialist and pacifist, he bravely spoke out against the
First World War and worked tirelessly for civil rights, civilian control of atomic energy,
and to correct the abuses of domestic anti-communism after the Second. Indeed, he was
so active politically that the U.S. Federal Bureau of Investigation kept him under
surveillance for decades, compiling a 2000-page secret file on his political activities.'

Einstein’s most enduring scientific legacy, the general theory of relativity—
physicists’ reigning explanation for gravity and the basis for nearly all current research
about black holes, the big bang, and the shape and fate of the cosmos—has likewise been
cast as an austere temple standing aloof from the all-too-human dramas of political
history. In the late 1940s, physicist George Gamow captured this notion in one of his
many cartoons. He sketched a “temple of relativity”—it bore more than passing
resemblance to the Taj Mahal—gilded with Einstein’s field equations. General relativity,
Gamow tried to suggest, was the purest of the pure, separate even from the messiness of

the rest of physics, let alone the grubby worlds of lucre and power. Relativity expert John
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Synge echoed the point in his 1960 textbook, writing that “of all physicists, the general
relativist has the least social commitment. [...] Let the relativist rejoice in the ivory tower
where he has peace to seek understanding of Einstein’s theory as long as the busy world
is satisfied to do its jobs without him.” Gravity might have exerted a pull on Newton’s
apple, these physicists asserted, but it avoided the lure of Eve’s.”

The “ivory tower” construction fares no better when held up to historical scrutiny
than does Einstein’s self-depiction. General relativity had never been above, beyond, or
outside of politics. Born in a time of war—Einstein completed his general theory late in
1915—the theory’s earliest converts included a Russian mathematician interred in a
German prisoner-of-war camp, a German astronomer interred in a Russian prisoner-of-
war camp, and another German astronomer who passed his time while serving on the
Russian front by finding the first exact solutions to Einstein’s equations, only to succumb
to a deadly disease a few weeks later.” The British astrophysicist-Quaker-pacifist-
internationalist, Arthur Eddington, leaped on Einstein’s relativity as a means of salvaging
an international “brotherhood” of science, riven so starkly by the bitter wartime
nationalisms. Eddington’s ambitious eclipse expedition in 1919 sought to test a key
prediction of Einstein’s relativity, that a massive object like the sun could bend the path
of starlight. His results, announced almost exactly one year after the Armistice, propelled
Einstein and his general theory to instant fame.* Just one year later, some of the earliest
converts to the Nazi cause targeted Einstein’s now-famous theory to launch their
deutsche Physik campaign against “Jewish physics.”

Despite the hoopla generated by Eddington’s eclipse results—Einstein was
greeted with a ticker-tape parade when he arrived in New York City not long after the
eclipse results had been announced—general relativity suffered a curious fate during the
middle decades of the twentieth century. In short, the topic all but vanished from the
research agendas and teaching plans of most physicists. Einstein’s achievement was a

mathematical masterpiece, to be sure, but by the early 1930s the vast majority of



Kaiser and Wilson, Calculating Times

physicists all over the world had turned away from the topic. Soon after consolidating
their power, the Nazis formally banned the teaching of relativity throughout the Third
Reich, squelching what had been the world’s most active research communities on the
topic and scattering many of its leading exponents around the globe.® Even beyond the
Nazis’ grip, physicists all over the world shifted their focus away from general relativity.
Some complained that the theory lacked adequate experimental support; others chafed at
the recondite mathematics; most felt the tug of quantum theory and soon nuclear physics.
Through the 1950s and into the 1960s, graduate-level courses on general relativity could
not be found in any of the major physics departments in the United States (and only
rarely in Europe); problems on general relativity were absent from the nation’s physics
Ph.D. general examinations.’

During the 1960s, small pockets of interest in general relativity began to coalesce.
On many physicists’ telling, this “renaissance of relativity”” sprang from a series of
astronomical discoveries. Quasars, pulsars, and the cosmic microwave background
radiation each seemed to require that physicists devote serious attention to subtle features
of general relativity. The story has thus been cast in a familiar idiom of stubborn or
surprising data forcing a new kind of theoretical engagement.® But where did those potent
datapoints come from?

One of the most sensitive (and most heralded) tests of Einstein’s general relativity
to date was hatched at MIT in the 1960s—not on the Institute’s Cambridge campus, but
at Lincoln Laboratory, the Air Force-funded defense laboratory operated under MIT’s
auspices in the nearby suburbs. At Lincoln Laboratory a young researcher named Irwin I.
Shapiro led a team of fellow physicists, astronomers, computer programmers, and radar
gadgeteers in executing the test. Shapiro and coworkers used Lincoln Lab’s powerful
radar apparatus—designed, built, and paid for to enable the Air Force to track Soviet
ballistic missiles, as well as to aid other military research in communications and

surveillance—to bounce radar signals off of the planets Venus and Mercury, measuring
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the time required for the echoes to return to earth. In doing so, the defense lab scientists
were able to test a relativistic prediction that such signals would be slowed down by the
curvature of spacetime near the sun.

In the thick of the Cold War, using some of the country’s most vital defense
technologies, Shapiro and his collaborators verified Einstein’s seemingly otherworldly
theory to an impressive degree of accuracy. By exploring the origins and location of the
so-called “time-delay test” within a key defense laboratory, we aim to unpack the roles
played by Cold War priorities in the development of a seemingly pure and esoteric
science. At the very least, the support of Air Force funding and the use of its hardware
were indispensable to the success of Shapiro’s time-delay test. But more than that, the
methods that Lincoln Laboratory researchers pursued, the kinds of questions they asked,
and the peculiar skills and attitudes they brought to the time-delay test were all deeply
influenced by the technical and intellectual setting of their Air Force laboratory. In short,
the time-delay test cannot be extracted cleanly from its overlapping contexts; its very
shape, on virtually every level, was carved out by the exigencies of the postwar world.
General relativity—ethereal and austere as it may often appear to be—was enmeshed in

the political and technological environments of the Cold War.

Lincoln Laboratory and Ballistic Missile Defense

Radar and the Massachusetts Institute of Technology have had a long and close
relationship, beginning with the decision by the National Defense Research Committee in
October 1940 to create a laboratory at the Institute for the development of microwave
radar technology. From its humble beginnings that autumn—when its entire staff
consisted of twenty physicists, three security guards, two stockroom clerks, and a
secretary—the Radiation Laboratory (or “Rad Lab”) swelled by war’s end to a sprawling
complex with a staff of four thousand, managing industrial contracts totaling $1.5 billion

(nearly $20 billion in 2014 dollars). In terms of overall spending and staff size, it grew
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even larger than the wartime Los Alamos laboratory, central node of the Manhattan
Project.’

The impact of the Radiation Laboratory on MIT’s postwar relationship with the
U.S. military was profound. Near war’s end, several MIT officials made plans to channel
some of the Rad Lab’s best personnel and equipment into a peacetime laboratory for
advanced electronics research. With the Rad Lab’s official demobilization at the end of
1945, the armed forces, too, jumped at the chance to extend their relationship with MIT,
sponsoring its work on advanced electronics. The new Research Laboratory of
Electronics (RLE), buoyed by $600,000 from the military’s Joint Services Electronics
Program (more than $7 million in 2014 dollars), initially employed seventeen MIT
physics and electrical engineering faculty, along with several graduate students.'® One of
the earliest proposals involved consulting on a classified Navy air-to-air missile program
called Project Meteor.'! By 1950, as the Korean War re-intensified American efforts to
mobilize its scientific and technological resources, RLE had assumed three major projects
(including work on radar and communications systems) funded by each branch of the
military.'?

During the winter months of 1950-51, officials at MIT and the Air Force
hammered out a contract to set up a new laboratory devoted to air defense research,
known as Project Lincoln." Its classified work—initially separated among five technical
divisions, each working on a separate air defense system, such as “Communications and
Components” and “Weapons”—grew out of and greatly exceeded that of RLE. By 1952,
Project Lincoln had transformed almost seamlessly into Lincoln Laboratory, employing
close to two thousand staff with a budget of nearly $12 million (more than $100 million
in 2014 dollars); a year later, it was receiving more than $18 million from military
coffers. In 1954, having outgrown its MIT campus home in Cambridge, Lincoln Lab
departed for newly-constructed facilities at Hanscom Air Force Base in Boston’s western

suburbs, near the town of Lexington. Though Lincoln Laboratory’s physical separation
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from MIT was complete, its intellectual and social ties remained strong, and it kept the
Institute bound to the interests of the military as tightly as ever.'

In the early 1950s, air defense research at MIT concentrated on systems designed
to counter nuclear attack delivered by aircraft. In the most plausible scenario, a Soviet
bomber would approach the continental United States over its northern boundaries, flying
low and fast, unnoticed by the United States’s sparse array of World War Il-era “Ground
Control Intercept” radars (originally developed to detect large fleets of bombers in
conventional formation)."® Project Lincoln’s earliest work was dedicated to developing a
system to track and disable a Soviet nuclear bomber at any height in U.S. airspace. A
second task soon emerged: to develop a system to provide early detection and warning of
such an attack. These twin tasks led, respectively, to the Semi-Automatic Ground
Environment (SAGE) and to the Distant Early Warning line (DEW). SAGE involved a
nationwide network of radars and anti-aircraft weapons, coordinated by a high-speed
digital computer, whose design was based on the “Whirlwind” machine under
development at MIT."® The DEW line consisted of a series of radar installations dotted
across the desolate Arctic expanse from Alaska to Greenland. The DEW line would give
at least three hours’ warning of a bomber attack from over the Pole; SAGE would take
care of the rest.'’

But as the technological characteristics and potency of the Soviet arsenal evolved,
so too did American efforts to confront them. Despite the sophistication and the stream of
human, material, and financial resources poured into both SAGE and DEW—SAGE
alone cost some $8 billion, more than $70 billion in 2014 dollars—they were practically
obsolete by the mid-1950s."® With the advent of the Intercontinental Ballistic Missile
(ICBM), a nuclear warhead could be launched from well inside the Soviet Union and sent
hurtling toward an American city, reaching its target in mere minutes rather than hours.
Any hope of actually intercepting an ICBM (much less with a system like SAGE,

designed to track and destroy targets that crept along at a snail’s pace by comparison)
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was dashed. The severe calculus of Mutually Assured Destruction and the “launch on
warning” policy required precision tracking of approaching enemy missiles—not only to
provide a desperate last-minute warning to a doomed metropolitan area, but to arm and
deploy the massive retaliatory nuclear assault that the United States would quickly
unleash."

The development of the so-called Ballistic Missile Early Warning System
(BMEWS) began at Lincoln Laboratory in 1955. Each BMEWS station’s “pencil-beam”
missile-tracking radar was based on Lincoln Laboratory’s prototype, built on Millstone
Hill near Westford, Massachusetts (Figure 1). The Millstone radar—the first ever to use
real-time digital data processing, firing its radar pulses with a single klystron transmitter
operating with 60 kilowatts of average power—was complete in 1957, just in time to
track Sputnik 1.”° In May 1960, the first BMEWS station (in scenic Thule, Greenland)
welcomed reporters to watch as it “sent two radar beams, one atop the other, over the
North Pole, 931 miles away, and across most of the Soviet Union.” All quiet on the
Eastern front, assured The Washington Post: “No rocket launchings were detected in the
sweep,” but should they ever be, “the electronic gear which is the brains of BMEWS
instantaneously pinpoints both the launching site and the impact area, with eyelash
accuracy.”' By 1964, when the billion-dollar project was complete, three networked
stations (in Greenland, Alaska, and Y orkshire, England) scanned the heavens round the

clock.??



Kaiser and Wilson, Calculating Times

Figure I: Lincoln Laboratory’s Millstone Hill radar facility, a prototype missile-tracking radar for
the Ballistic Missile Early Warning System (BMEWS). (Source: MIT Lincoln Laboratory.)

Within Lincoln Lab’s Radars and Weapons Division, Group 312 (Systems
Research) was tasked with creating the design concept for the BMEWS radar
configuration. The earliest classified report on the proposed system was written by
Gordon Pettengill and Daniel Dustin.” Pettengill, an MIT graduate who wrote his
Berkeley physics Ph.D. dissertation on the scattering of high-energy protons, was hired at
Lincoln in 1954, excited by the chance to apply his lifelong interest in radio electronics to
problems outside the overworked field of nuclear physics. Dustin, after graduating with a
master’s degree from MIT’s Department of Business and Engineering Administration in
1949, worked at the Research and Development Board (the government’s topmost
advisory body for R&D spending) before being hired at Lincoln Lab in 1953.%*

The two young researchers contemplated possible BMEWS radar
configurations—the designs and spatial arrangements of radars that would maximize both
the amount of warning time BMEWS could provide, and the accuracy of its missile
trajectory predictions. Their recommendation was that the Air Force adopt a “pencil-
beam scanning system” for BMEWS. “In the pencil-beam scanning type of system,” they

advised, “two or more observations separated in space and time provide data to allow
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prediction of the missile’s path.” Multiple narrow-beam radars separated by thousands of
miles, each sweeping the horizon back and forth at fixed angles of elevation over the
location of a possible launch site, would provide data about the range, velocity, and
direction of a ballistic missile early in its flight. Depending on how steep or shallow the
missile’s orbital trajectory was, the configuration Pettengill and Dustin designed could
provide anywhere from seven to more than thirty minutes of warning time, with
accuracies ranging from “good” for steep trajectories to “fair” or “poor” for shallow
ones.”

For a more precise account of how to predict missile trajectories from radar
tracking data, Pettengill and Dustin turned to one of their colleagues, a recent physics
Ph.D. named Irwin I. Shapiro. Shapiro had completed his undergraduate studies at
Cornell in 1950 with a degree in mathematics and immediately entered graduate school in
physics at Harvard. Hoping to avoid the draft, he took up a position at Lincoln
Laboratory in June 1954, still a year away from finishing his doctoral thesis in theoretical
nuclear physics. Shapiro was hired into Group 23, a radar development team in Division
2 (Aircraft Control and Warning), knowing “nothing whatever about radar at that time,”
as he later recalled. (See Figure 2.) Initially, Shapiro tackled theoretical problems related
to the radar detection of objects in messy “clutter environments”—situations where the
radar echoes from an object of interest (such as a satellite or a ballistic missile) were
mixed in randomly with echoes from upper atmospheric phenomena, the surface of the
earth itself, or nearby objects (such as the debris shed by a nuclear warhead’s re-entry
vehicle as it plummeted toward its target). Boiling the complex problem down
analytically, Shapiro discovered that disentangling the interesting radar reflection signal
from a jumble of uninteresting signals—by finely discriminating the frequency shifts or
“Doppler signatures” of each individual reflection—could be accomplished with a simple

mathematical scheme.?
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Figure 2. Irwin 1. Shapiro, 1950s. (Source: MIT Lincoln Laboratory.)

In the summer of 1955, just as work on BMEWS was gearing up, Shapiro
narrowed in on a problem of critical importance: the calculation of ballistic missile
trajectories (especially the coordinates of a missile’s final destination) from radar
tracking data. By 1956 he had joined the Systems Research group developing BMEWS,
and he began to answer two key questions: what sort of information would be sufficient
to determine where a ballistic missile would end up (and when), and how could that
information be acquired from radar tracking signals??’ Shapiro’s final report was
published early in 1957, and in its opening section he laid out succinctly the difficult
problem before him. “In general, the totality of different radar measurements provides
redundant data, i.e., provides more data than...necessary to dynamically specify a
trajectory. For measurements corrupted by noise,” as all radar signals inevitably were,
“these data will be inconsistent,” leading to “different dynamical trajectory

2 In other words, many possible missile trajectories could be gleaned from a

predictions.
single set of data. But a missile doesn’t follow many trajectories—it follows one. The

only way to choose the real trajectory—and fast—was to rely on a sophisticated,

10
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statistically-weighted decision-making algorithm. Shapiro used the remainder of his hefty
report—175 pages filled with intricate calculations and technical diagrams—to develop
just such a procedure.

Soon Shapiro’s calculations were inscribed in Lincoln’s ballistic missile-tracking
computer systems by programmers in the Systems Research group. Algorithms like
“Preliminary Estimation of Radar Trajectory” took in radar tracking data (encoded in
binary format on magnetic tape) and spat out IBM punched cards, converted by an
automatic plotter to graphs of the elevation and range of the tracked missile. In the end, a

few computer printouts neatly summarized a detailed itinerary for nuclear obliteration.”

Irwin Shapiro and the Time-Delay Test

In the midst of his work on BMEWS, Shapiro attended a classified briefing on Air
Force-funded research at MIT.*® One of the speakers was George W. Stroke, a young
electrical engineer at MIT’s Research Laboratory of Electronics. In the late 1950s, Stroke
had assisted in RLE’s work on the Polaris project, the Navy’s effort to develop a
submarine-launched ballistic missile. Stroke helped perfect Polaris’s optical alignment,
orienting the missile’s inertial guidance system with reference to the North Star (or
“Polaris”). By 1959, he was starting up a new set of experiments at RLE, making high-
precision interferometric measurements of the velocity of light.*'

In the course of his light-velocity work, Stroke had stumbled across a curious
prediction of general relativity, one that had long been recognized by cognoscenti but was
not well-known outside the small community of relativity specialists. Gravity doesn’t just
alter the trajectory of a light ray, he reported at the military briefing; it alters its speed,
too. “The velocity of light, measured by the same magnitude ¢ independently of the state
of motion of the frame in which the measurement is being carried out, should depend on
the gravitational potential...of the field in which it is being measured,” he wrote in a

technical report in 1959. Gravity slowed light down. And though the effect would be far
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too small to measure even in the most sensitive laboratory experiment, the speed of light
would be “smaller by 2 parts in a million on the [surface of the] sun, as compared with
measurements on earth.”

Stroke’s comments immediately struck Shapiro as completely surprising. He had
acquired only a fleeting familiarity with general relativity during his graduate school
days—Harvard did not offer a single course on the subject at the time.* It is no surprise
that Shapiro had never heard about gravity’s effects on light. More surprising is that
Shapiro did, apparently, know about Einstein’s famous explanation of the anomalous
precession of Mercury’s perihelion—one of the predictions that had won general
relativity wide acclaim when it was first published. In 1959, it had occurred to Shapiro
that perhaps Lincoln’s radar techniques could be used to check Mercury’s precession rate
with better accuracy than traditional optical astronomy could achieve.** Soon after
hearing Stroke’s talk, Shapiro began to wonder whether radar might be used to measure
the slowing down of light by gravity as well. After all, detecting and extracting minute
radar signals from complicated backgrounds was what BMEWS had been designed to
do.”

By the time Shapiro heard Stroke’s classified briefing at MIT, his colleagues at
Lincoln Laboratory were already hard at work on what came to be known as “planetary
radar astronomy,” using the world-class defense system to bounce radar signals off of
other planets in the solar system to measure their location, range, and motion. Several
factors converged during the spring and summer of 1957 to launch Lincoln Lab’s venture
into the new field.*® An electrical engineer at the Lab, who was working on secure, un-
jammable long-distance radio communication technology, had recently returned from a
Fulbright fellowship to the University of Sydney in Australia, where he had studied with
one of the world’s first radio astronomy groups. Scribbling on napkins in the Lincoln Lab
cafeteria, he and several colleagues from the BMEWS project estimated that the new

Millstone radar at Lincoln might be able to bounce radar signals off of the planets
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Mercury and Venus and detect the return echoes, after certain upgrades to the equipment
had been implemented. Over the next two years, the group pursued their goal of detecting
a radar bounce off the planet Venus, eventually publishing their results in Science
magazine, for which President Eisenhower telegrammed his congratulations. That result
turned out to have been awry—the team later concurred with competitors at other
laboratories that their claimed detection was likely due to instrumental noise.”’

Even so, the effort had hardly been wasted. Soon after the article appeared in
Science, Lincoln Laboratory Director Carl Overhage had written to Lieutenant General
Roscoe C. Wilson of the Air Force expressing his pride in the Lab’s “achievement in
long-range, interplanetary communication.” (Wilson was Chair of the Joint Services
Advisory Committee, and Overhage’s immediate military overseer.) More than just an
exercise in planetary astronomy, the experiment had important consequences for the
Lab’s work on defense technology, Overhage assured. In fact, the Venus-ranging test had
“conclusively demonstrated” that radar detection and tracking measurements should be
recorded on magnetic tape, and that digital computers were indispensable for processing
such data. “This recording technique appears to be especially promising for those
experiments in which a priori knowledge is lacking in several respects and only a brief
period is available for observation.”* The implications of Overhage’s comments would
not have been lost on Lieutenant General Wilson: the tracking of ballistic missiles and
satellites were quintessential scenarios in which “a priori knowledge” of the tracked
object’s range and location was slim, and only a brief window of time was available to
radar operators. Tracking the planets, in other words, provided essential target practice
for the Laboratory’s missile-detection mission, enabling the team to fine-tune and
calibrate several components of the complicated radar system. And so the Lincoln group
kept at it, completing their first successful, unambiguous real-time radar detection of

Venus in spring 1961.%°
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In 1963 Shapiro was transferred to Group 37 (Space Physics) in Division 3 (Radio
Physics). Now in the primary division responsible for developing the new field of
planetary radar astronomy at Lincoln Lab, he began to work closely with the radar
specialists who were continually perfecting their Venus tracking and ranging
experiments.*’

The time-delay test of general relativity developed naturally in Shapiro’s
newfound intellectual and technological environment. Perhaps, Shapiro would soon
realize, the relativity experiment—which he had first dreamed up after hearing George
Stroke’s intriguing classified briefing—would now be possible with Lincoln’s advanced
radars. He would pass powerful radar signals through the intense gravitational field of the
sun, bounce them off of Venus as his colleagues had done, and detect their echoes back at
Lincoln. If Einstein and his general theory were right, the signals would take just a little
too long to return home, compared to radar echoes sent when the sun was nowhere near
the path to Venus. The strong gravitational field near the sun would delay them.”'

But delay them by how much? Shapiro knew, from Stroke’s briefing and a quick
calculation, that the extra time-delay produced by a Venus reflection would be on the
order of a few tens of microseconds. But he had never calculated the relativistic time-
delay effect with any precision. For one, general relativity was outside Shapiro’s
expertise; the full calculation required considerable familiarity with the theory. More
important, he had remained convinced—despite Millstone’s success in contacting Venus,
and despite the relative ease with which the Arecibo dish (an enormous structure carved
into the Puerto Rican jungle) could be converted to radar operation—that no functioning
radar facility was capable of detecting and timing the echo with an uncertainty of only a
few microseconds. At the Symposium of the International Astronomical Union in Paris in
May 1963, Shapiro described the outlines of his time-delay test and his preliminary
findings: the experiment (and a more detailed calculation) would have to wait for a better

radar.®
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According to Shapiro, everything changed abruptly in the fall of 1964, when the
construction of the most sensitive radar facility in the United States—the “Haystack”—
was completed at Lincoln Laboratory. As Shapiro later claimed, it was during a cocktail
party conversation with Stanley Deser, a general relativity specialist at nearby Brandeis
University, that he experienced something close to an epiphany. “Suddenly it occurred to
me, while I was talking, that Haystack was coming on line, and that Haystack might have
enough capability to do the experiment....I went home and quickly did some back-of-the-
envelope calculations which showed that we could do the experiment....Now it became
something real, instead of purely theoretical.”** With Peter Bergmann’s classic general
relativity text in hand, working feverishly for two days at a card table set up in his
bedroom at home (while, incidentally, his wife was in the hospital, having just given birth
to their son), Shapiro churned out the first rigorous calculation of the time-delay effect.**

There is little doubt that the opening of the Haystack facility was a decisive
influence on Shapiro’s thinking. As Laboratory Director William H. Radford would later
explain to General Bernard A. Schriever of the Air Force, the design of the time-delay
test was not only made possible by the development of hardware sophisticated enough to
carry it out, but was actively motivated by it. “Prior to the existence of our new Haystack
facility, this test was so far beyond the performance capability of any existing radar that it
had not even seemed worthwhile to carry through the calculations on which the test is
based,” Radford wrote, echoing Shapiro’s own version. “Thus the recognition and
formulation of the test may be regarded as an unforeseen benefit from the Haystack
development effort.””* But other aspects of Shapiro’s work at Lincoln Laboratory
between 1963 and 1965 point to a somewhat earlier and more gradual development of his
thoughts about the possibility of testing general relativity with radar. And they make
especially clear the time-delay experiment’s conceptual and technological debts to

Shapiro’s defense research.
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Perhaps most important was the creation of a sophisticated computer program for
calculating and refining the “ephemerides”—the positions in the sky, as a function of
time—of the moon and planets. The “Planetary Ephemeris Program” (PEP) grew directly
out of Shapiro’s work on the prediction of ballistic missile trajectories. As input, PEP was
designed to take a variety of radar and optical observations of an object’s position in the
sky, use them as initial conditions for the complicated set of differential equations
(derived from classical celestial mechanics) that described the object’s orbit, and then
integrate them numerically. As output, it converted the stream of numbers produced by
the integration into accurate tables of the object’s ephemeris, which could then act as
pointing instructions for the computers that aimed the Millstone and Haystack radars. The
more observational input, the better. With more and more ‘redundant’ data telling PEP
where an orbiting object was in the sky at a given point in time, the better the estimate
that PEP could make of the object’s position at earlier and later times. The statistical
procedure behind PEP was exactly the kind that Shapiro had developed for his BMEWS
ballistic-missile tracking project.*°

Shapiro’s text on ballistic missile tracking became a kind of recipe book for a
major technical advance in astronomy: the generation of precise digital ephemerides.
Shapiro later learned that when the Jet Propulsion Laboratory was developing its own
ephemeris program in the early 1960s as it prepared for NASA’s space missions, his
book was required reading for members of the computer programming and radar tracking
team.*” As Lincoln Laboratory began to pursue its own radar astronomy program,
Shapiro and a young researcher named Michael Ash started to develop the Planetary
Ephemeris Program in earnest.

Ash was a recent Princeton mathematics Ph.D. and computer programming
expert, first hired by the Laboratory in 1963 as an intern in the Space Physics Group, at
that time concentrating on developing Lincoln’s series of communications satellites.

Under Shapiro’s supervision, Ash began preparing the thousands of PEP Fortran
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statements that would be programmed on Lincoln’s IBM 360 computer. Tables of optical
ephemerides—published by the U.S. Naval Observatory and the Royal Greenwich
Observatory, some from as early as the eighteenth century—had to be converted into
machine-readable format as well.*® Soon William Boyd Smith, an MIT-trained electrical
engineer who had helped with the magnetic tape recording instrumentation for Lincoln’s
first Venus radar ranging tests, was enlisted to help Ash with the numerical integration
routines. It “had to be exquisitely accurate,” Smith recalled. “We had to do nine-body
integrations of the Sun, Moon, and planets back to 1750, and we had to do it with an
accuracy over that entire period of, say, a tenth of a second of arc.”* The work continued
at a heady pace through the spring of 1964, when Shapiro successfully convinced the
Laboratory to hire several more staff to assist Ash in the development of the ephemeris
program, even writing to Lincoln Steering Committee member (and future Assistant
Secretary of Defense) Gerald Dinneen to help pay one programmer an extra two weeks’
salary to finish coding his segment of the program.

Shapiro’s preparations for the time-delay test thus had begun long before the
Haystack radar was up and running, and long before he had formally announced his
intentions—either in publication, or to Lincoln Laboratory management. He and his
colleagues had for many months been tweaking the computational apparatus needed to
find a small target in distant space, aim and fire a radar signal at it, and listen carefully for
the echo.

There was a crucial difference, however, between the experiment Shapiro was
imagining in late 1964 and the Lincoln Venus echo tests of 1958-61. Instead of bouncing
pulses off of the planet at inferior conjunction, when it lay directly between the sun and
earth, Shapiro’s test would ping Mercury or Venus at “superior conjunction,” when either
planet lay on the far side of the sun from earth. (Mercury was an attractive target because
of its more frequent superior conjunctions, every three to four months. See Figure 3.)

Because the signals would therefore pass closer to the sun, the spacetime through which
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they traversed would be more strongly curved by the sun’s mass, and thus the time-delay
effect would be much larger. But they would also have to be considerably more powerful
than in previous experiments, and their echoes received with far greater sensitivity. Not
only would the radar signals in Shapiro’s proposed test travel a much longer distance
(now roughly 520 million kilometers there and back in the case of Venus, requiring
almost a half-hour of round-trip travel time). They would also have to pass through the

fury of the solar corona—twice—without being hopelessly scattered or distorted.”’
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Figure 3: The solar system geometry of Irwin Shapiro’s proposed time-delay test of general
relativity, as it was represented in an internal report in 1965 by the head of Shapiro’s division at Lincoln
Laboratory. Reproduced from James W. Meyer, “Program Description—Radar Observations of the
Planets,” MIT Lincoln Laboratory Technical Note 1965-35 (9 July 1965), p. 24. (Source: MIT Lincoln
Laboratory.)

Shapiro described his calculation and proposed experiment in a Lincoln
Laboratory technical report published in mid-December 1964, casting it as the latest in a
series of ‘classical’ tests of Einstein’s general relativity. “Only three tests have been
made since Einstein’s theory was given its definitive form in 1916,” he wrote, “all having
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been suggested in his original papers.””” But the techniques of planetary radar astronomy,
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then being elevated to a high art at Lincoln Laboratory, would offer the means for a

“fourth test™:

This test involves measuring the time delays between transmitting radar pulses toward either
Venus or Mercury and detecting their echoes. These measurements must be taken at different
relative orientations of the earth, the sun, and the target planet, with the most crucial ones being
those near superior conjunction when the radar waves pass closest to the sun. For such
configurations...predictions based on general relativity indicate that the time delays will be
increased by as much as 200 [microseconds] because of the influence of the sun’s gravitational
field on the speed of radio wave propagation.™

Shapiro titled his internal Lincoln Lab technical report “Effects of General Relativity on
Interplanetary Time-Delay Measurements,” thus fitting his proposal squarely within the
program of radar ranging experiments that had become a fixture of Laboratory life since
1958. Around the same time, he sent a very brief description of his proposed experiment
to the prestigious journal, Physical Review Letters, where it was published at the end of
December. In that short paper—and in the accompanying press release issued by Lincoln

Laboratory—the BMEWS context remained tacit.™*

The Haystack Radar

Shapiro’s time-delay test of general relativity was not only nourished, but actively
shaped from the start, by its defense-lab setting. The lines of force pointed in the opposite
direction, as well. The experiment, through Shapiro’s determined advocacy and the
enthusiasm of his colleagues, had a deep impact on the activities and goals of Lincoln
Laboratory’s Radio Physics Division in the second half of the 1960s. These conduits of
influence between the time-delay test and its laboratory embedding—Ilinkages of money,
materiel, and manpower—were nowhere more evident than in the development of the
only instrument Shapiro argued was then capable of performing his experiment:
Lincoln’s Haystack radar facility.

As Shapiro observed in his original technical report, Haystack boasted two closely

related design characteristics that would allow it to handle the time-delay test. Most
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important was the high electromagnetic frequency of its transmissions. Operating at
around 8000 MHz (in the “X-band” of the microwave spectrum), Haystack’s radar
signals could easily penetrate the solar corona—the sun’s intensely hot and violent
atmosphere of electrons and ions—without being absorbed, distorted, or delayed. Other
facilities, such as the Arecibo Ionospheric Observatory in Puerto Rico, operated at much
lower frequencies (430 MHz). At those frequencies, the time-delay produced by
rescattering of the radiation by the solar corona alone would be perhaps three times as
large as the relativistic time-delay produced by the sun’s gravity. Because the exact
amount of delay caused by the corona could only, in principle, be known with poor
precision, the error in the corona-induced delay would make a careful measurement of the
relativistic delay virtually impossible.>

Related to the frequency issue was the exceptional narrowness of Haystack’s
“pencil-beam”—as with all radar propagation, the higher the frequency, the narrower the
beam. With a focused beam, Haystack could pass its transmissions much closer to the
edge of the sun (and therefore through a much stronger gravitational field) than rival
antennas, thereby lengthening the measured relativistic time-delay. Arecibo, which could
fire its beam within roughly one degree of the sun, was no match for Haystack, whose
beam was no wider than a few hundredths of a degree.”

Shapiro made the case that Haystack seemed specially qualified for the proposed
experiment, given both its raw transmitting power and minimal system noise. In a memo
to Lincoln Laboratory’s upper management in November 1964—just as he was writing
up his technical report and brief article for publication—he cut to the chase: if the
Laboratory administration made a commitment to the experiment right away, one of
Shapiro’s colleagues at Haystack had informed him “that the necessary instrumentation
could be constructed in time for the next favorable planetary configuration...for Mercury

on 12 June 1965.” Without mentioning whether upgrades to Haystack might be

20



Kaiser and Wilson, Calculating Times

necessary, Shapiro assured his superiors that the time-delay test was feasible, on both
technical and theoretical grounds.”’

Shapiro’s colleagues in Radio Physics would soon make it clear that Haystack
was in need of significant—and costly—upgrades if it were going to precisely time radar
echoes from Mercury or Venus as the planets raced around the far side of the sun. The
source of funds for the upgrades was another matter: would the Air Force, which had
funded Haystack’s construction and paid for its maintenance, underwrite the radar’s tune-
up? Or would the Laboratory look to “outside support”? How would the upgrades be
justified? (Was general relativity the kind of thing the Air Force was in the business of
testing?) In any event, Lincoln’s researchers understood a crucial point: Haystack, or,
more specifically, its modular system of interchangeable transmitting and receiving
electronics, could be tuned for one application (such as planetary radar astronomy)
without permanently disabling the radar’s other functions (missile and satellite tracking).
It had been designed that way.”®

The Haystack was conceived as a dual-use technology par excellence. Its design
was first proposed in 1958, soon after the Millstone Hill radar came online as a prototype
missile tracker for BMEWS. As described by Laboratory Director Carl Overhage in the
summer of 1960, just a few months after Lincoln first began awarding procurement
contracts to industrial firms for Haystack’s construction, the new facility would enable
researchers to improve knowledge of interplanetary distances, planetary rotation rates and
surface characteristics, all in the name of improving defense: “These studies may have
important consequences to the design of future radars for such purposes as missile
discrimination or space-vehicle detection, where extremely high resolution and high
effective radiated power are essential.” Tracking enemy missiles was the aim, and
planetary radar astronomy served as a means toward that end.

Haystack was a technological marvel-—an embodiment of the hulking “big

science” mode of postwar research.®’ Its huge, 120-foot diameter reflector dish was made
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of an extremely thin aluminum sheet, laid over a pattern of aluminum bars forming 96
honeycomb-shaped panels. The aluminum skin was stretched over its frame so tightly
that at any point, the reflector surface deviated from a perfect paraboloid by less than a
tenth of an inch, the measure of its so-called “surface tolerance.” The radar’s antenna
structure—the reflectors and the trusses on which they were mounted, as well as the
nearly 7000-pound “plug-in equipment box” containing the complicated electronics
required to send and receive the powerful radar signals—was encased within a 150-foot-
diameter radome to shield the entire system from the weather. (The sun’s heat might
warp the reflector’s aluminum surface, and even the smallest accumulation of ice and
snow on the dish during the harsh New England winter would render the antenna
inoperable at X-band frequencies, where exceptional surface tolerances were necessary.)
The radome, originally procured by the Air Force for an Arctic radar station and designed
to withstand 130 mile-per-hour winds, was made of a frame of interlocking steel beams
forming the triangular panels of a geodesic sphere. Each of the 930 panels was covered
by a sheet of white fiberglass, less than a tenth of an inch thick, chosen for its
transparency to X-band microwave radiation. The result resembled nothing so much as
the famous “Spaceship Earth” exhibit, later built at Disney’s Epcot Center; see Figure 4.
Most important for tracking experiments, the Haystack antenna could be steered digitally.
The whole apparatus rested on a bearing and control system weighing almost nineteen
tons, floating on a nearly frictionless film of oil 0.005 inches thick, allowing the dish to
be rotated smoothly around its central vertical axis, as well as tilted up or down to face
targets higher or lower in the sky, all to accuracies of a fraction of a degree.®'
Construction began in the autumn of 1960, and the facility was dedicated in early

October 1964.%
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Figure 4: Lincoln Laboratory’s Haystack radar facility, completed in 1964. (Source: MIT Lincoln
Laboratory.)

The construction and subsequent upgrades to Haystack signal larger shifts in
national priorities, especially at the nexus of defense projects and scientific research. The
Haystack facility had been designed and built during the boom years of defense spending
after Sputnik. Upgrades to Haystack, on the other hand—yprerequisite to fulfilling
Shapiro’s longed-for test—were negotiated in a fast-changing political environment. As
early as January 1965, the Pentagon announced major job cuts at the Lawrence
Livermore defense laboratory in California. The following year, the Department of
Defense released its first report from “Project Hindsight,” an in-house accounting of the
benefits to military priorities and preparedness that had accrued over two decades of
spending on basic science. For the first time since World War II, military bureaucrats
began to second-guess the Cold War template of funding non-mission-oriented research
in hopes of advancing military goals.®®> Military planners’ own concerns about the
effectiveness of defense spending for basic research were soon amplified by nationwide
campus protests against the Vietnam War, in which calls rang out for the Pentagon to get

out of the higher education business.** Lincoln Laboratory, having depended on Air
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Force money from the beginning, was especially sensitive to possible fluctuations in its
funding stream. Laboratory administrators quickly needed to adapt their strategies to
appeal to civilian as well as military sponsors. Suddenly the presence of Shapiro’s time-
delay test on the laboratory’s roster assumed a brand-new significance.

In January 1965, less than a month after Shapiro had first published his “fourth
test” technical report and article, Paul Sebring (the leader of the Surveillance Techniques
group and manager of the Haystack facility) wrote to James W. Meyer, Head of Lincoln’s
Radio Physics Division, on the subject of NASA funding for both Millstone and
Haystack radars. Though designed and built for missile defense, the huge radar facilities
could also benefit civilian agencies like NASA—which might be induced to begin
sharing the costs.”

Against that backdrop, Shapiro’s esoteric experiment quickly became the keynote
of the Laboratory’s efforts to diversify its sources of funding. While Sebring diligently
outlined a host of NASA-relevant tasks that an upgraded Haystack radar could
accomplish—mapping structural features and surface characteristics of the moon in fine
detail, mapping the surface of Venus and determining the composition of its atmosphere,
performing similar measurements on Mercury and Mars and refining the orbital
parameters of the planets—the key reason for the upgrades, he admitted, was Shapiro’s
time-delay test. The trick was wording the proposal to NASA in a way that brought
everything together. Sebring advised Meyer that “while the most important result of a 10-
db increase in Haystack capability will be the ability to perform the fourth test of general
relativity made against Venus or Mercury at superior conjunction,” it was surely worth
emphasizing the “many other experiments that will be greatly improved in quality.”*®

Shapiro made his own plug for NASA sponsorship the next day. He provided
Lincoln’s Radio Physics Divison head James Meyer with a list of scientific experiments
(including most prominently his time-delay test) that could only be conducted if Haystack

received its expensive upgrades.”” Meyer, in turn, prepared a draft proposal and budget
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estimate for “Deep Space Radar Measurements” for NASA. The new plug-in radar
equipment box alone, including the 500-kilowatt transmitter (a significant improvement
over the existing 100-kilowatt transmitter), would initially cost $675,000 (about $5.1
million in 2014 dollars); an upgrade to the radar-computer interface would set NASA
back an extra $10,000; and various architectural upgrades to the antenna structure would
cost some $45,000. Not only that, in 1966, before the upgrades were complete, an
additional $300,000 would be needed to get the whole thing properly calibrated and
tested. “The staff and their support...will be provided by our General Research Program
supported by the United States Air Force. The funds requested here are only those
required to procure the necessary instrumentation to carry out the experiments
described.”® Meyer quickly followed up with a formal proposal to NASA for “Radar
Observations of the Planets,” again listing “the conduct of a 4th test of general relativity”

as the first item of business.®’

Figure 5: One of Haystack’s modular plug-in equipment boxes, including the radar’s powerful
transmitter. (Source: MIT Lincoln Laboratory.)
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Despite some expressions of interest, the NASA money never materialized—at
least not in time for the first iterations of the time-delay test in 1966 and 1967. As the
proposals bumped higher and higher up Lincoln’s and NASA’s respective chains of
command, NASA officials began to balk at the price tag. They expressed regret that
neither the agency’s Space Science and Applications division nor its Planetary
Astronomy division had funds of such magnitude to spare (unlike, for example, NASA’s
Manned Space Flight division).”

At the eleventh hour, the Air Force stepped in with money to improve the
Haystack radar. It remains unclear why exactly it did so. Shapiro and other scientist-
participants would later recall that their arguments about the inherent scientific value of
radar astronomy and the “fourth test” were compelling, setting off a chain of persuasion
upwards through Laboratory and Air Force command.”' Of course, the Air Force might
well have had its own reasons for seeking improved transmitter power: as Laboratory
staff and management had consistently argued for both Millstone and Haystack radars,
improved performance for tracking the moon and the planets implied improved
performance for tracking missiles and satellites; all along, the planetary radar efforts had
served as effective target practice, enabling engineers and technicians to fine-tune the
instruments for their primary mission of spotting incoming ICBMs. Though Shapiro and
his Lincoln colleagues had to sweat through the uncertainties that spring, by August
1965, with the new Air Force funding in hand, Lincoln could begin awarding contracts to

outside companies to start working on the massive upgrades to Haystack. ">

The Time-Delay Test and the Fate of the Haystack Radar

The announcement of plans to conduct the “fourth test” of Einstein’s general
relativity made waves far beyond Lincoln Laboratory. Enthusiastic letters began to arrive
at Shapiro’s office from all corners of the United States. For one eager inquirer from

Norfolk, Virginia, Shapiro suggested grabbing a copy of Peter Bergmann’s general
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relativity text to get a better handle on the subject. To another would-be relativity
researcher from Quincy, Massachusetts, who wrote up his own “theory and proposed
test” for Shapiro’s approval, Shapiro was sorry to report that “you did not analyze your
experiment in sufficient detail,” and that “your analysis of Einstein’s predictions are
seriously in error.” Shapiro regretted that a Chicago high school student’s “request that I
explain the entire theory of relativity to you in a letter is not possible to fulfill.” And to
one resident of Boston’s tony Beacon Hill neighborhood, who had pulled out her own
checkbook in support of the “fourth test” upgrades, Shapiro assured that although he was
unable to accept her generous donation, “every effort is being made to carry out the
relativity experiment as soon as possible.””

A few of Shapiro’s physics colleagues also expressed interest in the upcoming
test, but not always with the same degree of enthusiasm. Some pressed him to clarify
details of his calculation; his 1964 article in Physical Review Letters had been much more
abbreviated than the lengthy treatment in his Lincoln Laboratory technical report—
which, though unclassified, enjoyed a much smaller circulation.”* Others granted the
importance of the proposed test, but disagreed that it should be counted the “fourth test”;
Stanford’s Leonard Schiff, for example, had proposed a distinct experimental test of
general relativity a few years earlier.” Still others engaged Shapiro in a priority dispute.
Duane Muhleman of Caltech’s Jet Propulsion Laboratory had written up his own
proposal for a time-delay test slightly before Shapiro’s was in print but after Shapiro had
discussed his idea at an international astronomy conference that both had attended. A
crucial difference between the rival proposals, as Shapiro pointed out to his JPL
colleague in increasingly heated correspondence, was that Muhleman’s version involved
radar propagation during a planet’s inferior, rather than superior, conjunction—for which
the predicted gravitational effect would almost certainly be undetectable.”®

While trying to keep up with all the correspondence, Shapiro and Michael Ash

were frantically working to complete their Planetary Ephemeris Program, incorporating
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more and more radar and optical observations of Mercury and Venus (away from
superior conjunction) to make the program’s orbital predictions more accurate. “Good
news: The program ran successfully,” Shapiro happily announced to Gordon Pettengill in
fall 1965; still, there was more work to do debugging “parts of the program, statement by
statement.”’’ Shapiro badgered the Jet Propulsion Laboratory’s Richard Goldstein to
publish his Venus ranging data. “More than four and a half years have elapsed since JPL
first made radar contact with Venus, yet no data at all has been published.” Shapiro
would not be delayed. If Goldstein’s supervisor wouldn’t allow him the time to prepare
data tables, Shapiro would be happy to write a letter demanding the raw data himself.”®
Michael Ash, Shapiro’s right-hand-programmer, continued to pester the U.S. Naval
Observatory with letter after letter requesting optical ephemeris data for the sun, moon
and planets on punched cards to be fed into the IBM 360.”

By the summer of 1966, Shapiro was complaining to the Lincoln personnel
department that it had become “quite clear that we are severely programmer limited in
our attempt to analyze the interplanetary radar observations for the new test of general
relativity.” PEP’s calculations had to be so incredibly accurate that even precise optical
observations of the outer planets were needed to account for their slight gravitational
perturbations on the orbits of the earth, Mercury and Venus. The need for manpower was
dire. Though Shapiro expected to be able to complete at least a “semiquantitative test” of
Einstein’s theory to an error of perhaps 35 percent, “our results may fall almost an order
of magnitude lower in test accuracy simply because of our inability to handle the
programmer chores.”®® To Haystack director Paul Sebring he wrote that Haystack had
“the potential to provide the most accurate tests yet made of Einstein’s predictions” and
that nailing down the orbital parameters of Mercury and Venus was absolutely crucial:
“general relativity literally hangs on it.” But the researchers needed help finishing the
computer work, including “approximately $5,000 to finish putting all of these [optical

ephemeris] data on punched cards. The laboratory’s card-punch operators have been
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shown to be incapable of handling this work on finite time scale.”®' Nearly forty separate
tasks remained before PEP would be ready for the “fourth test,” he explained in a
separate memo.*” Exhausted but still pushing hard, Shapiro wrote to an MIT colleague in
early 1966 that preparing for the time-delay test was occupying an “inordinate fraction”
of his time.*

Meanwhile, Shapiro’s Lincoln Laboratory coworkers were engaged in an all-
hands-on-deck effort to get Haystack and its planetary radar equipment box ready as soon
as possible. Managers at the Laboratory in both the Haystack operations division and the
Radio Physics Division pushed their teams around the clock—even reassigning shop
foremen and encouraging technicians to work overtime on the weekends—to be ready
when Venus would next be in the opportune position of its orbit.** The time-delay
experiment, Sebring reminded Division 3, “is of the greatest scientific interest and seems
certain to attract wide attention to Lincoln Laboratory...if it succeeds.” Only an intense
effort would ensure Lincoln’s “being first to make the proposed test.” November 9th,
when Venus would slip briefly behind the sun, was quickly approaching.®

The hard work paid off: Haystack was ready just in time. Data was successfully
collected during Venus’s November 1966 superior conjunction, as well as the superior
conjunctions of Mercury in January, May, and August 1967. Early in March 1968,
Shapiro made the first public release of preliminary “fourth test” results at the meeting of
the American Physical Society in Boston. The experiment, he announced, had confirmed
general relativity—even if only within fairly generous margins of error. Less than a week
later, he sent off a paper to Physical Review Letters.*® Published in May, the paper
explained that the experiment had been made possible by an “intensive program” to outfit
Haystack with a new transmitter and receiver. Considering each experimental run
separately, Shapiro and his coauthors (including Pettengill, computer programmers Ash

and Smith, and three of the Haystack engineers who had instrumented its upgrades)
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concluded that the “most reliable of these data agree, on average, with the excess-delay
predictions of general relativity to well within the experimental uncertainty of £20%.”"’

Later that month, Shapiro formally presented Lincoln Laboratory Director Milton
U. Clauser with the first preprint. “Although the accuracy attained was not as high as we
had hoped”—20% uncertainty hardly amounted to razor-sharp scrutiny or conclusive
confirmation of Einstein’s theory—*“it nonetheless represents a substantial achievement
in a very difficult experiment.” Moreover, “despite the unfortunate predilection of the
popular press to present the result as a one-man show, the experiment was successful
only because of the skill and spirit of a large number of Lincoln personnel.” With
understated admiration for his coworkers, Shapiro reminded Clauser that the design and
construction of the new plug-in equipment box for Haystack had been a “massive effort.”
The grueling pace of work during May 1967 (“unbroken except for Mother’s Day”),
when Haystack tracked Mercury through superior conjunction daily from 4:30am to 7pm,
“served to demonstrate poignantly the dedication of the staff.”™

No eye-catching headline heralded the findings as they had after Arthur
Eddington’s announcement in 1919, even though the news was the same: Einstein’s
relativity had held up. Instead, the scientific success was bittersweet. Before Shapiro had
finished writing up his “fourth test” results in 1968, ever clearer signs of a massive shift
in the U.S. military support of basic science could be detected throughout Lincoln
Laboratory. For at least a year, high-level officials in the Department of Defense, the Air
Force, and administrators at Lincoln and MIT had asked searching questions about the
Laboratory’s future; Lincoln, it had become clear, occupied precarious territory between
the Pentagon, Capitol Hill, and the Great Dome of MIT’s Cambridge campus. As the
Vietnam War raged, critics called ever more loudly for the bond between the national
security state and America’s universities—held together by the clasp of the Cold War for

more than twenty years—to be severed. The Lab was caught in the center of the debate.
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And the Haystack radar would be among the first vestiges of Lincoln’s military-academic
mission to be amputated by severe federal budget readjustments.®

In late summer 1967, Secretary of Defense Robert McNamara, MIT President
Howard Johnson, and former MIT administrators and Presidential Science Advisors
James Killian and Jerome Wiesner held a telephone conference addressing “long-range
questions affecting Lincoln Laboratory in its service to the country, specifically the
Department of Defense,” and its “continuing operation as a part of M.I.T.” In a letter to
McNamara after the conversation, Johnson summed up Lincoln’s dual orientation. Its
mission-oriented work was “aimed at assisting the military establishment in finding
technical solutions to...problems in ballistic missile penetration and ballistic missile
defense, in space communications,” and other areas. More basic research—buoyed by the
General Research Program, which had fostered the construction of the Haystack radar—
allowed “the Laboratory to look beyond its immediate tasks.” However, Johnson
continued, recent Congressional budget cuts to Federal Contract Research Centers
(FCRCs, of which Lincoln was a prominent example) had “opened the question of how
M.LT. should plan for the future operation of Lincoln.”

Just as Johnson was writing to McNamara, a Defense Science Board task force
commissioned by the Director of Defense Research and Engineering had recommended
that each of the Defense Department’s FCRCs provide a statement of “their interpretation
of the primary purposes and current technical objectives” of their work.”’ Lincoln was
being asked to explicitly justify its research pursuits to the Department of Defense—and
this only a month after the latest round of data collection for Shapiro’s relativity
experiment had taken place at Haystack. MIT President Johnson’s official statement to
the Assistant Secretary of the Air Force included a tidy list of the Lab’s accomplishments
in radar and communications. But he was “deeply concerned” about Defense Department
budget cuts and Lincoln’s “unfortunate” classification as an FCRC. Lincoln had “no

financial cushioning and relies almost completely on annual appropriations from the Air
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Force” and the Pentagon’s Advanced Research Projects Agency. Budget cutbacks didn’t
only curtail military work at Lincoln: its “general research effort” had suffered deeply for
years as well. Of what continuing value would the Laboratory be to the Institute, if its
personal and material assets were so easily buffeted by the changing winds of national
defense?”?
However the Institute, Lincoln Lab, and the Air Force might choose to handle
them, the changes issued from Washington were sweeping and rapid. In 1969 Senate
Majority Leader Mike Mansfield successfully tacked a rider (the so-called “Mansfield
Amendment”) onto the military authorization bill requiring all Defense Department-
funded research to have a “direct or apparent relationship” to military operations.” In
November that year, Lincoln Laboratory Director Milton Clauser told MIT President
Johnson that staff reductions and the “additional unplanned deletion of $450,000 from
our budget for rising overhead costs [nearly $3 million in 2014 dollars] [would] be
difficult to accommodate.” Only one week after violent clashes between student
protesters and riot police in front of MIT’s military-funded Instrumentation Laboratory,
Clauser wondered in frustration whether it was “inappropriate to suggest that the
activities on the campus contributing to the rising overhead be given some scrutiny?””*
Just a few days later, Haystack director Paul Sebring notified Clauser that
negotiations for the transfer of the Haystack facility from the Air Force to civilian control
were now proceeding at top speed. A year before, the Northeast Radio Observatory
Corporation (NEROC), a nonprofit consortium of New England research institutions, had
submitted a proposal to the National Science Foundation for a phased-in, three-year
transfer of Haystack control from the Air Force. An advisory panel of prominent
astrophysicists led by Princeton’s Robert Dicke recommended that NSF approve the
request (though, in Sebring’s opinion, the panel had underappreciated Haystack’s special
“sophistication and broad application™).”> As the NSF delayed its final decision and

NEROC made a parallel funding pitch to NASA, the Air Force forcibly set its own
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timeline. In February 1970 Assistant Secretary of the Air Force for R&D Grant Hansen
warned Lincoln that by the following July, if Haystack had not been adopted by another
government agency, it would be declared surplus and its computer apparatus scavenged
for other military uses.”®

After last-minute guarantees from the NSF and NASA to help absorb Haystack’s
$1.5 million-per-year operating costs (more than $9 million per year in 2014 dollars), the
Air Force handed Haystack over lock, stock, and barrel to MIT and NEROC that
summer. When Haystack’s transmitter proceeded to fail several times in the early 1970s,
NASA (no longer in need of lunar radar maps for its Apollo missions) was unwilling, all
over again, to fund replacements. Haystack’s last radar transmission—a ranging signal to

Mercury—was sent in March 1974.””

Conclusion

For the past thirty years, scholars have interrogated the interplay of scientists and
military patrons during the Cold War. Debate has raged over who set scientists’
intellectual agendas. What effects, if any, did the firechose of military spending have on
the range of topics pursued or the styles of scientific inquiry? Some commentators have
argued that the hothouse environment of the Cold War produced dangerous distortions
from proper scientific efforts.”® Others have countered that scientists have never existed
outside of society; Galileo navigated patronage relationships no less complicated than
those of the American physicists in the nuclear age.” Still other scholars have tilted the
debate slightly skew to the budgetary axis, focusing on the entanglement of personnel,
training, instruments, and foreign relations. Yet even these cases have focused
overwhelmingly on examples of science and technology that were of obvious military
interest, from nuclear physics to materials science, electronics, and computing, or the

geosciences crucial to navigation, communication, and submarine detection.'®
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Episodes like the general-relativistic time-delay test expand the pattern,
exemplifying just how extensively the new template had reached. Despite the frequent
portrayal of Einstein’s general relativity as an austere and otherworldly temple,
physicists’ Cold War engagement with Einstein’s work bore most of the marks we have
come to expect of the era: seemingly limitless funding (at least for a time), sprawling
machinery, soaring technological hubris, and a close mapping of personnel, tools,
techniques, and skills between scientific practice and military priorities.'”" The long
duration of the time-delay test, from conception in the late 1950s to completion in the
early 1970s, further allows us to map the rocky transition from post-Sputnik boom to
stagflation bust. “Cold War science” was no more a static entity than the planet Venus;
both became moving targets.

For much of 1969 (when Haystack was still a military instrument), until nearly the
end of 1970 (when it was officially a tool of civilian science), Haystack once again
bounced radar echoes off of Venus for roughly 300 days on either side of superior
conjunction. Incorporating data taken at the Arecibo facility (far from superior
conjunction), Shapiro’s group combined a total of roughly 1700 time-delay
measurements to shave down their earlier uncertainty estimates from 20% to less than
5%. Einstein was still right, and the Haystack team had now completed the most sensitive
test of general relativity to date. The paper published in Physical Review Letters in May
1971 was the culmination of work by Shapiro and colleagues to test relativity with the
techniques of planetary radar astronomy. With little mention of the instruments involved,
the group cast its “new radar result” as simply the latest refinement of a series of tests of
Einstein’s theory. By itself, the paper seemed the purest of pure science—an otherworldly
theory, subject to a rather esoteric experiment.'%*

The original 1968 paper, however, was far more evocative of the time-delay
experiment’s deep and tangled roots in Cold War defense priorities. The bulk of the

article was given, as the authors put it, “to a more detailed discussion of...the novel
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experimental techniques” demanded by their test, including everything from the technical
features of Haystack’s transmitter to various methods of computer-aided signal
processing. At times, they recounted, the radar echo had been “as small as 10" [watts],
i.e., about 10?’ times weaker than the transmitted signal power”; only clever design and
exquisite instrumentation had made the experiment possible.'” To produce, detect, and
meaningfully interpret so magnificently tiny a return signal, Lincoln Laboratory’s staff
had drawn on resources that were unavailable, even unimaginable, beyond the walls of
their defense lab home.

Amid the Sturm und Drang surrounding whether MIT should divest its Air Force
laboratory at Lincoln or spin off the Haystack radar to civilian overseers, MIT President
Howard Johnson pointedly reminded the Air Force Director of Laboratories that “the new
test of Einstein’s theory of general relativity [had] evolved from the Laboratory’s
intensive efforts in advanced radar technology.”'® Indeed it had. With technical and
intellectual skills shaped by years of work on radar communications and satellite- and
ballistic missile-tracking projects, and equipped with multi-million-dollar Air Force-
funded hardware, the Laboratory’s researchers had put an extraordinarily subtle physical
effect—and Einstein’s most celebrated theory—to the test. Neither “pure” nor “applied,”

the relativistic time-delay test was Cold War science through and through.
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