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Of the 34 papers in the proceedings 
of the 1955 Bern Conference, the 
only significant empirical contact 
with GR is in Trumpler’s report, on 
the classical cosmological tests.1!
!
The redshift test Trumpler 
mentioned, for white dwarfs, proves 
to be wrong,2 leaving only the quite 
uncertain early solar redshift. There 
were closer to 2.5 classical tests.

1There was empirical contact with 
cosmology in the 1950s: !
!   Baade on Ho,,!
   Robertson on the z - m relation,!
   Hoyle on stellar evolution ages,!
   Bondi on the Steady State cosmology,!
   which grew into demanding tests of GR,    !
   but that was a half century later.!
!2Greenstein, Oke, and Shipman 1985!









Dicke on the three classical cosmological tests (but closer to two): 
“This is really flimsy evidence on which to hang a theory”
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shell, Eq. 3 would not be satisfied for the 
same values of G and c. Of course, the 
universe cannot be tinkered with in quite 
so drastic a fashion, but it should be pos- 
sible to take some of the matter at great 
distance and bring it in closer to change 
the effective value of M/r. For example, 
a physicist might build a massive con- 
crete shell around his laboratory. It 
might be expected that this would change 
the effective ratio of M to r in Eq. 3. 
With this interpretation, either Mach's 
principle is not satisfied or one or the 
other, or both, of the constants G and c 
in Eq. 3 are not constant. There is con- 
siderable evidence for at least the ap- 
proximate constancy of c, and conse- 
quently it is G which would be expected 
to vary. 

Gravitational Constant as a 
Field Variable 

While the above argument is admit- 
tedly highly conjectural, it raises interest- 
ing questions. If this interpretation of the 
gravitational constant as a field variable 
is correct, there are three important ways 
in which observable changes in G may 
occur: (i) through the expansion of the 
universe; (ii) through the effect of 
nearby matter, and (iii) by motion rela- 
tive to distant matter. 

A time-varying gravitational constant 
resulting from the expansion of the uni- 
verse would have far-reaching geophysi- 
cal and astrophysical consequences. Some 
of these have been previously discussed 
(10). The possible effect on the gravita- 
tional constant of nearby matter is less 
startling. Thus, the effect of the sun's 
mass on the gravitational constant at the 
earth would result in a decrease of G of 
very roughly 1 part in 108. 

Many years ago Dirac proposed that 
from the sizes of a number of important 
physical and astrophysical constants one 
might conclude that the gravitational 
constant is varying inversely as the age 
of the universe. It is therefore interesting 
to note that the condition of Eq. 3 re- 
sults from Dirac's argument. With the 
Dirac cosmology, the radius of the visible 
universe expands more rapidly than mat- 
ter at that radius. This sweeps more and 
more matter into the visible region, caus- 
ing M/r to increase proportionally to the 
time. Eq. 3 continues to be satisfied as G 
varies inversely as the time. 

If the gravitational constant is really 
a variable, what about other atomic con- 
stants? On the basis of the sizes of di- 

mensionless representations of these con- 
stants it would appear that if such 
numbers as, for example, the fine-struc- 
ture constant 

X = e2/hc 

were to vary with time, its variation 
would very likely be slow. Landau has 
suggested, from considerations of renor- 
malized field theories, that the fine- 
structure constant may be approximately 
the reciprocal of 

loge (hc/Gm2) 
with m the mass of the electron. If so, 
its variation would be only logarithmic 
in time, if it is assumed that G varies 
inversely with the time. 

In addition to the gravitational con- 
stant, the only atomic constant which 
could be reasonably expected to vary 
strongly with time is the weak-coupling 
constant. The weak-coupling constant 
determines the rate of decay of the 3t- 
and ,u-mesons as well as p3 decay of radio- 
active nuclei. As a result, with the as- 
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sumption of a time variation of the 
3-decay rate, discrepancies between a- 

and P-decay ages for old rocks and me- 
teorites could appear (11). 

Principle of Equivalence 

The problem of the constancy of the 
atomic constants is directly related to the 
fundamental postulates of the theory of 
general relativity. The principle of equiv- 
alence, as used by Einstein in formulat- 
ing his theory, assumes that, except for 
the effects of inhomogeneities in the 
gravitational field, the laws of physics ob- 
served in a freely falling laboratory are 
independent of time and place. This in- 
terpretation of the equivalence principle 
has been called the "strong principle of 
equivalence." On the other hand, there 
is a weak form of the principle which as- 
sumes that the gravitational acceleration 
of a body is independent of its structure. 
The very accurate Eotv6s experiment 
constitutes strong support for the validity 

)05" TUNGSTEN 

/FUSED QUARTZ TRIANGLE 

\ I MMIRROR 

GOLD 

! MAGNETIC DAMPING CUP 

BOTTOM PLATE 

Fig. 1. Apparatus for investigating the equivalence of inertial and passive gravitational 
mass. With the sun on the horizon in a direction defined by a line through the two gold 
weights, the earth and laboratory are accelerated toward the sun. Inertial forces pull 
backward on all three weights; gravitational forces produced by the sun pull forward. 
If there should be an inequality in these forces for gold compared with aluminum, a 
torque would result, twisting the fine wire. The rotation is detected automatically by 
means of light reflected from the mirror to a photocell. The detection system is capable 
of seeing a rotation of 10-s radians. Voltages proportional to the rotation are applied to 
the electrodes to decrease the response time of the instrument and to damp oscillations. 
To the present accuracy of the observations (. 3 x 10-10), no positive effect has been 
observed. The inertial and passive gravitational masses are equivalent. 
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Better technology enabled better tests of GR !
!
1955: Townes et al. announce a working ammonia beam maser!
1957: Møller and Townes consider its possible use to test relativity!
1958: Townes et al. report a KT-type aether drift experiment!
!1958: Mössbauer announces and explains his effect!
1960: Pound and Rebka use it for a laboratory detection of !
          gravitational redshift!
!1960: Ramsey and colleagues have an atomic hydrogen maser!
1980: Gravity Probe A: use it to test GR timing, to a part in104!
!1965: planetary radar detection Mercury’s rotation-orbit resonance!
1968: Shapiro et al. planetary radar test of relativistic time delay!
!1957–1967: Dicke followed this mode, as Lunar Laser Ranging, !
         and led searching decade-long explorations of gravity physics!
  



Bill Hoffmann – “g” Variation with 22 Hz Pendulum 

This variant of the Kennedy-Thorndike experiment 
tested for annual variation of the acceleration of 
gravity. Bill assures me it would have been much 
more poorly done in the late 1930s; new technology 
was key.



Jim Faller – “g” Measurement with Falling Body 

new technology was key here, too
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accurate value for the Moon’s diameter, computed the distance of the Moon as being 59 Earth 
radii. [The true mean distance is 60.3 Earth radii, or some 380,000 kilometers, which makes the 
round trip travel time, for a pulse of light, a bit over 2.5 seconds.] 
 
Except for minor improvements in some of the measurements, there was no fundamental 
advance in knowledge of the lunar motion until the revolution that swept astronomy in the 16th 
and 17th centuries.  The climactic achievement of this period was Newton’s theory of gravitation, 
in which the Moon figured prominently.  “[I] compared,” Newton wrote, “the force requisite to 
keep the Moon in her orb with the force of gravity at the surface of the Earth, and found them 
answer pretty nearly.” 
 
In the next two and a half centuries astronomers used measurements of optical parallax and 
simultaneous observations of stellar occultations to reduce the uncertainty in the Earth-Moon 
distance to about 2 miles.  Beginning in 1957, conventional radar techniques were used to 
determine the Moon’s distance from the Earth to within 0.7 mile. 
 
In the late 1950s, as a graduate student in Professor R. H. Dicke’s research group at Princeton, I 
was learning about (and using) rotation-insensitive retro-reflectors (Figure 1) 
 

 
Figure 1. Retro reflector ray path 

 
as “mirrors” in free-falling optical systems to measure, interferometrically, little g. One of the 
early triumphs of my rather long graduate career was that on suggesting to Bob Dicke that he 
hold evening meetings once a week in which each of his graduate students and postdocs would 
talk about their work, he agreed to do this.  In these meetings, people talked not only about what 
they were presently working on but also what was slowing their work down and/or stifling its 
progress.  Dicke was always there as was Martin Schwarzschild from Princeton’s astronomy 
department.  With both students and postdocs taking their turn at the blackboard at each of these 
meetings questions, ideas, and some answers spewed forth well into the late hours of the night.  
Simply put, it was during these meetings that I “learned” how to think about, as well as how to 
do, physics. 
 

From the Princeton Graduate Alumni 
Newsletter, Jim Wittke, 1962



In the 1950s pendulum and free
fall experiments measured g to
about a part in 106.

Faller’s (1963) thesis measure-
ment had similar accuracy.

Faller & Hammond (1967) used
the new stabilized lasers to get a
few parts in 108.

This commercial version of
Faller’s experiment advertises
precision of 1 part in 1010 “at
a quiet site . . . in 6.25 hours,”
allowing monitoring of long-term
variation of a water table level,
rebound from the last ice age . . .
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5) Using the same principles of optical pumping and
optical detection of the Zeeman transition frequencies, the
gas cell can be used also as a very sensitive magnetome-
ter. [8]
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Precision Optical Tracking of Artificial Satellites*
W. F. HOFFMANNt, R. KROTKOVt, AND R. H. DICKEt

INTRODUCTION satellite would be a very sensitive indicator of a velocity

m-l HIS article concerns a study of the problem of dependence of the active gravitational mass of the
AL lnstrumentation for precision optical position earth. A variation in the active mass of order (V/C)2measrurments fofrtifciaert satelte pour ion could yield an amplitude for the annual variation of the
terestinthsuproblemonarici learn th use of artifi period of the satellite of one part in 108.3 While a veloc-

satellites for precision experiments on gravitation. ity independence is always assumed, there is presently
In particular, the secular variation of the gravita- little direct observational support for the assumption.tInparticnstan, G,e(orulactivariationofthegravitator- Finally, a satelllte well above the earth's atmosphere intional constant, G, (or active gravitational mass) pro- anobtoeXh at' plsmyyedipoe

posed many years ago by Dirac may be observed using an orblt over the earthis poles may yield improved
artificial satellite techniques. Such a change might be knowledge of the relativistic rotation of the perigee and
expected to amount to about one part in 1010 per year.2 the regression of the nodes having an origin in the
In addition, an annual variation in the period of the earth's rotation.

' ~~~~~~~~~~~Astudy of each of these effects requires extremely
* Manuscript received by the PGMIL, October 29, 1959. This precise satellite position and time measurements. These

work was supported by the Office of Naval Research...
t Palmer Physical Lab.* Princeton University, Princeton, N. J. measurements may be made by determining the satel-
1 h following ideas are not wholly those of the authors, but in part lite's position relative to axes fixed in the earth or rela-

due to the whole group: C. 0. Alley, J. Brault, D. Brill, R. H. Dicke,otesa
J. Faller, W. F. Hoffmann, L. Jordan, R. Krotkov, S. Liebes, tive totesa field. There is a substantial advan-
R. Moore, J. Peebles, J. Stoner and K. Turner.2 R. H. Dicke, Rev. Mad. Phys., vOl. 29, p. 355; 1957. 3R. H. Dicke, J. Wash. Acad. Sci., vol. 48, p. 213; 1958.
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Space Electronics in the Navy

T;p HIS ISSUE of the IRE TRANSACTIONS ON MILI- and knowledge. Under this program, antireciprocal Fara-
TARY ELECTRONICS is devoted to the United States day rotation studies, as applied to the microwave region,
Navy's interest and effort in space electronics. were accelerated, resulting in evolution of the family of

It is entirely appropriate to compile, in this scientific isolators, gyrators and circulators which are now in use.
journal, a representative indication of Naval research Two- and three-level masers, parametric amplifiers, tran-
under way, leading to solutions of the many problems sistors, reverse-bias semiconductor variable reactors,
which confront designers, controllers, trackers and po- solions and solar power sources have emerged from the
tential users of extraterrestrial vehicles of the present and effort. Investigation of forward ionospheric, tropospheric,
future. whistler-mode, meteor-burst scatter, extremely-low and
The Navy does have a special role in space-a role very-low frequency, moon-bounce, satellite-bounce and

which is a direct outgrowth of its all-important task of other modes of propagation have been given much atten-
controlling the sea lanes. The Navy has publicly stated its tion. Backward-wave, crossed-field, klystrons and other
aim to use space for the accomplishment of naval objec- velocity-modulated types of tubes with application in a
tives, and also to be able to prevent enemies from using wide range of electronics systems have been developed.
space as a barrier against attaining those objectives. Fast and high-flying vehicles produce environmental
Toward this end, the Navy Department has been develop- conditions which are much more severe than those en-
ing its own program of space technology, utilizing the countered in the past. These conditions include tempera-
basic sciences in all related areas to achieve added naval tures up to 5000C, large shock, mechanical and acoustical
capabilities through the use of space techniques. This pro- vibrations, as well as nuclear radiation from fields as the
gram is largely an extension of a broad program of basic Van Allen belts. Electron devices which will work satis-
and applied research in whose stimulation and support the factorily under conditions encountered in space capsules
Navy Department has traditionally taken the lead, and are being examined and determined. These studies include
which was vigorously intensified after World War II. analyses to determine structures and designs capable of
The Navy has unique requirements in the need for pre- tolerating these severe conditions.

cision navigation of surface and subsurface ships. It has Encouragement is given to studies in failure mecha-
singular needs in methods and equipment to insure reliable nisms which produce unsatisfactory performance in elec-
communications among widely separated fleet units, patrol- tronic devices, including failure-rate analysis, failure-
ling submarines and polar-based operating elements. It prediction techniques, the effects of complexity, time-
looks to space technology to assure that its mission can be degradation, life factors, maintenance and redundance
accomplished effectively. characteristics. New long-range electronics celestial and

Since 1946, the Office of Naval Research has joined inertial navigation systems are products of this research.
with Army Signal Corps and the Air Force Office of Sci- So are many new communications, radar and other sys-
entific Research in support of large academic laboratories tems whose design and successful operation depend on ad-
of research in physical electronics. Included in this pro- vances in the art of electronics which have come out of the
gram are the Research Laboratory of Electronics, Massa- broad research program and are available for solution of
chusetts Institute of Technology, Division of Applied Sci- the problems of the space age.
ence and Engineering, Harvard University, Electronics This issue has been compiled to give a cross-sectional
Research Laboratories, Stanford University, and Micro- view of the Navy program in research in space electronics.
wave Research Laboratory, Polytechnic Institute of Articles are presented on subjects ranging from com-
Brooklyn. In addition to the three-service sponsorship, munications to basic antenna research, and touching on
there are many other Navy-supported tasks at academic radio and radar astronomy, control in navigation, satellite
and industrial electronics laboratories. tracking and other topics. The authors have endeavored
At these centers, the best scientific and engineering to make these contributions informative and stimulating.

talent of the country has been engaged in advancement of I am deeply grateful to them for their interest in the sci-
the electronics art. Out of the effort have come many of entific program of the Navy. Acknowledgment is also due
the techniques and devices which space technology re- Dr. A. Shostak of ONR, who aided in preparing this ma-
quires, as for instance, radio wave propagation data and terial.
thleory, microcircuitry analysis and synthesis, sol id-state RRAwSON BENNETT
componlents and systems, logic devices, telemetry, radio Rear Admiral, USN
astronomy, control systems analysis and antenna theory Chief of Naval Research

1960

1960 Hoffmann et ao.: Precision Tracking of Artificial Satellites 29

tage in determining position relative to the star field served either by direct photography or by photoelectric
as this removes systematic errors associated with ther- tracking is more suitable.
mal tilt in telescope mountings.

In the techniques to be discussed, the background star COMPARISON OF OPTICAL METHODS
FOR OBSERVING SATELLITESfield is recorded photographically. A photographic re-
F

cording of the satellite position is employed when a We shall discuss three methods for optically observ-
sufficient number of photons is available. When the ing a satellite:
number of photons is few, it appears to be desirable to 1) searchlight illuminating a corner reflector;
track the satellite photoelectrically with the telescope 2) sunlight illuminating a sphere; and
and to photograph the moving star field and perhaps 3) flashing light on the satellite.
also the salellite. The satellite to be observed is at a height of either

Of the various ways of illuminating the satellite, only 2000 km (if only neutral drag is important), or 50,000
three are considered. In order of merit these are km (if electrical drag is important and it is necessary to

1) a pulsed searchlight illuminator coupled with an go above the Van Allen layers). At 2000 km above the
optical corner reflector; earth's surface, the density of the earth's atmosphere

2) sunlight illumination; and should be equal to that of interplanetary gas.
3) pulsed light on the satellite. Table I summarizes some of the orbital and size pa-
For purposes of the gravitation experiments under rameters of interest for satellites at heights of 2000 km,

consideration, it is necessary to be able to observe the 50,000 km and at an intermediate height of 10,000 km.
satellite for a long period of time, i.e., in excess of a
year. Consequently, it appears that only solar battery TABLE I
operation should be considered. This requirement
makes the pulsed light [3) above] a not very favorable Height (km) 2000 10,000 50,000
approach. Period (hour) 2.2 5.8 37.4
With searchlight illumination of an optical corner Apparent angular' velocity (sec-onds of arc per second of time) 700 100 11

reflector with a 10-cm edge it is easy to make a satellite Linear velocity (Km per second) 6.9 4.92.7
at 2000 km appear brighter than a 6-magnitude star. Revolutions per year 4100 1,500 240
This is far more light than can be obtained with sun- Linear dimensions (cm) 10 10 10
light illumination of a satellite of the same size. With all I Angular velocity as observed from . surface o the e whntesaelt1 Agulrvlocty s osered romthe surface of the earth when the satellite
this light available, the searchlight may be pulsed and is near the zenith.
the satellitle photographed against a fixed star field, the The mass of 10 kg is chosen so that launching will not
image of the satellite appearing as a trail of dots in the be unusually difficult; a linear dimension of 10 cm cor-
star field. responds to an average density (for a sphere of radius
At higher elevations it is necessary to consider sun- 10 cm) of 2.5 gm/cm3. If possible it would be better to

light illumination and photoelectric tracking of a satel- use a larger mass to decrease the ratio of drag to inertia.
lite. For purposes of photoelectric detection of a satellite No matter which of the above methods is used, it is
illuminated by the sun, there are decided advantages, necessary to have a preliminary orbit so that the posi-
in connection with problems of acquisition and track- tion of the satellite can be predicted (to within about a
ing, in having a modulated light source. To this end degree). Such an orbit can be obtained from a radio
the satellite is given an "orange peel" structure by being transmitter either in the satellite itself, or from a second
covered by curved reflecting strips. As the satellite companion satellite launched from the same rocket
rotates these metallic strips reflect the sunlight in well and remaining near the first one during the early days
defined fians of illumination which sweep over the of its life.
observer. The satellite scintillates periodically. Optical tracking of a satellite can give satellite posi-

Photoelectric tracking of a 10-cm radius satellite us- tions good to --1/10 second of arc at times known to
ing these orange peel reflectors of sunlight appears pos- 10-3 seconds over a year. In the case of the satellite at
sible for satellites as high as 50,000 km with a 20-inch 2000 km, it would then take 1 year to detect a change in
telescope. Furthermore, for a satellite this size the the gravitational constant, G, of a part in 1010 per year.
intensity of light in each scintillation is adequate for For a satellite at 50,000kn, which makes fewer revolu-
photograp)hing the satellite directly without tracking as tions per year, the time required would be longer (ap-
a series of dots against a fixed star field up to an eleva- proximately 4 years).
tion of 10,000 km with a 20-inch telescope and 50,000 LwAliueStlte(00kn
km with a 60-inch telescope. LwAttd aelt 20 m
Thus it appears that for low altitude satellites the We first compare methods 1) and 2) of those men-

pulsed searchlight and corner reflector method is su- tioned above. Consider a satellite illuminated by the
perior while at higher altitudes reflected sunlight ob- sun or by a searchlight which is 2000 km away and



Why was Dicke doing this? Consider:!
!Mach (1893): inertial motion may be relative.  !
!Einstein (1921): a Machian universe ought to be homogeneous!
and isotropic. (But Einstein lost interest in Mach before it was 
found that the universe actually is very close to homogeneous).!
!Dirac (1917): maybe the strength of gravity is so small relative    
to electromagnetism, and comparable to the size of a proton 
relative to the size of the observable universe, because both 
ratios are evolving at about the same rate. !
!Dicke (1957): maybe Mach’s Principle implies Dirac’s 
conjecture: maybe the strength of gravity is controlled by the 
concentration of matter, with both decreasing as the universe 
expands. Dicke sought to check for the effect by, among other 
things, precision measurements of the Moon’s orbit.



GENISIS OF LASER SATELLITE TRACKING AT NASA /GODDARD  
Henry Plotkin, OCTOBER 27, 2014 

 
Thank you to the Workshop planning committee, for inviting me to give an old man an opportunity to reminisce, and thank 
you to those here who got up early to listen to him. As promised, I will relate some idea of events leading to launch of the 
first Beacon Explorers and receiving the first laser reflections. It is absolutely amazing to me that these events occurred 
more than fifty years ago. I won't go beyond that, because there are too many at this workshop who could do a much better 
job with a narrative about the later satellites, how the technology evolved, the wonderful accomplishments and applications 
to which it is being put. 
 
 In 1954, while a graduate student at MIT, I was drafted into the army. I was assigned to the US Army Signal Research and 
Development Labs, attached to a group developing atomic and molecular frequency control systems.I found myself working 
side by side with Fritz Vonbun, whom many of you remember with great affection. I got to collaborate with great people 
such as Robert Dicke at Princeton University, Charles Townes at Columbia University, Jerrold Zacharias at MIT.  
 
In 1958 NASA was created. In May, 1960, Fritz and I succumbed to “Space Fever” and moved to the NASA Goddard 
Space Flight Center. My job was supposed to be developing optical systems for photographing satellites and stars in order 
to calibrate  Microwave and Radio tracking systems. As I recall, typical radio tracking precision was then several hundred 
meters. Two months earlier, as Fritz and I were making our farewells before leaving New Jersey  for Goddard, we visited 
Princeton and discussed our plans with Dicke and his group. Bill Kaula and Caroll Alley were also at that little meeting. 
Bob Dicke was developing a new general theory of relativity and he was looking for sensitive tests that would verify his 
theory rather than Albert Einstein's. He believed that tracking the moon or other high satellites with high precision and over  
a very long time would ultimately distinguish between the two theories. He suggested that when I get to NASA I consider 
putting cube corners on the moon or launching cube corners into space orbits and photographing reflections from powerful 
searchlight illumination.  
 
Actually, the ealiest mention of putting cube corners into space orbit that I could find was by John O'Keefe in November, 
1954 when he was at the Army Map Service. Then, in January 1960, a paper by Dicke, with Hoffman and Krotkov, 
appeared in the IRE Transactions, entitled “Pricise Optical tracking of Artificial Satellites”, recommending cube corners and 
searchlights as well as other possible techniques. All this before I arrived at Goddard. The most precise tracking of satellites 
at that time was to photograph them at twilight, while they were still in sunlight,against the dark sky star background. 
Precision was usually abount 2 arc seconds, i.e. about 10 meters along track for a satellite at an altitude of 1000 Km. But 
this was possible only over short segments of the orbit, and required considerable hard work in measurement and analysis. 
 
So, I arrived at Goddard May 1, 1960. Bill Kaula, working with John O'keefe at Goddard, wrote an internal feasibility study 
on May 29 based on use of orbiting cube corners and searchlight illumination.Meanwhile, Dicke had been speaking to 
Homer Newell and Nancy Roman at NASA Headquarters and with John O'keefe at Goddard to advocate an experiment of 
this type. Robert Jastrow also wrote a memo to the Director at Goddard on the same subject. The funny thing is that my old 
notebooks don't show that I was at all aware of those memos and conversations, while I was busily involved in my new 
duties as Head of the Optical Systems Branch.      
 
Meanwhile, I spoke to people at the Fort Belvoir Army Corps of Engineers in the Illumination Lab about capabilities of the 
latest anti-aircraft searchlights. (Ted Maimon at HughesAircraft in California had just demonstrated the ruby laser, but I 
hadn't yet connected it with my needs.) I studied the number of photons required to produce a spot on a photographic film, 
thought about alternate designs of retroreflecting satellites, and started to draft proposals for a space experiment. There were 
lots of interesting questions to consider: Velocity aberration? Solid cube corners or hollow? Silvered or total internal 
reflection? What size individual cubes? What precision? What configuration of array to account for satellite spin and 
changing orientation? Receiver: collocated with light transmitter or moved around to center of reflected pattern to account 
for velocity aberration for each pass? 
 
Now occurred one of the fantastic pieces of luck that I have experienced throughout my life. One day, John O'Keefe told me 
there was a series of scientific satellites being planned that might be able to carry retroreflectors as piggyback experiments. 
The project was the Beacon Explorers, identified by Goddard as S-66. It was to be in the shape of an octangular cylinder 20 
inches across, magnetically stabilized so that one end always pointed  along the north-seeking magnetic lines of force. It's 
main objective was to transmit signals to receivers on earth over a set of frequencies in the radio spectrum in order to map 
ion and electron densities in the ionosphere. I met with the Project Manager, Bob Bourdeau, and, just like that, he agreed to 
leave the north-pointing face free of instruments and available for an array of retroreflectors. (There were truly giants on 
Earth in those days.) 
 

Henry Plotkin, NASA, in recollections at the 19th International 
Workshop on Laser Ranging,  Annapolis, 2014

1960
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However, lasers are already being used t o  very good advantage and are  being con- 

tempbt.ed by NASA for  other purposes. We s h a l l  see t ha t ,  by developing the 

technology for these more immediate applications, valuable i n  themselves, we are 

sLx?iLtaneously laying the necessary groundwork f o r  the deep-Jpace op t i ca l  l i n k .  

Pulsed Laser S a t e l l i t e  Ranging 

In  October, 1964, NASA launched the f i r s t  of the s a t e l l i t e s  with arrays 

of fuzed-quartz cube corner re t roref lectors  t o  a c t  as cooperative t a rge t s  f o r  

laser radar s ta t ions  (Figure 5 ) .  

the incident l ight  back toward the transmitter.  

the  techniq'he and achieved ranging precision of about 1 meter, using the  ground 

s t a t i o n  i n  Figure 6. There are now f ive such s a t e l l i t e s  orb i t ing  the  ear th:  

three launched by the  U.S.  (Explorers 22, 27, and 29)  and two by France (D1C 

and DD). 

Char1 ever before, locat ion of tracking s ta t ions  on a global scale ,  studying the 
> 

shape of the  ear th ,  detecting continental d r i f t ,  and ca l ibra t ing  other tracking 

systems. 

In t e re s t  i n  using t h i s  type of l a s e r  tracking as a standard geodetic t oo l  i s  

now growing fast:  the Smithsonian Astrophysical Observatory, the A i r  Force, 

Coast and Geodetic Survey, the  French, and NASA are a l l  considering making them 

permanent pa r t s  of t h e i r  tracking and mapping networks. 

experiments require accurate posi t ion information can easi ly .add re t roref lec tors  

t o  t h e i r  SmfaCe, because yney are cheep, ligh$#:ei&ht, ~?nmpletely passive, and 

The quartz prisms r e f l e c t  3 maximum amount of 

Shortly thereaf te r ,  we demonstrated 

Such precise  tracking permits b e t t e r  determination of s a t e l l i t e  o rb i t s  

Figures 7 and 8 i l l u s t r a t e  the qua l i ty  of data  being obtained regularly.  

S a t e l l i t e s  whose 

last i nde f in i t e ly  . 

Henry Plotkin, in a NASA report (I can’t find the date):
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Fig. 1. A typical optical radar system. 

mitred pulse is quite high. Furthermore, each 
measured return gives the light travel time to 
the corner reflector and back with an accuracy 
of 10-' second (4 parts in 10•). 

Background noise in the receiver comes mostly 
from sunlight which has been scattered from 
the toOOh'S surface or from the earth's at- 
mosphere. The estimated background noise for 
the system described above and for the corner 
reflector in sunlight is !0' photoelectrons per 
second for a 10 A optical bandwidth. However, 
the effective signal to noise ratio can be en- 
hanced by goring the receiver output with a 
pulse whose turn-on time is controlled by ephe- 
meris predictions and whose width is sufficient 
to cover uncertainties in the ephemeris. Back- 
ground noise and uncertainties in the goring 
ephemeris are such that the return signal would 
have to be located initially by nighttime obser- 
vations of a corner reflector on the dark part of 
the moon. However, these measurements could 
be used to improve the gating ephemeris and 
reduce the gate width to the point where rang- 
ing to a sunlit corner reflector would be possible. 
The nature of the ma•or uncertainties that oc- 
cur in the gating ephemeris are such that this 
improvement would go rapidly. 

The corner reflector and its mounting must 
be designed carefully in order to avoid en- 
vironmental problems on the moon's surface. 

Large temperature excursions, damage from 
radiation, and the possibility of dust being cast, 
up by the vehicle landing are some of the prob. 
lems that must be considered. If the corner 
reflector is mounted atop a soft-landing vehicle 
whose destination is near the center of the 

toOOh'S disk, then an orientation mechanism is 
not required. For vehicles landing far from the 
disk center, the corner reflector would need to 
be reoriented after landing or, alternatively, 
an array of corner reflectors could be used. An 
effective area of 150 cm •, which was used in our 
estimation of •/, c•rresponds to a corner reflec- 
tor, of the type described by Hoffmann et al., 
with an edge length of !6.2 cm and with opti- 
mum orientation. This corner reflector, e•cl•- 
sire of the mounting, would weigh about 1.5 
kg if made of solid quartz, and less if made from 
orthogonal plane mirrors. 

The passivity and the expected reliability of 
the corner reflector and the high accuracy of the 
optical ranging seem to be the chief advantages 
of this system over the transponder system de- 
scribed by Hunt. 

The optical radar system could be used to ob- 
tain important information in several fields of 
study. A few interesting measurements are listed 
below. 

1. Lunar size and orbit. A compaxisen of the' 
measured and theoretical range over ieng pe' 
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In a recent letter Hunt [1964] described a 
microwave transponder that can be landed on 
the moon and that can be used, in conjunction 
with a modified Glotrac station, to measure the 
distance between station and landing site. He 
also suggests several interesting measurements 
that could be made on the earth-moon system if 
the range accuracy were sufficiently well de- 
veloped. The purpose of this letter is to point 
out the capabilities and possible advantages of 
an optical radar system which uses a corner 
reflector on the moon's surface. 

$mullin and Fiocco [1962] have demonstrated 
that laser beams can be scattered from the 
toOOh'S surface and detected back at the earth; 
however, the return signals were too weak and 
too spread out (in time) to. be used for pre- 
cision ranging. Hogman et al [1960] have pointed 
out the advantages of using corner reflectors on 
an artificial satellite to permit precision track- 
ing. More recently, Plotkin [1964] has described 
an optical radar system that is ca. pable of mak- 
ing precision range measurements to satellites 
which have been equipped with corner reflectors. 

A typical optical radar system is shown 
schematically in Figure 1. The laser beam 
(pulsed or continuous wave) is sent through a 
transmitting telescope which tracks the corner 
reflector on the toOOh'S surface. A small part of 
the reflected light is collected by the receiving 
telescope, which also tracks the reflector. (If a 
single telescope with a T/I• switch is used, there 
is some sacrifice of received intensity owing to 
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velocity abberation.) The correlator measures 
the light travel time to the reflector and back. 
The efficiency of such a system, that is, the 
ratio of the number of received to the number 
of transmitted photons, is given approximately 
by 

where 

1 A 2 D•. 2Dff T•2To v = • r•fX•. D• 

is effective area of the corner reflector, 
•150 
is range to the corner reflector, •,•3.7 X 10 •ø 

cm. 

is wavelength of laser light, ,•7 >< 10 -• cm. 
is angular radius of laser beam diver•gence, 
•10 -• r•d. 

Da is diameter of recei•ng telescope, •100 cm. 
Dy is diameter of transmitting telescope, •100 

cm. 

D z is diameter of laser rod, •2 cm. 
T• is trans•ssion through the atmosphere, 

s5%. 
To is trans•ssion through opticM elements, 

•30%. 

For • system having the parameters given 
above, the efficiency is •3.3 X 10-•; thus, we 
see the need for a high power laser as the light 
source. The expected return from the corner re- 
flector is some 100 times stronger than that due 
to diffuse scattering by the lunar surface. 

For pulsed radar applications, a Q-switched 
ruby laser can be used as the light source. The 
parmeters used above for estimating V are 
typical of a system employing a ruby laser 
which is available commercially and is capable 
of delivering 10 • photons in a pulse of 10 -• sec- 
ond duration. With this laser as the light source 
and with a detector of 3% quantum efficiency, 
we •stimate a return signal of i photoelectron 
per transmitted pulse. Therefore, tl•e probabil: 
ity of getting a return signal from a given trans- 
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Alley, Bender and Faller were former Dicke graduate students, Wilkinson was 
an assistant prof in Dicke’s group, Plotkin led the early NASA satellite ranging, 
and Frankin at U Michigan was a expert in optics, linear and nonlinear.
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Progress in Lunar Laser Ranging Tests of Relativistic Gravity
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Analyses of laser ranges to the Moon provide increasingly stringent limits on any violation of the
equivalence principle (EP); they also enable several very accurate tests of relativistic gravity. These
analyses give an EP test of !!MG=MI"EP # !$1:0% 1:4" & 10$13. This result yields a strong equivalence
principle (SEP) test of !!MG=MI"SEP # !$2:0% 2:0" & 10$13. Also, the corresponding SEP violation
parameter ! is !4:4% 4:5" & 10$4, where ! # 4"$ #$ 3 and both " and # are post-Newtonian
parameters. Using the Cassini #, the ! result yields "$ 1 # !1:2% 1:1" & 10$4. The geodetic precession
test, expressed as a relative deviation from general relativity, is Kgp # $0:0019% 0:0064. The search for
a time variation in the gravitational constant results in _G=G # !4% 9" & 10$13 yr$1; consequently there
is no evidence for local ('1 AU) scale expansion of the solar system.

DOI: 10.1103/PhysRevLett.93.261101 PACS numbers: 04.80.Cc, 95.10.Eg, 95.55.Pe, 96.20.Jz

Introduction.—Einstein’s general theory of relativity
(GR) began its empirical success in 1915 by explaining
the anomalous perihelion precession of Mercury’s orbit,
using no adjustable theoretical parameters. Shortly there-
after, Eddington’s 1919 observations of star lines of sight
during a solar eclipse confirmed the doubling of the de-
flection angles predicted by GR as compared to Newtonian
and equivalence principle (EP) arguments. Following these
beginnings, the general theory of relativity has been veri-
fied at ever-higher accuracy. Thus, microwave ranging to
the Viking landers on Mars yielded a '0:2% accuracy via
the Shapiro time delay [1]. Spacecraft and planetary radar
observations reached an accuracy of '0:15% [2]. Lunar
laser ranging (LLR) has provided verification of GR im-
proving the accuracy to '0:05% via precision measure-
ments of the lunar orbit [3–7]. The astrometric obser-
vations of the deflection of quasar positions with respect
to the Sun performed with very-long-baseline interferom-
etry (VLBI) improved the accuracy of the GR tests to
'0:045% [8,9]. The time-delay experiment with the
Cassini spacecraft at a solar conjunction has tested gravity
with a remarkable accuracy of 0.0023% [10] in measuring
the deviation of the parametrized post-Newtonian (PPN)
parameter # from its GR value of unity.

The accuracy of the Cassini result opens a new realm for
tests of gravity in the solar system, especially those moti-
vated by the progress in scalar-tensor theories of gravity. In
particular, the recent work in scalar-tensor extensions of
gravity that are consistent with present cosmological mod-
els [11–14] predicts deviations of the parameter # from the
general relativistic value at levels of 10$5 to 10$7. This
prediction motivates new searches for very small devia-
tions of relativistic gravity from GR in the solar system and
provides a robust theoretical paradigm and constructive
guidance for experiments that would decrease the uncer-
tainty of PPN parameters. Thus, in addition to experiments
which probe the parameter #, any experiment extending
the accuracy in the measuring parameter " is also of great

interest. Today LLR, the continuing legacy of the Apollo
program, is well positioned to address this challenge.

Motivated by the remarkable accuracy of the Cassini test
for the PPN parameter # [10], this Letter reports the results
of recent LLR analyses using data to April 2004. The focus
is on the improvement of accurate LLR gravity experi-
ments, especially the tests of EP, strong equivalence prin-
ciple (SEP), PPN parameter ", and _G.

Fundamental physics with LLR.—LLR has a history [4]
dating back to the placement of a retroreflector array on the
lunar surface by the Apollo 11 astronauts. Additional
reflectors were left by the Apollo 14 and Apollo 15 astro-
nauts, and two French-built reflector arrays were placed on
the Moon by the Soviet Luna 17 and Luna 21 missions.
LLR accurately measures the time of flight for a laser pulse
fired from an observatory on the Earth, bounced off of a
corner cube retroreflector on the Moon, and returned to the
observatory. For a general review of LLR, see Dickey et al.
[4]. A comprehensive paper on LLR tests of gravitational
physics is Williams et al. [3]. A recent test of the EP is in
Anderson and Williams [6] and other gravitational physics
tests are in Williams et al. [15]. An overview of the LLR
gravitational physics tests is given by Nordtvedt [16].
Reviews of various tests of relativity, including the contri-
bution by LLR, are given in Will [17].

The LLR measurements contribute to a wide range of
scientific investigations [3,4,18–20] and are today solely
responsible for the production of the lunar ephemeris. On
the fundamental physics front, LLR is the only current
solar system technique for testing the SEP—the statement
that all forms of mass and energy contribute equivalent
quantities of inertial and gravitational mass. In addition,
LLR is capable of measuring the time variation of
Newton’s gravitational constant, G, providing the strongest
limit available for the variability of this ‘‘constant.’’ LLR
can also precisely measure the de Sitter precession—ef-
fectively a spin-orbit coupling affecting the lunar orbit in
the frame comoving with the Earth-Moon system’s motion
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Dicke’s vision of demanding tests of gravity physics by precision 
measurement of the lunar orbit has been realized, in abundance.!
!
His vision of a better theory than GR has not been realized.
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The Hot Big Bang The four 1955 to 1961 international GR 
conferences do not take note of what proved 
to be an exceedingly productive idea. !
!
Imagine a cold very early universe that 
contains only neutrons. As the density falls 
and phase space allows neutrons to decay 
the protons would be radiatively captured by 
neutrons to form deuterons that readily 
combine by particle exchange reactions to 
form helium. Almost all the hydrogen would 
be eliminated, a Bad Thing. !
!
Solutions: assume!
1. a failure of GR!
2. degenerate neutrinos!
3. Gamow’s (1948) choice: a hot Big Bang



The story is here



1944  or so: Dicke invents the microwave radiometer!
1946: Dicke et al. use it to limit “radiation from cosmic matter at !
          radiometer wave-lengths” (1.0~to 1.5~cm) to 20K!
1948: Gamow’s hot Big Bang with baryon density n ~ 1018 cm-3  !
          at T = 109 K produces substantial but not unacceptable helium!
1948: Alpher and Herman translate Gamow’s condition to present     !
          temperature T ~ 5K!
1950: Fermi & Turkevich: Gamow’s conditions make lots of helium!
1959: Bell telecommunications experiments detect excess noise !
1961: Osterbrock and Rogerson: maybe high helium is from the Big Bang!
1964: Penzias & Wilson use Dicke switching to show the noise is not !
          instrumental!
1964: Hoyle and Taylor: : maybe high helium is from the Big Bang!
1964: Dicke suggests that Roll and Wilkinson build a Dicke   !
          Radiometer to search for fossil thermal radiation!
1965: Bell and Princeton make contact!
1970: the spectrum is shown to be close to thermal longward of !
          3 mm, but measurements at shorter wavelengths are confused!
1990: Mather et al. and Gush et al. independently show the spectrum    !
!     is very close to thermal, a profoundly important result 
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Al Kogut, 2012

This is evidence that 
our universe evolved 
from a very different 
state,!
!hot and dense enough 
to have relaxed to 
thermal equilibrium.!
!The case summarized 
in this figure is about 
as good as it gets in 
natural science.!
!This figure ought to be 
more broadly 
celebrated. 



BAO Hubble diagram

(WiggleZ measurements
before reconstruction)

signature of large-scale flattening from coherent infall has been seen
with a high signal-to-noise ratio.

Quantifying redshift-space distortions
The large-scale flattening of the correlation function may be
quantified by measuring the quadrupole moment of y(j,p) as a
function of radius r. A negative quadrupole moment implies
flattening, whereas the finger-of-God distortion tends to yield a
positive quadrupole moment. Figure 3 shows that the quadrupole-
to-monopole ratio is positive on small scales, but that if falls with
separation, becoming progressively more negative out to the largest
separations at which it can be reliably measured. This arises partly
because the underlying power spectrum is not a simple power-law
function of scale, so that the peculiar velocities have a different effect
at different radii. By integrating over the correlation function, it is
possible to construct quantities in which this effect is eliminated. We
shall not do this here, firstly because it seems desirable to keep the
initial analysis as direct as possible. More importantly, finger-of-
God smearing is a significant correction that will also cause the
flattening to depend on radius. We therefore have to fit the data with
a two-parameter model, described in the caption to Fig. 2. The
parameters are b and a measure of the size of the random dispersion

in the relative velocities of galaxies, jp. In practice, jp plays the role
of an empirical fitting parameter to describe the scale on which the
distortions approach the linear-theory predictions. It therefore also
incorporates other possible effects, such as a scale dependence of
bias.

The results for the quadrupole-to-monopole ratio are shown in
Fig. 3, which shows the average of the estimates for the NGP and
SGP slices. The difference between the NGP and SGP allows an
estimate of the errors to be made: these slices are independent
samples for the present analysis of clustering on relatively small
scales. For model fitting, it is necessary to know the correlation
between the values at different r. A simple way of addressing this is
to determine the effective number of degrees of freedom from the
value of x2 for the best-fitting model. A more sophisticated
approach is to generate realizations of y(j,p), and construct the
required covariance matrix directly. One way of achieving this is to
analyse large numbers of mock surveys drawn from numerical
simulations24. A more convenient method is to generate direct
realizations of the redshift-space power spectrum, using gaussian
fluctuations on large scales, but allowing for enhanced variance in
power on nonlinear scales25–27. In practice, the likelihood contours
resulting from this approach agree well with those from the simple
approach, and we are confident that the resulting errors on b are
realistic. These contours are shown in Fig. 4, and show that there is a
degree of correlation between the preferred values of b and jp, as
expected. For our purposes, jp is an uninteresting parameter, so we
marginalize over it to obtain the following estimate of b and its root
mean square (r.m.s.) uncertainty:

b ¼ 0:43 ! 0:07
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Figure 2 The redshift-space correlation function for the 2dFGRS, y(j,p), plotted as a
function of transverse (j) and radial (p) pair separation. The function was estimated by
counting pairs in boxes of side 0.2 h−1 Mpc, and then smoothing with a gaussian of r.m.s.
width 0.5 h−1 Mpc. To illustrate deviations from circular symmetry, the data from the first
quadrant are repeated with reflection in both axes. This plot clearly displays redshift
distortions, with finger-of-God elongations at small scales and the coherent Kaiser
flattening at large radii. The overplotted contours show model predictions with flattening
parameter b ! Ω0:6=b ¼ 0:4 and a pairwise dispersion of jp ¼ 400 km s" 1. Contours
are plotted at y ¼ 10, 5, 2, 1, 0.5, 0.2 and 0.1.

The model predictions assume that the redshift-space power spectrum (Ps) may be
expressed as a product of the linear Kaiser distortion and a radial convolution37:
P sðkÞ ¼ P r ðk Þð1 þ bm2Þ2ð1 þ k 2j2

pm
2=2H 2

0Þ" 1, where m ¼ k̂⋅r̂, and jp is the r.m.s.
pairwise dispersion of the random component of the galaxy velocity field. This model gives
a very accurate fit to exact nonlinear simulations33. For the real-space power spectrum,
Pr(k), we take the estimate obtained by deprojecting the angular clustering in the APM
survey11,39. This agrees very well with estimates that can be made directly from the
2dFGRS, as will be discussed elsewhere. We use this model only to estimate the scale
dependence of the quadrupole-to-monopole ratio (although Fig. 2 shows that it does
match the full y(j,p) data very well).
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Figure 3 The flattening of the redshift-space correlation function is quantified by the
quadrupole-to-monopole ratio, y2/y0. This quantity is positive where fingers-of-God
distortion dominates, and is negative where coherent infall dominates. The solid lines
show model predictions for b ¼ 0:3, 0.4 and 0.5, with a pairwise velocity dispersion of
jp ¼ 400 km s" 1 (solid lines), plus b ¼ 0:4 with jp ¼ 300 and 500 km s−1 (dashed
lines). The y2/y0 ratio becomes more negative as b increases and as jp decreases. At
large radii, the effects of fingers-of-God become relatively small, and values of b ! 0:4
are clearly appropriate.

The multipole moments of the correlation function are defined as y!ðr Þ ! ð2! þ 1Þ=
2"1

" 1yðj ¼ r sin v; p ¼ r cos vÞ P !ðcos vÞ d cos v. In linear theory, the quadrupole-to-
monopole ratio is given40 by y2=y0 ¼ f ðnÞð4b=3 þ 4b2=7Þ=ð1 þ 2b=3 þ b2=5Þ. Here
f ðnÞ ¼ ð3 þ nÞ=n, where n is the power-spectrum index of the density fluctuations:
y # r " ð3þnÞ. In practice, nonlinear effects mean that this ratio is a function of scale. We
model this by using the real-space correlation function estimated from the APM
survey11,39, plus the model for nonlinear finger-of-God smearing given in the caption to
Fig. 2.
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Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

⇥
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/�), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter � as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
�

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2�2
nl/2 + 1, (34)

where the damping scale ⇥nl is a fitted parameter. We assume
a Gaussian prior on ⇥nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33
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Fig. 1.—ACS photometry of the M54 field. (a) CMD of 60,000 stars selected to be PSF-like and to have less than a 10% contribution of neighbor stars to
their integrated light. (b) Hess diagram of the field with an overlaid schematic describing the various populations in the M54!Sgr field. The dotted line is the
Sgr MPP as defined in LS00. (c) Simulated CMD described in the text. (d) Hess diagram overlaid with theoretical isochrones describing the inferred stellar
populations. [See the electronic edition of the Journal for a color version of this figure.]

can also ascertain in detail the populations that this disinte-
grating system has donated and is still donating to the Galaxy.
We contribute to this effort by clarifying the Sgr!M54 stellar
populations with new HST/ACS/WFC photometry from the
ACS Survey of Galactic Globular Clusters (Sarajedini et al.
2007, hereafter Paper I).

2. OBSERVATIONS AND DATA REDUCTION

The ACS survey observed 65 globular clusters in the F606W
(∼V) and F814W (∼I) filters withHST/ACS/WFC. Point-spread
function (PSF) photometry (J. Anderson et al. 2007, in prep-
aration) is Vega-calibrated using the charge-transfer efficiency
corrections of Reiss & Mack (2004), calibration procedures in
Bedin et al. (2005), and zero points of Sirianni et al. (2005).
This is supplemented by photometry of isolated saturated stars
from short exposures salvaged by summing all associated
charge, a procedure previously applied by Gilliland (2004). For
M54, the observation and reduction pipeline produces 12 mag
of precise photometry from nearly the tip of the red giant branch
(RGB) to several magnitudes below the main-sequence turnoff
(MSTO). Our extraction of nearly 390,000 detections in the

ACS/WFC field leaves a star-subtracted image nearly devoid
of flux. However, many of the detections do not provide precise
photometry due to source faintness, charge bleeding, cosmic
rays, and close neighbors. For this initial examination of the
color-magnitude diagram (CMD) we used the trend of quality
of fit against magnitude to select 60,000 sources with the most
starlike profiles and !10% of the flux in their PSF aperture
from other stars.

3. COLOR-MAGNITUDE DIAGRAM FEATURES

The CMD of the M54 field (Fig. 1a) shows an extraordinary
array of features: an extended blue and red HB, at least two
red RGBs, multiple MSTOs, and multiple main sequences
(MSs). Figure 1b shows a Hess diagram overlaid with a sche-
matic description of the features seen in the complexM54!Sgr
CMD, which we now detail:

The old M54 population.—The most prominent feature in
Figure 1a is the strong MS and RGB from the combined M54
and Sgr MPPs (shown to have slightly different RGBs by SL95
and LS00). The dark line in Figure 1b is a fiducial through the



Concluding thoughts



The revolution in experimental gravity physics in the US had 
considerable US military support: acknowledgements include!
!US Army Signal Corps: Townes, Dicke!
Office of Naval Research: Townes, Dicke, Pound!
Air Research and Development Command: Townes!
Atomic Energy Commission: Pound!
Air Force: Sapiro, Chapel Hill Conference!
Office of Ordnance Research: Chapel Hill Conference!
!US National Science Foundation: Dicke, Chapel Hill Conference!
NASA: Shapiro!
!The military missions of the 1960s—Cold War, Korea, Vietnam—
maybe gained something from this curiosity-driven research, but 
they had their own considerable resources for that. Long-term payoff 
was significant, in technology and consulting.!
!Curiosity-driven gravity research gained a lot: no interference with 
directions of research that I can see, at trivial expense to the military
—apart from Shapiro’s radar time delay experiment (Kaiser). 
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5) Using the same principles of optical pumping and
optical detection of the Zeeman transition frequencies, the
gas cell can be used also as a very sensitive magnetome-
ter. [8]
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Precision Optical Tracking of Artificial Satellites*
W. F. HOFFMANNt, R. KROTKOVt, AND R. H. DICKEt

INTRODUCTION satellite would be a very sensitive indicator of a velocity

m-l HIS article concerns a study of the problem of dependence of the active gravitational mass of the
AL lnstrumentation for precision optical position earth. A variation in the active mass of order (V/C)2measrurments fofrtifciaert satelte pour ion could yield an amplitude for the annual variation of the
terestinthsuproblemonarici learn th use of artifi period of the satellite of one part in 108.3 While a veloc-

satellites for precision experiments on gravitation. ity independence is always assumed, there is presently
In particular, the secular variation of the gravita- little direct observational support for the assumption.tInparticnstan, G,e(orulactivariationofthegravitator- Finally, a satelllte well above the earth's atmosphere intional constant, G, (or active gravitational mass) pro- anobtoeXh at' plsmyyedipoe

posed many years ago by Dirac may be observed using an orblt over the earthis poles may yield improved
artificial satellite techniques. Such a change might be knowledge of the relativistic rotation of the perigee and
expected to amount to about one part in 1010 per year.2 the regression of the nodes having an origin in the
In addition, an annual variation in the period of the earth's rotation.

' ~~~~~~~~~~~Astudy of each of these effects requires extremely
* Manuscript received by the PGMIL, October 29, 1959. This precise satellite position and time measurements. These

work was supported by the Office of Naval Research...
t Palmer Physical Lab.* Princeton University, Princeton, N. J. measurements may be made by determining the satel-
1 h following ideas are not wholly those of the authors, but in part lite's position relative to axes fixed in the earth or rela-
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Space Electronics in the Navy

T;p HIS ISSUE of the IRE TRANSACTIONS ON MILI- and knowledge. Under this program, antireciprocal Fara-
TARY ELECTRONICS is devoted to the United States day rotation studies, as applied to the microwave region,
Navy's interest and effort in space electronics. were accelerated, resulting in evolution of the family of

It is entirely appropriate to compile, in this scientific isolators, gyrators and circulators which are now in use.
journal, a representative indication of Naval research Two- and three-level masers, parametric amplifiers, tran-
under way, leading to solutions of the many problems sistors, reverse-bias semiconductor variable reactors,
which confront designers, controllers, trackers and po- solions and solar power sources have emerged from the
tential users of extraterrestrial vehicles of the present and effort. Investigation of forward ionospheric, tropospheric,
future. whistler-mode, meteor-burst scatter, extremely-low and
The Navy does have a special role in space-a role very-low frequency, moon-bounce, satellite-bounce and

which is a direct outgrowth of its all-important task of other modes of propagation have been given much atten-
controlling the sea lanes. The Navy has publicly stated its tion. Backward-wave, crossed-field, klystrons and other
aim to use space for the accomplishment of naval objec- velocity-modulated types of tubes with application in a
tives, and also to be able to prevent enemies from using wide range of electronics systems have been developed.
space as a barrier against attaining those objectives. Fast and high-flying vehicles produce environmental
Toward this end, the Navy Department has been develop- conditions which are much more severe than those en-
ing its own program of space technology, utilizing the countered in the past. These conditions include tempera-
basic sciences in all related areas to achieve added naval tures up to 5000C, large shock, mechanical and acoustical
capabilities through the use of space techniques. This pro- vibrations, as well as nuclear radiation from fields as the
gram is largely an extension of a broad program of basic Van Allen belts. Electron devices which will work satis-
and applied research in whose stimulation and support the factorily under conditions encountered in space capsules
Navy Department has traditionally taken the lead, and are being examined and determined. These studies include
which was vigorously intensified after World War II. analyses to determine structures and designs capable of
The Navy has unique requirements in the need for pre- tolerating these severe conditions.

cision navigation of surface and subsurface ships. It has Encouragement is given to studies in failure mecha-
singular needs in methods and equipment to insure reliable nisms which produce unsatisfactory performance in elec-
communications among widely separated fleet units, patrol- tronic devices, including failure-rate analysis, failure-
ling submarines and polar-based operating elements. It prediction techniques, the effects of complexity, time-
looks to space technology to assure that its mission can be degradation, life factors, maintenance and redundance
accomplished effectively. characteristics. New long-range electronics celestial and

Since 1946, the Office of Naval Research has joined inertial navigation systems are products of this research.
with Army Signal Corps and the Air Force Office of Sci- So are many new communications, radar and other sys-
entific Research in support of large academic laboratories tems whose design and successful operation depend on ad-
of research in physical electronics. Included in this pro- vances in the art of electronics which have come out of the
gram are the Research Laboratory of Electronics, Massa- broad research program and are available for solution of
chusetts Institute of Technology, Division of Applied Sci- the problems of the space age.
ence and Engineering, Harvard University, Electronics This issue has been compiled to give a cross-sectional
Research Laboratories, Stanford University, and Micro- view of the Navy program in research in space electronics.
wave Research Laboratory, Polytechnic Institute of Articles are presented on subjects ranging from com-
Brooklyn. In addition to the three-service sponsorship, munications to basic antenna research, and touching on
there are many other Navy-supported tasks at academic radio and radar astronomy, control in navigation, satellite
and industrial electronics laboratories. tracking and other topics. The authors have endeavored
At these centers, the best scientific and engineering to make these contributions informative and stimulating.

talent of the country has been engaged in advancement of I am deeply grateful to them for their interest in the sci-
the electronics art. Out of the effort have come many of entific program of the Navy. Acknowledgment is also due
the techniques and devices which space technology re- Dr. A. Shostak of ONR, who aided in preparing this ma-
quires, as for instance, radio wave propagation data and terial.
thleory, microcircuitry analysis and synthesis, sol id-state RRAwSON BENNETT
componlents and systems, logic devices, telemetry, radio Rear Admiral, USN
astronomy, control systems analysis and antenna theory Chief of Naval Research
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A Slight Hardening of the Arteries of Natural Science 

Gamow’s student, Ralph Alpher,
and their colleague Robert Herman,
pointed out that Gamow’s

n ⇠ 1018 cm�3 at T ' 109 K

extrapolates to thermal radiation
temperature of several degrees at
the present baryon density, close to
what was found more than a decade
later.†

I am told the CMB at T ⇠ 3K could have been detected in the early 1950s.
It was discovered in a roundabout way, to be discussed.

The hot Big Bang picture also suggests a high primeval helium abundance. In
the early 1960s astronomers were noticing that the helium abundance seems
curiously high.

But there is no mention of a hot Big Bang in the proceedings of the four
international conferences on relativity and gravitation.

†in outline; for details see Peebles, EPJH 39 2014.

The 1969 Mansfield Amend-
ment ended this practice by
prohibiting the Defense Depart-
ment from funding “any re-
search project or study unless
such project or study has a di-
rect and apparent relationship
to a specific military function.”
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5) Using the same principles of optical pumping and
optical detection of the Zeeman transition frequencies, the
gas cell can be used also as a very sensitive magnetome-
ter. [8]
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Precision Optical Tracking of Artificial Satellites*
W. F. HOFFMANNt, R. KROTKOVt, AND R. H. DICKEt

INTRODUCTION satellite would be a very sensitive indicator of a velocity

m-l HIS article concerns a study of the problem of dependence of the active gravitational mass of the
AL lnstrumentation for precision optical position earth. A variation in the active mass of order (V/C)2measrurments fofrtifciaert satelte pour ion could yield an amplitude for the annual variation of the
terestinthsuproblemonarici learn th use of artifi period of the satellite of one part in 108.3 While a veloc-

satellites for precision experiments on gravitation. ity independence is always assumed, there is presently
In particular, the secular variation of the gravita- little direct observational support for the assumption.tInparticnstan, G,e(orulactivariationofthegravitator- Finally, a satelllte well above the earth's atmosphere intional constant, G, (or active gravitational mass) pro- anobtoeXh at' plsmyyedipoe

posed many years ago by Dirac may be observed using an orblt over the earthis poles may yield improved
artificial satellite techniques. Such a change might be knowledge of the relativistic rotation of the perigee and
expected to amount to about one part in 1010 per year.2 the regression of the nodes having an origin in the
In addition, an annual variation in the period of the earth's rotation.

' ~~~~~~~~~~~Astudy of each of these effects requires extremely
* Manuscript received by the PGMIL, October 29, 1959. This precise satellite position and time measurements. These

work was supported by the Office of Naval Research...
t Palmer Physical Lab.* Princeton University, Princeton, N. J. measurements may be made by determining the satel-
1 h following ideas are not wholly those of the authors, but in part lite's position relative to axes fixed in the earth or rela-

due to the whole group: C. 0. Alley, J. Brault, D. Brill, R. H. Dicke,otesa
J. Faller, W. F. Hoffmann, L. Jordan, R. Krotkov, S. Liebes, tive totesa field. There is a substantial advan-
R. Moore, J. Peebles, J. Stoner and K. Turner.2 R. H. Dicke, Rev. Mad. Phys., vOl. 29, p. 355; 1957. 3R. H. Dicke, J. Wash. Acad. Sci., vol. 48, p. 213; 1958.



The “Great Man Theory:” where would we be without Dicke?!
!Others, at least in part independently, seized on new 
technology as it appeared for new tests of gravity physics.!
!But I wonder whether anyone else would have so thoroughly 
cast about for tests. !
!For example, would someone else have had the motivation 
and influence to persuade NASA or the USSR to put corner 
reflectors on the moon, and inspire people to spend the time 
and effort to find the ~1 in 1017  detected return photons? !
!I expect that, without Dicke, we would have the present tight 
network of precision tests of GR, but not in such broad and 
searching variety. And gravity physics would have been the 
poorer. 



We see the power of Great Ideas:!
!
• GR survives an extrapolation of 14 orders of magnitude 

to the Hubble length from the length scale of Mercury’s 
orbit, the only demanding test before the revolution.!

!• Mach’s Principle led Einstein to the observed large-
scale structure of the universe. !

!
But Great Ideas can fail: Mach’s Principle has given us 
nothing more of substance so far.!
!That is why some, including me, feel less than confident 
about inflation, the Anthropic Principle, and today’s other 
Great Ideas. 



In the 1950s GR was accepted in the gold standard of 
theoretical physics, Landau and Lifshitz.!
!Now we have a tight well-checked web of evidence that GR 
really is a good approximation to many aspects of what 
actually has been happening, on scales ranging from the 
laboratory to the edge of our universe.!
!Which is far better.



Never make predictions, especially about the future.!
(Casey Stengel?)!
!In 1955 GR was was widely accepted as logically compelling. 
Now inflation is widely accepted as logically compelling.!
!A serious difference: GR is a theory, inflation a scenario.!
!A serious similarity: GR in 1955, and inflation in 2015, stand 
on beauty, and maybe lack of a better idea, with empirical 
bases considered to be necessarily scanty: “just trust the 
theory.” !
!World economies cannot afford many more cycles of 
revolutionary experimental advances in gravity. But we were 
surprised by the 1957—1967 revolution, and we’ll likely be 
surprised again, in some surprising direction. 






