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GRAVITATIONAL RED-SHIFT IN NUCLEAR RESONANCE

R. V. Pound and G. A. Rebka, Jr.
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts
(Received October 15, 1959)

It is widely considered desirable to check ex-
perimentally the view that the frequencies of
electromagnetic speectral lines are sensitive to
the gravitational potential at the position of the
emitting system. The several theories of rela-
tivity predict the frequency to be proportional to
the gravitational potential. Experiments are
proposed to observe the timekeepling of a “clock”
based on an atomic or molecular transition, when
held aloft in a rocket-launched satellite, relative
to a similar one kept on the ground. The fre-
quency v, and thus the timekeeping at height & is
related to that at the earth’s surface y, according
to

ﬁvk =¥, =¥, =v0gh/cz(1 +h/R)

v hx(1.09x10719),

where R is the radius of the earth and % is the
altitude measured in em. Very high accuracy is
required of the clocks even with the altitudes
available with artificial satellites. Although
several ways of obtaining the necessary frequen-
cy stability look promising, it would be simpler
if a way could be found to do the experiment be-
tween fixed terrestrial points. In particular, if
an accuracy could be obtained allowing the meas-
urement of the shift between points differing as
little as one to ten kilometers in altitude, the
experiment could be performed between a moun-
tain and a valley, in a mineshaft, or in a bore-
hole.

Recently Mossbhauer has discovered! a new
aspect of the emission and scattering of y rays
by nuclei in solids. A certain fraction f of »
rays of the nuclei of a solid are emitted without

439



VoLume 3, Numper 9

PHYSICAL REVIEW LETTERS

MNovemper 1, 1959

individual nuclear recoil. Instead, the recoil
momentum is delivered to the erystal lattice as
a whole resulting in negligible Doppler shift.
Such 4 rays are in resonance with nuclel simi-
larly bound in a lattice and a similar fraction f
of the electromagnetic resonant cross section

Efe+1 1
- 2
“r =20k (2ff+1)1 +a’

where I, and Ig are the spins of the emitting and
the ground states, respectively, amd o is the
internal conversion coefficient, pertains to the
gcattering. Calculations based on the Debye
model of lattice vibrations yield for f at tem=
peratures T much less than the Debye tempera-
ture &g

.E: : Ty ?
- & “prl_ a'EMﬂ.EkHD [1 + E(g) ]}!

where E,}, is the energy of the » ray, M is the
nuclear mass, and & is Boltzmann's constant.
The factor (E,*/2Mc*kép) 18 the ratio of the re-
coll energy that would be taken up by the free nuc-
leus to kfp. For y rays much above the 129 kev
employed by Mossbauer the factor f becomes
very small even at absolute zero.

The most steiking evidence for the existence
of this effect is the observation that the attenua-
tion of the 129-kev gamma rays of Ir'™ in passing
through an iridium absorber is reduced if the
source is moved. The speed required to reduce
the part of the attenvation caused by resonant
scattering to one=half its maximum value was
found to be approximately 1.5 cm/sec. From
this a hali-life of the excited state is derived to
be 0.1 mpsec., Others have repeated this experi-
ment, and extended it to helium temperatures.®?®
One other case is reported,? that of W' wherein
a half-life of 0.6 mpsec is inferred by the Dop-
pler width of the resonance, This is half the
accepted lifetime as measured by delay coinci-
dence technigques. It is not clear whether this
diserepancy represents a limit of the technique
or whether it is largely an instrumental problem,
as the authors suggest, enhanced by the complex
array of other y rays in the Ta'™ source. Of
course, as has been suggested, one should ex-
pect to see effects caused by hyperfine structure
in these spectra when lifetimes are long enough
to allow them to be important. All the effects
discusased in connection with the directional cor-
relation of cascade y rays should have an influ-
ence. For example, it would seem desirable to
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wse a source that has a good chance of being in a
normal lattice site and electronic state at the
time of emission of the final ¥ ray in question.
One could have serious aftereffects from g de=
eays, from prior emission of high-energy y rays,
or from electron captures as well as broadening
from imperfections in the crystal lattice or short
gpin-lattice relaxation.

Even if the further development of the tech-
nique does not yield still narrower resonances,
those already observed have fractional widths in
frequency well below those of all the reference
lines yet proposed for “atomle clocks." If the
scattering is reduced to one-half its maximum
by relative motion of the source and seatterer
with velocity », the &, the ratio of the frequency
to the full width at half-height of the resonance
line being observed, s just ¢/2v. In the case of
Mossbauer’s experiment & is about 1 x10*° and
in the case of W' it is T=<10'"", In general
Q =1.10E_(Mev) 7, (mpsec) x 10"

A measurement of the gravitational red shift
could be performed by transmitting + rays from
a source to a scatterer at an altitude different
by i and by observing what relative velocity vields
maximum scattering. For the predicted shift to
be a full half-width of the line, the altitude dif-
ference h must be h, =[4.18/E,(Mev) 7, (mpsec)]
km. Thus, for the width reported for W', @8
km difference of height would be required.

It is exciting to speculate about the possibilities
opened up if cases of even less breadth can be
found. For example, Fe*, for which Ey =0, 0144
Mev and 7,, =100 musee, would require only 2.9
km separation were it to yield its natural breadth,
Another example might be Zn®" with an excited
level at 0.093 Mev, of half-life 9400 mysec.

For this, if the natural breadth were obtained,
f1y, would be 4.74 meters. This possibility repre-
sents a considerable extrapolation from present
data. We are undertaking to examine these and
other isotopes in varions environments with the
aim of selecting an lsotope suitable for a gravi-
tational experiment. Among other things equiva-
lence of or absence of hyperfine structures in

the sources and scatterers would be deslrable.

Obviously one of the difficulties with large
separations between source and scatierer arises
from the inverse-square law of intensity., Asa
consequence of the participation of a large num-
ber of identical nuelel in an individual recoil-
free scattering process, one anticipates the ex-
istence of intense Bragg diffraction from thin
crystals, Thus one has the possibility of some



Vorume 3, Numper 9

PHYSICAL REVIEW LETTERS

MNovEMBER 1, 1959

degree of focusing with bent crystals. Further=-
more one may use the Bragg reflection from thin
crystals to separate the 4 rays emitted without
recoil from all others. In this way irrelevant
background ¥ rays could be eliminated from the
detector.

Total external reflection of low-energy  rays
at grazing angles of incidence offers a possibility
of a “light-pipe” to increase the effective solid
angle that the scatterer subtends at the source.
Within the limits set by the small angle of total
reflection, this pipe need not be optically
straight.®

The fixed baseline used for an experiment of
this type reduces unwanted Doppler shifts to only
those resulting from thermal, selsmic, or simi-

lar disturbances. To equal the predicted gravita-
tional shift the fractional change required in the
height difference is 3.27 %107 per second. Per-
turbing effects must be kept well below this value
but this is also true for the other methods of
measuring the red shift. Relative motion could

be separated from the red shift by simultanegus
ohservations of beams traveling in both directions.

'"R. L. Mossbauer, . Physik 151, 124 (1958);
Maturwissenschaften 45, 538 (1958); . Naturforach,
1d4a, £11 (1858).

ralg, Dash, MeGuire, Nagle, and Reigwig, Phys.
Rev. Letters 3, 221 (1958).

Lee, Meyer-Schutzmeister, Schiffer, and Vincent,
Phys. Rev. Letters 3, 223 (1858).

“We wish to thank E. M. Purcel! for this suggestion.
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RESONANT ABSORPTION OF THE 14.4-kev y RAY FROM (L10-usec Fe' 'l

R. V. Pound and G. A. Rebka, Jr.
Lyman Laboratory of Physies, Horvard University, Cambridge, Massachusetts
{Received November 23, 1058)

We wish to report experiments on the resonant
scattering of a recoil-free 3 ray' which appears
to be sharp enough to be used for an experimental
determination of the “gravitational red-shift,”
as proposed in our recent note.”

Our initial work has been with the 14.4-kev 4
ray of 0.10=-microsecond Fe™. Although we first
worked with a source of the 270-day parent Co®
extracted from an iron foil kindly irradiated for
us with the deuteron beam at the MIT cyclotron,
an intense background of Co® rendered that source
poor for our purposes, Most of our work has
been with Co® obtalned commercially.

About 50 microcuries of Co®™ was electroplated
together with added iron onto one face of a one-
centimeter square of thin Armeo iron.

Initial studies of the absorption of a 0.001-in.
thick iron foll at temperatures of liguid nitrogen
and at room lemperature indicated that the de-
sired resonant absorption was present, that the
ratio of about 3:2 of the magnitudes at the two
temperatures was in reasonable agreement with
theory, but that the absorption was small and

the line was broad compared to its natural breadth,

In these experiments crude 60-cycle magnetic
vibrators were used to destroy resonance and to
observe the line widths, The increase in inten-
sity avallable by the use of low temperatures is
s0 small that we henceforth operated at room
temperature, in the interest of stability.

The supposition that the hyperfine structure
splittings of the ferromagnetic source and ab-
sorber were not fully equivalent led us to try
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heat treatments of the source and absorber foils.
A dramatic improvement resulted after the
source had been held at 950°C for an hour, which
treatment was expected to result in diffusion of
the cobalt, if it were retained on the surface
initially, into the lattice a mean distance of about
$x107% em, or 1000 latiice spaces. We have
discovered that there was probably about 0.1 mg
of stable cobalt carrier present in gur source
which may be important in making such treat-
ment necessary. With the absorber foil first
used, which was found to contain 3% silicon, re-
placed by one rolled from Armco iron to 11.5
mg/cm” thickness, and annealed, the line shown
in Fig. 1 was obtained.

These data represent counts above background
of the 14.4-kev ¥ ray as made with a scintillation
spectrometer, using a 0.040-in. by 4-in. NaI{T1)}
erystal® and a single-channel pulse-height ana-
lyzer set to accept most of the full -energy peak.

All but about fifteen percent of the counts in
the channel arose from the y ray, from evidence
obtained with absorbing foils. Each point is based
on about 2.3 x10* counts shared equally between
conditions with the source fixed and with it mov-
ing toward and away from the absorber at con-
stant speed. The motion was produced by a
moving-coll magnetic transducer on which the
source was cemented and which was supplied
with a ten-cycle-per-second triangular wave-
form of current of adjustable amplitude.

The resonant absorption is halved by a Doppler
speed of |ty,|=0.017 em/sec (which, incidentally,
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FIG. 1. The percentage increase in intensity of the

14.4-kev v ray as a [unction of the absolute value of
the veloeity of the source. A velocity of 0,01 em/sec

corresponds to a frequency displacement of 1,16 Me/see,

corresponds to only 0.0009 cm peak-peak ampli-
tude at 10 cps). This is to be compared to 0.0095
em fgec to be expected from energy and lifetime
considerations for a “thin* absorber if no broad-
ening exists other than from the lifetime. We
are not certain that our initial difficulties with
effects from the surface or the cobalt carrier
are entirely eliminated and we are inclined to
attribute the residual broadening by a factor of
approximately two at least partly to such causes.

Our experimental width at half-height is approx-
imately 107" times the velocity of light and rep-
resents a 100=fold reduction compared to the
example reporied by Massbauer' and others,**

It is known that hyperfine splitting exists in
ferromagnetic metals. The 14.4-kev 3 ray is
thought to be a magnetic dipolar transition and,
with an excited state spin of 3,2 and ground-state
spin of 1/2, the radiation ought to consist of
six hyperfine components and the absorber should
have a matched set of six lines. With appropriate
Doppler speeds at the source, displacements
should be found that produce partial overlaps of
the lines, yielding a form of hyperfine satellites.
In a limited study, we have found some strecture
we believe to be of this type. The results are
shown in Fig. 2. We do not wish to take the
space here to give the straiphtiorward theoreti-
cal deseription of the hyperfine structure which
we will do in a2 more complete report later.
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FIG. 2. The incraase in intensity for velocities
large encugh to show hyperfine structure. There
appear to he three principal satellites which probably
correspond 1o the hyperfine structure interaction of
the 0, 10-psec metastable, spin 3/2, nucleus with the
internal effective magnetic fleld.

There appear to be three satellite lines, the
innermost occurring at a speed lvl =0.26 em /sec,
corresponding to a frequency shift of 30.5 Me/
gec, The g factor of the ground state of Fe™ is
known to be small,®” although 20 Mec/sec of
splitting has been observed in stable Fe™ as an
impurity ln silicon.® If the ground-siate split-
ting is negligible —or contributes only to the
line widths cbserved —the three satellite lines of
integrated intensities 3/4, 1,2, and 1/4 times
that of the center line would fall at Doppler fre-
quencies equal to one, two, and three times the
Larmor frequency of the spin 3/2 excited state
in the effective classical magnetic {ield at the
nucleus in the ferromagnet. According to this
interpretation the Larmor frequency of the ex-
cited state is about 30 Mc/sec and its magnetic
moment is large compared to that of the ground
state. The breadth of the satellites may be
caused in part by inconstancy of the speed of the
transducer during a modulation cycle. We are
engaged in improving this as well as in process-
ing a source of much larger activity in the inter-
est of gathering more detailed data. Until we
know the detalls of the hyperfine structure more
fully, we cannot make an exact comparison of
the magnitude of the scattering with theory be-
cause the cross sections depend upon the degree
of resolution of the lines.

We are now confident that we can perform the
gravitational experiment inside the laboratory
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using this » ray from Fe™, With the line width
we have found, a measurable shift of the line
center is predicted by the principle of equiva-
lence® for the height difference available to us
inside this laboratory.

With a source of limited strength, statistical
fluctuations decrease the definition of the line,
owing to decreased counting rates, in a way that
just compensates, assuming the inverse square
law to apply over the path, the linear increase in
sghift as the height difference between source
and absorber is increased. Use of very large
vertical distances do not appear to offer much
increase in precision,

Tsupported in part by the joint program of the Office
of Naval Research and the U, 8. Atomic Energy Com-
misgion,
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Nuturwissenschaften 45, 538 (1958); Z. Naturforach,
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VARIATION WITH TEMPERATURE OF THE ENERGY QF RECOIL- FREE
GAMMA RAYS FROM SOLIDS*

R. V. Pound and G. A. Rebka, Jr.
Harvard University, Cambridge, Massachusetts
{Received February 17, 1960)

The 14.4-kev y ray emitted without recoil by
0.1-psec Fe™ in metallic iron'™® excited great
interest ag the most precizely defined electro-
magnefic frequency yet discovered. E may be
adegquately weoll defined to allow measurement of
the influence of & gravitational potential on ire-
quency® and of other smal] effects hitherto be-
vond the sensitivity available in the laboratory.
Asg a preliminary step in the operation of an ex-
perimental system designed to measure the
gravitational effect, we have been making tests
io find out whether other influences than the one
intended might lead {0 systematic errors by in-
troducing important freguency shifts not taken
into account,

So far the largest such effect found is that of
temperature, That temperature should influence
the frequency exactly as we observe is very
simply explained. Thermally excited vibrations
cause little broadentng through first order
Doppler effect under the conditions obtaining in
the solid because the value of any component of
the nuclear velocity averages very nearly to zexro
over the nuclear lifetime. The precision of tha
v+ ray of Fe* requires the second order Doppler
effect also io be congidered. A shift to lower
frequency with increased femperature results
from this because the also well-defined average
of the square of the velocity of the particle in-
creases in direct praoportion to the average kine-
tic energy. AS a consequence one would expect
# temperature coefficient of frequency in a
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homegenepus solid,
{50/8F) =+yCL/2Mcz,

where {7 is the specific heat of the lattice and
M is the gram atomic weight of iror. In the hiph-
temperature classical limit where C; = 3R,

[Bv/BT}T_w= ~2.44 x10" ¥y per °K.

At lower temperatures one would expect 2 coef-
ficient reduced by the value of the appropriate
normalized Debye specific heat function. For
iron, at 300°K one should find about 9.9 times,
ard at 80°K about 0.3 times, the above classical
value.

The temperature dependeitce has heen meas-
ured by counting the v rays from cur 0.4-curie
Co® source transmitted through enriched Fe™
absorbing films (0.6 mg Fe¥*/cm?). The Co% of
the source is distributed in aboul 3x186°% ¢m
thickness below the surface of a 2-in. diameter
iron diak, made in the manner described ear-
lier.* 8mall frequency shifts that result when
the source and absorber are held at different
femperatures were measured by using a trans-
ducer to mave the source sinusoidally at ten ops
toward and away from the absorber at 4 peak
speed of about 0.01 cm/sec. A gate pulse and
mercury relays were used to make one counter
record during 20 mitliseconds of the modulation
period symmetrically digposed about the time of
maximum veloeity toward the abaorber, Another
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counter recorded the corresponding counts with
the source going away from the absorber. The
difference of the counts in the two registers
should be proportional to the relative frequency
shift of the absorber and source for shifts small
compared to the line width. Quantitative know-
ledge of the parameters of the system that are
involved in determining the constant of propor-
tionality is rendered unnecessary by adding
through a clock-driven hydraulie system a con-
tinuous relative motion of 6.3x107* cm/sec di-
rected oppositely during each of the two halves
of the time for a given datum point, In this way
the sensitivity to frequency shift originating in
the Doppler effect is measured simultaneously
with the shift sought. The algebraic sum of the
counting rate differences for the two halves of
the run are proportional to the shift and the dif-
ference to the sensitivity.

The shift at liquid nitrogen relative to room
temperature is comparable to the line width and
for that point the two counting rates were re-
corded at a series of values of the sinusoidal
modulation amplitude. From these a value of the
shift and of the apparent line width could be ob-
tained although difficulties of calibration under
the conditions of oparation have enantributed
strongly to the uncertainties. There is evidence
that the line appears to broaden with such a tem-
perature difference by perhaps a factor of 2.3
which might be evidence that the hyperfine struc-
ture splittings are temperature sensitive to
some extent, as must be expected.

The data are plotted in Fig. 1. A solid line re-
presenting the effect expected with a Debye tem-
perature of 420°K is also drawn. The agreement
can be regarded as an experimental demonstra-
tion of the second order Doppler effect using
thermal velocities rather than a centrifuge, It
might be remarked that crystalline anisotropy
might make this source of high velocities useful
for experiments to the end of detecting such spa-
tial anisotropies as might accompany ether drift
or an inertial frame.

The temperature sensitivity at room tempera-
ture [experimentally (-2.09%0.24) % 107'® per
degree C, theoretically -2.21x107"® per degree
C] is highly relevant to the interpretation of data
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FIG. 1. Fractional shift of energy of 14. 4-kev
gamma-ray absorption of Fe*’ vs absolute tempera-
ture of the metal. The solid line is derived from as-
suming a Debye temperature of 420°K.

from our experiment on the effect of gravitational
potential. A temperature difference of 1°C be-
tween the top and the bottom of our 22-meter
tower would result in a shift about equal to that
predicted by the principle of equivalence. For
smaller height differences correspondingly
smaller temperature differences would be re-
quired. It is now clear that correction for or
control of the temperature difference and perhaps
other parameters must be included in the instru-
mentation of experiments intending to utilize the
extreme frequency discrimination available with
gamma rays of this type.

*Supported in part by the joint program of the Office
of Naval Research and the U. 8. Atomic Energy Com-
mission.
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APPARENT WEIGHT OF PHOTONS"®

R. V. Pound and G. A, Rebka, Jr.
Lyman Laboratory of Physies, Harvard University, Cambridge, Massachusetis
{Received March 9, 1960)

As we proposed a few months ago,’ we have now
measured the effect, originally hypothesized by
Einsteln,” of gravitational potential on the ap-
parent frequency of electromagnetic radiation by
using the sharply defined energy of recoil-free
v rays emitted and absorbed in solids, as dis-
covered by Missbauer.® We have already re-
ported! a detalled study of the shape and width of
the line obtained at room temperature for the
14.4-kev, 0.1-microsecond level in Fe*. Partic-
ular atiention was paid to {inding the conditions
required to obtain a narrow line. We found that
the line had a Lorentzian shape with a fractional
full -width at half-height of 1,13 x10™ when the
source was carefully prepared according to a
prescription developed from experience. We have
also investigated the 93 -kev, 9.4-microsecond
level of Zn® at liguid helium and liquid nitrogen
temperatures using several combinations of
source and absorber environment, but have not
observed a usable resonant absorption. That work
will be reported later. The fractional width and
intensity of the absorption in Fe® seemed suffi-
cient to measure the gravitational effect in the
laboratory.

As a preliminary, we sought possible sources
of systematic error that would interfere with
measurements of small changes in frequency using
this medium. Early in our development of the in-
strumentation necessary for this experiment, we
concluded that there were asymmetries in, or
frequency differences between, the lines of given
combinations of source and abgorber which vary
from one combination to another. Thus it is ab-

solutely necessary to measure a change in the
relative frequency that is produced by the per-
turbation being studied. Observation of a fre-
quency difference between a given source and
absorber cannot be unigquely attributed to this
perturbation. More recently, we have discovered
and explained a variation of frequency with tem-
perature of either the source or absorber.* We
conclude that the temperature difference between
the source and absorber must be accurately
known and its effect considered before any mean-
ing can be extracted from even a change observed
when the perturbation is altered.

The basic elements of the apparatus finally
developed to measure the gravitational shift in
frequency were a carefully prepared source
containing 0.4 curie of 270-day Co®, and a care-
fully prepared, rigidly supported, iron film ab-
sorber. Using the results of our initial experi-
ment, we requested the Nuclear Science and
Engineering Corporation to repurify their nickel
cyclotron target by lon exchange to reduce cobalt
carrier. Following the bombardment, in a special
run in the high-energy proton beam of the high-
current cyclotron at the Oak Ridge National
Laboratory, they electroplated the separated
Co* onto one side of a 2-in. diameter, 0.005-In.
thick disk of Armeo iron according to our pre-
scription. Aflter this disk was received, it was
heated to 900°-1000°C for one hour in a hydrogen
atmosphere® to diffuse the cobalt into the iron
foil about 3 x107% em.

The absorber made by Nuclear Metals Inc.,
was composed of seven separate units. Each
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unit consisted of about 80 mg of iron, enriched
in Fe*' to 31.9%, electroplated onto a polished
side of a 3-in. diameter, 0.040-in. thick disk of
beryllium. The electroplating technigue required
considerable development to produce films with
absorption lines of width and strength that satis-
fied our tests. The films finally accepted, reso-
nantly absorbed about 1,3 the recoil-free y rays
from our source, Each unit of the absorber was
mounted over the 0.001-in. Al window of a

3 in.x1/4 in. NaI{T1) scintillation crystal in-
tegrally mounted on a Dumont 6363 multiplier
phototube, The multiplier supply voltages were
separately adjusted to equalize their conversion
gains, and their outputs were mixed,

The required stable vertical baseline was con-
veniently obtained in the enclosed, isolated tower
of the Jefferson Physical Laboratory.”™ A statis-
tical argument suggests that the precision of a
measurement of the gravitational frequency shift
should be independent of the height. Instrumental
instability but more significantly the sources of
systematic error mentioned above are less criti-
cal compared to the larger fractional shifts ob-
tained with an increased height. Our net operating
baseline of T4 feet required only conveniently
realizrable control over these sources of error,

HYDRAULI

MASTER

FODA AL I
SLAWE THANSDUCER

The absorption of the 14.4-kev ¢ ray by air in
the path was reduced by running a 16-in. diam-
eter, cylindrical, Mylar bag with thin end win-
dows and filled with helium through most of the
digtanee between source and absorber. To
sweep out small amounts of air diffusing into the
bag, the helium was kept flowing through it at a
rate of about 30 liters /hr.

The over-all experiment is described by the
block diagram of Fig. 1. The source was moved
ginusoidally by either a ferroelectric or a moving-
coil magnetic transducer. During the quarter of
the modulation eyele centered about the time of
maximum velocity the pulses from the scintilla-
tion spectrometer, adjusted to select the 14.4-
kev y-ray line, were fed into one scaler while,
during the opposite quarter cycle, they were fed
into another. The difference in counts recorded
was 4 measure of the asymmetry in, or frequency-
ghift between, the emission and absorption lines.
As a precaution the relative phase of the gating
pulses and the sinusoidal modulation were dig-
played continuously., The data were found to be
insensitive to phase changes much larger than
the drifts of phase observed.

A completely duplicate system of electronics,
controlled by the same gallng pulses, recorded

BACS B PIMION
CLOCKE DRIVE

SOURCE
= = NN
He
e DSCILLATOR M |"'~...s'III |\./
Il
. e
PHASE
» Saimne =t
FLOWING WAVE ! I | i |
HELIUM TRIGIER
f =2 FER
T4 A e CYCLE
- GUTE PHASE
GENERATOR DISPLAY
MONITOR _GHANNEL
AWPLIFIER COINCIDERCE ,_.-
1 BHD CIREUIT MERCURY m
L PULSE  HEIGHT & RELAYS
Lt CHART CHART SELECTOR DI SCAIMIMATOR
-t RECORDER RECORDER
- T THERWD-
COUPLE SIGhAL CHAMMEL AMPLIFIER COINCIDENCE
toa 1 AHD cimoor | |MERGURY
B PULSE HEDHT a REL AYS
B M SELECTOR DISEAMINATOR COUNTER
FIG. 1. A block disgram of the over-all experimental arrangement. The source and ab-

sorber=deiector units were froquently interchanged. Sometimes a ferroelectric and some-
Umes & moving-coil magnelic transducer was used with frequencies ranging from 10 lo 50 cps.
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data from a counter having a 1-in. diameter,
0.015=in. thick NaI(T1) scintillation erystal cov-
ered by an absorber similar to the main absorb-
er. This absorber and crystal unit was mounted
to see the source from only three feet away.

This monitor channel measured the stability of
the over-all modulation system, and, because of
its higher counting rate, had a smaller statistical
uncertainty.

The relation between the counting rate differ-
ence and relative frequency shifts between the
emission and absorption lines was measured
directly by adding a Doppler shift several times
the size of the gravitational shift to the emission
line. The necessary conslant velocity was intro-
duced by coupling a hydraulic cylinder of large
bore carrying the transducer and source to a
master cylinder of amall bore connected to a
rack-and-pinion driven by a clock.

Combining data from two periods having Dop-
pler shifts of equal magnitude, but opposite sign,
allowed measurement of both sensitivity and
relative frequency shilt, Because no sacrifice
of valuable data resulted, the sensitivity was
calibrated about 1,/3 of the operating time which
was as often as convenient without recording the
data automatically. In this way we were able to
eliminate errors due to drifts in sensitivity such
as would be anticipated from gain or diserimina-
tor drift, changes in background, or changes in
modulation swing.

The second order Doppler shift resulting from
lattice vibrations required that the temperature
difference between the source and absorber be
controlled or monitored. A difference of 1°C
would produce a shift as large as that sought, so
the potential difference of a thermocouple with
one junction at the source and the other at the
main absorber was recorded. An identical sys-
tem was provided for the monitor channel. The
recorded temperature data were integrated over
a counting period, and the average determined
to 0.03°C. The temperature coelficient of fre-
quency which we have used to correct the data,
was calculated {rom the specific heat of a lattice
having a Debye temperature of 420°K. Although
at room temperature this coefficient is but weakly
dependent on the Debye temperature, residual
error in the correction for, or control of, the
temperature difference limits the ability to meas-
ure frequency shifts and favors the use of a large
height difference for the gravitational experiment.

Data typical of those eollected are shown in
Table I. The right-hand column is the data after

correction for temperature difference. All data
are expressed as fractional frequency shift x 102,
The difference of the shift seen with  rays rising
and that with y rays falling should be the resuit
of gravity. The average for the two directions

of travel should measure an effective shift of
other origin, and this is about four times the
difference between the shifts. We confirmed that
this shift was an inherent property of the partica-
lar combination of source and absorber by meas-
uring the shift for each absorber unit in turn,
with temperature correction, when It was six
inches from the source. Althoogh this test was
not exact because only about halfl the area of each
absorber was involved, the weighted mean shift
from this test for the combination of all absorber
units agreed well with that observed in the main
experiment. The individual fractional frequency
shifts found for these, for the monitor absorber,
as well as for a 11.7-mg/cm® Armco iron foil,
are displayed in Table II. The considerable var-
iation among them is as striking as the size of
the weighted mean shift. Such shifts could result
from differences in a range of about 11% in ef-
fective Debye temperature through producing
differences in net gecond order Doppler effect,
Other explanations based on hyperiine structure
including electric quadrupole interactions are
also plausible. Although heat treatment might be
expected to change these shifts for the iron-plated
beryllium absorbers, experience showed that the
line width was materially increased by such
treatment, probably owing to interdiffusion. The
presence of a significant shift for even the Armco
foil relative to the source, both of which had re-
ceived heat treatments, suggests that it is unlikely
one would have, without test, a shift of this sort
smaller than the gravitational effect expected in
even our “two-way" baseline of 148 feet. The
apparently fortuitous smallness of the shift of

the monitor abserber relative to our source eor-
responds to the shift expected for about 30 feet

of height difference.

Hecently Cranshaw, Schiffer, and whitehead®
claimed to have measured the gravitational shift
using the y ray of Fe*". They state that they be-
lieve their 43% statistical uncertainty represents
the major error. Two much larger sources of
error apparently have not been considered: (1)
the temperature difference between the source
and absorber, and (2) the frequency difference
inherent in a given combination of source and
absorber. From the above discussion, only 0.6°C
of temperature difference would produce a shift
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Table 1. Data from the first four days of counting, The data are expressed as fractional frequency differences
between scurce and absorber multiplied by 10, as derived from the appropriate sensitivity calibration. The
negative signs mean that the ¥ ray has o frequency lower than the frequency of maximurm absorption at the ab-

aorber.
Shift Temperature Net
Period obaerved correation shift
Spurce at bottom

Feb. 22, 5 p.m, -11.5+3.0 -8.2 “20.T+3.0
~16.4 + 2, 28 -5.9 -22.342.2
=13.8+1.13 =5.3 -19.1%1.3
-11.9+2,1% -B.0 -19.8=2.1
-8.7x2.0% -10.5 -18,2+3,0
Feb. 231, 10 p.m. -10.5 2.0 -10.6 =21.0+2.0

Weighted average=-19.7 £ 0,8

Source at top

Febh. 24, 0 a.m, -128.0+4.1
5. 7+1.4
-T.44£%2.1%
-G.6+2.1%

-13.9+3.1%
-G, 6+3.0
-6, 5+2. 0%

=10.0+ 2.6

Feb. 25, 6 p.m.

-H.6 -20.8+4.1
=0.6 =15.3 1.4
=T.4 -14. 82,1
=-b.8 -12.3 #2.1
-T.5 =21.4 3.1
=67 =12.3£3.0
=R.4 =15.4 2.0
=T7.9 =17. 9+ 2.6

Welghted average=-15.5+ 0.8
Mean shift=-17.6 0.6
Difference of averages= -4.2+1.1

AThese data were taken simultanesusly with a sensitivity calibration.

Table II. Data on asymmetries of various absorb-
ers In apparent fractional frequency shift multiplied
by 10%, In the third column we tabulate the Debye
temperature increase of the absorber above that of the
source which could account for the shift.

— . T— ———

{Bp/vyx108

Absorber adp in *K

Mo, 1 =H.4+2.5 +15+4
No. 2 =24+ 3.5 +41 x84
MNao. 4 =28 & 3.6 +48 & 6
Mo, 4 =18+ 3.5 336
MNeo. & =24+ 3.5 +il £ B
No. B =17+ 2.5 +20 + 4
Mo. T =19 % 3.5 +33 %6
Welghted mean

of No. 1=-Mo. T =10+ 3.0 +33+5
Monitor absorber +0.56 % 0.15 =0, 95 £ 0. 26
Armoo foil +10 % 3.5 17T+ 6

as large as the whole effect observed. Their
additional experiment at the shortened height dif-
ference of three meters does not, without con-
comitant temperature data, resolve the question
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of inherent frequency difference. Their stated
disappeintment with the over-all line width ob-
served would seem to add to the probability of
existence of such a shift. They mention this
broadening in connection with its possible influ-
ence on the sensitivity, derived rather than
measured, owing to a departure from Lorentzian
shape. Clearly such a departure is even more
important in allowing asymmetry.

Our experience shows that no conclusion can
be drawn from the experiment of Cranshaw et al.

If the frequency=-shiit inherent in our source-
absorber combination is not affected by inversion
of the relative positions, the diffcrence betwoon
shifts observed with rising and falling y rays
measures the effect of gravity. All data collected
since recognizing the need for temperature cor-
rection, yield a net fractional shift, -(5.13+0.51)
%107, The error assigned is the rms statistical
deviation including that of independent sensitivity
calibrations taken as representative of their re-
spective periods of operation. The shift observed
agrees with -4.92x10™*, the predicted gravita-
tional shift for this “two-way’ height difference.
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Expressed in this unit, the result is
{Ap}ﬂrpﬂ&y:lthenr =+1.05£0.10,

where the plus sign indicates that the frequency
increases in falling, as expected.

These data were collected in about 10 days of
operation. We expect to continue counting with
some improvements in sensitivity, and to reduce
the statistical uncertainty about fourfold. With
our present experimental arrangement this should
result in a comparable reduction in error in the
measurement since we believe we can take ade-
quate steps to avoid systematic errors on the re-
sulting scale. A higher bageline or possibly a
narrower ¥ ray would seem to be required to
extend the precision by a factor much larger than
this.

We wish to express deep appreciation for the
generosity, encouragement, and assistance with
details of the experiment accorded us by our
colleagues and the entire technical staff of these
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