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Observation of Gravitationally Induced Quantum Interference*

R. Colella and A.

W. Overhauser

Department of Physics, Purdue University, West Lafayette, Indiana 47907

and

S. A. Werner :
Seientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121
{Received 14 April 1975)

We have used a neutron interferometer to observe the quantum-mechanical phase shift
of neutrons caused by their interaction with Earth's gravitational field.

In most phenomena of interest in terrestrial
physics, gravity and quantum mechanics do not
simultaneously play an important role. Such an
experiment, for which the outcome necessarily
depends upon both the gravitational constant and
Planck’s constant, has recently been pronnsed hy

acceleration of gravity, k is Planck’s constant,
M is the neutron mass, and 9 is the Bragg angle,
29.1°, The dimensions 2=0.2 ¢cm and d=3.5 cm
are shown in Fig. 1. qgrav/T=(AN) g, the number
of fringes which will occur during a 180° rotation.
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FIG. 1. Schematic diagram of the neutron interferom-
eter and 'He detectors used in this experiment.
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ly resting on two felt strips (3 mm wide and per-
pendicular to the axis of the eylindrical crystal).
These strips were located 15 mm from either
end of a v block equal in length to the crystal.
This arrangement limited rotations to — 0 <
<30°. ' _

Three small, high-pressure He® detectors were
used to monitor one noninterfering beam (C,) and
the two interfering beams (C, and C,} as shown in
Fig. 1. These detectors, the interferometer, and
an entrance slit were rigidly mounted in a metal
box which could be rotated about the incident
beam. This entire assembly was placed inside
an auxiliary neutron shield.

The counting rates at C, and C, are expected to



The COW Experiment

Observation of Gravitationally-Induced Quantum Interference
by Neutron Interferometry

(left to right)
Al Overhauser, Roberto Colella, Sam Werner

Photo taken in front of the Phoenix Memorial Laboratory,
The University of Michigan, Ann Arbor, 1974
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Perfect Crystal Interferometer |

Interferometer

Phase Shifter

Cut from a single ingot of > 17 MQ silicon. Neutron wave function

Three to four blades are machined and left , caherently spiit by
. R Top View Bragg diffraction.

attached to a common silicon base to _

maintain the perfect registry of all atoms in

the crystal. |

The NIST crystals are cut such that the
silicon (111) lattice planes are are
perpendicular to the surfaces of the blades.

Each crystal blade acts as a beam splitter in
the transmission Laue-Bragg reflection

geometry.

\
Phase Shifter



QUANTUM PHASE SHIFT CAUSED BY A POTENTIAL
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lGFlAVITATIONALLY INDUCED QUANTUM INTERFERENCE '

COwW

AR= R- ko

Pkase difference = A@ = AR

1pt 2.
Emerjj Conservation ! f;_ff—: = %—E + ‘ij = 60
= sl 1O
Ak= -3 B ko
= H, sim(«)




Phys. Rev. A2l , (1980)

1430 STAUDENMANN, WERNER, COLELLA, AND OVERHAUSER 21
4000— —— 100 T T T T T T
: Ag1.060 A 1 FOURIER TRANSFORM
) Az 1060 ]
woo .r|&$ 1 —
cazoabp ' il ! a0 i
\ \ IF,)
\ \/ i H
1000
80 :
T B T B T R M R R T I T
of~» Rt N
FIG. 11. Gravitationally induced quantum interference
experiment at A g=1.060 A. The counting time was in i
about 5 min per point.
slope of the (220) data, we conclude that o
Ad« 8in%6y , (48)
Therefore putting the arguments together that 1
have led to (39), (47), and (48) we find " IV\/.

Buend ==Gyena 8ing == (C/A) 8in6, sing ; (49)

the numerical value of the constant C from the
data is

C=34.57 rad A . (50)

The reason why the bending effect seems to de-
pend quadratically on sinfy is not yet understood.

C. Experimental results

We show in Figs, 11 and 12 representative data
obtained at two wavelengths: A,=1,060 and 1,419
A, respectively, The neutron counting rate in
detector C; is plotted versus the interferometer
rotation angle ¢. The contrast (maximum/mini-
mum) of these data is seen to be about 3 to 1,
Contrasts as high as 8 to 1 have been observed
in some runs. To obtain the frequency of oscilla=
tion ¢ we Fourier transform the data numerically
according to

{39 =t1 I(sing )e'asine, (1)
JI

where / is the oscillatory part of the neutron in-
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FIG. 12. Gravitationally induced quantum interfer-
ence experiment at A ;=1.419 A, The counting time was

about 7 min per point.
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FIG. 13, Fourier transform of the data of Fig, 11,

tensity, and the index j runs over all ¥ datum
points., The Fourier transforms of the data of
Figs. 11 and 12 are shown in Figs. 13 and 14.
There is loss of contrast at larger rotation
angles ¢, which we believe to be due to warping
of the interferometer under its own weight as the
interferometer is rotated, This explanation of
the effect is in accord with various experiments
we have carried out with reduced slit sizes in
which the loss of contrast is reduced. We have
found that as the neutron wavelength becomes
larger the loss of the contrast occurs at smaller
rotation angles ¢. This observation is also in
agreement with the above explanation, since the
bending effect measured with x rays is porportion-
al to sin’fy (= A2G%/4).
In any interferometry experiment, the long-term
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FIG. 14. Fourier transform of the data of Fig. 12.
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Fig. 7.3 Full-rotation, gravitationally induced quantum interferogram taken with the inter-
ferometer shown in Fig. 7.1. Here the Si interferometer is attached to its cradle with
double-sided sticky tape. One should note the 180° phase difference between the C, and
C; data (Werner et al. 1986).
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HISTORY OF RESULTS
GRAVITATIONALLY-INDUCED QUANTUM INTERFERENCE

Experimental Accuracy Agreement with Theory
1975 Colella, et al. 10% 10%
1980 Staudenmann, et al. 0.3% 1%
1988 Werner, et al. 0.1% 0.8%
1993 Jacobson, et al. 0.1% 0.7%

VIEW THE RESULT AS A QUANTUM INTERFERENCE
MEASUREMENT OF THE NEUTRON MASS

A® = abss‘.n(cx-cx,)
Theory: Q. = 2T ml_i_, 2 (1+22)

— 15919 radians
u's'w'j Imm.= [/*67'7‘.7“'))‘ /D-Qyjraws]
Experiment : 60.12 i-qs l;H

%‘3mv = (%:;p- cgsq;jmc) 2"‘ %l,cw_

58.72 1 0.4S5 radiens

. | S |
— lmz (1,663-10.007)X |0 ‘%mm]




Dynamical Diffroction Correction
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Two-wavelength-difference measurement of gravitationally induced quantum interference phases

K. C. Littrell, B. E. Allman,* and S. A. Werner
Physics Department and Research Reactor Center, University of Missouri-Coltumbia, Columbia, Missouri 65211

(Received 4 April 1997)

One of the significant successes in the field of neutron interferometry has been the experimental observation
of the phase shift of a neutron de Broglie wave due to the action of the Earth’s gravitational field. Past
experiments have clearly demonstrated the effect and verified the quantum-mechanical equivalence of gravi-
tational and inertial masses to a precision of about 1%. In this experiment the gravitationally induced phase
shift of the neutron is measured with a statistical uncertainty of order 1 part in 1000 in two different interfer-
ometers, Nearly harmonic pairs of neutron wavelengths are used to measure and compensate for effects due to
the distortion of the interferometer as it is tilted about the incident beam direction. A discrepancy between the
theoretically predicted and experimentally measured values of the phase shift due to gravity is observed at the
1% level. Extensions to the theoretical description of the shape of a neutron interferogram as a function of tilt
in a gravitational field are discussed and compared with experiment. [$1050-2947(97)04109-7]

PACS number(s): 03.30.+p, 03.65.Bz, 04.80.—y, 07.60.Ly

I. INTRODUCTION

One of the fundamental ideas in modern physics is the
equivalence principle, the idea that the effects of gravity and
acceleration on the trajectory of a classical particle are lo-
cally indistinguishable. An analogous concept for quantum
mechanics is the hypothesis that the wave function of a
quantum-mechanical system in a uniform gravitational field
g is indistinguishable from that of the same system moving
with uniform acceleration —g. Since the wave funetion is
complex, it can be written as the product of a real probability
amplitude and the exponential of an imaginary phase. The
square of the probability amplitude of a quantum-mechanical
particle is related to its density along the classical trajectory.
The phase is related to the propagation of the particle’s de
Broglie wave and has no classical analog, Since detectors
measure only particle densities, the phase of a matter wave is
not directly observable, However, by using interferometric
techniques similar to and based upon those for electromag-
netic radiation, phase differences between matter wave sub-
beams can be measured. '

The influence of gravity on the quantum-mechanical
phase of the neutron de Broglie wave in a neutron interfer-
ometer was first observed by Colella, Overhauser, and
Werner [1] in 1975 and then more accurately by Stauden-
mann ef al. [2] in 1980, beginning a series of experiments of
increasing sophistication of which this is the latest. These
experiments, collectively known as COW experiments, are
unique in that they involve the interaction of gravity with an
intrinsically quantum-mechanical quantity and thus necessar-
ily depend on both Planck’s constant #i and Newton’s uni-
versal gravitational constant G [3]. This dependence allows
the principle of equivalence to be studied in the quantum
limit. Previous neutron experiments in which gravity was a
consideration involve the deflection of particles by gravity
and are thus essentially classical in nature.

*Present address: School of Physics, University of Melbourne,
Parkville, Victoria 3052, Australia.
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The validity of the classical principle of equivalence has
been verified to a very high precision [4]. Similarly, it has
been demonstrated [5] that the probability density of the neu-
tron in the Earth’s gravitational field follows the same para-
bolic trajectory as a classical point particle with the same

. inertial mass to within an uncertainty of 3 parts in 10 000.

The previous COW experiments have clearly demonstrated
that a gravitational phase shift of the right magnitude exists,
but later, more precise measurements [6,7] have shown dis-
turbing discrepancies on the order of 1% between theory
(including all known corrections) and experiment. Statistical
errors and estimated and measured uncertainties in the ex-
perimental parameters are of order I part in 1000. The
present work is an attempt to understand the reasons for
these discrepancies.

Recently, Kasevich and Chu [8] have used an atomic
fountain interferometer to measure the gravitational accelera-
tion of atoms. They reported no significant discrepancies in
an experiment with a resolution of 30 parts per 1X10°, al-
though a direct comparison with a locally measured value of
the acceleration due to gravity g is not yet available.

In previous experiments, the effects of bending of the
perfect Si crystal interferometer as it is tilted about the inci-
dent beam were measured by using x rays diffracting along
approximately the same paths through the interferometer as
the neutron beams, Since x rays are photons and thus mass-
less and the gravitational redshift is negligibly small over the
distances involved in these experiments, any phase shifts ob-
served should be the result of bending of the interferometer
as it is tilted about the incident beam. These x-ray phase
shifts were then scaled to the neutron wavelength and used to
compensate for bending effects in the neutron data. How-
ever, X rays are rather strongly absorbed in silicon and there-
fore sample a different region of the interferometer crystal
blades than neutrons. The Borrmann fans within.each crystal
are fully illuminated in the neutron case, leading to a sub-
stantial spreading of the beam as it traverses the interferom-
eter as schematically shown in Fig. 1. The tilt-induced phase
of the x-ray interferogram has been shown to be a sensitive,
nonlinear function of the position of the incident x-ray beam

1767 © 1997 The American Physical Society
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FIG. 8. Gravity interferograms observed in the C3 detector pro-
duced-at the wavelengths (a) 1.8796 A and (b) 0.9464 A using the
symmetric interferometer by varying the interferometer tilt angle a
with the aluminum phase flag fixed.

B. Wavelength measurement and selection

The wavelength of neutrons used in this experiment was
set by adjusting the angles of two copper crystals in the
double-crystal monochromator. The wavelengths were se-
lected for each of the interferometers so that contrast at the
long wavelength for each interferometer was as high as pos-
sible and the second-harmonic wavelength was accessible to
the monochromator. The shorter, second-harmonic wave-
length was chosen by adjusting the angles of the monochro-
mator crystals until the centers of peaks measured by varying
the angle of the normal to the 220 (and thus 440) lattice
planes of the interferometer relative to the incident beam
nearly coincide as shown in Fig. 11.

In this experiment, the wavelength of the neutrons partici-
pating in the interference was measured using the experimen-
tal arrangement shown in Fig. 12. A pyrolytic graphite (PG)
crystal with the 002 planes nominally parallel to its surface
was attached to a shaft perpendicular to the scattering plane
of the interferometer in path II of the interferometer while
path I is blocked by a small piece of shielding made of B,C
in epoxy resin. Determination of each wavelength used was
done by measuring the separation between the minima of the
sum of the intensities in the C2 and C3 detectors as the PG
crystal was rotated through the first- and second-order Bragg
reflections and averaging the results of several high-
resolution, long counting time scans such as those shown in
Fig. 13. The mean wavelengths of the neutrons used with the
skew-symmetric  interferometer were found to be
A;=2.1440(4) A and A, =1.0780(6) A, corresponding to

104 Normalized symmetric interferometer 1.8796(3) A data

c2

o
@
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FIG. 9. Experimentally nbmngsitill-mglc interferogram nor-
malized o C2 + C3 to compensate for the dependence on tilt of the
intensity of neutrons accepted by the interferometer for 1.8796-A
neutrons in the symmetric interferometer,

Bragg angles of #,,=33.94° and 6, ;=34.15° with respect to
the Si [220] and [440] planes, respectively. Those used with
the symmetric interferometer were \,=1.8796(3) A and
A;=09464(6) A with the corresponding Bragg angles
025=29.304° and #,,=29.504°,

After completion of the experimental runs for each inter-
ferometer a high-resolution scan was repeated for each wave-
length to verify that the wavelengths used had not changed
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FIG. 10. Theoretically predicted tilt-angle interferograms nor-
malized to C2+ C3 for 1.8796-A neutrons in the symmetric inter-
ferometer (a) as predicted by the dynamical theory of diffraction,
(b) modified to include the reduction in visibility as the interferom-
eter is tilted due 1o wavelength dispersion, and (c) scaled to match
the visibility of the observed interferogram at a=0.
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ferograms generated at various tilt angles for each wave-
length were sequentially interleaved with ones measured
with the interferometer level. By comparing the phase of the
ones measured at a given tilt angle with the average of the
phases of the level interferometer measurements immedi-
ately preceding and following it, we are able to compensate
for small drifts in the baseline phase of the interferometer.
This method also minimizes the effects of the phase shift due
to the Sagnac effect to a large extent. By subtracting the
zero-tilt Sagnac phase shift from the data, the Sagnac phase
shift in the adjusted data is described by the difference ex-
pression

ADgpna.= s tanby(1 - cosa), (26)
which is very small for the useful range of tilt angles. Previ-
ous measurements of the neutron Sagnac phase shift
[2,26,27] have shown agreement between experiment and
theory on the order of a few percent. Since this phase shift is
sufficiently small compared to that due to gravity it can be
treated as a known quantity to the resolution of this experi-
ment. We compensate for it by subtracting the calculated
value from the raw data for each wavelength at each tilt
setting. The phase shift data with the Sagnac phase removed
is shown in Fig. 15, illustrating that the agreement between

the data and the theoretical phase shift due to gravity is better
for the longer of the two wavelengths for both interferom-
eters used.

IV. PHASE-SHIFT DATA ANALYSIS

The total phase shift Ad(a.\) obtained from fitting the
phase-shifter interferograms is composed of three terms

A‘D(ﬂ.)\)=A¢wﬂv{a'h}‘+‘{sfbmnd(ﬂ.k) ‘f’qusagnac{ﬂ’.A ):
(27)

where we assume that the functional form of each term on
the tilt angle a and the wavelength A\ as described above is
correct. Thus, we use the equation

AP(a,N)=—(uX sina)F,(a.X)+(wh ' sina)F,(\)

t§(1 ~ cosa)tanfly (28)

to determine the parameters u and w from the phase-shift
data, The functions F, and F, are

Fo(aX)=tanfy[1+&(a,\)] (29)

and
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FIG. 15. Graphical representation of the phase shift data using
(a) the skew-symmetric interferometer and (b) the symmetric inter-
ferometer with the Sagnac effect phase shift subtracted. The solid
curves are the gravity phase shifts expected from theory.

Fy(\)=sin’85. (30)

Calculated values of the multiple-path dynamical diffraction
correction factor e(a,\) for both interferometers for the
longer wavelength used are shown in Fig. 16. This factor is
dependent on the interferometer blade thickness a and their
separations d, and d, and on wavelength and tilt as a func-
tion with argument X sine. Since the Sagnac effect phase
shift is small relative to the gravitational phase shift and
known to sufficient accuracy, we treat it as a known quantity

AD(a, NN Fyp(hy) —AD(a, )Ny Fyp(Ny)

8.0
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FIG. 16. A plot of the values for the multiple-path dynamical
diffraction correction term e(a,\) for (a) 2.1440-A neutrons in the
skew-symmetric interferometer and (b) 1.8796-A neutrons in the
symmetric interferometer.

for the purpose of our data analysis and subtract a calculated
value of it from the measured phase shift A®(a,\) before
fitting the data.

Since we have measured the phase shift A® at two wave-
lengths A, and A\, for each tilt angle a, we have two equa-
tions for the two unknown parameters ¥ and w. Theoreti-
cally, these parameters should be independent of a and .
The experimentally determined # and w parameters are then
given by

u =
T INF (@ n)Fy(M1) = MFg(@ M) Fy(Ny)Jsine

and

ﬁfl)(a,)\l)ths(a,hg) = A(D(a,hz)?\lf‘g(a,hi)

@31

wem*[(;\zn\l)pg(a,h,)no\,)—(;\lmz)Fg(a,hl)Fb(hz)]sim'

Note that the value of the gravity parameter u.., as deter-
mined by Eq. (31) is independent of the assumed functional
form of the dependence of APy,.(a@,\)on the tilt angle a.

In this manner, we have determined that up, is 68.63(8)
rad/A for the skew-symmetric interferometer and 210.28(23)
rad/A for the symmetric interferometer. In this analysis, the
angular range considered was restricted to |a|=<11.25° for the

(32)

skew-symmetric interferometer and |a|=<10.00° for the sym-
metric interferometer due to concerns about uncertainties due
to loss of fringe visibility. If data taken over the full range of
tilt angles used are considered, the values of i, for the two
interferometers become 67.63(22) and 210.82(29) rad/A. The
measured values of ueyy at various tilt angles are shown in
Fig. 17. Likewise, we have used Eq. (32) to obtain the values
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AN X-RAY INTERFEROMETER

(phase contrast microscopy; direct measurements of:
thickness, x-ray refractive index, small lattice distortions,
dispersion surfaces, electron densities; E/T)

This letter describes the construction and ap-
plication of the first x-ray interferometer in which
the principal parts of the paths of interfering beams
are widely separated and in air. The instrument can
be used in a variety of applications wherever the
measurement of phase shifts between x-ray waves
is important. Of the possible applications so far con-
sidered the most useful are: (1) the exact measure-
ment of the refractive index for x rays (an accuracy
of 0.1% can easily be achieved for light elements),
(2) exact measurements of the thicknesses of small
and complicated objects, (3) x-ray phase contrast
micrography, particularly of biological materials
(with copper Ka radiation, layers of carbon, nitro-
gen, and oxygen only a few microns in thickness can
be easily distinguished), (4) the measurement of ex-
tremely small lattice distortions, and (5) the direct
‘measurement of dispersion surfaces.

The instrument is made from a large and highly
perfect single-crystal block. By cutting two wide
grooves in the block (Fig. 1), different parts of the
same crystal can serve as a beam splitter S, as two
transmission mirrors M and as an analyzer crystal A.
In this way the very important spatial lattice co-
herence between all three crystals can easily be main-
tained over long periods of time, Several interferom-
eters of this type have been constructed from dis-

By \ = o,
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008 em
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o 08 cm

Fig. 1.
block cut as an interferometer for copper Ka radiation and the
silicon 220 reflection. S beam splitter crystal, M transmission

mirrors, A analym crystal. Left: schematic diagram showing
beam paths. D), incident beam.

Right: shape and dimensions of the single-crystal

U. Bonse aﬂdM Hart

Department of Materials Science and Engineering
Cornell University

Ithaca, New York
(Received 22 February 1965)

location-free single crystals of silicon for use with
copper Ka radiation and the 220 reflection.

By means of a symmetrical Laue reflection in the
beam splitter S, the incident radiation Dj is divided
into two coherent beams D} and D} (Fig. 1). These
beams become spatially separated before they reach
the mirrors M, where they are again reflected in the
Laue case. Of the four beams D;, D , D!, and Dj
which are generated in M, D}, and Dj} converge again
and overlap on the entrance surface of 4 (provided
that 4 and § are equidistant from M). Here they set

it EEL ]_“.“1" TEEEEH | " Fit \.l‘ﬂ'.'z _-:".'_:i'.ﬁ
;.-ﬁ} : 1L SPREOEReRERY -5? 18
FLHETE AL PRI
T F41 3 I B : = 'i
| i T AL
1Tk - i A it
4 igtel (e28s an
;I- L bd '—i-‘-&_-'-‘_‘m 3 .1
HHH - = i T -!-
247 4R88%a E+ £ i
e 22 - 1 “77: - 2 '. . ..‘.’: .-. 1
bbb e L e G

WEDGE SHIFT -

Fig. 2. Intensity variation |D;|> when the wedge is shifted

own in Fig. 1.
o as sh g se mmem swrewswen raved Ly dliU LAY geﬂ'

erates in A the wavefield with least absorption, and
only that one. D, and D,, will therefore be strong in
this case. If however an object P (Fig. 1) is put into
one of the paths, then the pattern before and in 4
may well have its maxima on the net planes, which
means that only the strongly absorbed wavefield is
excited. In this case D, and D, will have minimum
intensity. Refracting objects in paths I or II cause
phase shifts which lead to changes in the position of
the standing wave pattern before A. Since the trans-
mission of A is sensitive to the position of the stand-
ing wave pattern, the phase shifts can be measured
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TEST OF A SINGLE CRYSTAL NEUTRON INTERFEROMETER®

H. RAUCH. W. TREIMER

Atomibstitut der Osterreichischen Hoeliseluden, A-1020 Wien, Austria
and

U. BONSE

Institut [iir Physik. Universitat, D-46 Dortmund, Germany

Received 18 February 1974

The interference of two widely separated coherent neutron beams produced by dynamical diffraction in a perfect
Si-crystal has been observed, Phase shifting material inserted in the beams results in g marked intensity modulation
behind the interferometer. Neutron interferometry introduces several new feasible experiments in nuclear and sulid

state physics.

Nearly all classical optical experiments have been
extended to neutron beams; e.g. total reflection
(1, 21, slit diffraction [3], prisma deflection [4, 5],
‘diffraction on an edge [6] and diffraction on a ruled

giatmg it} The ﬁrsl attempt to construct a n.eut.ron y, Trom. groshite
 interferometer with coherent beams from a slit dif- pe > \( menochromaltor

fraction and a biprisma deflection proved only par- \‘,.ST:«,Q""

tially successful (4, 6, 8]. The diffraction pattern ' \x:\.\

could be observed, but the coherence properties were \\x"“’g

destroyed by phase shifting material inserted into the i ‘S"

beam. The main difficulties in that case came from P R

the extremely small separation of the two coherent f = pmany M

beams — about 60 pm only — and the rather small g s i

------------ Fig. 1. Sketch of the perfect crystal neutron specirometer.

3000 v oo sl ey mirror M and analyzer A) have to be very accurate
L T to avoid defocussing effects and loss of coherence.
After etching the thickness of the crystal plates was

deviated - beam (M)
in our case 4.3954 £ 0.0008 mm and the distances

forward - beam (0) were 27.2936 £ 0.0009 mm. The crystal was tested
S g sy e as an X-ray interferometer. By a suitable mounting
10001 R » . ¢ . - : A # i
e R g T and the application of small weights the inherent

Moiré pattern could he halanced to give a homo-
A ; geneous interference pattern over the whole region
A NS 3o of interest.

— neutrons /40 000 monstor pulses
T

—= al I‘pn? i :
: A symmetrical (120) — Laue-reflection was used
gl e R P 3 ‘ i ted : ; P o i e
Si b MERin RN G LN SF HE (VRS0 SN0 for the experiment. According to dynamical scatter-
forward beam as a function of the different optical paths 7 . 4 ;
ing theory |14, 15] the intensily of the deviated

for beam I and [1 within an Alsheet. (The siatistical errur

is smaller than the size of the points.) diffracted beam H behind one crystal plate is given as:
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