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Observation of a motion-induced phase shift of neutron de Broglie waves passing
through matter near a nuclear resonance
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We report the results of a neutron interferometry experiment where for the first time (to our
knowledge) a phase shift of a neutron de Broglie wave induced by moving matter has been success-
fully measured. This experiment is the quantum-mechanical analog of the optical Fizeau effect.
The observed phase shift is caused by the motion of matter itself, and not by the motion of its boun-
daries. The experimental results are found to be in good agreement with the theoretical predictions.
Some unexpected and previously unreported neutron wave interference effects observed during the

experiment are also reported.

I. INTRODUCTION

In recent years a number of theoretical and experimen-
tal investigations have been carried out to study the effect
of the motion of matter on the phase of a neutron de Bro-
glie wave through which it is propagating.!™* These
studies have brought into focus important, but not so
clearly obvious, differences in the interaction properties
of photon and neutron waves with moving matter. In an
excellent article, Horne et al. showed that for most ma-
terials the phase of a neutron wave can be affected only
by the motion of the boundary of the moving matter and
not by the motion of the bulk of the matter itself.! This is
true when the neutron-nuclear interaction potential is ve-
locity independent, which is the case for most materials
in the thermal energy range. By contrast, the phase of
the photon wave is influenced by motion of bulk material
itself. This was first demonstrated by Fizeau in 1859 with
the use of a Rayleigh-type optical interferometer.” With
the advent of neutron interferometers within the last few
years, a number of Fizeau-type experiments have been
designed and successfully carried out.2~* These experi-
ments have validated the theoretical prediction of no
Fizeau-type phase shift for neutron waves interacting
with materials having an energy-independent scattering
length. The results of these experiments have also
demonstrated the validity of Galilean transformation
properties of (w,k) four vectors for massive particles
(neutrons) and have established an upper limit for the en-
ergy dependence of a neutron-nuclear Fermi pseudopo-
tential.>® Success of these experiments has led us to at-
tempt an important experiment where the neutron passes
through moving matter at a nuclear resonance. The neu-
trons then experience an energy-dependent potential and,
as the theory suggests, a neutron wave phase shift truly
analogous to the light-wave case should be observable.
This represents a fundamentally different situation from
earlier experiments in the sense that the observed phase
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shift results from the motion of the bulk of material and
not from the motion of the boundaries of the moving
matter.

We have carried out a neutron interferometric experi-
ment where thermal neutrons pass through natural
samarium with 13.9% isotopic abundance of '*Sm,
which has a nuclear resonance at 97.3 meV. In this paper
the experiment is described in detail. An account of a
preliminary version of this experiment has been given in
the proceedings of a workshop.®

II. THEORY

A diagram of our perfect silicon crystal, Bonse-Hart in-
terferometer’ is shown in Fig. 1. An incident neutron
beam is coherently split into two separate beams at point
A. These two beams are simultaneously intercepted by a
moving material slab with parallel sides of thickness T.
If the motion of the slab induces any phase difference in
the neutron waves travelling on path ABD relative to
path ACD, then this would be made manifest in the
phase of the recombined beams at point D. In the rest
frame of the moving slab, the phase difference of the neu-
tron waves traveling in these two paths is given by

A(bzq)ABD(kB)_(DACB(kC) 5 (1)

where ® 45, and ® ,p are the neutron phases accumu-
lated on paths ABD and ACD, respectively, and kg and
ko are the incident wave vectors at points B and C in
that frame. The magnitudes of kz and k. depend direct-
ly on the incident angle 6 and slab velocity W. Accord-
ing to Fig. 1 the components of these wave vectors paral-
lel and perpendicular to the slab sides are given by

mWw

kp, =kosinf — , kpy=kycosb , (2)

ke, = —kosin6—

_mﬁ_W’ ke =kocosO (3)
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FIG. 1. Schematic of an LLL-type neutron interferometer
showing the beam paths.

where k, is the incident-beam wave vector in the rest
frame. It is important to note that the components of the
slab velocity perpendicular to the beam paths do not in-
duce any phase shifts. This can be understood simply by
noting that a neutron-nuclear potential for a slab moving
perpendicular to the beam paths is indistinguishable from
a potential for a slab at rest. Since phase shifts are rela-
tivistically invariant quantities, A® must also be the
phase shift in the laboratory frame. The expression for
A® has been rigorously deduced previously;® the result is

db
AD=47ANTW tanf->> | 4
T an dE (4)
where N is the atom density of the slab material, W is the

slab velocity, T is the slab thickness, # is the Planck’s
constant/2m, 6 is the angle of incidence, b is the real part
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FIG. 2. Calculated phase shift of a neutron wave passing
through moving natural Sm foil. In this case the foil thickness
is 33 um and the foil velocity (W) is approximately 87 m/sec.
[See Eq. (9)].

of the coherent nuclear scattering length per atom of the
slab material, and E is the incident neutron energy. It is
seen from Eq. (4) that a nonvanishing motion-induced
phase change occurs only if db/dE is nonzero, and the
magnitude of phase change depends linearly upon the
slab velocity W. With currently available neutron inter-
ferometer dimensions and experimentally feasible materi-
al thickness and velocity, a motion-induced phase shift of
only a few degrees can be expected. Figure 2 shows the
theoretical phase shift obtained for a typical set of pa-
rameter values for our experiment.

III. EXPERIMENT

The experiment was carried out with the use of a sym-
metric LLL-type perfect silicon crystal interferometer at
the University of Missouri Research Reactor Facility. As
shown in Figs. 1 and 3, an interferometer of this type
consists of three identical Si single-crystal blades joined
to a common base. It uses Bragg reflection in the Laue
geometry to coherently split, redirect, and recombine an
incident neutron beam. The beam paths inside such an
interferometer are shown in Figs. 1 and 2. The energy of
the neutron beam is 95.8 meV (wavelength 0.924 A, ve-
locity 4280 m/s), which is very close to the resonance en-
ergy of 97.3 meV in '*°Sm.

The natural Sm foil used in the experiment was nomi-
nally 33 um thick and was sealed inside the two halves of
a specially constructed aluminum disk. Because of the
high absorption of neutrons by the Sm foil near the nu-
clear resonance, this choice of thickness allowed an ac-
ceptable data collection rate, while still inducing a
measurable motion-induced phase shift at the experimen-
tally feasible foil velocity. The overall thickness of the
disk was 5 mm and was 10 cm in diameter. The foil was
sealed in such a fashion that the disk was partitioned into
four alternating Al and AI-Sm sectors. Figure 3 shows
the placement of the disk with faces parallel to the inter-
ferometer blades in the first section of the interferometer.
In the actual situation, the disk was housed in an ambient
thermally controlled enclosure [Figs. 4(a) and 4(b)] and

FIG. 3. Sketch of an LLL-type interferometer showing the
placement of the aluminum disk containing the Sm foils in be-
tween the splitter and the mirror blades. The shaded segments
on the disk correspond to the positions of the Sm foils. The po-
sitions of the detectors and the aluminum phase shifter are also
shown.
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the whole assembly was placed in between the blades clockwise senses by directing jets of air onto these tur-

without coming into any contact with the interferometer. bines through built-in nozzles in the enclosure. As the
There were two air-driven turbines mounted on the oppo- disk rotated about an axis perpendicular to the inter-
site faces of the disk. Supported by high-speed bearings, ferometer blades, the Al and Al-Sm sectors of the disk in-
the disk could be rotated in either clockwise or counter- tercepted the two coherent neutron beams in a cyclic

FIG. 4. (a) View of the unassembled enclosure showing the disk inside. (b) Photograph of the assembled enclosure. The window
which allows the neutrons to pass through the disk is seen at the bottom.
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FIG. 5. Neutron interferograms of a typical run at 303 Hz
rotation frequency of the disk. Data collection times for the Al
and Al-Sm sectors were 2 and 6 min per point, respectively.

manner. At the same time, a very flat rectangular alumi-
num phase shifter was turned in steps about a vertical
axis in the other section of the interferometer in order to
vary the optical path difference of the two beams. As a
result, the neutron counts of the resultant interfering
beams varied sinusoidally as a function of this path
difference and were recorded in detectors C2 and C3.
The counts corresponding to the passage of neutrons
through the Al and Al-Sm sectors were gated electroni-
cally and were recorded in separate channels. Figure 5
shows two typical intensity patterns (interferograms)
recorded in detector C3. The difference of the initial
phases of such a pair of interferograms gives a measure of
the effect of Sm foil motion on the phase of the neutron
wave. The experiment was carried out at +3, £170, and
+303 Hz disk rotation frequencies. The plus and minus
signs corresponded to clockwise and counterclockwise
senses of disk rotation.

IV. ANALYSIS AND RESULTS

The interferograms were fitted to a function of the
form

I(8)= A +B cos[Cx (8)+P] . (5)

Here, 1(8) is the neutron counting rate at the phase-
shifter position 8, and x (&) is the optical path difference
between the two beams. A, B, and P are the mean, am-
plitude, and initial phase of the interferograms and C
is a fit parameter. The fringe visibility or contrast
[(B/ A)100] was typically 50%, indicating a wobble-free
motion of the disk and excellent isolation of the inter-
ferometer from vibration induced by the motion of the
disk. This was crucial to ensure the collection of good
quality data needed to measure the small expected phase
shift. The initial phase P of the interferograms can be
written as

P=Py+®(f) . 6)

P, is the motion-independent phase, and ®(f) is an addi-
tional motion-induced phase at the disk rotation frequen-

cy f. The difference of the initial phases of the interfero-
grams corresponding to passage of the neutron beams
through the Al and Al-Sm sectors is then given by

AP =AP,+AD(f) . (7)

AP, is a constant and represents the phase difference of
the neutron wave passing through the disk at rest. Since
the neutron-nucleus potential is velocity-independent for
aluminum, there is no motion-induced phase shift by the
Al sector. For the Al-Sm sector the motion-dependent
phase is induced only by the #°Sm present in the natural
Sm foil. For each rotation frequency of the disk at least
ten independent runs were made and a set of AP values
was obtained by analyzing the data for each run separate-
ly. From this set of AP values, a mean AP and appropri-
ate error limit were obtained. The technique of synchro-
nous data collection for the Al and Al-Sm sectors provid-
ed a reference initial phase P,;, for each run and mini-
mized any effect of possible phase drift in the determina-
tion of AP for individual runs. As shown in Fig. 6, a
linear regression fit of these AP values was made against
rotation frequency f of the disk. The intercept of fitted
line on the ordinate then yielded a value of AP,. Using
this value of AP, and experimentally obtained AP values
in Eq. (7), the values of the frequency-dependent A® were
obtained.

In terms of the rotation of frequency f of the disk, the
velocity of the Sm foils in the plane of the beams is given
by

W =2murf cos% , (8)

where r is the mean distance of the beams from the disk
rotation axis and ) is the angular separation of the
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FIG. 6. A linear regression fit of the experimentally deter-
mined AP values against the disk rotation frequency f. Inter-
cept of the linear fit on the ordinate yields AP,,.
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TABLE I. Measured and calculated values of A¢.

f (Hz) (deg)
A —303 —170 -3 3 170 303
Expt. —2.7 —1.5 0.1 0.2 1.3 2.9
+0.57 +0.65 +0.65 +0.60 +0.65 +0.78
Theory —33 —1.9 —0.03 0.03 1.9 33
+0.2 +0.1 +0.002 +0.002 +0.1 +0.2

beams in the plane of the disk. For our experiment the
magnitude of W ranged from O to 87.2 m/sec. Taking
into consideration the isotopic abundance fraction a of
19Sm and the above expression of foil velocity W, the
motion-dependent phase shift in Eq. (1) can be rewritten
as

db

dE
To compare with theory, db /dE in the above equation
was obtained by differentiating the expression for b given
by the Breit-Wigner formalism.’® The theoretical values
were calculated for 6=13.92°, Q=11°, r =4.6 cm, and
foil thickness of 33+2 pum. The experimentally deter-
mined phase shift A® and the calculated values from Eq.
(9) are summarized in Table I. Within the limit of uncer-
tainty the experimental values agree with the theoretical
prediction. Plots of the results are also shown in Fig. 7.
The error bars shown in Figs. 6 and 7 appear to be larger
than the straight-line fit to the data might suggest. We
believe that this is fortuitous.

AD=87*#aNTrf cos%tane 9)
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FIG. 7. Plot of experimental and calculated motion induced
phase shifts A® against disk rotation frequency f. The velocity
components of the disk motion along the beam directions,
which caused these phase shifts, are listed along the top x axis.

V. DISCUSSION

The result of this experiment demonstrates that the
phase of a neutron de Broglie wave can be affected by the
motion of the bulk of matter through which the neutron
propagates. For the first time we have been able to ob-
serve and measure a shift in the phase of a neutron wave
which is induced by matter motion. In this respect it is
correct to call this experiment a true neutron analog of
the historic Fizeau experiment, where a shift in the phase
of the light wave due to matter motion was observed.
This experiment also distinguished itself from a number
of previous neutron' Fizeau-type experiments, where a
phase shift was induced by the motion of the boundary of
the moving matter.

Within the limits of uncertainty, the experimentally
observed phase shifts were consistent with the theoretical
predictions. However, the calculated phase shifts were
consistently higher than those experimentally obtained by
up to 20%. This indicates a systematic error in our mea-
surement or in the calculations of the phase shift A®.
The calculated and measured db/dE values are
2.39x 107! cm/eV and (1.90£0.34)x 107! cm/eV, re-
spectively. The theoretical values were calculated by us-
ing the currently accepted literature values of the 1499 m
resonance parameters. The thickness of the commercial-
ly purchased foil was independently verified through neu-
tron transmission measurements and also through direct
measurements by a comparator device. These are the
most obvious and likely parameters capable of causing
the discrepancy. However, at this point we are unable to
explain the exact cause of the observed discrepancy with
certainty.

Successful completion of this experiment required very
precise mechanical tolerances in our apparatus and excel-
lent vibration isolation of the interferometer to maintain
good contrast and phase stability. Some difficulty in
measuring the phase shifts was associated with the lower
neutron flux at 95.8 meV and high-absorption cross sec-
tion of **Sm. This resulted in long data collection time
which made the task of maintaining a very strict phase
stability during the counting period somewhat difficult.
During early attempts of this experiment, transmission of
vibration to the interferometer by mechanical means and
by microphonics caused loss of contrast in the interfer-
ence pattern, particularly at or near a mechanical reso-
nance of the rotating disk assembly. This was accom-
panied by a relative change of the initial phase of the in-
terferograms by either zero or 7 radians, with a sharp
transition occurring between these two values near a
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FIG. 8. Effects of transmitted vibration on the phase and
contrast of interference pattern in the early version of this ex-
periment. The magnitude of the transmitted vibration depend-
ed on the rotation frequency of the disk.

minima of contrast. This is shown in Fig. 8. This effect
was puzzling, and to our knowledge has never been ob-
served before. However, by a simple model which takes
into account vibrations of the disk coupled to the inter-
ferometer, we were able to understand this effect qualita-
tively. This model is described in the Appendix. An un-
derstanding of this anomalous effect was very important
in making proper modification to the apparatus for the
successful completion of the experiment.
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APPENDIX

Suppose that vibrations of the rotating disk couple to
the interferometer and induce a time-dependent phase
shift

A(t)=Aqcos(wt) . (A1)

The time-dependent intensity of the interference pattern
can then be written as

I(t)=A +B cos[B+A(2)] . (A2)

In the above equations, w is the angular speed of the ro-
tating disk, A4 is the mean, B is the amplitude of the
time-dependent intensity, and S is the phase associated
with the phase shifter. The time-averaged intensity for
one complete revolution of the disk is then given by

1

T 1 T
= J 1di=-— " Iwnd (),

(A3)
where
oT =27fT =27 .

Using the expression for I(z) from Eq. (A2) in Eq. (A3)
and carrying out the integration, the average intensity is
then found to be

I=A4 +BJy(Ay)cosB , (A4)
and the contrast C is
B
C=“A_|J()(Ao)| (AS)

Here J, is the zeroth-order Bessel function. The phase-
locked coupling of the rotating disk to the interferometer
may be through vibrational forces or torques giving rise
to a periodic Sagnac effect.' According to this model, as
A, goes through the zeros of the Bessel function, Eq. (A4)
predicts that the initial phase changes by 180° and the
contrast vanishes in accord with the observed behavior
shown in Fig. 8. To obtain quantitative predictions of
this model, the frequency dependence of Ay(w) would be
needed. It is important to note from this analysis that
there is no vibration-induced phase shift, except the
abrupt 180° phase reversals. In subsequent experiments
the experimental setup was modified to mechanically iso-
late the rotating disk assembly from the interferometer,
thus assuring minimum transmission of vibration and loss
of contrast.
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FIG. 4. (a) View of the unassembled enclosure showing the disk inside. (b) Photograph of the assembled enclosure. The window
which allows the neutrons to pass through the disk is seen at the bottom.



