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For thermal neutrons we have measured the Fizeau effect to 1.5% accuracy. The quoted accura-
cy was achieved by use of a newly designed neutron interferometer. Four fast-moving samples, all
parts of a single, four-winged, aluminum, rotating propeller, could be made to engage simultane-
ously in the interfering beams. Our experiment complements and exceeds two recent Fizeau exper-
iments, one of which was performed with cold neutrons and much lower accuracy and the other
with a moving medium inside stationary boundaries resulting in a null Fizeau effect.

PACS numbers: 03.30.+p, 61.12.Gz

The ‘‘dragging effect’” of light in moving media was
first observed by Fizeau in 1851."2 The outcome of
the measurement was considered a triumph of
Fresnel’s idea of partial ether dragging by matter.
Later the Fizeau effect was shown to follow from spe-
cial relativity,>* and a number of more elaborate ex-
periments with light were performed.>~’ However, as
Lerche® has pointed out, the accuracy obtained in
those investigations is insufficient to distinguish ex-
perimentally between the competing formulas of
Fresnel and Lorentz for the Fizeau effect of light.

On the other hand, the neutron Fizeau effect is not
likely to bear directly on special relativity. The reason
being that thermal (or cold) neutrons move at speeds
small compared to the velocity of light c. However,
neutron Fizeau experiments are capable of illustrating
and verifying the physics of the transformation laws in
wave mechanics.’!!

In a beautiful experiment Arif et al.'? confirmed the
null result for the case when the medium is moving in-
side stationary boundaries, by rotating a quartz disk in
a thermal-neutron interferometer.

Klein er al.!®> measured the neutron Fizeau effect in
a double-slit diffraction experiment using cold neu-
trons. The accuracy of that experiment was limited to
about 10%. Therefore, a more accurate comparison
with the theory of the neutron Fizeau effect has been
desirable. Furthermore, we felt it important to mea-
sure the effect at thermal neutron energies.

A very precise way to measure thermal-neutron
phase shifts is to employ perfect-crystal interferome-
ters.!*1% In our case the S18 neutron interferometer
installed at the high-flux reactor of the Institut Laue-
Langevin in Grenoble was used. With standard inter-
ferometer crystals beam splitting and beam recombina-
tion is achieved by Bragg diffraction in the Laue
geometry. Relative phase shifts occurring along the
paths of the two interfering beams inside the inter-
ferometer cause intensity (counting rate) variations
which may generally be fitted by a function

Y=A4 +Bcos(CX +P). 1

Here Y is the counting rate, X is the neutron-optical
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path difference of the interfering beams, and 4, B, C,
and P are fit parameters. We call P, the phase deter-
mined by the fitting procedure with the sample at rest.
When the sample movement is switched on, a
velocity-dependent phase shift A® is induced, so that

P=P,+Ad. 2

In order to perform a precision measurement of the
Fizeau effect we needed high sensitivity to velocity-
induced phase shifts which means large sample speeds.
At the same time, in order to preserve high contrast of
the interference fringe pattern, vibration transmission
from the sample movement to the interferometer it-
self had to be minimized. Both goals could be
achieved by our employing a rotating sample rather
than one which performs linear motions in an oscillat-
ing fashion, and giving the sample the shape of a
four-winged propeller combined with the special inter-
ferometer design as shown in Figs. 1 and 2.
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FIG. 1. Photograph of interferometer crystal.
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The new interferometer (manufactured at the
University of Dortmund) has four separate wafers
each 24 mm high, 0.64 mm thick, and about 7 mm
wide which act as beam splitter, mirrors, and beam-
superimposing analyzer. If the Bragg angle is
®p=m/4, a neutron wavelength of A=1.92 A is ob-
tained from the 400 reflection in silicon, and the in-
terfering beams follow the geometry of a perfect
square. Thus the four 10-mm-thick propeller wings
engage simultaneously in the interfering beams. It is
easily seen that the velocity-induced phase shifts of all
wings add with equal sign so that a factor of 4 in sensi-
tivity is obtained. The propeller itself is completely
encapsulated inside an aluminum box 65 mm by 65
mm wide for which there is enough free space between
the crystal wafers. The box is fitted with Mylar win-
dows at the entrance and exit points of the neutron
beams. In front of the analyzer crystal a tantalum
plate is inserted which serves as a standard phase
shifter. A typical interference fringe pattern measured
with the new interferometer is shown in Fig. 3.
Although the beam splitter, mirrors, and analyzer are
quite small and fairly wide apart, the interference con-
trast is still about 37%.

The propeller is rotated by a stepping motor via a 1-
m-long shaft in order to reduce disturbances due to
the motor. The counting rates of the outgoing neutron
beams are sorted into a multichannel analyzer by an
angular encoder combined with a special electronic
system. Only over the four angular regions where the
wings engage fully in the beams is the interference pat-
tern observed.

In our calculation,!! assuming a parallel-sided speci-
men as explained in Fig. 4, we transform the time-
dependent Schrodinger equation to the frame at rest
with the specimen’s boundary and determine the neu-
tron wave function by applying time-independent
boundary conditions in that frame. In our measure-
ment, the velocity v, of the scattering atoms equals
the velocity v, of the boundary. Therefore, angles ¢
and 7 in Fig. 4 are equal. Furthermore, assuming the
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FIG. 3. Typical interference fringe pattern. Contrast

equals about 37%.

bound coherent nuclear scattering length b, to be in-
dependent of the neutron wave vector, which in the
thermal-neutron range holds for most materials to
high accuracy, we obtain for the measurable speed-
induced phase shift caused by the specimen of Fig. 4

A(I) = — vab, (3)
with
Cy=[47*Ndb.m cos(6—n)1/[hK?cos?6]. (4)

K, is the incident neutron’s wave vector, N is the
number of scattering atoms per unit volume, m is the
neutron rest mass, and 4 is Planck’s constant. 6,7,
and d are explained in Fig. 4.

It follows from Eq. (4) that the phase shift is zero
when the velocity v, is parallel to the specimen sur-
face. This was recently verified experimentally by Arif
et al.'? in their null Fizeau-effect experiment. As was

FIG. 4. Neutron beam with incident wave vector K,
traversing a parallel-sided specimen, the scattering atoms of
which move with velocity v, while the boundaries have
velocity v,.
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already pointed out by Arif et al, with v, parallel to
the surface the phase shift is proportional to 85,/0K
which in principle could thus be measured by a tuning
of K via v,, where K is the neutron’s wave vector seen
from the scattering atoms. Assuming the specimen to
be a rotating disk with rotation axis parallel to the neu-
tron beam which passes the disk at a distance r =10
mm from its axis, we calculate v=3x10° rpm to be
necessary in order to obtain a tuning range of 10% at a
2-A neutron wavelength. Such a speed does not seem
feasible. Nevertheless, a tuning range of a few percent
appears to be attainable by this method.

From the numbers of the corresponding channels of
the multichannel analyzer we calculate the variation of
6 (Fig. 4) occurring over each of the fringe-yielding
regions. We then use the average of v,/(cos?6) over
the range — 0.307 rad < # < +0.307 rad in Egs. (3)
and (4). The total thickness of all four wings was
d=0.0398(1) m.

The scattering-length density Nb. of the propeller
material was directly measured by rotating one of the
wings within a pair of nonparallel interfering beams
and recording the fringe pattern as a function of rota-
tion angle. Nb, is then determined from the period of
the fringe pattern. It was found that

Nb, (sample) =2.085(4) x 10'* m~2, (5)
whereas!’
Nb, (pureAl) =2.077(3) x 10 m~2, (6)

Similarly the wavelength used was directly determined
by Fourier transformation of the interference pattern'®
of a standard aluminum phase plate with a known Nb,
value. We found

A=1.9265(30) A. (7)

Since for aluminum at this wavelength, 95.,/8K =0,
we thus have all the parameters at hand to calculate
the theoretical phase shift according to Eq. (3).

The motion-induced phase shift depends on the to-
tal thickness of the material present in all four beams,
whereas the initial phase depends on the thickness
difference of materials in the two interfering beams.
When the propeller makes a turn of 360° there are
four positions, at 90° intervals, where the wings en-
gage fully into the beams. Because of manufacturing
tolerances of the propeller wings the four positions
yield slightly different initial phases. The measure-
ments were therefore made in the following way.

Interference fringe patterns were recorded alternate-
ly with the propeller rotating quickly (i.e., at speeds for
which the motion-induced shift was to be measured)
and with the propeller rotating slowly (i.e., at a speed
for which the motion-induced phase shift is practically
zero). Motion-induced phase shifts were then deter-
mined for the four propeller positions separately by

Phase shift {rad)

2
Speed [ms™'}

FIG. 5. Linear fit of 147 motion-induced phase-shift mea-
surements. See text.

subtraction of the phase obtained from the quasistatic
measurement from that obtained with the propeller ro-
tating at various speeds.

In this way 147 motion-induced phase shifts
A®(v,) were measured with specimen speed differ-
ences v, ranging from —2.4 to +2.4 m s~ !. Separate
linear fits with Eq. (3) for the four different angular
positions gave C, =0.8016, 0.8112, 0.7893, 0.8038 rad
s m~!, respectively. Since the differences among the
C, are within one standard deviation they may be fit-
ted simultaneously (Fig. 5), giving

Cp expr="0.8012(0.01) rad s m~". (8)

The experimental error, which includes fit statistics
and errors of X\, Nb,., etc., amounts to about 1.5%.
This is roughly 1 order of magnitude more accurate
than the cold-neutron measurement by Klein et al.!3
Cp expt is to be compared with the theoretical value cal-
culated from Eq. (3),

Cp,=0.8171 rad s m™ 1. 9
Hence
Cpexpt— Cpin=—1.59x10"2rad s m~ !, (10)

which is less than a 2% deviation.

It would be interesting to extend the measurement
to larger values of v, where a nonlinear term propor-
tional to vZ has to be added'! in Eq. (3). If we assume
that the experimental error can be decreased to 0.5%
then the nonlinear contribution would become detect-
able at v, =10 m s~ !. Specimen speeds of this order
seem to be feasible in the future.

Sears!® has pointed out that local field effects?®-22
change the A dependence of b, and produce a nonvan-
ishing Fizeau effect. According to the work of Sears
the effect is considerable for A > 13 A and small for
thermal neutrons. With increased accuracy, however,
the effect might become detectable for A > 4 A.
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FIG. 1. Photograph of interferometer crystal.



