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Direct Measurement of the Longitudinal Coherence Length of a Thermal Neutron Beam

H. Kaiser, S. A. Werner, E. A. George"
Physics Department and Research reactor Eacility, University of Missouri-Columbia,

Columbia, Missouri 652ll
(Heceived 27 December 1982)

When a series of aluminum slabs are placed in one leg of a perfect-silicon-crystal neutron
interferometer, a continuous and significant loss of contrast is observed. This observation
is interpreted as being due to the finite length of the neutron wave packets.

PACS numbers: 03.65.Bz, 42.50.+q

A collimated beam of thermal neutrons pre-
pared by Bragg reflection from a single crystal,
or by passage through a pair of phased Fermi
choppers, is never precisely monochromatic.
According to the rules of quantum mechanics we
are led to believe that we can describe a particu-
lar neutron in the beam by constructing a wave
packet gg, t) from the linear superposition of

plane waves e'"" " with amplitudes a(k). The
spatial extent o„of the wave packet is related to
the width o'„of the amplitude function a(k) by the

uncertainty principle:

This alone does not tell us anything about the
coherent internal structure of the wave packet or
about its precise shape at a given instant of time.
For a Gaussian amplitude function

a(k) =a, exp[- (k —k,)'/4o „'],
it is straightforward to show that the wave packet
in real space also has a Gaussian shape with a
width which increases with time, ~, according to
the formula'

1 ~'t'
o„'(t)=,+, o, '.4o,' I'

For a photon in vacuum this spreading does not
occur, since the velocity of light is a constant,
independent of k.

Are the coherent internal structure of the neu-
tron wave packet, its shape, and this spreading
with time accessible to experiment~ Conceptual-
ly, at least, one might think so. Consider the
following interferometric experiment, shown
schematically in Fig. 1, in which we coherently
split a neutron beam at point 4, allow one of the
beams to traverse a region of potential Y extend-
ing over a distance D, and then allow it to recom-
bine and interfere with the other beam at point &.
The potential has the effect of increasing the
transit time of the neutr on wave packet of path I
relative to the one on path II such that their mean

relative positions are displaced by a distance

(4)

potential

or

neutron
source

FIG. 1. Schematic diagram of an interferometer in
which a nominally monoenergetic neutron beam is co-
herently split at point A. and recombined at point B. The
beam on path I traverses a region of positive potential
V extending over a distance D.

upon recombination near point &. In writing Eq.
(4) we have assumed that the potential V is small
in comparison to the kinetic energy E of the neu-
tron. If the spatial shift &x of the one wave pack-
et with respect to the other is sufficiently large,
they will no longer overlap near point &, and the
contrast of the interferometer will disappear. By
observing the change of contrast of the interfer-
ometer as a function of hx, it is apparent that the
shape and spatial extent of the neutron wave pack-
et can be measured. More precisely, an experi-
ment of this type is sensitive to the convolution
of $, (x, t) with g»(x, t). The coherence length of
an electron wave packet has recently been meas-
ured in a conceptually similar, but geometrically
quite different, experiment with a Wien filter by
Mollenstedt and Wohland. '

We have carried out this neutron experiment,
utilizing a three-crystal silicon interferometer
(Fig. 2) of the type developed by Bonse and Hart'
for x rays, and subsequently first shown to work
for neutrons by Rauch, Treimer, and Bonse.4

This device has been used for a number of inter-
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FIG. 4. Curve A. : Loss of contrast as a function of
aluminum slab thickness D. The abscissa is also
labeled in terms of the spatial shift Ax [Eq. (6)] of the
wave packet traversing the aluminum slabs. Curve &:
Change of contrast vs D when identical aluminum slabs
are placed in both beams. Curve C: Loss of contrast,
corrected for aluminum slab inhomogeneities, thick-
ness variations, and wave amplitude attenuation, and
normalized to 100/0 at the peak, as discussed in the
text.

to the fact that the beam splitters and the dis-
tances between the crystal plates are not perfect
and precise.

From what has been said above, it is natural
to interpret this loss of contrast as being due to
the relative spatial shift of the wave packet in one
leg of the interferometer with respect to the wave
packet in the other leg caused by the delay that it
experiences in passing through a progressively
longer region of positive potential. However,
variations in density or thickness of the aluminum
slabs over the cross-sectional area of the beam
and attenuation of the wave amplitude in one leg

of the interferometer due to absorption and scat-
tering by the aluminum slabs can also cause a
loss of contrast. The first of these effects can
be assessed by placing aluminum slabs of identi-
cal thicknesses in both beams and observing the
loss of contrast. Results of measurements of
this type are shown by curve & in Fig. 4. The
attenuation of the wave amplitude was found to
be about 10% for 1 cm of aluminum. It was meas-
ured directly in the interferometer by blocking
off the other beam with a Cd absorber. The loss
of contrast due to the combination of these two ef-

fectss

is small, of order 5% for 1 cm oi' aluminum.
Correcting the results for these effects, the con-

,trast normalized to 100/o at the peak is shown as
curve C in Fig. 4. The solid curve, passing
through most of the data points, is a Gaussian
with full width at half maximum equal to 94 A.
It is centered at &x =-4 A, reflecting the fact
that the two beam paths are not precisely equal.

In principle, the change of contrast as a func-
tion of the relative spatial shift &x (after correc-
tion for the above two small effects) is the con-
volution of the wave packet Pi(x, t) with the wave
packet gi, (x, t) integrated over the detector and
averaged over time. Naively, one might expect
the width of this curve to be the root mean square
of the widths of the two packets; but, at what
time~ If we start the clock at the time when the
neutron enters the interferometer and is Hragg
reflected at the first crystal and use the transit
time (= 25 g sec) from point A to point D and the
measured wavelength spread («/& '= 0.0125) of
the neutrons Bragg reflected by the interferome-
ter crystals to calculate cr, (=0.0254 A '), we
find that the time-dependent contribution to the
width given by Eq. (3) is about 5&&10' A, which is
much larger than the 94 A full width at half maxi-
mum observed for the experimental convolution
of the two wave packets. The 94 A width corre-
sponds to the convolution of two packets, each of
width 94/~2 A. This implies that the equivalent
Gaussian width parameter of Pi or gii is 28.2 A;
the Gaussian width of the probability densities
(I&i I or Ipii I') is then 0'„=19.9 A. This means
that o„v„=0.505, which is consistent with Eq. (1),
implying that this experiment directly measures
the minimal width v„(0).

The fact that the spreading of the wave packet
with time does not seem to play a role in these
observations can be understood theoretically. If
one looks in detail at the internal structure of,
say, a Gaussian packet, it is found that P(x, t) is
not symmetric about its center; the wavelength
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of the oscillations in real space is somewhat
longer on the trailing edge than on the leading
edge. Therefore, interference effects are only
observable when the two wave packets are nearly
coincident as discussed by Klein, Opat, and
Hamilton. " To our knowledge, this is the first
experiment in which the detailed longitudinal
shape of a neutron wave packet has been observed,
and the uncertainty relation for neutrons in the
longitudinal direction explicitly verified.
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Longitudinal Coherence in Neutron Interferometry
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The proposition that the coherence length of de Broglie wave packets remains unchanged
even though the length of the packets increases upon propagation is discussed and demon-
strated.

PACS numbers: 03.65.Bz, 42.50.+q

An interesting conceptual difference between
classical interferometry and neutron interferom-
etry is brought into evidence by the experiment
of Kaiser, Werner, and George. ' It concerns
the question of longitudinal coherence and is due
to the intrinsically dispersive propagation of
massive de Broglie waves. The problem may be
illustrated with reference to a Gaussian wave
packet propagating in accord with the Schroding-
er equation. The width of the packet, as shown
in Fig. I, increases according to the expression'

o„'(t) = (x„'(0) + [Rt/2m'„(0) ]'.
Neutrons, which may be represented by such a
wave packet, are coherently split in a neutron
interferometer and are later recombined after
traveling along unequal optical paths. It is obvi-
ous that no interference is to be observed if the

path difference, M, exceeds the spatial extent
of the wave packet. However, if the interferom-
eter is a long way downstream from the mono-
chromator (in which the initial packet was pre-
pared), the partial packets will now overlap, as
shown in Fig. 2. May we now expect an observa-
ble interference pattern?

FIQ. l. Evolution of a freely propagating Gaussian
wave packet.
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