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Neutron DiO'raction by Surface Acoustic Waves
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We report an experiment demonstrating diffraction of cold neutrons by surface acoustic waves. We
show that, in contrast to analogous experiments with light, the motion of the surface —acoustic-wave de-
formation of the surface requires significant modification of the diffraction equation applicable to sta-
tionary gratings. Diffracted beam intensities are in reasonable agreement with a simple theoretical
treatment.

PACS numbers: 61.12.Ex, 43.20.+g, 68.35.—p

The diA raction of light by the moving "grating"
formed by a surface acoustic wave (SAW) is a well-

known phenomenon, ' which has been routinely used to
investigate SAW propagation and attenuation charac-
teristics. We report here an experiment which demon-
strates the neutron-optical analogy of this effect.

There are two main differences between the scattering
of neutrons and the scattering of light by surface acous-
tic waves. Firstly, the refractive index of matter for
neutrons is very close to unity, i.e., for neutrons
1
—

p —10, whereas for light p —
1 —1. This fact

necessitates the use of grazing incidence for neutron in-

vestigations of surface phenomena. Secondly, for light,
the SAW may be treated as a stationary grating to a
very good approximation, while for neutrons this is not
the case since the neutron speeds are an order of magni-
tude smaller than the SAW speed. We deal with this
problem by transforming from the frame in which the
SAW is stationary. An important consequence of this
rapid motion of the grating is that the diffraction angles
are much larger than those for neutrons diffracted by a
stationary grating of the same spatial periodicity as the
surface acoustic wavelength.

Kinematics. —Consider a SAW propagating along the
A axis on the surface of the material which occupies the
space y ~ 0. In the primed frame in which the SAW is

stationary the diffraction-grating equation for reflected
neutrons incident in the A-V plane may be written

k 'cos0„' =k 'cos0'+ nsK,

where k' is the neutron wave number, 0' the glancing an-

gle of incidence, and 0„' the angle of the nth diffracted
beam (n =0, + 1, + 2, . . . ). K is the SAW wave num-

ber, and the integer s is ~ 1 depending on whether the
propagation of the SAW and the incident neutrons have
the same or opposite senses.

A Galilean transformation from the stationary to the

(unprimed) laboratory frame yields the result

k„cos0„=k cos0+ nsK,

k„=k +2nx.K,

(2a)

(2b)

where rc=mu/6, m is the neutron mass, and u is the
SAW speed. The second of these equations corresponds
to a neutron energy change due to the absorption of n

phonons, and the diffracted-beam neutron wave number
is consequently subscripted.

For our experiment K« (k, rc) and (0,8„)«1, which
yields the approximation

e„' =e'+ 2n(K/k) (~/k sl— (3)

62 62+ +k —V(x,y) +(x,y) =0,
8x

where 6 V/2m is the neutron potential of the surface
material. As a result of the surfce deformation, V(x,y)
is periodic in x with spatial frequency K, and may be ex-
panded as a Fourier series in x. In this situation
Floquet's theorem leads to a Bloch-type wave function,
the product of a plane wave exp(ikx coso) and a function
u(x, y) periodic in x with spatial frequency K, which
may also be expanded as a Fourier series in x.

Substitution of these forms reduces the Schrodinger
equation (4) to the system of coupled ordinary diAeren-

The factor tc/k —s is the ratio of the SAW velocity in

the neutron rest frame to the neutron velocity in the lab-
oratory. For cold neutrons this factor is an order of
magnitude greater than unity, its value for a stationary
grating of the same spatial frequency, and results in a
significant enhancement of the diffraction angles.

Dynamics. —In the stationary SAW frame, the rele-
vant Schrodinger equation is
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FIG. I. (a) Schematic of neutron "grating" ditfraction by surface acoustic waves. (SAW propagation sense s =+1.) (b) Instan-
taneous profile of the interdigitated electrode structure showing the applied voltage and the deformation of the piezoelectric surface.

tial equations in the surface normal coordinate y:

[d /dy +k„»(y)]u„= g V u„—
mAO

(5)

where k„»(y), a transverse momentum the same in the laboratory and the SAW rest frames, is given in terms of labora-
tory variables as

k„» (y) =k sin 8+ 2nK(x —sk cosg) —(nK) 2 —Vp(y). (6)

(7a)

(7b)

The [V;(y)] and [u;(y)] are the Fourier coefficients of the expansions of V(x,y) and u(x, y). The y + ~ values of
k„»(y), k„»„and k„», give the components of the reflected and transmitted neutron-beam wave numbers normal to the
surface. We note that k„ the critical wave number for total external reIIection, is related to Vp(y) by k,:—Vp( —~).

The boundary conditions for the solution of (5) are

b„pexp[ —ikp» y] +r„exp[+ik„»,y], y +~,
u„(y) ='~

r„exp[ ik„»,y], y

where k„» )0 if real, and k„» =i
I k„» I if imaginary, cor-

responding to an evanescent wave. The reflection and
transmission coe%cients, which apply in both stationary
SAW and laboratory frames, are then given by Rp =

I [kp „kp,]/[kp +kp (1 la)

R„=(k„»„/ko»„) I r. I
',

T„=(k.„/ko„) Ir. I

'
(8a)

(8b)

Under the conditions of' our experiment the equation
system (5) may be approximated by our ignoring all or-
der other than n=0, + 1 and by our giving the potential
the abrupt form

V(x,y) =k, H (A cosKx —y ), (9)

V.(y) =k,'0( —y),

V~ i(y) =(k,'4/2) 6(y),

(I oa)

(Iob)

where 0 is the unit Heaviside step function, 4 is the am-
plitude of the surface wave, and k, is the critical neutron
wave number for total external reI1ection. (This assump-
tion is valid provided that the eA'ective neutron-beam
wavelengths normal to the surface are greater than both
the soft range of the surface potential and the amplitude
of the SAW deformation. ) With Eq. (9) and the small-
ness of k„~A, convenient computational approximations
for Vo and V w ] are

R ~
&
=& ko», k ~ )», I [ko»„—ko»r]/[k ~ i», +k ~ i», j I

(I I b)
The k„~, are real and positive when a reflected beam is
kinematically allowed. The wave numbers kpyp and kzyp,
are given by Eq. (6) and the paragraph following it.

Surface waves were generated on a SA%' delay line of
conventional geometry consisting of photolithographed
interdigitated electrode transducers configured upon an
ST-X—cut quartz crystal substrate (see Fig. I). In or-
der to define the neutron reflection area and to damp any
spurious SAW reflections, Gd203 paint covered the re-
gion behind the SAW-generating transducer, as well as
the entire region of the receiving transducer. The wave-
carrying area available for neutron illumination was 40
mm (in the A' propagation direction) by about 5 mm
wide. The device was driven at 34.5 MHZ, which, for an
X-propagating SAW on an ST quartz surface (u =3158
m s '), corresponds to a wavelength of 91.5 pm. At
maximum power (=100 mW) the device generated an
appropriately averaged SAW amplitude of 13.5 A over
this area as deduced from measurements of diAracted
laser light. During the experiment the SAW amplitude
was monitored by the measurement of the previously
calibrated voltage at the delay-line receiving electrodes.
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FIG. 2. Typical data set (11.0-A neutrons, s =+1, 0=16.3
mrad). The black areas represent the diff'raction signal
difference between SAW-on and SAW-off data collection. In-
set: Zeroth-order beam structure of the same region.

The experiment was performed at the Institut Laue-
Langevin High-Flux Reactor, at neutron wavelengths
centered on 11.0 and 17.8 A (5% FWHM, triangular
distribution). The critical wave number for total exter-

—3 & —
1nal reflection of neutrons on quartz is 7.29X10

yielding critical angles (0, ) for these wavelengths of 12.8
and 20 7 mrad. The SAW device was mounted in
critical-reflection geometry on the small-angle scatter-
ing spectrometer' D17. Incident-beam collimation of
about 1 mrad was achieved between a 2-mm slit, situated
at the neutron guide-tube exit 2.6 m from the device, and
the projected width of the SAW surface, =1 mm at the
operating angles. The output counts of the D17 mul-
tidetector, located 3.4 m downstream from the device,
were summed in the direction perpendicular to the plane
of reflection in order to average out the spatial intensity
variations of the beam emerging from the guide tube.
With a flux of about 10 n cm s ' a single data set
takes several hours of beam time to acquire. The 5-mm
channel width of the detector results in a resolution of
1.5 mrad.

To improve the extraction of the diffraction signal
from the normal background (and from the sometimes
very close and much more intense zeroth-order beams),
the detector output and the rf drive to the SAW device
were synchronously gated. This produced two detector
outputs for comparison, SAW off (no diff'raction) versus
SA W on (diff'raction).

A typical detector output is shown in Fig. 2.
The small-angle form of the SAW diffraction formula,

Eq. (3), was tested for both experimental wavelengths, in
both SAW propagation senses (s = + 1), out to several
times the critical angle. These results are presented in
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FIG. 3. First-order diffraction angles vs glancing angle of
incidence. Our experimental data are compared with theory
[Eq. (3)] for the two senses of SAW propagation (s = ~1).
The dotted lines are the predictions of Eq. (3) for a stationary
grating. (Error bars lie within data points. )

Fig. 3; within experimental error the agreement with Eq.
(3) is excellent. The expected magnification of diffrac-
tion angles over the stationary case is clearly demon-
strated, as is the dependence upon SA W propagation
sense.

The dependence of the diffracted-beam intensity upon
SAW amplitude was checked and, within experimental
errors, was found to be directly proportional to 2 as2

p red icted by Eq. (1 1 b) .

To test the angular intensity dependence, the dif-
fracted-beam counts were normalized against the
reflected-beam counts. The predicted values of R ~ ~/Ro
obtained from Eq. (11) for a SAW amplitude of 13.5 A
are compared with the measurement for 11.0-A neutrons
in Fig. 4. The agreement for the 17.8-A data is equally
good. Some discrepancies are evident at higher angles of
incidence, as a result no doubt of more direct probing of
the actual surface-potential structure by the incident
neutrons.

Previous experiments on the diffraction of neutrons by
optical gratings, while demonstrating the correct
diffraction angles, had more significant discrepancies be-
cause of shadowing and the sharpness of the grating
groove profile. The smoother sinusoidal form of the
SAW surface deformation is responsible for the better
agreement between theory and experiment in our case.
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FIG. 4. Ratios of first-order to reflected (zeroth-order)
beam intensities vs glancing angle of incidence, for 1 I.O-A neu-
trons for the two senses of SAW propagation.
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