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Effects of traveling surface acoustic waves on neutron Bragg scattering from perfect crystals

W. A. Hamilton and M. Yethiraj
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

~Received 2 July 1998!

We have studied the effects of a traveling surface acoustic wave~SAW! disturbance on symmetric Bragg
case neutron diffraction from a perfect crystal of lithium niobate. Generally, the reflectivity is increased as the
SAW distortion creates an effective moving mosaic crystal in the near surface region. Unlike the corresponding
x-ray situation in which the crystalline distortion is effectively stationary, thermal neutron and SAW velocities
are comparable. Thus the interaction between the neutron and the coherent SAW phonons involves significant
Doppler effects that also modify the reflected neutron intensity. While the observed effects can be explained
qualitatively, as yet no quantitative picture exists of the interaction between the neutron and the coherent
surface phonons in this situation.@S0163-1829~99!07105-2#
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The effect of acoustic waves generated in single crys
on x-ray and neutron scattering has been studied for sev
decades now. For the most part these investigations h
focused on bulk acoustic wave effects.1–6 While more re-
cently there have been studies on the effects of sur
acoustic wave~SAW! distortions on Bragg diffracted x-ra
intensities7–9 the work presented in this report represents
first investigation of the corresponding neutron case. Furt
since we used a device designed to produce a traveling S
distortion with minimal standing-wave characteristics, it is
measurement of Bragg diffraction exploring the con
quences of comparable velocities of the SAW and the
fracted radiation.

To a first approximation the expected effects on reflec
neutron intensities are as follows: The distortion caused
the passage of a SAW of wavelengthL and surface norma
amplitudeA, creates an effective crystal corrugational ‘‘m
saic’’ of spatial periodL near the surface moving at th
surface acoustic wave speed,vS @Fig. 1~a!#. At the surface
this corrugation will have an angular amplitudea
52pA/L, and an rms ‘‘ripple mosaic’’ widthh;a/A2. The
SAW wavelength of our device is comparable to the prim
extinction depth of the neutron reflection, whileh is some-
what greater than the perfect crystal’s total reflection Darw
width10 ~typically of order a few microradian!. The distortion
broadens the crystal’s Bragg scattering interval and incre
the reflected neutron intensity. We can consider the inte
tion as a Doppler-shift effect between the lab frame and
frame in which the SAW distortion mosaic is stationary. A
earlier investigation of grazing incidence diffraction of co
neutrons reflected from the moving surface ‘‘grating’’ pr
duced by a traveling SAW disturbance on quartz11 showed
significant Doppler effect magnifications of diffractio
angles and diffracted intensities. In that case the nature o
material underlying the distorted reflecting interface was
relevant since crystal lattice distortions have a neglible ef
on the neutron optical Fermi pseudopotential of the qua
In the more complicated large-angle situation conside
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here we found that Doppler effects can also dramatica
modify the scattered Bragg intensity when thermal neutr
are reflected from the SAW distorted crystalline lattice
gion beneath a surface.

Surface waves were produced on a SAW delay line
conventional geometry by photolithographically etched int
digitated transducers12 ~IDT’s! in aluminum configured upon
a perfect single-crystal lithium niobate (LiNbO3) substrate
@Fig. 1~b!#. For a piezoelectric crystal such as LiNbO3 the
stresses induced on the surface when an oscillating voltag
applied to the IDT create a standing-wave deformation o
the electrode region, resulting in a bidirectional SA
launch. LiNbO3 is a trigonal crystal~hexagonally indexed!.13

The SAW surface normal for the device is the crystal
graphicb axis, while the SAW propagates along thec axis.
In conventional SAW device terminology this isY-cut
LiNbO3 with acoustic propagation in theZ direction.14 This
is a pure mode axis for this crystal, so the angle betw
phase and group velocities of the SAW is zero and there
the acoustic power flow of our device is parallel to the aco
tic wave vector and perpendicular to the SAW wave fro
The SAW velocity forY-Z LiNbO3 is 3488 ms21 and the
periodicity of the IDT electrodes~hence the SAW wave-
length! was 94mm, at an operating frequency of 37 MHz
The SAW carrying area of the device was 5 mm, the wid
of the IDT, by 90 mm, the distance to the delay line’s r
ceiving transducer. To damp spurious SAW reflections
region behind the SAW generating transducer was m
loaded with a coating of neutron absorbing Gd2O3 paint. The
receiving transducer was also painted over. Although t
reduced its sensitivity, it eliminated acoustic Bragg refle
tions from its electrode pattern, which produced a ba
propagating SAW distortion, and consequently a standi
wave ‘‘contamination’’ of the traveling SAW distortion
Conventional ‘‘laser probe’’ measurements of grating d
fraction of He-Ne laser light showed that the SAW amplitu
varied linearly with the receiving transducer signal over t
range of operation. This calibration was used to monitor
3388 ©1999 The American Physical Society
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PRB 59 3389EFFECTS OF TRAVELING SURFACE ACOUSTIC . . .
SAW amplitude during our neutron measurements. At
maximum power~;200 mW! the device generated a dis
placement amplitude normal to the surface of 12–15 Å o
the SAW carrying area.

Since theb axis is normal to the surface of our SAW
device,$0k0% reflections can be measured in the symme
Bragg geometry, i.e., the reflection’s reciprocal lattice v
tor, G, is normal to the surface and to the SAW wave vec
k, of magnitudek52p/L. We denote the angle between th
scattering plane and the SAW propagation direction asf
@Fig. 1~c!#. The neutron-diffraction measurements repor
here used the 3XE triple axis at the Missouri University R
search Reactor~MURR! and HB3 triple axis at the High
Flux Isotope Reactor at Oak Ridge National Laborato
~ORNL! for a range of neutron wavelengths~0.81–2.44 Å!
on the first allowed$0k0% reflection for LiNbO3, the ~030!
for which the lattice spacingd030 is 1.487 Å (G03054.22
Å 21). The incident beam was produced by pyrolytic grap
ite monochromation with appropriate filters and had r
width du;0.15°. The primary extinction depth for thi
Bragg reflection,D030, is 38 mm. @D0305pV0/2d030uF030u,
whereV0 is the unit-cell volume andF030 is the~030! struc-
ture factor.# For aY-Z LiNbO3 SAW the penetration depth
«, of the surface normal displacements is about 1.3L, ;120
mm in the present case, thus the SAW distortions ext
several extinction depths into the crystal. At maximu
power the rms angular width of the corrugational distorti
of the surface ishmax;60mrad. For the range of Bragg
anglesuB used in this work~;16°–35°!, hmax is about an
order of magnitude larger than the Darwin plateau width
the ~030! reflection~in symmetric Bragg geometry!, which is

FIG. 1. ~a! Surface acoustic wave distortion of a surface.~b!
Schematic of SAW generating interdigital electrode pattern
Gd2O3 paint damping.~c! Schematic of SAW propagation on th
LiNbO3 surface with respect to the conventional scattering trian
The scattering vectorG030 is in the direction of the surface norma
and is drawn at the point of incidence of the neutron beam to
surface, and hence along thef rotation axis.
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given by Du052d030tanuB /D030, i.e. tanuB37.8mrad.
From multiple reflection effects in dynamical crystal diffra
tion the integrated reflectivity of a perfect crystal in symm
ric Bragg geometry saturates at a crystal slab thicknes
about one extinction depth at the same value as would
achieved for the perfectly imperfect~mosaic! crystal de-
scribed by kinematical theory for thickness of onlyDG /p,
i.e., in our caseD030/p;12mm. The angular distortion of
local crystal plane directions by greater than the Darw
width over several times these depths will greatly redu
these multiple reflection effects, creating an effective mos
crystal rather thicker thanD030/p and with correspondingly
higher integrated reflectivity.

The effective mosaic of a stationary corrugational dist
tion in the scattering planehucosfu is at a maximum when
f50° or 180°. Although this is the case for x-ray diffractio
from SAW, since the distortion is effectively stationary, th
neutron case is very different. Figure 2 shows the dep
dence of measured normalized enhancement for~030! re-
flected 1.22 Å neutrons~Bragg angleuB524.2°! on SAW
amplitude for SAW propagation towardsf5180° and away
from the incident neutron beam directionf50°. Clearly the
Doppler effect on reflected neutron intensities is drama
For f5180° SAW propagation, the enhancement at ma
mum SAW amplitude of;13 Å more than doubles the ob
served integrated reflectivity. When the crystal is rotated
the f50° the orientation the enhancement is only 5%
value reached in thef5180° orientation for a SAW ampli-
tude of only;0.5 Å. A qualitative explanation of this effec
is possible if we consider the analogous situation of neut
Bragg reflection from a mosaic crystal in motion parallel
the average lattice plane. Then, the phase space volume
ment selected by a reflection~angular sampling of the reflec
tion! is increased by a Doppler factor equal to the ratio of
neutron velocity components parallel to the lattice planes
the reference frame in which the crystal is stationary and
lab frame.15 In our case the frame in which the mosaic cry
tal is stationary corresponds to the frame in which the SA

d

.

e

FIG. 2. Normalized enhancement of integrated reflectivity v
sus the SAW displacement amplitude at the surface for 1.22
neutrons for SAW propagation in the forward~f50°, open circles!
and backward directions~f5180°, open squares!, with respect to
the neutron beam. Inset shows the full rocking curve measurem
for f5180° at full SAW power~MURR data.!
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3390 PRB 59W. A. HAMILTON AND M. YETHIRAJ
disturbance is stationary. The angular interval of a station
ripple mosaic in the lab frame as projected onto the sca
ing plane,hucosfu, will be related to its value in the SAW
stationary frame by a Doppler factor. Designating the SA
stationary frame by primes we find that the effective angu
interval of the moving ripple mosaic is given by

h85hucosfuu~v i cosf2vS!/v i cosfu[h f D~f!,

wherev i is the neutron velocity component parallel to t
surface andvS is the SAW velocity and we have defined th
Doppler magnification factor as

f D~f![u~v i cosf2vS!/v iu5ucosf22kS /~G cotuB!u,

wherekS is the wave number of a neutron traveling at t
SAW speed. Obviously this expression which properly
lates only to the magnification of each infinitesimal volum
sampled by the beam diverges asv i→0. If, however, we
average over the phase-space width sampled by the beam
obtain the following phase-space volume Doppler factor:

FD>$@~ki cosf2kS!21~dki cosf!2#/~ki
21~dki!

2#%1/2,

whereki is the neutron wave vector component parallel
the surface. Note that for a given reflection the phase-sp
width sampled by the neutron beam is constant betw
frames for constant beam collimationdu, since dki'du
G/25631023 Å 21. For the cases considered here inst
mental limitations keep us relatively far from normal inc
dence sodki is small relative toki and to the accuracy of ou
measurementsFD> f D and we will use the simplerf D ex-
pression in most of the discussion to follow. These Dopp
factors are greatest when the SAW velocity is in the oppo
sense to the neutron velocity, so we may expect maxim
apparent mosaic and hence enhancement of reflected ne
intensity whenf5180°. Forv i,vS the enhancement wil
be a minimum for when the velocities are in the same dir
tion, whenf50°. However, forv i.vS , a zero enhance
ment minimum would be expected forf'6arccos(vS/vi)
sincef D50. In this case we now expect a local maximum
f50°. The SAW distortion’s effect in Doppler enhance
wave-vector acceptance normal to the surface will be

Dk'8 'h8ki5 f Dhki5h~p/d030! f D cotuB .

For f50° andf5180° we note thatf D cotuB is simply the
cotangent of the Bragg angle in the frame where the SA
distortion is stationary. The Darwin plateau~100%! half-
width of the undistorted perfect-crystal reflectivity express
as a wave number is simplyDk'

0 52p/D030 in any frame.
Beyond this range the reflectivity falls rapidly and the fu
integrated reflectivity of a perfect crystal Bragg reflectionr0
is equivalent to unit reflectivity over a range of only 1.3
Dk'

0 . When the SAW distorted crystal acceptanceDk'8 ex-
ceedsDk'

0 neutrons will be reflected from the surface regi
that would not have been reflected by the undistorted per
crystal giving an enhanced integrated reflectivity. When
reason of decreased SAW distortion amplitude or Dopp
reduction (f D!1) Dk'8 is less thanDk'

0 the observed reflec
tivity in our experiments will be essentially the same as
the undistorted crystal.
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An equivalent expectation is reached if we consider
change in the incident perpendicular neutron wave vec
associated with the creation/absorption ofn surface~SAW!
phonons of wave vectork[2p/L, which is easily shown to
be

Dk'~6n!56nk~ki cosf2kS!1n2k2/2G

;6n~k/2! f D cotuB , since k!G.

The number of surface phonon creation or absorption ev
required to scatter a neutron which would not be reflec
otherwise,n0, is therefore given by

n0;2~L/DG!/~ f D cotuB!'5/~ f D cotuB!.

As in the Doppler treatment, the enhancement will be
creased asf D cotuB increases and the number of phono
events necessary to scatter a neutron that is not within
perfect crystal acceptance decreases.

For the 1.22 Å (uB524.2°) data shown in Fig. 2,v i

52960 ms21 so v i /vS50.85 and f D changes by about an
order of magnitude between thef5180° andf50°, from
2.2 down to 0.2. For the SAW wavelength of our device a
the extinction depth of the~030! reflection 2(L/D030);5. At
maximum SAW amplitudeh5hmax, the ratio of the SAW
distorted and perfect-crystal acceptances at the sur
Dk'8 /Dk'

0 5( f DhD030/2d030)cotuB varies from ;40 at
f5180° down to;4 at f50° ~while n0 changes from;1
to ;12!. Clearly for f5180° the SAW distortion has cre
ated an effective mosaic crystal at the surface. Forf50° the
neutron beam comes close to pacing the distortion sof D is
small and the Doppler effect has greatly reduced the ef
tive amplitude of the distortion and the enhancement is c
sequently very much weaker.16

An adequate theoretical treatment of the dependenc
the integrated reflected intensity on the SAW distortion p
rameters would require a detailed treatment of both dyna
cal diffraction and the neutron transport effects over the d
torted crystal region, and as such is well beyond the scop
this paper. Since the distortion extends only a few prim
~dynamical! extinction depths into the crystal and is cohere
the normal mosaic crystal transport theory model which
sumes randomly oriented mosaic blocks rather smaller t
an extinction depth in size cannot be applied. Adaptation
dynamical diffraction theory to coherent distortions varyi
over the length scale of the extinction depth is also intr
table. To first order we might reasonably expect the norm
ized enhancement of the scattered intensity to go as a m
tonically increasing function of the ratio (Dk'8 /Dk'

0 ), i.e., at
constant SAW power asf D(f)cotuB .

The choice of a reciprocal lattice vectorG perpendicular
to the surface allows mapping out the Doppler dependenc
the reflected intensity withf without altering the scattering
geometry by rotating the crystal about the scattering vecto17

A series of measurements of the fullf dependence of en
hancement observed at our maximum SAW power (^A&
;13 Å) at a range of Bragg angles is shown in Fig. 3. T
data were taken at neutron wavelengths of 0.81 and 1.53
where at the Bragg conditionv i is respectively about 35%
greater or less thanvS , and at 1.06 Å, wherev i exactly
matches the SAW velocity. The incident neutron beam w
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PRB 59 3391EFFECTS OF TRAVELING SURFACE ACOUSTIC . . .
collimated to a cross section of 1.531.5 mm at the sample
surface, so that its footprint was within the;5 mm width of
the SAW carrying region for the full range off.

Qualitatively the 1.06 and 1.53 Å, data show thef depen-
dence of the enhancement varying withf D(f), approxi-
mately as one would expect. The gray lines in Fig. 3 sho
variation of f D

2 (f) for these wavelengths, in both cases re
caled in amplitude and mean to the magnitude of the
served enhancements, which was found to follow the d
fairly closely. For 1.06 Å (uB520.9°) andf50° where the
Doppler factor f D zero ~the volume averaged valueFD
;dki /ki!1) and the observed enhancement is zero
within experimental error. The effect on the observed int
sity being interpretable either as the Doppler effect dimini
ing the effective SAW mosaic or, in the surface phon
treatment, as the divergence ofn0 as f D cotuB→0. At
f5180° f D is at a maximum of 2 and there is a correspon
ing maximum enhancement of;70% (n0;0.95). Whenv i

is rather less thanvS , the minimum Doppler factor is greate
than unity and the relative overall variation of the enhan
ment withf is smaller. For 1.53 Å (uB531.0°) the scatter-
ing is significantly enhanced for allf. The ratio of the en-
hancements in the forwardf50° and backward (f
5180°) direction is;0.35/1.350.27, close to the ratio o
the corresponding Doppler factors 0.59/2.5950.23, as we
would expect from the moving ripple mosaic analogy, wh
the corresponding variation inn0 is from ;5 down to;1.1.
However, we note that while the ratios of Doppler andn0

values are approximately consistent with the variation of
hanced reflected intensity withf at these two wavelength
considered individually, this is not true for the relationsh
between wavelengths. Instead of generally increasing w
decreasing wavelength, as cotuB becomes larger at smalle
Bragg angles the observed enhancement has decreased
is obvious from consideration of the data for 0.81 Å (uB
515.8°), for which the enhancement is surprisingly sm
for all f, less than about 10%, which is comparable to

FIG. 3. Normalized enhancement of integrated reflectivity at
SAW power (̂ A&'13 Å) versus the SAW propagation anglef for
wavelengths chosen such that the magnitude of the incident neu
velocity component parallel to the surface is greater than~v i /vS

51.35, open diamonds!, less than~v i /vS50.63, open circles! and
equal~v i /vS51, open squares! to the SAW speed. The gray lines i
Fig. 3 show a variation off D

2 (f) for these last two cases,ucosf
21/0.63u2 and ucosf21u2, respectively, in both cases rescaled
amplitude and mean to the magnitude of the observed enha
ments~HFIR-ORNL data.!
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systematic errors~64%! in the measurement at thi
wavelength.18 For f5180°, the value ofn0 for 0.81 Å neu-
trons is;0.8, somewhat less than the corresponding val
for 1.06 and 1.53 Å. However, while fewer SAW phono
would now need to be created or absorbed to scatter a
tron out of the Darwin width than at either of the long
wavelengths it is clear that the enhancement and hence
strength of the neutron surface phonon interaction falls fa
rapidly with decreasing Bragg angle counteracting the
crease inDk'8 /Dk'

0 .
The overall dependence of the enhancement observe

full SAW power withv i ~equivalentlyki!, for thef50° and
f5180° orientations over a series of wavelengths rang
from 2.44 Å down to 0.81 Å, is shown in Fig. 4. Qualita
tively the f dependence is, to some extent, what we wo
expect: At longer wavelengths, sincev i is rather less than
vS , the variation in the enhancement becomes less de
dent on the direction of SAW propagation and platea
~more than doubling the integrated scattered intensity! be-
coming independent of the SAW propagation direction~f! at
the backscattering conditionl52d030 for which v i50, and
f D5vS /v i . The maximum enhancementratio between
backward and forward senses of the neutron velocity d
occur near the pacing conditionv i5vS . However, at shorter
wavelengths although the Darwin width continues to d
crease the enhancement due to the SAW mosaic rapidly
creases and has become negligible for 0.81 Å neutrons.

This falloff in observed enhancement is most proba
due to bending of our 100-mm-long32-mm-thick SAW de-
vice. As demonstrated by White19 for x rays, a statically bent
crystal can exhibit a range of scattering behavior fro
perfect-crystal dynamical diffraction to perfectly imperfe
~mosaic! kinematic diffraction. Primary extinction is elimi
nated and the kinematical reflectivity limit is achieved for
bent crystal when in penetrating a crystal to about one
tinction depth the curvature changes the angle of incid
radiation to the crystal planes more than one Darwin wi
from their value at the surface~the Bragg angle!. Using the
White’s geometrical arguments for the symmetric Bra

l

on

e-

FIG. 4. Normalized enhancement of integrated reflectivity at f
SAW power (̂ A&;13 Å) at a range of wavelengths versus mag
tude of the incident neutron velocity component parallel to the s
face, for SAW propagation in the forward~f50°, open squares!
and backward directions~f5180°, solid squares!. Lines are a
guide to the eye only~HFIR-ORNL data.!
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3392 PRB 59W. A. HAMILTON AND M. YETHIRAJ
case, we may therefore expect the perfect nature of a cry
to be disrupted by curvature of radiusR, such that:

RDu0 /~DG /p!;cotuB⇒R;~DG
2 /2dG!cot2 uB .

In the present case,R is 60 m for 0.81 Å neutrons and 10 m
for 2.44 Å. A radius of curvature of order 60 m, while ben
ing our device by only 0.1° over its 100 mm length, cou
render the the relectivity of for 0.81 Å neutrons essentia
kinematical, while 2.44 Å neutron reflection would b
largely dynamical. In the former case the enhancement ef
will disappear since the crystal cannot be made more t
perfectly imperfect by the SAW distortion.

In conclusion, we have shown that treating a SAW dist
tion as a moving mosaic crystal accounts reasonably wel
the observed rotational Doppler effects in this study of
influence of SAW’s on the enhancement of Bragg diffrac
neutron intensity. The falloff in the observed enhancemen
.
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shorter wavelengths seems consistent with the effects
crystal curvature due to static strains of the device moun
or possibly heating effects when it is operated. A particu
consequence of this falloff, however, is that we were una
to verify the expectation that forv i.vS enhancement
minima should appear atf'6arccos(vS/vi), with a local
maximum appearing atf50°.

Thanks are due to A. G. Klein, G. I. Opat, and A. Cim
mino, University of Melbourne, S. A. Werner, University o
Missouri-Columbia, and H. Sabine and D. Reynolds, Aust
lian Telecom Research Laboratories. X-ray measurem
confirming some results of previous investigators were m
with the help of J. Budai of the ORNL Solid State Divisio
This research was supported in part by the USDOE un
Contract No. DE-AC05-96OR22464 with Lockheed Mart
Energy Research Corporation.
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