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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 We##V) 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
gualitatively, as yet no quantitative picture exists of the interaction between the neutron and the coherent
surface phonons in this situatiof80163-18289)07105-3

The effect of acoustic waves generated in single crystalbere we found that Doppler effects can also dramatically
on x-ray and neutron scattering has been studied for severalodify the scattered Bragg intensity when thermal neutrons
decades now. For the most part these investigations hawe reflected from the SAW distorted crystalline lattice re-
focused on bulk acoustic wave effe¢t§. While more re-  gion beneath a surface.
cently there have been studies on the effects of surface Surface waves were produced on a SAW delay line of
acoustic wavg'SAW) distortions on Bragg diffracted x-ray conventional geometry by photolithographically etched inter-
intensitie$~° the work presented in this report represents thedigitated transducet$(IDT’s) in aluminum configured upon
first investigation of the corresponding neutron case. Furtheml perfect single-crystal lithium niobate (LiINBDsubstrate
since we used a device designed to produce a traveling SAFig. 1(b)]. For a piezoelectric crystal such as LiNp@e
distortion with minimal standing-wave characteristics, it is astresses induced on the surface when an oscillating voltage is
measurement of Bragg diffraction exploring the conse-applied to the IDT create a standing-wave deformation over
guences of comparable velocities of the SAW and the difthe electrode region, resulting in a bidirectional SAW
fracted radiation. launch. LiINbQ is a trigonal crysta(hexagonally indexed-3

To a first approximation the expected effects on reflectedhe SAW surface normal for the device is the crystallo-
neutron intensities are as follows: The distortion caused bygraphicb axis, while the SAW propagates along thexis.
the passage of a SAW of wavelengthand surface normal In conventional SAW device terminology this i¥-cut
amplitudeA, creates an effective crystal corrugational “mo- LiNbO; with acoustic propagation in the direction* This
saic” of spatial periodA near the surface moving at the is a pure mode axis for this crystal, so the angle between
surface acoustic wave speagd; [Fig. 1(a)]. At the surface phase and group velocities of the SAW is zero and therefore
this corrugation will have an angular amplitude  the acoustic power flow of our device is parallel to the acous-
=2mA/A, and an rms “ripple mosaic” widthp~«/y2. The tic wave vector and perpendicular to the SAW wave front.
SAW wavelength of our device is comparable to the primaryThe SAW velocity forY-Z LiNbO; is 3488 ms?! and the
extinction depth of the neutron reflection, whilgis some-  periodicity of the IDT electrodeghence the SAW wave-
what greater than the perfect crystal’s total reflection Darwirlength was 94 um, at an operating frequency of 37 MHz.
width® (typically of order a few microradignThe distortion ~ The SAW carrying area of the device was 5 mm, the width
broadens the crystal's Bragg scattering interval and increased the IDT, by 90 mm, the distance to the delay line’s re-
the reflected neutron intensity. We can consider the interaaseiving transducer. To damp spurious SAW reflections the
tion as a Doppler-shift effect between the lab frame and theegion behind the SAW generating transducer was mass
frame in which the SAW distortion mosaic is stationary. An loaded with a coating of neutron absorbing,Gd paint. The
earlier investigation of grazing incidence diffraction of cold receiving transducer was also painted over. Although this
neutrons reflected from the moving surface “grating” pro- reduced its sensitivity, it eliminated acoustic Bragg reflec-
duced by a traveling SAW disturbance on quHrighowed tions from its electrode pattern, which produced a back
significant Doppler effect magnifications of diffraction propagating SAW distortion, and consequently a standing-
angles and diffracted intensities. In that case the nature of th@ave ‘“contamination” of the traveling SAW distortion.
material underlying the distorted reflecting interface was ir-Conventional “laser probe” measurements of grating dif-
relevant since crystal lattice distortions have a neglible effectraction of He-Ne laser light showed that the SAW amplitude
on the neutron optical Fermi pseudopotential of the quartzvaried linearly with the receiving transducer signal over the
In the more complicated large-angle situation consideredange of operation. This calibration was used to monitor the
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FIG. 2. Normalized enhancement of integrated reflectivity ver-
sus the SAW displacement amplitude at the surface for 1.22 A
neutrons for SAW propagation in the forwaigl=0°, open circles
and backward directiongb=180°, open squargswith respect to
the neutron beam. Inset shows the full rocking curve measurements
for $=180° at full SAW powerMURR data)

FIG. 1. (a) Surface acoustic wave distortion of a surfada. iven by A fy=2dggotanfes/A ie. tanfx7.8urad
0= <0Uo30 B/B030, I-€. B M- .

Schematic of SAW generating interdigital electrode pattern an rom multiple reflection effects in dynamical crystal diffrac-

Gd,0; paint damping.(c) Schematic of SAW propagation on the . - - .
LiNbO4 surface with respect to the conventional scattering triangle.t'_On the integrated reflectivity of a perfect crystal in symmet-

The scattering vectoByg, is in the direction of the surface normal ric Bragg geomet_ry saturates at a crystal slab thickness of
and is drawn at the point of incidence of the neutron beam to thé"@‘bOlJt one extinction depth at the same value as would be

surface, and hence along tierotation axis. achieved for the perfectly imperfe¢mosaig crystal de-
scribed by kinematical theory for thickness of oy /r,
SAW amplitude during our neutron measurements. At thd.e., in our case\ 3o/ m~12um. The angular distortion of
maximum power(~200 mW) the device generated a dis- local crystal plane directions by greater than the Darwin
placement amplitude normal to the surface of 12—15 A ovewidth over several times these depths will greatly reduce
the SAW carrying area. these multiple reflection effects, creating an effective mosaic
Since theb axis is normal to the surface of our SAW crystal rather thicker that o5o/ 7= and with correspondingly
device,{0kO0} reflections can be measured in the symmetrichigher integrated reflectivity.
Bragg geometry, i.e., the reflection’s reciprocal lattice vec- The effective mosaic of a stationary corrugational distor-
tor, G, is normal to the surface and to the SAW wave vectortion in the scattering plane|cos¢| is at a maximum when
k, of magnitudex=2m/A. We denote the angle between the ¢=0° or 180°. Although this is the case for x-ray diffraction
scattering plane and the SAW propagation directiongas from SAW, since the distortion is effectively stationary, the
[Fig. 1(c)]. The neutron-diffraction measurements reportedneutron case is very different. Figure 2 shows the depen-
here used the 3XE triple axis at the Missouri University Re-dence of measured normalized enhancement(G80) re-
search ReactofMURR) and HB3 triple axis at the High flected 1.22 A neutron§Bragg angledg=24.2° on SAW
Flux Isotope Reactor at Oak Ridge National Laboratoryamplitude for SAW propagation towards=180° and away
(ORNL) for a range of neutron wavelengtk8.81-2.44 A from the incident neutron beam directigr=0°. Clearly the
on the first allowed 0k0} reflection for LiNbG, the (0300  Doppler effect on reflected neutron intensities is dramatic.
for which the lattice spacinglysy is 1.487 A Gozo=4.22  For ¢=180° SAW propagation, the enhancement at maxi-
A1, The incident beam was produced by pyrolytic graph-mum SAW amplitude of~13 A more than doubles the ob-
ite monochromation with appropriate filters and had rmsserved integrated reflectivity. When the crystal is rotated to
width 66~0.15°. The primary extinction depth for this the ¢=0° the orientation the enhancement is only 5%, a
Bragg reflectionAgsg, is 38 um. [Agzo= mV/2dosd Fozd » value reached in theg=180° orientation for a SAW ampli-
whereV, is the unit-cell volume ané o3 is the (030) struc-  tude of only~0.5 A. A qualitative explanation of this effect
ture factor] For aY-Z LiNbO3; SAW the penetration depth, is possible if we consider the analogous situation of neutron
e, of the surface normal displacements is abouA1.3120  Bragg reflection from a mosaic crystal in motion parallel to
um in the present case, thus the SAW distortions extendhe average lattice plane. Then, the phase space volume ele-
several extinction depths into the crystal. At maximumment selected by a reflectiégangular sampling of the reflec-
power the rms angular width of the corrugational distortiontion) is increased by a Doppler factor equal to the ratio of the
of the surface isyy~60urad. For the range of Bragg neutron velocity components parallel to the lattice planes in
anglesfg used in this work(~16°-359, 7. iS about an the reference frame in which the crystal is stationary and the
order of magnitude larger than the Darwin plateau width oflab frame®® In our case the frame in which the mosaic crys-
the (030 reflection(in symmetric Bragg geometyywhich is  tal is stationary corresponds to the frame in which the SAW
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disturbance is stationary. The angular interval of a stationary An equivalent expectation is reached if we consider the
ripple mosaic in the lab frame as projected onto the scatterchange in the incident perpendicular neutron wave vector
ing plane,n|cos¢|, will be related to its value in the SAW associated with the creation/absorptionno$urface(SAW)
stationary frame by a Doppler factor. Designating the SAWphonons of wave vectot=27/A, which is easily shown to
stationary frame by primes we find that the effective angulabe
interval of the moving ripple mosaic is given by
Ak, (£n)=*+nk(k, cos¢—kg)+n?k?/2G
7' =n|cosd||(v cosp—vg)/v; cose|=nfp(),

whereuv, is the neutron velocity component parallel to the ) .
surface and s is the SAW velocity and we have defined the The number of surface phonon creation or absorption events
Doppler magnification factor as required to scatter a neutron which would not be reflected

otherwise n®, is therefore given by

~*n(k/2)fpcotbg, since k<G.

fo(¢)=|(v,cos¢p—vs)/v|=|cosp—2ks/(G cotp)|, N0~ 2(A/Ag)/(f o COt ) ~5(f 5 Ot fg).
wherekg is the wave number of a neutron traveling at the ) }
SAW speed. Obviously this expression which properly reAs in the Doppler t_reatment, the enhancement will be in-
lates only to the magnification of each infinitesimal volumecréased asgp cotdg increases and the number of phonons
sampled by the beam diverges as—0. If, however, we €VENts necessary to scatter a neutron that is not within the

average over the phase-space width sampled by the beam, Rgffect crystal acceptance decreases.

obtain the following phase-space volume Doppler factor: For the 1.22 A ¢5=24.2°) data shown in Fig. 2,
=2960ms? sov,/vs=0.85 andfy changes by about an
Fo={[(k, cos¢—kg)?+ ( 5k, cose)?]/ (k2 + (k) 2]} Y2, order of magnitude between thge=180° and$=0°, from

2.2 down to 0.2. For the SAW wavelength of our device and
wherek, is the neutron wave vector component parallel tothe extinction depth of thé030) reflection 2(A/A 39 ~5. At
the surface. Note that for a given reflection the phase-spageaximum SAW amplitudep= 7. the ratio of the SAW
width sampled by the neutron beam is constant betweedistorted and perfect-crystal acceptances at the surface
frames for constant beam collimatiofy, since sk;~386  Ak[/AK®=(fpnAosf2des0cotby varies from ~40 at
G/2=6x10 3A~1. For the cases considered here instru-¢=180° down to~4 at =0° (while n° changes from-1
mental limitations keep us relatively far from normal inci- to ~12). Clearly for ¢=180° the SAW distortion has cre-
dence sask, is small relative tk, and to the accuracy of our ated an effective mosaic crystal at the surface.ger0° the
measurements,=fp and we will use the simplef, ex-  neutron beam comes close to pacing the distortioffisis
pression in most of the discussion to follow. These Dopplesmall and the Doppler effect has greatly reduced the effec-
factors are greatest when the SAW velocity is in the oppositéive amplitude of the distortion and the enhancement is con-
sense to the neutron velocity, so we may expect maximumgequently very much weakét.
apparent mosaic and hence enhancement of reflected neutronAn adequate theoretical treatment of the dependence of
intensity when¢=180°. Forv;<vg the enhancement will the integrated reflected intensity on the SAW distortion pa-
be a minimum for when the velocities are in the same direcrameters would require a detailed treatment of both dynami-
tion, when $=0°. However, forv,>vg, a zero enhance- cal diffraction and the neutron transport effects over the dis-
ment minimum would be expected faf~ *arccosgs/v;)  torted crystal region, and as such is well beyond the scope of
sincefp=0. In this case we now expect a local maximum atthis paper. Since the distortion extends only a few primary
¢=0°. The SAW distortion’s effect in Doppler enhanced (dynamica) extinction depths into the crystal and is coherent

wave-vector acceptance normal to the surface will be the normal mosaic crystal transport theory model which as-
sumes randomly oriented mosaic blocks rather smaller than
Ak| ~n'k,=fp7k,= 5(m/dys30) fp COt 3. an extinction depth in size cannot be applied. Adaptation of

o dynamical diffraction theory to coherent distortions varying
For ¢=0° and¢=180° we note thafp, cotg is simply the  gver the length scale of the extinction depth is also intrac-
cotangent of the Bragg angle in the frame where the SAWaple. To first order we might reasonably expect the normal-
distortion is stationary. The Darwin platea®00% half-  jzed enhancement of the scattered intensity to go as a mono-
width of the undistorted perfect-crystal reflectivity expressedonically increasing function of the ratia\k, /Ak?), i.e., at
as a wave number is simpl&kﬁszle30 in any frame.  gnstant SAW power af () cotds.
Beyond this range the reflectivity falls rapidly and the full  The choice of a reciprocal lattice vectGr perpendicular
integrated reflectivity of a perfect crystal Bragg reflectign  to the surface allows mapping out the Doppler dependence of
is equivalent to unit reflectivity over a range of only 1.33 the reflected intensity withp without altering the scattering
Ak?. When the SAW distorted crystal acceptantie] ex-  geometry by rotating the crystal about the scattering véétor.
ceedsAk? neutrons will be reflected from the surface regionA series of measurements of the fubl dependence of en-
that would not have been reflected by the undistorted perfediancement observed at our maximum SAW powgh)(
crystal giving an enhanced integrated reflectivity. When by~13A) at a range of Bragg angles is shown in Fig. 3. The
reason of decreased SAW distortion amplitude or Doppledata were taken at neutron wavelengths of 0.81 and 1.53 A,
reduction fp<<1) Ak] is less thamkﬁ the observed reflec- where at the Bragg condition, is respectively about 35%
tivity in our experiments will be essentially the same as forgreater or less thang, and at 1.06 A, where, exactly
the undistorted crystal. matches the SAW velocity. The incident neutron beam was
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FIG. 3. Normalized enhancement of integrated reflectivity at full
SAW power (A)~13 A) versus the SAW propagation anghor

wavelengths chosen such that the magnitude of the incident neutroSnA\'j\lle' 4. Nor;nalligc'l&enhtancement ?f |nteg|]ratet(:] reflectivity at fu_II
velocity component parallel to the surface is greater thgtvg power (A) ) at a range of wavelengths versus magni-

=1.35, open diamondisless than(v, /vs=0.63, open circlesand tude of the incident neut_ron yelocity componenot parallel to the sur-

equal(v,/vs=1, open squargso the SAW speed. The gray lines in face, for SAW pr_opagann n thf forwgl(dbzo » open squargs

Fig. 3 show a variation osz(qs) for these last two casef;os¢ an_d backward directiongé=180°, solid squargs Lines are a

—1/0.632 and |cos¢—1J%, respectively, in both cases rescaled in guide to the eye onlyHFIR-ORNL datal

amplitude and mean to the magnitude of the observed enhance-

ments(HFIR-ORNL data) systematic errors(+=4%) in the measurement at this
wavelength'® For ¢=180°, the value of® for 0.81 A neu-

collimated to a cross section of &x3.5mm at the sample trons is~0.8, somewhat less than the corresponding values
surface, so that its footprint was within thes mm width of ~ for 1.06 and 1.53 A. However, while fewer SAW phonons
the SAW carrying region for the full range af. would now need to be created or absorbed to scatter a neu-
Qualitatively the 1.06 and 1.53 A, data show thelepen-  tron out of the Darwin width than at either of the longer
dence of the enhancement varying witg(¢), approxi- wavelengths it is clear that the enhancement and hence the
mately as one would expect. The gray lines in Fig. 3 show atrength of the neutron surface phonon interaction falls fairly
variation of f3(¢) for these wavelengths, in both cases res-rapidly with decreasing Bragg angle counteracting the in-
caled in amplitude and mean to the magnitude of the oberease inAk!/AK®.
served enhancements, which was found to follow the data The overall dependence of the enhancement observed at
fairly closely. For 1.06 A §5=20.9°) and¢=0° where the  full SAW power withv, (equivalentlyk,), for the =0° and
Doppler factor f, zero (the volume averaged valuE,  ¢$=180° orientations over a series of wavelengths ranging
~ 6k /k;<1) and the observed enhancement is zero tdrom 2.44 A down to 0.81 A, is shown in Fig. 4. Qualita-
within experimental error. The effect on the observed intentively the ¢ dependence is, to some extent, what we would
sity being interpretable either as the Doppler effect diminish-expect: At longer wavelengths, sineg is rather less than
ing the effective SAW mosaic or, in the surface phononyg, the variation in the enhancement becomes less depen-
treatment, as the divergence of as fpcotf—0. At  dent on the direction of SAW propagation and plateaus
¢$=180° f is at a maximum of 2 and there is a correspond-(more than doubling the integrated scattered intendigr
ing maximum enhancement ef70% (n°~0.95). Wherv;,  coming independent of the SAW propagation directighat
is rather less thang, the minimum Doppler factor is greater the backscattering conditian= 2d3, for which v,=0, and
than unity and the relative overall variation of the enhancef,=vg/v,. The maximum enhancementtio between
ment with ¢ is smaller. For 1.53 A §g=31.0°) the scatter- backward and forward senses of the neutron velocity does
ing is significantly enhanced for af. The ratio of the en-  occur near the pacing conditiean=vs. However, at shorter
hancements in the forwardp=0° and backward ¢ wavelengths although the Darwin width continues to de-
=180°) direction is~0.35/1.3=0.27, close to the ratio of crease the enhancement due to the SAW mosaic rapidly de-
the corresponding Doppler factors 0.59/28823, as we creases and has become negligible for 0.81 A neutrons.
would expect from the moving ripple mosaic analogy, while  This falloff in observed enhancement is most probably
the corresponding variation in° is from ~5 down to~1.1.  due to bending of our 100-mm-loR@®-mm-thick SAW de-
However, we note that while the ratios of Doppler amfi  vice. As demonstrated by Whitfor x rays, a statically bent
values are approximately consistent with the variation of enerystal can exhibit a range of scattering behavior from
hanced reflected intensity witlh at these two wavelengths perfect-crystal dynamical diffraction to perfectly imperfect
considered individually, this is not true for the relationship (mosaig kinematic diffraction. Primary extinction is elimi-
between wavelengths. Instead of generally increasing witmated and the kinematical reflectivity limit is achieved for a
decreasing wavelength, as @gtbecomes larger at smaller bent crystal when in penetrating a crystal to about one ex-
Bragg angles the observed enhancement has decreased. Timgtion depth the curvature changes the angle of incident
is obvious from consideration of the data for 0.81 Ag( radiation to the crystal planes more than one Darwin width
=15.8°), for which the enhancement is surprisingly smallfrom their value at the surfadg¢ghe Bragg angle Using the
for all ¢, less than about 10%, which is comparable to theWhite’s geometrical arguments for the symmetric Bragg
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case, we may therefore expect the perfect nature of a crystahorter wavelengths seems consistent with the effects of

to be disrupted by curvature of radi& such that:

RA 6y /(Ag/m)~cotfdg=R~(AZ/2dg)cot 6.

crystal curvature due to static strains of the device mounting
or possibly heating effects when it is operated. A particular
consequence of this falloff, however, is that we were unable

In the present cas® is 60 m for 0.81 A neutrons and 10 m to verify the expectation that fow,>vs enhancement
for 2.44 A. A radius of curvature of order 60 m, while bend- minima should appear ap~ * arccosgs/v;), with a local
ing our device by only 0.1° over its 100 mm length, could maximum appearing ap=0°.

render the the relectivity of for 0.81 A neutrons essentially
kinematical, while 2.44 A neutron reflection would be
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