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Abstract— Coherent scattering of a nonmonochromatic divergent beam of X-ray quanta in a crystal excited
by an acoustic wave is described using a kinematic approach. The possibility of manifestation of a peculiar
effect of amplification of the diffracted X-ray beam by the acoustic wave is predicted using this approach.

INTRODUCTION

Increasing interest in the study of high-energy
electromagnetic processes in crystals under the action
of external fields (e.g., acoustic waves) is due to the
possibility of controlling the vield of such processes
and detecting new effects important for applications;
of special interest is the enhancement of X-ray beams
diffracted in a crystal that is excited by an acoustic
wave. The observation of the effect discussed here was
reported for the first time in the 1930s [1—3]. In subse-
quent experiments, a considerable increase in the
intensity of diffracted beams upon an increase in the
amplitude of the acoustic wave was observed [4—7].
Theoretical analysis of the effect revealed that no
increase in the integrated intensity of radiation scat-
tered into a Bragg reflection takes place in the frame-
work of kinematic diffraction; i.e., the effect is purely
dynamic (see, for example, [8]). The development of
theoretical approaches to studying dynamic diffrac-
tion of X-rays in strained crystals [9—12] has made it
possible to describe the effect in detail [13—15].

Here, we consider peculiarities of kinematic dif-
fraction of X-rays in a crystal with a lattice periodically
strained by an acoustic wave, which are associated
with a finite spectral width and angular divergence of
the primary beam, as well as specific features of the
experimental setup that is conventionally used for
studying the amplification effect, in which the axis of
the primary photon beam incident on the sample, as
well as the position of the radiation detector, is fixed.
We consider high-frequency modulation [16] indicat-
ing the smallness of the acoustic wave length as com-
pared to the cross section of the primary beam of X-ray
quanta. It will be shown that under certain conditions,
an analog of amplification of scattered radiation due
to excitation of an acoustic wave in the crystal can be
observed, which may result in a considerable increase
in the integrated yield.

We are using the relativistic system of units, in
whichZi=c=1.

INTEGRATED YIELD OF RADIATION
SCATTERED INTO BRAGG REFLECTION

Let us consider the diffraction of X rays in a crystal
based on the wave equation for the Fourier transform
of the electric field,
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where the last term in the equation is proportional to
the induced current of electrons from the target, cal-
culated in the high-frequency approximation © > 7, in
which atomic electrons can be treated as free in the
course of radiation scattering; [/ is the average ioniza-
tion potential of the atom, Zis the number of electrons
in the atom, and R is the electron screening radius for
the atomic nucleus; summation in the last formula of
(1) is performed over all atoms of the target.

Decomposing function G into the averaged (@ (k' —
k)= (oé o(k' — k), o, is the plasma frequency of the tar-
get) component responsible for refraction of photons

and the fluctuation component G (k' — k) responsible
for diffraction of photons, we will solve system (1) by

iterations in powers of G. In the zeroth approxima-

tion, we obtain from (1) the following expression for
the primary field in the target:
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Fig. 1. Geometry of scattering of an X-ray beam: ny and n;

are the axes of the incident and scattered beams, respec-
tively; @ is 0" are the angles of orientation of the sample,
which are varied with the help of a goniometer, 0, and O

are the components of 2D angles lying in the diffraction
plane, which describe the angular structure of the incident
and scattered beams, respectively; R is the reflecting crys-
tallographic plane, and g is the reciprocal lattice vector
specifying this plane.

where function f{0,) describes the angular spread in the
beam of primary quanta, the spectrum is determined

by function £, vectors e; and n; denote the polariza-

tion and direction of propagation of photons, e;n, =0,
n;=ny(1 — 9,-2/2) + 0, n,0, =0, n, being the axis of the
primary photon beam, ande =1 — (oé /®? is the con-
ventional permittivity of the medium in the X-ray fre-

quency range. Taking into account the statistical inde-
pendence of photons, we can write the relations

(0,)r%(0,)) = £,(0,)5(0,-6,),
where f, is the angular distribution functions for pri-
mary photons, and

1
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In the next approximation, we obtain the diffracted
field

B = - [d0./0)G(wen, - K)
ki—o'e
: 3

ke;;
X Z (eij — k—;;) ij.
j=1 @
The spectral—angular distribution of scattered quanta
following from this expression has the form
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where ng=ny(1 — 9?/2) + 0, is the unit vector in the
direction of propagation of the scattered quantum, n;
is the axis of the scattered photon beam, and two-
dimensional angle 04 describes the angular distribu-
tion of scattered quanta; angle brackets denote averag-
ing over the positions of target atoms. In this averag-
ing, we take into account the fact that the positions of
atoms in a crystal with the lattice modulated by an
acoustic wave are given by the formular, =R, + u, +
a = sin(ER;), in which quantities R, indicate periodi-
cally arranged equilibrium positions of atoms; u, are
thermal displacements, and a and & are the amplitude
and wavevector of the acoustic wave. The result of
averaging is the sum of incoherent (small) and coher-
ent terms, the latter term being the sum of reflections
each of which corresponds to the contribution to scat-
tering from the crystallographic plane defined by the
fixed vector g of the reciprocal lattice.

In the case of long-wave vibrations of the lattice
considered here (§ << g), the distribution of photons
coherently scattered by the fixed plane has the form

mi\%— ~ T—CVoo;(l + cosch)|Ew|22J;(g -a)
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where V is the volume of the target, (o; =

oq exp(—g2u?/2)(1 + £2R?) 2, and @ is the fixed scatter-

ing angle as shown in Fig. 1 illustrating the scattering
geometry.

The effect of modulation of the beam of scattered
quanta considered here is associated with bending
vibrations of the reflecting plane (formula (5) contains
only the amplitude component a perpendicular to the
plane).

Let us consider the orientation dependence of the
integrated yield of quanta into a fixed reflection.
Assuming that the angular and frequency distributions
of the beam of primary quanta are Gaussian,

we obtain from relation (5) the final formula
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Fig. 3. Effect of an acoustic wave on the scattered radiation
yield. The curves are calculated by general formula (6) for
fixed values of parameters ¢ = m/2, 2A9”/ﬁ 0y = 0.3,
0,=0,,8a=2,8/2g8,= 1.5 andny- & = & Resonance
condition (8) was satisfied for the satellite with numberp = 1.
Curve [/ corresponds to scattering from an unperturbed
crystal; curve 2 describes the orientation dependence of
the scattered radiation yield in the presence of an acoustic
wave.

the other hand, this dependence becomes oscillating
in the opposite case.

Function N, (0) is represented in Fig. 2 by the
curves calculated by formula (7) for different values of
the parameters of the problem. The curves confirm the
experimentally observed effect of a considerable
change in the orientation dependence of the yield of
diffracted photons upon excitation by an acoustic wave
in the crystal [17, 18]. It should also be noted that the
characteristic shape of the orientation curves determined
by the behavior of Bessel’s functions in the vicinity of the
point at which the order and argument are identical is the
same as that observed in experiment [18].

AMPLIFICATION OF A DIFFRACTED
X-RAY BEAM BY AN ACOUSTIC WAVE

Let us now analyze the possibility of manifestation
of an increase in the yield of X-rays scattered by a crys-
talline target by an acoustic wave. It should be noted
above all that the total yield of radiation scattered by a
periodically strained system of atomic planes in the
crystal does not exceed the analogous quantity for the
unperturbed system (this statement follows from
Eq. (6) in the limit A, A — oo taking into account

the relation Zp J; (g * a) = 1). Thus, the amplification
effect is not observed in pure form in the framework of
kinematic diffraction.

Nevertheless, an analog of enhancement can be
manifested owing to specific features of the conven-
tional experimental setup, in which the axes of the

incident and scattered beams are fixed (angle ¢ is
determined by the photon channels for the primary
and scattered beams in experiments in a vacuum
chamber or determined by the position of the detector
of radiation with a finite size). In such experiments,

Bragg’s resonance condition ® = wg or z =0 must be
satisfied exactly. However, this is not always possible
(i.e., in the case of a primary beam with an asymmetric
frequency distribution). Tuning of the crystal in orien-
tation angle 0' can compensate this inaccuracy; how-
ever, the scattered beam in this case may leave the
boundaries of the fixed collimator. This peculiarity is
reflected in formula (6) containing the product of two
orientation-dependent bell-shaped factors (exponen-
tial and combination of error functions in the square
brackets). The positions of the maxima of these fac-
tors, which are determined by the conditions 1, = 0
and p, = 0, generally do not coincide. In the case of an
unperturbed crystal, the angular separation 80" = 2z
between the peaks may prove to be sufficient for com-
plete or partial suppression of the yield of radiation
scatted by the given crystallographic plane. On the
other hand, 80’ can be compensated at the relevant
peaks of the sum in (6). It can easily be shown that the
positions of the peaks of the exponential and the
pth term in the sum in (6) coincide when the following
condition is satisfied:

= (g sy msen(y]

The scattered radiation yield can sharply increase
in this case. Figure 3 illustrates an example of observa-
tion of the effect of a considerable increase in the yield
of the scattered beam under the effect of an acoustic
wave; the curves show the N (0') dependence in the
case of an unperturbed crystals and a crystal with a
wave-modulated lattice.

It should be borne in mind that the effect consid-
ered here can be observed only in the conditions when
the effects of angular divergence and finiteness of the
spectral width for the primary beam are approximately

the same (9(2) ~ Bi ) because if one of these parameters

prevails, the role of the exponential factor in Eq. (6)
becomes insignificant. In this case, expression (6) is
transformed into formula (7), which predicts only a
shift in the peak in the orientation curve at 7 # 0.

CONCLUSIONS

Thus, we have analyzed possible results of experi-
ments on diffraction of nonmonochromatic divergent
X-ray beams in crystals with a lattice periodically
strained by an acoustic wave using a simple kinematic
approach in diffraction theory. The main result is for-
mula (6) which makes it possible to take into account
the yield of scattered quanta for all parameters of the
incident beam and experimental conditions and to
determine optimal conditions for controlling the



characteristics of the scattered beam in the short-
wavelength case [16], when the cross section of the
incident X-ray beam considerably exceeds the wave-
length of acoustic perturbation.

Our analysis proved a substantial dependence of the
characteristics of scattered X-ray beams on the rela-
tion between the angular and frequency spreads in the
primary beam as well as on the detuning of the average
frequency of the primary beam from the Bragg fre-
quency for a fixed reflecting plane and for the averaged
scattering angle determined by the geometry of the
setup.

The approach developed here makes it possible to
indicate specific experimental conditions, in which
the general conclusion of the kinematic theory con-
cerning the absence of enhancement of the integrated
yield of scattered radiation due to modulation of the
crystal lattice by an acoustic wave is violated. It is
shown that the observed effect of enhancement can be
quite significant.
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