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1. Introduction

When the acoustic ultrasonic wave propagates imitally transparent medium
(water, LINbQ, GaP, Te@etc.) it produces a periodic modulation of the indexedfaction (or
relative permittivity) via the elasto-optical effe€his provides a relative slowly moving phase
grating which can generate scatter (or diffractit}lipns of an incident optical radiation into
one or more directions. This phenomenon, knowrhasatoustooptic scattering, has led to a
variety of optical devices
that perform spatial,
temporal, and spectra
modulations of optical
radiation.

The acoustooptic

mth order

scattering is  usually Oth order
explained as a collision of ,é :
photons and phonons [1] bj/ b,
For these quasi-particle: = — Ist order
to have a well defined J— %

- m —mth order
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we must assume, that w At
have interaction of mono-
chromatic plane waves o
optical radiation and
sound. The width of the —

transducer L must be

assumed to be sufficient Fig. 1Basic acoustoptic device (taken from[1] )

ly wide in order to

produce plane wave fronts at a single frequency. (E). In the process of collisions two
conservations laws have to be obeyed, namely,dhgetvation of energy and momentum. In
the case wherk is sufficiently short, we have a first form of @astering, called Raman-Nath
scattering. The conditiob«/1?/A defines therefore thRaman-Nath scattering regime [2]. In
this regime many scattering angles may exist becaasous directions of plane waves of
sound are provided from a small-aperture transduices/1%/1 (A is the sound wavelengti,

is the optical radiation wavelength in the acoustedium), only scaterring anglé® and @.1
are observed. In this case the acoustooptic deyeeates in the so call&lagg regime since
this is similar to what happens in Bragg scatteohg-rays or electrons on a crystal lattice.
The ,grating constant* in this caseeigual to sound wavelength and the required arfdgleidence
@nc is given by well-known Bragg conditionriBin@nc = A [1, page 557].

Acoustic medium

Transducer
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In our previous work [3] we have presented a madiehe optical radiation intensity
distribution in the Raman-Nath acoustoptic scattgriegime. In this work a possible semi-
classical model of the intensity of scattered @itradiation in the Bragg regime is proposed
and briefly presented.

2. Theory

The Bragg condition Asin@nc = A does not specifically describe the real intensity
distribution when the optical radiation passesuftothe transparent sample in which the plane
ultrasonic acoustic wave propagates. It defineg thrd angle of incidence needed for creation
of intensity scattering maxima appearing at twolemg@.1 and@ . The acoustoptic cell shown
in Fig. 1 may be thought [3] to act as a thin phgsating with an effective grating line
separation equal to the wavelengttof the sound. It is well known that a phase gasplit
incident optical radiation in general into manyigas orders of scattering maxima, not only
into two directions. The main directions of thetsmad (or diffracted) radiation maxima inside
the sound cell are governed by the ,grating equatoth non-zero angle of incidence, typical
for diffraction many-slit optical grating

sincpm:sincpmc+m%=sin¢mc+m%; m=0;£1+2,... (1)

Hence, the angle between neighbouring orders inlAgequal tol// inside the cell. (Outside
the cell this angles are increased through refvacbn the rear interfac&k and K are
propagation constants of the radiation and soundesvanside the cell.) The energy
conservation law leads to the equation

W, = wtmaQ (2)

with am being the frequency of thre-th order of scattered optical radiatianis the frequency
of incident radiation an@is the frequency of sound wave (sound velocitybisud 1-7 km/s).
The (very small) changes of the frequencies aretdyan general multiple) photon-phonon
interactions (connected with emission or absorptigohonons). We will assume theaxis is
in the sound direction anzlaxis lies in the direction from left to right indgzil. The next
analysis is in some aspects similar to work [4]. #sume an isotropic inhomogeneous non-
magnetic non-conductive medium without birefringenc

The interaction between the electromagnetic visixez, t) (polarized along thg axis)
and longitudinal sound wave fiel& (z, x, t) can be described by Maxwell’s equations. The
time varying permittivity can be written [3] as

e(x,zt)=e+5(x zt); &(x zt)=£CS(x z1)) (3)

e. g. the time dependent part of permittistyis proportional to the sound field amplitu8e
andC is material constant of medium. From Maxwell’s agun (assuminde.grad &Xx,zt) =
0) we can obtain the wave equation in the form

0%E(x, z,t) = ,uogTzz[g(x, z,t)E(x, z,t)] 4)

Because the time variation efx,zt) is much slower than that & we will only retain a term
which does not contain the time differentiationsayi,z,t):
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0’E(x,z,1)) _ 0°E(x,z,t))
— T &, (X, z,t)—atz (5)

It is a wave equation often used to investigatensfiinteractions in acoustoptics. We will now
introduce harmonic variations in the optical raidiatand sound as complex functions in the
forms

E(x,z t) %mng (x Z)GX[Z{I (a)+ mQ)t]+cc

O%E(x, z,t) - €

alozt) %cs(x, z)expi)+cc.  (6)

where c.c. denotes complex conjugate. We assunfestiigency mixing of fotons and acoustic
phonons in the time-dependent phask atcording to equation (2). Substituing (6) to (8l a
assuming? « wwe obtain the infinite coupled-wave system

0%E, (x, 2)+ k°E,, (x, z)+%kZCS(x, 2)E,.,(x, z)+%k28* (x,2)E,.(x,2)=0; k=w/ue (7)

wherek is propagation constant of electromagnetic (opticdiation and the asterisk denotes
complex conjugate. The quantty is the complex spatial part of theh order radiation wave
function at frequencw+ mQ = an.
We will now consider a uniform sound wave of thietv of transducek propagating
alongx axis:
S(x,z)= S(x) = S, exp-iKx); K = % (8)
We expect that the spatial part of wave funct@can be written as

E..(x,z) = E,, (x, z)exp(-ikzcos®,, —ikxsin®, ) (9)
with the choice of anglém according to eq. (2). Substituing (8), (9) andi(®) (7) we obtain

9B ~ 2iksin®,_ %Eon ~ 2ikcos®,_ LSV Liecs Eqpns X -ikz(cos®, ., — cos®, )|+
ox® 0X 0z 2 (10)

+ % k’CS.E,,, exd-ikz(cos®, , —cos®, )] = 0

Here we have assumed that within a wavelerddtie quantityEom and its first derivative does
not change appreciably withand hence the ter@’Eon/0Z> can be neglected. The last two
terms in (10) represent the interactions betwegacadt orders of scattered optical radiation
with the sound waves. The first two terms on th#-Hand-side are responsible for
propagational diffraction and the third term reprds the effect of theth order of radiation
travelling in direction slightly different from. If the widthL is not large the propagational
diffraction can be neglected. Because the angieare very small (if@nc is very small or
zero) we can assume tha, depends only from. The equation (10) then becomes

0E, 1 Pt .
M= — kC exd-ikzlcos®, ., —cos®. |-
o = ikoos, < C Emaexil-ikelcose,,, ~cosa, )
. (11)
-———K°C exd-ikzlcos®_, —cos®,
Gikoosp, < CSEom exii-ike(cos?, , ~cosd,
which can be solved with the boundary conditidp,(is the Kronecker delta function):
EOm = EOinCJmO (12)
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The physical interpretation of (11) is that thexeses a mutual coupling between neighboring
orders of scattered radiation. But the phase ofritutions varies witlz and so the terms in
exponential functions represent the lack of phgaetgonism in this coupling process.

Unlike of the Raman-Nath regime in the Bragg scatyj regime the transducer
thickness is sufficiently large and the phase syorusm between neighboring orders of wave
functions can occur only fan= 0 and -1. Then the exponential factors in (11)eapeal to
zero. This implies the conditio®.1 = -@ = @ 1. e. the first scattering maximum occurs in
the direction of incident beam and the second mamirm direction @ only. It is typical for
the Bragg scattering regime. The coupling equatimt&een two modes of the wave functions
are according to (11) and (12)

OE 1 : oE 1
_ C , 0 - _
WCHE 0z 4icos@, ..

=- CSE_ 13
0z  4icos®, . KCHE, (13)
The solutions foz = 0 toL and for small buhon-zero @nc read for wave functions of the two
scattering maxima

E, = E. CO{MJ E,=- i Ei sin{wj (14)
4 E 4

These equations represent the expressions foptieabradiation scattered on acoustic waves
in the Bragg regime.

3. Conclusion

The observable quantity, e. g. mean time valuehefihtensity of scattered optical
radiation is equal to (1/2)cEq? or (1/2)scE1? . The presented model describes in such a way
the layout of intensities of two scattering maxiolservable in standard acoustooptical device
operating in Bragg regime.
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