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ACOUSTO-OPTICAL AMPLIFICATION OF
ULTRASOUNDY)

BUKOWSKI, R.) KLESZCZESKI, Z..%) Gliwice

A numerical analysis of the stokessian non-linear acousto-optical interaction is
presented in the paper. A detailed consideration of the acoustic wave amplification for

the case of stationary, isotropic and a small angle interaction of homogeneous waves
wads carried out.

I. INTRODUCTION

The phenomenon of light interaction with acoustic wave has been known for
over half a century. A particularly intensive development of studies concerning
that phenomenon began after the laser had been discovered. In recent years the
mutual feedback has been observed — acousto-optical interaction (AOI) has
e modulation of the laser resonator’s quality
tion, for laser frequency tuning, for steering

been used among others for an actjv
factor, for laser modes synchroniza
the laser beam in space, and so on

Fig. 1. AOl in quantum image: a) anti-Stokes
interaction (A-SI)-photon and phonon anni-
hilation and another phonon creation; b) Stokes
interaction (SI) — “stimulated” photon disin-
tegration into phonon and another photon by
an acoustic wave; ¢) acousto-optical generation
of ultrasound — “‘stimulated” photon disin-
tegration into phonon and another photon by
light. In all those kinds of interactions the en-
€rgy conservation law (he, = hay, + Ae,) and
the principle of conservation of the momentum
(hk; = hk, + hk,) must be fulfilled (i is the in-
cident light, d is the diffracted light, s is the
sound).
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Considering the problem in general, AOI is conditioned by the maw-mvm:m_
modulation of a medium UQB::SQ. tensor through the acoustic _wave
propagating in the medium (photo-elastic ﬁvmsoﬁo.:o:v. .—: a quantum image
AOI can be presented by a photon-phonon 58326: cu_.m. 1). It results ?9%
this image that in the AOI an acoustic wave can be _En:w_m,aa and generated.
On the basis of simple quality oozmannmaos.m Agms_nw-Woéo. s theorem) we omw
say that all those effects become quite well visibie when densities of photon mﬂ
phonon streams in interacting wave beams are comparable. It means Emm ﬁrm
light interacting with a typical acoustic wave m:ocﬂ rm<w an intensity of the
order of tens MW/cm?. Laser giant pulses can oosmcg.ﬂo its source. )

At such big light intensities different kinds of non-linear omooa. @.ooo:._n Om
considerable importance. In AOI the vrmzoamzos of o_mo:om:_o:ov is o
particular significance -— stress caused by light :H.doac_mﬁm an acoustic wave
which — in turn — changes the conditions of light propagation due to the
photo-elastic phenomenon, and so on. 3:&:%. Un.omcmo of En.osonm%. flow
between interacting waves a complicated spatial a_mﬁzv—:_o: of their mav_:z.anm
is established. The basic characteristic of that non-linear AOI (NLAOI) is a

i hange of acoustic wave intensity. .
oo-m__wooﬁmﬂw_ﬁnammo:m:m:ozno on the AOI orw:moﬁon was mwm_wmma n ﬁmmﬁm [1, 2]
(among others). Its results were amplified in the author’s papers [3, 4].

II. GEOMETRY OF AOI

Adequate conditions of matching must be satisfied to make AOI oi.wm effec-
tively. They result from the necessity of fulfilling the energy conservation law
and the principle of conservation of the momentum in an elementary act of the

Fig. 2. Spatial matching in AOL.

photon and phonon interaction (Fig. 2). In the case of non-dispersion media it
leads to the relation (comp. [5]):

AgV. Uy ’ 2 2
sin 9, = = —H~ + (n; —ng)
2v,n, AoV,

; — A _H~ |A Vs VNAS.N — :w‘vu_
sin &, 2v.n, AoV,
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wh . :
ere 9, 9, are the angles formed by the wave vectors of the incident and the

diffracted light waves with the normal plane to the wave vector of the acoustic
wave Awqmmm,m angles); 4, is the light wavelength in vacuo; v,, v, are the acoustic
wave velocity .m:a frequency; n;, n, are the indices of Em qo,q?mo:os of light
io_ag‘ﬂ and diffracted waves. The above formulae are correct in both ov:omm:

_moQ.ov._m (n;=n,) and anisotropic media. Using formulae (1) in mimo:,ovmw
Bom_m I8 not easy as the indices of refraction of light waves are the functions of
the directions of their propagation. That problem was analysed in papers [6, 7].

1g. 3. Exemplary geometries of AOI In amsotropic crystals. Full curves result from cutting the

surface of the wave vectors by the AOI plane.

Fig. 4. “Mistuning™ of spati: ing: 9. i . : -
iR g of spatial matching: 9, is Bragg's angle, A9, is a deviation from Bragg’s angle,

sg ar€ wave vectors of incident and diffracted light beams interacting at Bragg’s angle; K is a
wave vector of the divergent sound beam. )

According to the results in those paper the AOI in anisotropic media can be

M\oSao“_:ﬁo two kinds (Fig. 3). In the first kind the wave vectors of the light
aves belong to the same surface of the wave vectors (isotropic interaction),

while in the second they belong to different surfaces (anisotropic interaction). In_

9@_ _.ﬁ_ﬁon case some particular possibilities of interacting known as Bragg’s
multiple scattering are worth while to emphasize. Another interesting geometry
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For real wave beams the AOI occurs also at angles somewhat different form
Bragg’s angles, though in their case is the most effective one. Generally it is
caused by the fact that real wave beams are always limited in time and space,
which can be characterized by some “distribution” of wave vectors and fre-
quency. To analyse such effects we can assume that there is a certain “mistun-
ing” of matching by introducing the mismatch vector x (Fig. 4).

1Il. ANALYTICAL ANALYSIS OF NLAOI

Propagation of light waves and elastic wave which are coupled by the
photo-elastic and electrostriction phenomena is described by the following wave
equations (comp. [1, 2]):

QPE 1 & .
P
N ) )]
@w'snmlq.r»+w:§|@|wﬁ@h ms.v
ot ox, 2 0% 0r\dx, Ox
where
R 1, Ou, , O\ ,
ik = Ejk 5 it Pt @x~+ o, it
(3)

@uW? @% @%v +W§§§§@n.
E; are the components of the intensity vector of the electric field in the light
wave; u; are the components of the displacement vector in the acoustic wave;
&= ¢ + ig" is the tensor of complex dielectrics constants; p, C, i1 are the tensor
of the photo-elastic and the elastic constants and viscosity; &, ¢ are the vacuum
permittivity and light speed in the vacuum; x; are the co-ordinates of the
Cartesian reference system.

The analysis of the above equations for AOI in crystals of any crystallograph-
ic system and in any plane is very complicated even in the case of a linear AOI
(i.e. without considering electrostriction). Because of that in most of works an
isotropic interaction is considered. The starting equations (2) for this case were
analysed in paper [3] in detail and there its general solution in a given amplitude
of the pumping field approximation was presented.

Studying that solution it has been stated that in some circumstances it is
possible to obtain the stationary state. In the region of interaction, that is under
the influence of that state, we can distinguish two subregions — one acoustically
close (x < v,1,, t; = time of a laser impulse duration) and one acousticaily far
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(x > v,1,). A characteristic feature of the acoustically far subregion is the fact
that the distribution of the amplitudes of interacting waves does not depend on
the co-ordinate along the propagation of the acoustic wave (disregarding the
attenuation). The amplitude distribution of the acoustic wave in the acoustically
close subregion — in the case of a pure Stokes interaction of homogeneous

waves — is formulated by the following dependence:

T -/
e =ty fis [ 14 @ —nee|ad @

where
AB 12
=2 ﬁ! EZ)x(1 — n-g_g : )
2a
4
4 2a

where U,, denotes the boundary value of the acoustic wave amplitude. From the

property of the modified Bessel function I, it results that in a pure Stokes
interaction we can obtain the acoustic wave amplification. The maximal amplif-

ication is for the interaction under Bragg’s angle. When the attenuations are
neglected, the amplification coefficient determined as the power ratio at the
“output” and “input” of the interaction region is:
Y= NONQ.& - Nmﬁﬂov, Ty = Nmkm_mcmmxc%&_b )
eb. &

(%0, ¥ is the widt of acoustic and light beams, x, < v,
In the case of deviations from Bragg’s angle the amplification is getting smaller
and the considered amplitude becomes a complex value. It means that there are

g’s angle. They may be

phase shifts in relation to the wave interacting at Brag
interpreted as changes of the phase velocity of the acoustic wave.

>

Fig. 5. Distributions of interacting wave amplitudes in a pure Stokes interaction of homogeneous
waves for their real boundary values and under Bragg’s angle. The codes of notation are the
following: UO is an acoustic wave amplitude; £0, £l are incident and diffracted light waves
amplitudes; RE is a real part; Im is an imaginary part. a) Uy, = 10~ "' m, Ey, =1 x10*V/m; b)

V/m. In this case all imaginary parts of the complex amplitudes are

Uy, =10"m, E, = 4 x 10°
ZEeros.
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IV. NUMERICAL ANALYSIS OF THE STATIONARY NLAOI IN ACOUSTICALLY
CLOSE SUBREGIONS

From the above-mentioned works it appears that the isotropic, small angle
and the stationary NLAOI in the acoustically close region are described by the
following set of equations:

0 .
@'.vw MQAVP .vv = \Am\oﬁk, b\vm_ OP Ev - Qm.cA.x.g \—\vu
0 ~
™ E\(x, y) = —AUH(x, y)Ey(x, y) — aE,(x, y), ®
Y
0 o~
mlww QOA.VP Ev = |mch.Kg Evmﬂﬁku .v\v - a QQAX, Evu
where
QQC? ») = Uy(x, y)exp (—ixor) )]
a, = a,+ix, (10)
2
4= 2@p0e, o ae@p(l +x/k) &0
4op, 4pv?

where Uy(x, y), Ey(x, y), E\(x, y) are amplitudes of the acoustic wave and the
incident and diffracted light waves in point (x, y) within the interaction region;
a,, a are attenuation coefficients of amplitudes of acoustic and light waves; v,
v are velocities of the acoustic and light waves (in medium); ,, w are circular
frequencies of the acoustic and the light waves. Equations (8) must satisfy the
next boundary conditions:

Ey(x, 0) = E,,(x)
Ei(x,0) = E,(x)

(12)
Us(0, ») = Uy, ()
x,y=20.
Applying in equations (8) substitutions
Ei(x, y) = edx, y)exp(— ay), i=0 |
To(x, ) = @(x, y)exp (—d.x)
>

Fig. 6. It is analogous to Fig. 5 but we have a 3 deviation from Bragg's anagle W, =107 m,
£y, =4 x 10° V/m).
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and using the integral form we get:

&0, 3) = Eyy(x) + A(x) % "0y, y)eyx, ) dy,
0

e(x, y) = Ey,(x) — A*(x) % COGe y)eoxs ) dyr, (14)
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dy(x, y) = U,,(0) = | B(x', pleg(x’, y)eX(x’, y)dx’,
0
where

A(x) = Aexp(—@,x), B(x, y) = Bexp(—2ay + d,x). (1)

-2, 0+
[T SHSL]

DI [nin}
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Fig. 7. The amplification coefficient of an acoustic beam in NLAOI (z) versus the width of the light
beam and: a) the boundary amplitude of the acoustic wave; b) the boundary amplitude of the
incident light wave; c) the deviation from the Bragg angle.
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Applying in equations (14) a numerical integration instead of the analytical
we obtain an adequate differential scheme. In this case we apply the trapezian
method. The attainment set of the differential equations was solved by the
iteration method. As starting values we utilized an amplitude distributiong
before the interaction. The above algorithm was realized in FORTRAN for a
microcomputer of the IBM PC/AT type. The demanded iteration numbers were-
between a few and tens (relative to the boundary conditions).

The results of the calculations are presented in Figs. 5—7. All figures are
presented by the stokessian NLAOI in the interaction region (x, »)€2 x 6 mm?
for homogeneous boundary conditions (i.e. Ey,(x), Uy, (¥) = const). In all cases
the ruby laser light interacts with the acoustic wave propagated in quartz. All
the numerical values are given in fundamental SI units,

V. CONCLUSIONS

From the presented numerical solutions of equations (14) there arise interest-
ing inferences. Firstly the possibility of the acoustic wave amplification was
confirmed. From Fig. 7 we can see that the value of the amplification coefficient
can be very big. The maximum value of this coefficient is attained at the end of
the acoustically close region. For the typical materials (v, = 5 x 10° m/s) and
intensive laser impulses (¢, ~ 10 ns) we have x,,,,. = 0.05 mm. In our calculations

ma

this value is equal 2 mm. Fig. 7a is very interesting. It shows a loss of the
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AKYCTOONTHYECKOE YCUJEHME VJIbTPA3ZBYKA

B paboTe HyMepHueCKu aHATHIMDPYETCH HENTHHEHHOE CTOKCOBCKOE aKYCTOONTHYECKOE B3au-
mozeicTBre. [IeTanbHO PACCMOTPEHO YCHIIEHHE OAHOPOIBIX AKYCTHYECKHX BOJIH NPH CTALOHHAD-
HOM, H3OTPOMHOM ¥ MaJIOYIIOBOM B32HMOJAECHCTBHSAX.
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