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An experimental and theoretical study is reported of the relative contributions of individual 
mechanisms to the distortion of the angular spectrum of short light pulses in different 
nonlinear media. In absorbing media, the main source of energy transfer to weak angular 
modes is the thermal modulation of the refractive index, which leads to a uniform broadening 
of the angular spectrum. The distortion of the space-time structure of light pulses in 
nonabsorbing media is due to the combined effect of Kerr nonlinearity and striction, which is 
resonant in character. 

I. INTRODUCTION 

The transformation of the angular structure of radi- 
ation in stimulated scattering has recently become particu- 
larly topical in connection with the development of a num- 
ber of applications based on stimulated Raman scattering 
(SRS) and stimulated Mandel'shtam-Brillouin scattering 
(SMBS). In problems involving the transformation of the 
frequency of excimer laser radiation in the blue-green part of 
the spectrum, and the compression of excimer laser pulses by 
resonant and nonresonant SRS, the effectiveness and quality 
of the transformed radiation depend on the nature of the 
nonlinear interaction of different angular modes, both in the 
pump field and the Stokes field. A related problem arises in 
attempts to elucidate basic limitations on the precision of 
wavefront reversal ( WR) in SMBS. One of the main nonlin- 
ear processes is then energy transfer between angular com- 
ponents of the Stokes beam and the pump beam. Previous 

have discussed a number of mechanisms for the 
nonlinear interaction between angular beam components, 
but the relative contribution of the individual mechanisms 
was not examined in detail. In this paper, we report an ex- 
perimental and theoretical study of the contribution of indi- 
vidual mechanisms to the distortion of the angular structure, 
and formulate a number of recommendations designed to 
increase the degree of reproducibility in WR. 

2. EXPERIMENT 

In order to investigate the mechanisms responsible for 
distorting the angular structure of radiation scattered by an 
SMBS mirror, we have measured the Stokes radiation pa- 
rameters as functions of time. The apparatus employed is 
illustrated schematically in Fig. 1. The exciting (pump) ra- 
diation was the second harmonic of a neodymium laser with 
the following output parameters: wavelength /Z = 0.527pm, 
energy E(2 J, beam diameter d = 8 mm, pulse width at half- 
maximum r = 15 ns, divergence 8 = 3 X lop4 rad, and 
width of spectrum Av = 2X lop3 cm-'. The SMBS-active 
media employed in these experiments were acetone, ethyl 
alcohol, distilled water, and toluene. Coaxial detectors and a 
6LOR oscillograph were used to measure the parameters of 
the SMBS mirror such as the reflection coefficient R and 
degree of reversal h,  with a time resolution of about 1 ns. We 
note that the position of the spatial filter in the apparatus 
shown in Fig. 1 is particularly convenient because it ensures 
that the working and diagnostic apertures are always coinci- 

dent. The weak angular components in the filtered pump 
beam are due to the re-reflection of the main beam by the 
surfaces of the beam-splitter and the input window of the 
cell, as well as imperfections in the focusing lens and noise in 
the hypersonic grating in the nonlinear medium. 

The R ( t )  and h(t)  curves shown in Fig. 2 were con- 
structed by dividing the instantaneous pump power (signal 
from coaxial photocell 4) into the instantaneous Stokes 
power scattered by the SMBS mirror into the completeangu- 
lar aperture of the focusing lens 6 (signal from coaxial pho- 
tocell 3) and into the diffraction angle defined by the aper- 
ture 5 (signal from coaxial photocell 2). The pulses were 
locked together in time to within better than 1 ns. All the 
measurements were performed on the linear portion of the 
photocell characteristics. 

The absolute reflection coefficient of the SMBS mirror 
was obtained by replacing it with an ordinary dielectric mir- 
ror. The following results were obtained in this way. When 
the pump energy exceeded the SMBS threshold by a factor of 
5-10, the reflection coefficient for all the liquids that were 
investigated was found to depend on the instantaneous 
pump power, but was practically independent of time (curve 
1, Fig. 2a). The degree of reversal did not change during the 
entire Stokes pulse. No noticeable changes appeared on the 
R ( t )  curve when the pump energy was allowed to exceed the 
threshold by a factor of 50-100. However, the h ( t )  curve did 
show significant changes. The change in the form of the h ( t )  
curve for high levels of pump radiation enabled us to divide 
the media under investigation into two categories. In some 
media, the degree of reversal decreased at the center of the 
pulse and then increased toward the end of the pulse. A typi- 
cal example of this is shown by curve 2 in Fig. 2b. The reduc- 

FIG. 1. Experimental setup: 1-lens, f = 200 cm; 2,3,4--coaxial photo- 
cells; 5-aperture, 0.8 mm in diameter; &-lens, f = 5 cm; 7-cells con- 
taining the SMBS-active medium. 
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FIG. 2. Typical time dependence of the reflection coefficient R ( a )  and 
degree of WR h ( b ) :  1-pump just above threshold, 2,3-pump well 
above threshold (2-water, alcohol, acetone, 3-toluene. 

tion in the degree of reversal in such media was found to 
depend both on the ratio of pump power to SMBS threshold, 
and on the properties of the media under investigation. A 
monotonic deterioration in reversal with time was found to 
occur in other media (curve 3, Fig. 2b).  The fact that the 
reduction in the degree of reversal occurred at  practically 
constant reflection coefficient shows that the main contribu- 
tion to the deterioration in the degree of reversal in these 
experiments is provided by energy transfer between angular 
components. 

It is well-known (see, for example, Ref. 1)  that energy 
transfer between two beams that is due to stimulated scatter- 
ing (SS) occurs only when the relaxation time of the inho- 
mogeneities induced in the medium, which are responsible 
for the interaction between the beams, exceeds the typical 
time scales of the light grating (pulse length in the case of 
different frequencies). Among the three different mecha- 
nisms responsible for SS (heating, electrostriction, and the 
Kerr effect)," the first has the longest relaxation time: 
r, = A2/4.ir2,y, where ,y is the thermal diffusivity and A is 
the spatial period of the light grating. Under the conditions 
of our experiments, A-0.1-0.01 cm and the characteristic 
relaxation time for typical nonlinear liquids is r ,  - 1 s. For 
pulses of length r, - lop8 s, wavelength A -  cm, and 
characteristic scale of angular structure 0- 10-3-10-4 rad, 
heating is then an essentially nonstationary process, so that 
one of the mechanisms available for energy transfer is the 
associated stimulated temperature scattering. 

A medium must have an appreciable linear or  nonlinear 
absorption if a thermal refractive-index grating is to be pro- 
duced within it. We have therefore measured the absorption 
coefficients of our media for different light intensities. Mea- 
surements integrated over the pulse were performed with 
calorimeters. The collimated light beam was passed through 
the cell containing the nonlinear medium. The radiation in- 
tensity remained below the level at  which appreciable back- 
scattering would be present. The resulting dependence of the 
transmission of the medium on the mean pulse intensity is 
shown in Fig. 3 for a number of media. As can be seen, non- 
linear absorption was not small for the medium in which 
there was monotonic transfer of energy between angular 
components, which confirms the assumption that energy 
transfer occurred via the thermal mechanism. We also found 
that, by adding an absorbing dye (k, -0.1 cm-I) to the 
liquid in which the distortion was nonmonotonic, e.g., to 
distilled water or ethyl alcohol, we were able to ensure that 
the deterioration in reversal became monotonic. 

It is natural to assume that nonthermal energy transfer 
mechanisms were present in those media in which the distor- 

FIG. 3. Transmission coefficient T a s  a function of intensity I: A-water, 
A-acetone, 0--ethyl alcohol, a-toluene. 

tion of the angular spectrum was nonmonotonic. 
Of the possible redistribution mechanisms in this case, 

we cannot immediately exclude the orientation of anisotrop- 
ic molecules (rK,,, - 10-'' s ) ,  which is an instantaneous 
process for nanosecond pulses. The Kerr nonlinearity can 
appear only for a nonlinear change in the phase of the beam. 

On the other hand, in the case of striction, the attenu- 
ation time for sound of wavelength A -0.1-0.01 cm is rela- 
tively long ( T ,  - lop4-10W5 s ) ,  but this in itself is not suffi- 
cient for energy transfer. The point is that SMBS is a 
resonance process, i.e., the interaction between the two com- 
ponents is effective only when the frequency difference Aw 
between them is close enough to the frequency R of the 
sound generated by them: /Am - R /  < l/r,, . Consequently, 
the assumption that energy transfer took place on refractive- 
index gratings of strictional origin requires the additional 
frequency shift between the interacting beams. This shift can 
be produced by phase modulation due to the Kerr nonlinear- 
ity of the medium. Thus, the phase difference between two 
angular components of unequal intensity I ,,, ( t ) ,  i.e., 

can produce an  increment Sw = h( t )  on the frequency and 
can lead to the SMBS resonance: 

where n, is the nonlinear (Kerr)  refractive index, 
4 = Ik, - k21, I ,,, and k,,, are the intensities and wave vec- 
tors of the two beam components, us is the velocity of sound 
in the medium, and nq is the frequency of sound corre- 
sponding to the vector q. As far as we know, this possibility 
of increasing the effectiveness of SMBS by spontaneous 
modulation (self-sweeping) of the pulse frequency has not 
been discussed in the literature. 

The above experiments with the focused pump beam 
enabled us to establish the basic qualitative properties of en- 
ergy transfer between angular components. However, quan- 
titative studies are difficult in this experimental geometry. 
We therefore carried out model experiments with two colli- 
mated beams in a detailed study of the mechanisms reponsi- 
ble for the interaction between angular modes in nonlinear 
media. The experimental setup is illustrated in Fig. 4. The 
pump radiation was split into two beams of roughly equal 
intensity, and the two beams were then shaped by a lens of 
long focal length and were directed onto the cell in which the 
two beams were allowed to interact. The beam intensity ratio 
was varied by absorbing filters inserted into one of the 
beams. Coaxial photocells and the 6LOR oscillograph were 
used to record radiation pulses entering and leaving the cell, 
and to monitor stimulated backscattering. 
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FIG. 4. Experimental setup: 1,3,9,lO-photocells, 2-beam 
splitter. +semitransparent mirror, 5-100% mirror, 6-cell 
with Kerr medium (phase modulator), 7-lens, f = 92 cm, 8- 
interaction cell. 

The working media used to investigate the thermal 
mechanism of energy transfer were toluene (which has non- 
linear absorption; see Fig. 3) and ethyl alcohol containing a 
dye (linear absorption coefficient k,  = 0.09 cm-' and 
transmission T = 0.4 over a path I = 10 cm). Qualitatively, 
the nature of the interaction with thermal gratings is the 
same for both linear and nonlinear absorption. Figure 5a 
shows oscillograms of pulses recorded with the coaxial pho- 
tocells 9 and 10 (Fig. 4 )  in the case of thermal interaction 
between the beams due to linear absorption. The initial in- 
tensity ratio was S2 = 1/30, the input intensity of the strong 
beam was 1,- 150 MW/cm2, and the convergence angle was 
0 = 8 mrad. As usual, the thermal interaction results in a 
uniform distribution of energy between the interacting com- 
ponents. During the pulse, the gain coefficient for the weak 
beams increases monotonically from zero to a maximum. As 
can be seen from Fig. 6, the time taken by the amplification 
of the weak beam to settle down decreases with increasing 
angle between the beams, other things being equal. 

To investigate nonthermal interaction mechanisms, we 
selected media that did not absorb in the intensity range un- 
der investigation and had different nonlinear (Kerr) refrac- 
tive They were: acetone (n, = 2.2X 10-l3 
CGSe), ethyl alcohol (n, = 0 . 5 ~  10-l3 CGSe), and dis- 
tilled water (n, = 0.6 x 10W3 CGSe). In accordance with 
the above discussion of the nature of the strictional interac- 
tion and the contribution due to frequency self-sweeping in 
this process, some energy transfer was observed but only in 
acetone which has a high Kerr nonlinearity and, even then, 
only between beams of equal intensity. No energy transfer 
occurred in the case of equal beam intensities because the 
nonlinear phase gain in the two beams is the same at each 
instant of time, the difference between the frequencies is 
identically zero, and there is no SMBS resonance. On the 
other hand, in media with low n,, no energy transfer was 
observed at all in the intensity range used. However, when 
the cell containing the Kerr medium (toluene, 
n2 = 4 X 10- l 2  CGSe) was introduced into the beams, along 
the path before the beam interaction region for beams of 
unequal intensity, appreciable energy transfer was pro- 
duced. Energy transfer was also observed for beams of equal 
intensity when a Kerr cell was inserted into one of the beams. 

All these facts support the strictiona: mechanism of energy 
transfer, emphasized by the Kerr quasiresonance. 

Figure 7a shows pulse oscillograms recorded for inter- 
acting beams of equal intensity (I,= 150 MW/cm2) in a cell 
filled with ethyl alcohol (convergence angle 6 = 8 mrad). 
Curve 1 corresponds to the beam into which the toluene cell 
was inserted (1 = 30 cm) . Curves 1 and 2 were recorded with 
coaxial photocells 9 and 10, respectively (see Fig. 4) .  There 
is an appreciable distortion of the temporal beam shape, and 
it is found that the direction of energy transfer changes sev- 
eral times during a pulse. For unequal input intensities (the 
unmodulated beam was attenuated so that the nonlinear fre- 
quency shift did not change), the temporal shape of the low- 
er-intensity beam remained similar to that indicated by 
curve 2 in Fig. 7a, while the strong component was, of 
course, less distorted. The oscillograms of Fig. 7a were re- 
corded as closely as possible to resonance: So-kln,l,/ 
T, .5. Q 9 .  When f19 was reduced by a factor of two ( 0  = 4 
mrad), the beam distortion was less well defined, which may 
have been related to both detuning from resonance and to an 
increase in the settling time for the density wave. The above 
experiments have thus enabled us to isolate the contribu- 
tions of individual nonlinear mechanisms to the energy 
transfer process, usually seen in a combined form. The above 
analysis shows that, under our conditions, which are typical 
for phase conjugation in liquids, many of the effects provide 
comparable contributions to energy transfer between the 
beams. The following detailed numerical model was there- 
fore developed for the quantitative analysis of experimental 
data. 

3. THEORY 

The interaction of light with an isotropic absorbing me- 
dium is described by the following  equation^:^'"^ 

FIG. 5. Beam intensity for the thermal interaction mechanism 
(linear absorption): a--experiment, b--calculation; 1-strong 
beam, 2-weak beam. Beam convergence angle 6 = 8 mrad. In- 
put beam intensity ratio S2 = 1/30. 
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yield 
t 

FIG. 6. Gain coefficient for the weak beam as a function of time: 
1,2-8 = 16 mrad, 3,4-8 = 8 mrad, 1,3--calculated, 2,4--ex- 
periment. Input beam intensity ratio S2 = 1/30. 

where 

p, is the equilibrium density of the medium, c,,,, is the spe- 
cific heat at constant volume (pressure), x is the thermal 
diffusivity, a is the volume expansion coefficient, no is the 
refractive index, p, is the isothermal compressibility, 7 is 
the effective viscosity, Y =p,(d&/dp). is the striction con- 
stant, E is the electric field, and Sp, ST, S< are, respectively, 
the deviation of the density, temperature, and degree of ori- 
entation of the molecules from the equilibrium values. 

The permittivity change 6~ responsible for scattering in 
the Rayleigh triplet is usually dominated by the term (a&/ 
ap),. A special investigationI4 has shown that, when the 
term (a~/dT),c?T is neglected, the associated error in the 
gain coefficient in stimulated temperature scattering is 

2 about 2-6%. Henceforth, we shall assume that" Y- (no  
- I )  (ni  + 2)/3. The validity of this approximation was 

discussed in Ref. 15. The influence of fluctuations in anisot- 
ropy will be taken into account by introducing the effective 
Kerr (orientational) refractive index n,. 

For a monochromatic wave consisting of two plane 
components 

with pulse length r, such that2' 

where L is the length of the interaction region, Eqs. ( 1 ) - (3 )  

where u = Sp/p, is the relative change in density and 
y-' = 2p,/7q2 is the sound attenuation time. 

We note that it is common to isolate the rapidly oscillat- 
ing part in the sound equation (6), i.e., the solution is sought 
in the form 

where ii(z,t) is the slowly varying (on the scale of K1) 
sound amplitude. For large acoustic damping ( y S l/r, ), 
this leads to the well-known equations for time-independent 
SMBS. However, for small-angle scattering (q 4 k ) ,  the situ- 
ation can be different. Actually, when the angle between the 
two interacting components is 8- 10-3-10-2 rad and 
k-  lo5 cm-', we have q- lo2-10"m-' and, for v, - lo5 
cm/s, we obtain R = v,q- 10'-10' s- I .  Hence, it follows 
that (9)  is not valid for pulses of length 10-'-lo-' s and 
characteristic angular structure scale of about 10-3-10-2 
rad. Moreover, sound of this frequency has a very low damp- 
ing constant y4S1, since y-q2. Under these conditions, the 
amplitude of the sound wave is no longer proportional at 
each instant of time to the product of the local wave intensi- 
ties, but is determined by the solution of the equation for the 
oscillations of a weakly-damped harmonic oscillation under 
the influence of an external force which acts for an interval of 
time of the order of the period of the natural oscillations. The 
frequency of this force is not constant. Thus, for AI- 100 
MW/cm2, and n2- 1012 cgse, the linear increase in phase 
over the length I- 10 cm for a pulse of - lop8  s gives 
6w - 10'-10' s- ', i.e., the frequency of the external force is 
of the order of the frequency of the natural oscillations. 

Physically, the picture is as follows. Interference 
between the two waves induces a "light grating" in the medi- 
um, whose "lines" lie along the common direction of beam 
propagation. Striction or heating produces excess pressure 
at the interference maxima. This excess pressure tends to be 
released by the sound wave which begins to propagate in 
both directions. When the frequencies of the two compo- 
nents are equal, the light grating is stationary and sound 
generation is not very effective. However, when the phase of 
the light grating is a function of time, the grating moves, and 

FIG. 7.  Beam intensities as functions of time for the stric- 
tional mechanism with preliminary Kerr modulation of 
one of the beams: a-experiment, b--theory; l-modula- 
ted beam, 2-unmodulated beam. Beam convergence an- 
gle 8 = 8 mrad, Kerr phase gain at pulse maximum 
(6p),,,, =2a.  
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resonance then corresponds to its displacement with the ve- 
locity of sound. In a medium with a Kerr nonlinearity, the 
phase gain is proportional to the distance traversed, so that 
the grating moves with different velocities in different cross 
sections. Moreover, because the Kerr increment in the fre- 
quency is determined by the derivative of the intensity, the 
leading and trailing edges of the pulse give rise to motion of 
the grating in different directions. It is not difficult to see 
that this relatively complex interaction picture requires de- 
tailed analysis, and the effectiveness of the above interaction 
can only be established by solving the complete set of equa- 
tions (6)-(8). 

However, these equations cannot be solved even when 
the analysis is confined to purely strictional interaction 
between the two beams that have first passed through the 
Kerr cell. Actually, if we write the formal solution of (6)  
with zero initial conditions (fork, = 0 and yr, 4 1) 

I 

YqZ 1 
zz Z ,  t = - - El ( Z  t )  E ( z  i n  9 ( t - t )  d t ,  ( 10) 8np0 SZ 

we can reduce (7)  and (8)  to the form 

3-41 - = LAz A( sin (T-z') dz', 
E 

(11) 

with boundary conditions 

-4,(g=0. z)=6f(t)e~p[in~kll,(1-6~)f(z)], 

A2(E=0, r ) = ( i - t i 2 ) f ( ~ ) .  (13) 

The dimensionless variables in these expressions are defined 
by 
Ai=EIE,'IIo, A,=( IE,IZ- IEzlz)/Io, 

g=( Y/lGnnoZ) (lo/p0 u ,  ' ) k z ,  
r=Qt, IE,(O,t)IZ=Iof(t), IEz(0,t)1z=6zIof(t), 

I is the length of the cell containing the Kerr medium charac- 
terized by the refractive index n,, f( t )  describes the temporal 
shape of the pulse, and S is the ratio of the amplitude of the 
two components, (E2/El ), = ,  . 

It is clear that the evolution of the beam in space-time is 
determined by the phase relationships in the integrands of 
( 11 ) and ( 12), which significantly depend on the temporal 
shape of the pulse, f ( t ) .  In this situation, simple model rela- 
tionships cannot be used in a general analysis of the particu- 
lar experimental situation because the result is very depen- 
dent on the chosen shape of the input pulse. We therefore 
solved ( 6) -(8 ) numerically, having specified the pulse 
shape as close as possible to the experimental shape. Two 
separate mechanisms were investigated, namely, heating 
and striction with Kerr quasi-resonance. 

For the numerical calculations, the set of equations giv- 
en by (6)-(8), in whch the Kerr nonlinearity was taken into 
account in the phase shift of the input beams, was reduced to 
a set of five first-order partial differential equations. For this 
set, we constructed an implicit second-order difference 
scheme which satisfied the Courant, Friedrichs and Lewy 
condition" for convergence. To estimate the accuracy of the 
numerical calculations, we carried out test calculations on 

successively refined meshes, and compared the sonic field 
u (t,z = O), calculated in this way with a quadrature of (6)  in 
which the right-hand side was known from the boundary 
conditions for t  = 0. The main variants were calculated for a 
mesh with h, = 0.125 cm and h, = 0.25 ns. The relative er- 
ror in the calculations was a few percent. 

4. RESULTS AND DlSCUSSlON 

Calculations of the thermal interaction showed that, for 
transversely inhomogeneous beams, the weak component 
was amplified to the level of the strong component, and, 
thereafter, the direction of energy transfer was reversed. The 
gain coefficient for the weak component is given by 

and increases with time from zero to K,,, = 1/S2, where S2 
is the intensity ratio for the two components in the input 
beam. It then again falls to zero, and so on. At the same time, 
the rate of the oscillations increases with time. After a few 
cycles of energy transfer from the strong to the weak compo- 
nents and vice versa, the beam intensities become equal (the 
rapidly oscillating quantity is effectively averaged out at the 
level of 1/2). The rate of energy transfer increases with in- 
creasing intensity of the input beams for a fixed S2 and with 
decreasing grating period. This is illustrated by Table I 
which shows the times at which the maximum gain satisfies 
K,,, = 1/S2 and the next minimum Kmi,, = 0 are reached. 
The calculations were performed for an interaction in the 
medium corresponding to the following experimental pa- 
rameters (Fig. 5a) :p, = 0.789 g/cm3, us = l .  16 x lo5 cm/s, 
no = 1.362, a = 1 . 1 2 ~  deg-I, k ,  = 0.09 cm-I, 
c, = 2 . 4 2 ~  107erg/g deg, L = lOcm, k = 1 . 1 9 ~  lo5 cm-', 
S2 = 1/30. The shape of the laser pulses was approximated 
by f(t)sin2(nt /T, ), where rp = 35 ns is the total pulse 
length. 

We emphasize that the above interaction picture, with 
oscillations in the gain coefficient, refers to beams in which 
the transverse intensity distribution is constant. For a more 
complicated beam profile, energy transfers along directions 
with different intensity occur at different rates, so that the 
intensities of the components leaving the interaction region 
will obviously be given by an integral over the transverse 
cross section, i.e., they will be averaged. Because of the dif- 
ferent rates of oscillations in the gain coefficient, this averag- 
ing will ensure that, under the conditions of established ener- 
gy transfer, the effective gain coefficient will be lower by a 
factor of 2: (K ),,, = 1/2S2, i.e., the weak component will 
be amplified to half the level of the strong component, the 
intensities will equalize, and energy transfer will end. 

Figure 5b shows calculated intensity profiles for the two 
beams at exit from the interaction region. Figure 6 shows the 
gain coefficients as functions of time (curves 1 and 3) .  It was 
assumed in these calculations that the lateral beam intensity 
distribution was Gaussian, the mean intensity of the strong 
component being I. = 150 MW/cm2. The averaging was 
performed over four cross sections. The oscillations in the 
intensity of the beams and in the gain coefficient that can be 
seen on these calculated curves are entirely due to the fact 
that the averages were taken over discrete points and that six 
cross sections were not sufficient for complete smoothing. 
Nevertheless, the overall shape of these curves enabled us to 
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TABLE I. Times (in ns) to reach the first gain maximum K,,, = 1/6 and the next minimum 
K,,,  = 0 (in parentheses) as functions of the intensity of the strong component (intensity ratio 
6' = 1/30 in all cases) and the angle between the beams for transversely homogeneous beams. 

4 ( n r P  = I )  - (-1 ( - 1  32(-) 29(-) 1 27(35) 
8 (Or, = 2 )  32(-) 26 (32) 23 (28) 22 (26) 2 1 (24) 20 (23) 

16 (Or,, = 4) 1 26(-) 1 20(24) 1 18(21) 1 17(20) 1 16(19) 15(18) 

Angle, mrad 

Note: Dash indicates that the amplification factor did not reach the maximum (or minimum) 
during the pulse length. 

Pump intensity, MW/cm2 -- 
25 1 50 1 75 1 i d 0  1 liS 1 110 

consider that the underlying model represented satisfactori- 
ly the experimental data. 

Figure 7b shows the results of a calculation of the stric- 
tional interaction after preliminary Kerr modulation of one 
of the beams (the parameters were chosen to agree with ex- 
periment; Fig. 7a). As can be seen, there is good qualitative 
agreement between the numerical and experimental results. 
Quantitatively, the agreement lies at the limit of the preci- 
sion with which stimulated backscattering could be ob- 
served ( - 10%). We note that, in the absence of nonlinear 
absorption, the energy balance was preserved in these ex- 
periments with the same precision. Possible channels of en- 
ergy leakage would seem to include re-scattering into higher 
diffraction orders." However, estimates show that we were 
dealing in this case with a spatial hologram, so that the effec- 
tiveness of energy transfer to higher orders should have been 
low (Bragg diffraction). Actually, test calculations showed 
that less than 1% of the energy was lost to the first side 
orders. 

Both calculations and experiments showed a reduction 
in the efficiency of energy transfer with decreasing angle 
between the components. In the first instance, this is due to 
the fact that a reduction in the angle is accompanied by an 
increase in the period of the light grating and, consequently, 
in the length of the acoustic wave produced by it. When the 
pulse length is less than the time taken by a phonon to trav- 
erse a distance of the order of the period of the grating, the 
acoustic wave does not succeed in settling down during the 
interaction time. Moreover, the proximity to resonance, 
which determines the rate of excitation of sound, plays a 
significant part. For example, the intensity of the acoustic 
field at 8 = 8 mrad (optimum) is greater by an order of 
magnitude than at 8 = 4 mrad. 

It is clear from Fig. 7 that the main distortions occur 
near the pulse center. This is so because an appreciable 
growth of the density wave begins when the phase difference 
between the induced sound wave and the inducing force 
(light grating) reaches the optimum value of7~/2. The phase 
of the sound wave is stabilized near the pulse center when the 
light grating, which at first moves with an increasing, and 
then a decreasing, velocity, begins to lag behind the induced 
sound wave. 

Transverse averaging also plays an important part in 
this case because portions of the pulse of different intensity 
enter into resonance with different angular components. 
Hence, as in the case of the thermal interaction, averaging 
leads to appreciable smoothing of pulsations during energy 
transfer. 

In conclusion, let us compare the relative contributions 

I 1 I I I I 

of the two mechanisms to the distortion of the angular struc- 
ture of the beam, using simple estimates of the growth rates 
of the weak angular components. For the thermal mecha- 
nism, 

gT(flrp S: 1) (fir, I2goT 7 

and for striction 

(Rr,)A, r P l  A 5 1  
g t r  h)g;st, l/flr,, R T , ) ~ ,  A g f l r , .  (16) 

where 

is the optimum growth rate for firp >) 1 and I A - flrP ] < 1. 
These estimates yield the following ratio for the two mecha- 
nisms: 

f l r p 5 1 ,  A 5 1 ,  

fir, >) 1, resonance , 
nr, >) I ,  no resonance. 

(17) 

We must now take into account the fact that, when a volume 
A Vof the liquid absorbs an amount p,,c, TA Vof heat, all the 
particles in this volume acquire velocities of the order of the 
acoustic velocity, i.e., p,,pT-p,u,Z, so that the relative 
change in the volume is SV/V = uT- 1. This enables us to 
write (17) in the following more convenient form: 

A/rP7 flr,S:l, A 5 1 ,  
g"" Y 1 - Orp >) 1, resonance , 
gT no ckw l/r, n ~ ,  >) I ,  no resonance. 

(18) 

Hence, it follows that, when k, k k8u,/s, where 8 is the 
characteristic angular size of the beam, thermal distortions 
predominate even when the optimal conditions for the stric- 
tional mechanism are satisfied. Conversely, when k, 5 min 
( 1/crP ,keu, /c) the main contribution to beam distortion is 
provided by striction. 

It is interesting to compare the growth rates ( 15) and 
(16) with the growth rate for stimulated Mandel'shtam- 
Brillouin backscattering: 

where l/y1800 is the attenuation time for sound of frequency 
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3. Thermal distortions can be reduced, of course, by 2kv,. We then have 
g.tr, g A ~ * s  y180° r p e ,  

Since the exponential factor ggz,s L must reach - 25 if sti- 
mulated Mandel'shtam-Brillouin backscattering is to devel- 
op above the noise level, and beam distortion is already pres- 
ent for gstr' nL - I, we find from ( 19) and (20) that good 
phase conjugation can be achieved for 

(y'sOLrp )8 5 1/25 , 
if SMBS is excited in a nonabsorbing medium with Kerr 
nonlinearity, or when 

in an absorbing medium with small Kerr nonlinearity. 
The estimates given by ( 19) and (20) were obtained for 

the situation that was optimal for the development of distor- 
tions. On the other hand, if the pulse length rp and the angu- 
lar size 8 of the beam are such that 197~ 5 l/u,k (i.e., 
flrp 5 1 ), or the condition for the Kerr resonance in one of 
the angular components of the beam is satisfied, conditions 
( 19) and (20) are correspondingly relaxed [see ( 15) and 
(1611. 

5. CONCLUSION 

Our research shows that, when beams with a complicat- 
ed angular structure propagate in nonlinear media, their an- 
gular spectrum may undergo appreciable distortion. There 
are two reasons for this: absorption in the medium and elec- 
trostriction, the latter being emphasized by the Kerr quasi- 
resonance. The thermal mechanism gives rise to the develop- 
ment of weak angular modes due to the strong central 
component and the uniform angular energy distribution in 
the beam, whereas the strictional mechanism and the Kerr 
nonlinearity together produce a significant distortion of the 
temporal shape of the angular modes for which the reso- 
nance conditions are satisfied, even though they do not pro- 
duce a large amplification of the weak components. 

The theoretical model used in this research is in good 
agreement with experimental data, but the results indicate 
that each specific situation requires careful analysis when all 
the characteristic times of the problem are of the same order. 
The propagation and distortion of the beam are strongly in- 
fluenced by the temporal shape and the duration of pulses, 
the angular composition of the beam, and the parameters of 
the medium. Nevertheless, our results enable us to formulate 
the following quite general recommendations. 

1. Both heating and striction distort mostly the large- 
angle part of thedistribution 8 > B ,,, , where the width 8 ,,, of 
the undistorted region depends on the pulse length as fol- 
lows: 

2. The thermal mechanism produces a uniform broad- 
ening of the angular spectrum of the beam for 8 > Bthr. The 
strictional mechanism has a well-defined resonance, 
Bop, - 0 ,,,A, and its effectiveness increases with increasing 
angle under resonance conditions. 

using media with low absorption, or by reducing the pulse 
length in inverse proportion to the width 8 of the angular 
spectrum of the beam: 

r,, 5~ /use. 
Satisfactory phase conjugation can be achieved with SMBS 
by ensuring that the absorption coefficient of the medium 
satisfies the condition 

(rph is the lifetime of phonons of frequency 2kv, ). 
4. Strictional distortions can be reduced by using media 

with low Kerr nonlinearity, so that the nonlinear phase gain 
is small, A 5 1. On the other hand, when A s  1, strictional 
distortions can be suppressed by reducing the pulse length 
down to A /us 8. In media with well defined Kerr nonlinear- 
ity, satisfactory phase conjugation can be achieved only for 
pulses whose length and angular spectrum satisfy the condi- 
tion 87, < Tph /25. 

"We shall not consider the electrocaloric effect because it usually appears 
together with striction, but its contribution is appreciably smaller'": 
(d&/dT),ST< (d&/dp) .6p. 

"The right-hand side of (5)  enables us to neglect thermal diffusivity, and 
the left-hand side enables us to discard the time derivatives in the field 
equation (3) (this is the so-called thin-layer approximation). 
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