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The observation conditions, existence limits, and accuracy of phase conjugation (PC)  in nonsta- 
tionary stimulated Brillouin scattering (SBS) are investigated theoretically and experimentally. 
The experimental results for a wavelength A = 1.05 p m  corroborate well the theoretical conclu- 
sions for light beams with small spatial inhomogeneities. The accuracy of phase conjugation is 
determined and the reflection coefficients of SBS mirrors are determined for quasihomogeneous 
saturated beams at a relative pulse duration t,,, /T,  = 0.15 to i ( T, is the hypersound relaxation 
time). It is shown that the maximum duration of a pulse reflected by an SBS mirror is limited by 
competing processes such as breakdown and self-focusing. The accuracy with which ~ ~ 2 0 t h  
aberrations such as astigmatism are corrected is measured. 

INTRODUCTION 

Phase conjugation (PC) in stimulated Brillouin scat- 
tering (SBS) has been the subject of many papers (see, e.g., 
Refs. 1 and 2).  They all deal, however, with stationary scat- 
tering conditions. In practice it is frequently necessary to 
produce PC in SBS when the pulse duration t,,, is compara- 
ble with or shorter than the hypersound relaxation time T2, 
i.e., under nonstationary conditions. This takes place fre- 
quently, for example, in near-infrared apparatus for the in- 
vestigation of the interaction of radiation with matter. 

The feasibility of attaining a near-unity coefficient 
(R ~ 0 . 8 )  of pump reflection into a Stokes wave for SBS in 
compressed gases at t,,, - T2 was demonstrated experimen- 
tally in Ref. 4, but the spatial structure of the reflected radi- 
ation was not investigated there. A value R ~ 0 . 9  was ob- 
tained for Gaussian beams (in SF,); the accuracy with 
which the Stokes wave was conjugated to the pump was 
found to be practically ideal (X = 0.98).5 In SBS of short 
pulses of nearly uniform intensity distribution in nonlinear 
liquid, the PC deteriorated as the pump power was increased 
and t,,, was shortened., The feasibility of achieving PC in 
beams with elaborate structure was noted in  experiment^,'.^ 
but no quantitative investigations were made. 

We develop here for nonstationary SBS of spatially in- 
homogeneous light beams a theory that determines the PC 
existence limits for both light guides and focused beams. We 
measured the reflection coefficients and the accuracy of the 
PC for nonstationary SBS in various media and in a wide 
range of the radiation parameters. The main conclusions of 
the theory agree well with the experimental results. We 
show, in particular, that the PC effect is shut off when the 
scale of the transverse inhomogeneities of the pump is de- 
creased, and moreover does so earlier the shorter the laser 
pulse. 

1. THEORY OF PC IN NONSTATIONARY SBS 

The reason why PC is produced in SBS is' preferred 
enhancement of a structure in the Stokes wave, so that its 

field amplitude Ep , E, , Ep *. The preferred enhancement 
makes the growth rate M of the Stokes wave reversed 
towards the pump double the growth r a t e a o f  the scattered- 
radiation components that are not correlated with the Stokes 
wave in the case of SBS in the light guideg9l0 and approxi- 
mately 1.65 times larger when the radiation is focused into 
the nonlinear medium."-'3 For SBS of focused beams, the 
Stokes wave tends to become localized near the pump-beam 
axis, where its gain is a maximum. The envelope of the 
Stokes beam reversed towards the pump is therefore consid- 
erably narrower than the exciting-radiation beam envelope, 
so that additional diffraction losses are produced. It is the 
last circumstance which raises the main difficulties when it 
comes to calculate the growth rate of the reversed Stokes 
wave. 

To analyze PC in nonstationary SBS we elaborate in 
this paper on the approach proposed in an investigation12 of 
this effect under stationary scattering conditions. In this ap- 
proach, in the material polarization responsible for the exci- 
tation and amplification of the Stokes wave we separate that 
component which corresponds to the amplification of the 
most rapidly growing structure. This part of the polarization 
is expressed as an expansion in a definite system of orthogo- 
nal transverse modes having different envelopes but equal 
small-scale distributions of the complex conjugate of the 
pump field. Solution of the equations for the weighting coef- 
ficients of the expansion, which depend on the time t and on 
the longitudinal coordinate z, permits calculation of the 
growth rate of the Stokes wave and yields the conditions for 
the observation of the PC effect. 

1. 1. Fundamental equations 

Assume that a pump wave 

E p  exp [i (at-kpz)] + C.C. 

is incident in thez = 0 plane on the boundary of a SBS-active 
medium in which a Stokes wave 

E,  exp [i(a,t+k,z) 1 + C.C. 

complex field amplitude E, is the conjugate of the pump- excited up from the spontaneous-noise level, propagates in 
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the opposite direction. The equations that describe the inter- 
action of these waves take for nonstationary SBS the form 

where Pp, E,, and Q are the complex amplitudes of the 
pump, Stokes, and hypersound waves; gi are constants that 
depend on the material parameters and determine the 
growth rate g = gg3(2.rr/cn) of the Stokes wave per unit 
length and unit intensity, c is the speed of light, n is the 
refractive index of the medium, vp and v, are the pump- and 
Stokes-wave velocities, and f, is an extraneous noise source 
that governs the spontaneous-scattering level. Since the fre- 
quency shift is small in SBS, we put hereafter kp = k, = k. 

To calculate its growth rate, we neglect the influence of 
the Stokes wave on the exciting radiation, i.e., we consider 
SBS in a given pump field. The pump beam, which has in the 
z = 0 plane the factorized form 

Ep (t, z=0, TI) =(P (t) (0, r ~ )  

(the functions E~ (0, ri ) and p ( t )  describe the spatial struc- 
ture and profile of the exciting-radiation pulse"), is deter- 
mined in the interior of the medium z > 0 by the solution of 
Eq. (1) with a zero right-hand side, i.e., 

and 

We assume also that the radiation entering the medium has a 
Gaussian correlation function 

where the Gaussian-beam envelope and the transverse in- 
homogeneity of the field have respectively radii a (0 )  and 
p(0)  ( ~ ( 0 ) ;  hereIp (0)  is the intensity on the beam axis. The 
average wavefront curvature in the z = 0 plane is equivalent 
to that of a square lens of focal length F. For PC to occur, the 
dimensions L of the nonlinear medium must exceed substan- 
tially the Fresnel diffraction length z, = kp2(0), of the 
transverse inhomogeneity of the field. The pump field in the 
bulk of the medium can therefore be assumed to have a nor- 
mal distribution. The pump correlation function inside the 
medium can be obtained by solving Eq. ( 4 )  with boundary 
conditions (5) : 

where z, =Fzi / (F2  + z i )  is plane of the focal neck; 
z, = kp (0)a (0)  is the envelope diffraction-broadening 
length obtained when the input beam is collimated; 
z, = kp2(0), z, = ka2(0). From (6)  we obtain the average 
intensity distribution I, (z, r, ) in the bulk of the medium, 
and the change of the envelope radius a (z) and of the pump 
transverse-correlation radius p (z) as functions of z: 

rL2 
( ~ ~ ( z .  )=s (z)exp[ --I, a (2) 

zp (z)  = I ~  (0) [ (  1 - ;)2 +z$] -' , 

Z z2 a2e,=a2(o) [(I - _ )  +;I, 
28 

We introduce an orthogonal system of modes E (z, r, ), 
each of which is proportional to E,* (z, r, ) and has an enve- 
lope f (z, r, ) that is smooth on the scalep of the transverse 
inhomogeneity of the field, i.e., 

Since the envelope of a reversed Stokes beam formed in the 
field of a pump beam with Gaussian envelope is likewise 
nearly Gaussian (but of smaller radius), we choose the ze- 
roth mode in the form 

& o = j o ~ ~ * ,  fo (2, ri) =exp [-'/2azrLz/a2 (z)] , 

where a is a parameter chosen such that E~ is closest to the 
minimum-gain structure. We define next the succeeding 
modes E ,  by the recurrence relation1' 

P 

thereby ensuring orthogonality of the modes: 
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by the equations 

(i.e., P, is the power ofthe k th mode) and the matrix A,, has 
the tridiagonal form 

In other words, the modes E, are matched with the inhomo- 
geneous local gain gI, ( z ,  r, ) induced in the medium by the 
pump beam in such a way that on scattering of any mode the 
gain profile excites only the three neighboring modes 
E , - , , E  , E, + , . This circumstance simplifies the subsequent 
calculations substantially. 

We express the mode E , in terms of E,: 

Substituting this expression in (7) ,  we obtain for the coeffi- 
cients the recurrence relation 

with b ,  = 1 and b ,, , = 0 at k > j and k < 0. The relation 
between A ,, , and b ,, , can therefore be written in the form 

It can be easily seen that A ,j + , = 1, and AjJ = P, + , /P, . 
Using these relations and specifying the value of the param- 
eter a (i.e., defining the mode E,), we can construct the en- 
tire system of the modes E ,. 

We introduce the variable coordinate q = t + z/v, , 
connected with the Stokes wave; instead of (2)  and (3)  we 
have then 

We represent the polarization 9, = 1/2ig,Ep Q * that 
causes the excitation and amplification of the Stokes wave as 
a sum of two orthogonal terms: 

Y 

with 

for all j~ [0, N] . The sum in ( 1 1 ) is that polarization term 
which causes excitation and amplification of the fastest 
growing structure in the Stokes wave whose front is reversed 
towards the wave. The part of 9, orthogonal to the sum 
causes excitation of all the other Stokes-wave components. 
We accordingly resolve the field E, into two components, 
E, = E +Es, and define them, using ( 9 ) ,  ( lo ) ,  and (11). 

Multiplying ( 11 ) by E, and integrating over the cross sec- 
tion, we obtain 

Expressing the solution ( 10) and ( 12) in integral form and 
substituting in (14), we find 

11 

where 

igz 
X J d2rL  1 Epl ' E , ' G ~ ~ * E  (L, r L f )  + - v (q-VZ) 

2p2 

q-vz 
x exp (- ) J ~'~,E~*.Q.(L=O) +*cp 2pj (q-vz) 1 dql 

V I  

h 

Here G,, is the Green operator of the linear parabolic equa- 
tion, and v = l / ~ ,  + l / ~ ,  . We note that the system (15) 
and ( 13), with allowance for ( 1 1 ), is fully equivalent to the 
initial systkm (21, (3).  

Neglecting in (15) the last term, which is connected 
with the field g,,  we obtain a closed system of equations for 
the coefficients C j .  Numerical solution of this system en- 
ables us to investigate the enhancement of the reversed wave. 
Just as in the stationary case, this neglect is justified if the 
growth rate of the gain over the pump longitudinal-correla- 
tion length is given by 
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The change of variables 

in ( 15 ) and ( 17) reduces ( 15 ) to a form suitable for comput- 
er analysis: 

7 

where 

The coefficients cr, ( L ) ,  cr;, a; determine the compo- 
nents, in the noise source, of the initial and boundary condi- 
tions for the chosen modes: 

Solving (20) and finding Cj (z, t )  we can use (12) to 
express the field I in any plane z: 

Representing E in the form 

we easily calculate the components of the field E for the 
modes E~ : 

and determine the form of the Stokes wave reversed towards 
the pump 

where 

is a function of the transverse coordinates that is slow in 
terms ofp(z).  The powerjEp of the pump-conjugated beam 

at gain growth rates typical of the SBS process, is close to the 
powerP = J IE I2d 'rl ofthefieldE (see thequslntityx = Po/ 
Pin  Table I below). The component E ' contains waves that 
are not correlated with the pump and are due to diffraction 
of the reversed Stokes beam, which is narrower than the 
pump beam; this component constitutes a small fraction 
(1  - x z 0 . 1 )  ofthe field power E. 

To explore the conditions for the onset of PC, the power 
Zs of the Stokes-wave component not conjugate to the pump 
must be calculated. One source ofEs waves that is not corre- 
lated with Ep * is the scattering by the conjugate wave itself 
from the inhomogeneities of the gain. Their power is propor- 
tional to the reversed-structure power P,(z, t )  and to the 
parameter mk, so that they can be neglected if mk .(1.14 

A contribution to the nonreversed field Er is made also 
by waves that are not correlated with the pump and are 
launched by initial thermal fluctuations. To calculate their 
growth rate it suffices to consider the gain of a certain com- 
ponent & ( ( E ~  *&) = 0); this component propagates within 
the confines of the pump wave, is not correlated with the 
latte5 is orthogonal to the modes E, , and satisfies the equa- 
tion L& = 0. Representing the polarization 9, in the form 

gS=c ( 2 ,  t )  P (z ,  r,) +Ps 

we obtain for z (z ,  t ) ,  in terms of the variables and r ,  an 
equation similar to one of the equations of (20) : 

xexp [ - ( z - r ' )  I J db'BC(Sr, r ' )  -C(O' ( 5 ,  r ) ,  (26) 
t ( O )  

where B = m0/2 = const (c), C'O' just as CjO' in (20), is de- 
termined by the projections of the initial conditions on the 
structurez, see (23). Equation (26) has an analytic solution 
in terms of Bessel functions, from which it follows that the 
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TABLE I. Calculated values for PC in focused beams. 

growth rate M of the intensity of the waves that are not cor- 
related with the pump can be written in the form (v  = 0)  

Analysis of the PC for nonstationary SBS in a light 
guide likewise reduces to consideration of equations similar 
to (26), with an integrand kernel independent of the longitu- 
dinal coordinate, and having a similar analytic solution. In 
this case the growth rates MI, of the reversed wave and a,, 
for the uncorrelated components are respectively (v  = 0) 

MI, = {"zm1~-2\$'~~ $$gIp (0) LTz, 
2gIp (0) L, tn,$gIp(0) LT,, 

(28) 

where 

Here 1, (0)  is the pump intensity, uniform over the cross 
section and constant alongz in a light guide of length L. The 
excess S,, = M~,/M,,O~ one growth rate over the other in- 
creases with increasing pulse duration from fi to 2 in the 
stationary SBS regime at t,,, >gIp (0) L T,. It follows from 
(28) and (29) that at a given growth rate MI, = const (the 
SBS sets in at a growth-rate threshold M,,, ~ 2 0 - 3 0 )  the 
ratio of the reversed-wave power P,,, to the power P,, of the 
uncorrelated waves decreases with decreasing t,,, under 
nonstationary scattering conditions like 

realization of the SBS effect becomes more difficult when the 
pump pulse duration is shortened. 

When the time of light passage through the medium 
becomes comparable with the pulse duration, it is incorrect 
to assume that Y = 0. An analytic solution for v#O can be 
found only for a rectangular pump pulse (p( t )  = 1, t>O). 
The following equations are obtained in that case for the 
growth rates: at L(tp/2 

t -vL J f I g E . Z  [ Iglp (0) L t D z v L ]  'k2 - p L ,  

T2 T2 
t -vL I h  t -vL n,, -2 [ 2 g ~ p  (0) L - p k ]  -2 - p ~ - .  
Tz T2 ' 

and at L > t,,, /2 

1.2. Discussion of numerical results 

Equations (20) and (26) were solved numerically by 
iteration for v = 0 and for various parameters of the prob- 
lem. An additional criterion for correct computation was the 
ability to compare the calculated and analytic solutions of 
Eq. (26). After finding C j  (z, t )  and E(z, t ) ,  we calculated 
the coefficients u j  (z, t )  and then the powers P and P, and 
the growth rates Mand Mof the conjugate and uncorrelated 
waves, the ratio x = P,/P, and also the relative weight 
,y , = /a , 1 'P, /p, of each mode E , in the power Po. Calcu- 
lations with a = 0, allowing for a sufficient number of modes 
( N  = 4-6), have shown that a reversed Stokes beam, with a 
well defined ratio of the quantities x which is practically 
independent of z, is produced independently of the initial 
conditions (i.e., of a,!, u p  or uj (L)  ) only if the length L of 
the medium exceeds the length of the focal region of the 
pump beam. The ratio changes with time so as to make the 
conjugate-wave envelope narrower. The choice of a value 
a $0 can make only one zeroth mode E, predominant in the 
power P,. Table I lists for m, = 32, t,,,/T, = 1, p ( t )  = 1, 
the results of calculations at U ~ 2 5 ;  the values o fx  andx  , 
are given for the Stokes wave as it leaves the medium (z = 0 )  
at t = t,,,. The ratiox =p,/P is found to be close to unity. 
A deviation ofx  from unity, however, means that even if the 
contribution of the component gs to the scattered field is 
neglected, the PC in SBS of the focused beams can still not be 
ideal, but the accuracy is higher than at ~ ~ 0 . 9 .  

In Fig. 1 are plotted the increases of the growth rates in 
a focused beam, 6, = M/M, and in a light guide, 
S,, = MI, /MI,, vs the total growth rate M of uncorrelated 
waves at t,,, /T2 = 1 and vs the relative duration tpul /T2 at a 
constant total growth rate M = 25, for a rectangular pump 
pulse. It can be seen that for SBS the difference between the 
growth rates in a light guide decreases with increasing %at 
constant t,,, , tending to fi, whereas for focused beams both 
relative growth rates increase and likewise tend to fi. The 
reason is the narrowing of the envelope of the generating 
structure with increasing growth rate, so that the gain of the 
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structure approaches the gain in the light guide. A charac- 
teristic feature of the excesses above the growth rates as 
functions of Tpul/T2 is that when the latter increases the 
values of 13, and S,, increase monotonically and approach 
values corresponding to the stationary SBS, viz., 6;; = 2 and 
8:&=:1.75 ( a t G = 2 5 ) .  

An excess of M over ?i? does not automatically guaran- 
tee the presence of PC, since the relative fraction of the 
pump-correlated structure in the initial Stokes noise wave is 
very small. For PC to occur it is necessary that the power Po 
of the pump-conjugated wave exceed the power Fun, of the 
components that are not correlated with the pump. Calculat- 
ing the angle 8 and the aperture d within which effective 
amplification of waves uncorrelated with the pump takes 
place, and estimating the relative weight of the stasting re- 
versed-wave in the initial power of the uncorrelated waves, 
as was done in the analysis of stationary SBS," we obtain the 
condition for observing the PC effect (P,/F,,,, k 1) in fo- 

FIG. 1 .  Excess of  the growth rate for SBS in a light guide 
(6,, )_and in a focused beam ( 6 ,  ) as functions of  the growth 
rate Mat  t,,, = T2 ( a )  and on tp, , /T2 at M = 25 ( b ) .  

cused beams, in the form 

7200 

YCC 

where 8 = 2/kp(0) and 0, = 2/ka(0) are the real and dif- 
fractive divergences of the pump beam at the entrance to the 
medium. Using this condition and the functions S ( a )  and 
6 (  t,,, /T,), we can easily separate those 8 /8, regions in 
which PC is possible. Figure 2 show plots of the critical ratio 
(8 /ed )cr vs the growth rate 2 or vs the relative pulse dura- 
tion tpu, /T ,  (q, ( t )  = 1 ). These plots are found to be close to 
exponential (for a light guide this follows from (28) and 
(29) ). It can be seen that a small difference between the 
threshold SBS growth rates determined by the parameters of 
the medium leads to a substantial difference in (8 /8, ),, . 

The inequality (33) states the power condition for the 
onset of PC, whereas in experiments the criterion for this 

FIG. 2. Critical ratio ( 8  /8 ,  ),, ofthe beam divergences at which 
the PC shuts o f f  vs the growth rate M at t,,, = T2 ( a )  and vs the 
relative pump pulse duration tp, , /T2 at two growth rates, 
M = 2 0  ( l ) a n d M = 2 3  ( 2 ) .  
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effect is usually an excess of the reversed-structure energy 
over the energies of the waves that are uncorrelated with the 
pump. Calculations show that according to the energy con- 
ditions for its onset, the PC terminates at values of ( 8  /8, )., 
that are approximately 1.3-1.5 times smaller than would fol- 
low from (33). The condition that the growth rate be small 
over the pump longitudinal-correlation length, m, 4 1, leads 
to a lower bound on the allowed divergence ratios: 

This restriction becomes significant at t,,, /T, < 1. It 
follows from comparison of inequalities (33) and (34) that 
the allowed range of 8 /8, becomes narrower with increasing 
pump-pulse duration, so that for SBS it is practically impos- 
sible to obtain PC of spatially inhomogeneous light beams at 
t,,, /T2 5 0.2. 

We have also carried out numerical calculations for 
nonrectangular pump pulses, viz., of Gaussian form and of 
the form typical of a photoionization CO, laser. We found 
that at equal values of the growth rate a the conditions for 
producing PC depended little on the pulse waveform. 

2. EXPERIMENTAL INVESTIGATION OF NONSTATIONARY 
SBS OF FOCUSED BEAMS 

The apparatus used for the investigations is similar to 
that reported in Ref. 6. The duration of the A = 1.06 p m  
pulse could be varied in the range 0.5-20 ns, the spatial pro- 
file of the beam was close to rectangular, with radius a -0.5 
cm, and its divergence was close to diffractive, 8, = 1.22 A / 
a = 0.26 mrad. In the investigation of SBS in beams with 
strong spatial inhomogeneity the parameter 8 /dd was varied 
with a set of etched-glass plates that introduced into the 
beam a divergence 8 = 3-40 mrad, and also by varying 8, to 
increase the size of the beam spot on the etched plate with the 
aid of a diverging lens. Corrections were investigated for 
both small-scale and large-scale aberrations such as astigma- 
tism. 

The criterion for the quality of the PC was the param- 
eter W,/W, ( Wand We are respectively the total energy of 
the reflected radiation and the energy in an angle 8 = 0.29 
mrad, which is close to the diffraction angle) normalized to 
its value ( ~ 0 . 8 )  for the initial pump beam. To determine the 
PC quality more accurately in individual flashes, the spatial 
structures of the incident and reflected beams were photo- 
graphed in the near and far zones. 

The SBS-active media used were substances with var- 
ious hypersound-relaxation times T,, viz., argon at a pres- 
sure p = 64 atm ( T2 z 32 ns, Ref. 15 ) , GLS- 1 glass ( T2 z 5 
ns, Ref. 16), acetone ( T2 z 3 ns, Ref. 17), and carbon te- 
trachloride ( T2 - 1 ns, Refs. 17 and 18). The lens focal 
lengthFwas chosen, on the one hand, to prevent breakdown 
of the medium, and other hand to make the focal length 
shorter than the cell. To eliminate the influence of the group 
delay over the length of the focal neck, the condition F2 8 /a 
(ct,,, /2 was met. 

FIG. 3. Reversal parameter We/  W(W, A, A) and reflection coefficient R 
( 0 , 0 , 0 )  for SBS of a spatially homogeneous beam in Ar ( p  = 64 atm) vs 
pump energy at t,,, = 20 ( 0 ,  W ) ,  10 ( 0 ,  A )  and 5 ns (0, A). 

2.1 Beams with quasihomogeneous intensity distribution 

In contrast to Ref. 5, where t,,, z T2, time-dependent 
SBS in argon was investigated in the range t,,, /T, = 0.15 to 
1. The gas used, having a somewhat smaller stationary 
growth rate than xenon, has a lower T,. In the time-depen- 
dent case the growth rates become equalized if the pulses are 
short enough, and furthermore argon has higher optical 
strength. It is also more suitable for use than polyatomic 
gases such as SF6, N,, and others, since pumping by short 
pulses excites stimulated Raman scattering in the latter.I9 

Figure 3 shows the measured reflection coefficient 
R = W/W, and the reversal parameter W,/W for three 
pulse lengths 20, 10, and 5 ns, and for a spatially homogen- 
eous beam focused by a lens with F = 110 cm into a cell 200 
cm long. No gas breakdown occurs at this focal length of the 
lens, as shown by measurements of the balance of the reflect- 
ed and transmitted energies. It can be seen from the figure 
that if the pump-energy is slightly above threshold the rever- 
sal parameter approaches unity, indicating that high quality 
of P C  has been reached for essentially time-dependent SBS. 
As the energy is increased, just as for  liquid^,^ the accuracy 
of the WFR decreases somewhat (but not so strongly). For 
t,,, = 5 ns and small excess above threshold, the parameter 
W, / Wis somewhat larger than unity, apparently because of 
spatial filtering of the sideband diffraction peaks in the focal 
region." 

Note that when the duration t,,, is decreased the 
threshold energy remains approximately at the same level 
W, =: 30 mJ, while the threshold power increases in propor- 
tion to t,,, in accordance with the theory. This prevented us 
from effectively reflecting pulses having t,,, < 2 ns, since the 
gas breaks down even at R = 200 cm, when the length of the 
focal region becomes comparable with the spatial length of 
the pulse. 

Similar results were obtained also in another nonlinear 
medium (GLS- 1 glass) for 1 0 4 2 0  ns pulses (see also Ref. 
2 1 ) . When the radiation was focused by a lens of F = 1 10 cm 
into a sample 63 cm long the reflection coefficient reached 
R = 0.9 at approximately 30 times threshold ( W',h'- 30 mJ 
at t,,, = 20 ns) . In the entire energy range, the reversal pa- 
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FIG. 4. Reversal parameter W,/W ( A ,  A )  and reflection coefficient 
R ( 0 , O )  vs the pump energy W, for SBS of a spatially inhomogeneous FIG. 5. Resepal parameter W,/W vs the relative beam divergence for 
beam with divergence 0 = 4 mrad in Ar at t,,, = 20 ns ( A ,  0 )  and 5 ns [ t,,, IT2 = 10 ( 1 ) I ,  GLS- 1 glass [ t,,, IT2 zz 2 ( 2 )  I ,  acetone [ (t,,, / 
(A, 0) .  T 2 z 5  (311, and Ar [tp,,/T2--,0.63 ( 4 ) ] .  

rameter W,/ W was close to unity, larger than for nonlinear 
liquids such as acetone and CCl,, especially at high pump 

These data offer evidence that the other nonlinear 
effects that compete with SBS and lower the PC quality are 
small. Even in glass, however, effective reflection of pulses 
with t,,, < 5 ns was impossible, since self-focusing of the ra- 
diation produced damage tracks in the bulk of the sample. 

The possibility of correcting continuous aberrations, 
such as the astigmatism introduced into the beam by cylin- 
drical lenses of 0.25, 0.5 and 0.75 diopter, was also investi- 
gated for nonstationary SBS in argon (t,,, = 20 ns). The 
maximum values obtained in these three cases were R = 0.8, 
0.7, and 0.5, respectively, for the reflection coefficients and 
W, / W = 0.62, 0.4, and 0.12 for the reversal parameters, 
close to the corresponding values obtained in the stationary 
case for distortions of similar type.22 Note that it is difficult 
to correct the astigmatism for shorter pulses (t,,, < 5 ns) 
because of the group delay on the interaction line, where the 
amplitude-phase structure of the beam changes substantial- 
ly. 

2.2 PC of beams with small-scale spatial variations 

Figure 4 shows the dependences of the reflection coeffi- 
cient and of the reversal parameter W, / W on the pump en- 
ergy for SBS of a spatially inhomogeneous beam with 8 = 4 
mrad in argon at pulse durations 20 and 5 ns. It can be seen 
that at 8 / 8 ,  z 15 the reversal parameter attained is quite 
high, comparable with W, / Win the stationary case,22 if the 
reflection coefficient is high. The reversal accuracy is practi- 

cally independent of the excess of the pump power above 
threshold. When 8 /Bd was tripled the PC practically van- 
ished, and its parameter dropped approximately to 0.1 at a 
reflection coefficient R ~ 0 . 1 .  This decrease of the reflection 
coefficient of strongly divergent radiation can be used for 
spatial filtering of the narrow component.20 We verified this 
by obstructing half the pump beam by an etched plate sub- 
tending = 16 mrad. The measurements have shown that 
80% of the energy in the reflected radiation had good angu- 
lar directivity, whereas in the beam incident on the mirror- 
ing SBS the fraction of the wide-angle component was 50%. 
A plot of the reflected-beam structure has shown that the 
wide-angle component is reflected only in the cone formed 
by the narrow beam on focusing into the nonlinear medium. 

The dependence of the reversal parameter W,/ W on 
the excess 6' /8 , ,  of the pump divergence over the diffractive 
one was measured for substances with different values of T2 
at equal pulse lengths. The measurement results are shown 
in Fig. 5. The plots for glass and CCl, are similar, but that for 
acetone is smoother. This may be due to the onset in the 
acetone of other nonlinear processes that compete with the 
SBS.~' It can be seen from Fig. 5 that the PC terminates quite 
abruptly at some definite value of 8 /8, .  

By assigning the level W, // W = 0.5, we can determine 
the values of (6' /Bd)X:*. These are listed in Table 11. To com- 
pare the experiment with theory we calculated, starting with 
an estimate of the ambient spontaneous-noise level, the 
threshold growth rates % for each actual medium. Next, 
assigning simulation parameters consistent with the experi- 
mental situation, we determined ( 8  /Bd),, from the energy 

TABLE 11. Theoretical and experimental values of the critical divergence ratio for different 
pulse durations. 

Medium 1 1 (&I_ 1 $-cxp cr 

Ar ( p = 6 4  atm) 22 80 20 
GLS 1 
Acetone 
CClh 410 
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condition for observing the PC effect. 
agreement between the theoretical and 
of (8 18, I,, . 

Table I1 shows fair 
experimental values 

CONCLUSION 

It has thus been shown that there is practically no PC 
for time-dependent SBS of focused spatially inhomogeneous 
beams if t,,, /T2 5 0.2. For single-mode beams, the PC accu- 
racy is practically independent of the pulse duration t,,, . 
Measurements at 1.06 pm, however, have shown that the 
minimum pulse length (t ::;-- 1 ns) that can be reflected by 
an SBS mirror with PC is determined not by this condition, 
but by the competition of other nonlinear effects, primarily 
by breakdown of the optical medium and by self-focusing of 
the radiation. Special measures are needed to obtain PC of 
shorter pulses, e.g., shaping of the pulse,23 realization of 
zero-threshold refle~tion,'~ or compression of the pulse. 

It follows from the calculation that to improve the PC 
conditions for nonstationary SBS of focused beams it is bet- 
ter to use a system with a preliminary SBS amplifier or take 
special measures to raise the threshold of the SBS growth 
rate. These measures ensure additional preferred enhance- 
ment of the reversed Stokes wave. 
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