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A procedure for averaging nonlinear quasioptical equations is developed and simplifies considerably the 
investigation of the wave-front reversal (WFR) in four-photon interactions of opposing light wave having 
complicated space-time structures. The effect of WFR of multimode light beams is analytically investigated 
with allowance for the spatial variation of all the interacting waves. It is shown that in the case of four-photon 
Raman interaction the coefficient of conversion into the reversed wave can be much larger than unity. The 
corresponding conclusions were confirmed experimentally. 

PACS numbers: 42.65.B~. 42.65.Cq 

1. INTRODUCTION the frequencies of the individual waves in the different 

Much progress was made recently in theoretical and 
experimental research  into the phenomenon of wave- 
front reversa l  (wFR) of optical radiation in three- and 
four-wave parametric interactions of 1ightwaves.l-6 
Part icular  attention was paid here to four-wave inter- 
actions, which make possible not only WFR of low-pow- 
e r  radiation with a conversion coefficient la rger  than 
unity, but also effective control of such reversed-ra-  
diation parameters a s  the frequency, polarization, dur-  
ation, and waveform of the pulse. In four-wave inter-  
action the light wave subject to WFR and one of the 
reference waves induce a spatial grating of perturba- 
tions of the refractive index a n ,  from which the second 
reference wave, directed counter to the f i r s t ,  i s  scat-  
te red  intoa wave that i s  reversed relative to the f irst .  

The experiments performed, however, dealt with 
certain singularities of the interaction of opposing 
waves only in cubic media. In such media the spatial 
period A of the An grating can be substantially la rger  
a s  well a s  comparable with the length h of the light 
wave. For example, when low-frequency An gratings 
a r e  excited, owing to the interaction of the waves mak- 
ing smal l  angle 8 with one another, we have A =  h/8, 
and owing to the interaction of the t ransverse  wave we 
have A =  h/2. 

The excitation of a grating with a period A>> A in iner- 
tia-less cubic media can lead to development of instab- 
ilities typical of self-focusing,7.%nd this leads to dis- 
tortions in the spatialand temporal s t ruc tures  of the r e -  
versed wave. On the other hand, if the interaction of 
the waves a t  small  angles i s  negligible, then these 
large-scale gratings a r e  not excited and the correspond- 
ing instabilities likewise fail to develop. An example 
of a process for  which it i s  possible to suppress the 
self-focusing instabilities in this manner is the four- 
wave transformation of opposing light beams under con- 
ditions of two-photon resonance, which will be  inves- 
tigated below. 

To clarify these conditions we consider two waves 
with close frequencies, propagating a t  smal l  angles to 
each other. Assume that another pair  of waves i s  di- 
rected counter to them. Let the sum o r  difference of 

pa i rs  coincide, and let the sum within each pair  not 
coincide with any of the frequencies of the natural oscil- 
lations of the medium. Then the interaction of the co- 
moving waves, due to the two-photon resonance, i s  in- 
significant. At the s ame  t ime,  when the corresponding 
waves from the opposing pa i rs  interact ,  a low-frequen- 
cy (when the frequencies a r e  subtracted) o r  a high-fre- 
quency (when they a r e  added) grating An i s  produced, 
a s  a result  of scattering by which energy can be t rans-  
fe r red  f rom some waves to the others.  If such an en- 
ergy t ransfer  takes place for  a l l  four waves with pa r -  
ticipation of one and the s ame  grating An, then a de- 
finite relation exists  between the phases of these waves 
and leads in final analysis to effects of the WFR type. 
Depending on what causes the excitation of the grating- 
subtraction o r  addition the frequencies-the discussed 
process reduces to Raman conversion (RC) o r  two-phot- 
on absorption (TA)of one pair  of beams in the field of 
the other (opposing) pair .  WFR reversa l  in RC was 
observed by u s  anda  corresponding theore- 
t ical  analysis (as applied to stationary and nonstation- 
a ry  processes)  was ca r r i ed  out there in the linear ap- 
proximation (the fields of the reference waves were a s -  
sumed given). As to WFR in the case  of T A ,  although 
this process has not yet been observed experimentally, 
nonetheless i t s  analysis i s  important for  a clarification 
of the possibilities of infrared WFR, particularly a t  
CO, l a se r  wavelengths. 

In the present  paper we use  the method of averaging 
over nonsinusoidal waves to investigate the WFR pro- 
cesses  in the interaction of opposinglight beams. We 
use  these methods to ca r ry  out the second truncation 
of the nonlinear quasi-optical equations. In the ap- 
proach used by us ,  the bas is  functions a r e  defined in 
such a way that when the averaging conditions a r e  sa t i s -  
fied and the boundary conditions a r e  given the expansion 
of the fields of the light waves in t e r m s  of these func- 
tions contains a minimum number of te rms.  As a r e -  
sult it i s  possible to develop a nonlinear theory that 
makes it possible (in theabsence of wave detuning) to 
investigate analytically the WFR process of multimode 
light beams with account taken of the spatial change of 
al l  the interaction waves. It i s  shown for the f i r s t  t ime 
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ever for process of similar type, that the coefficient R 
of conversion into the reversed wave can greatly exceed 
unity in the absence of self-focusing instabilities. 
The corresponding conditions were realized experimen- 
tally and a conversion coefficient R = 7 was obtained. 
In addition, the possibility of controlling the frequency 
and waveform of the pulse of the inverted wave was 
demonstrated experimentally, as we1 the possibility of 
WFR in a medium with strongly inhomogeneous fluc- 
tuations of the refractive index. 

2. SECOND TRUNCATION OF NONLINEAR 
QUASI-OPTICAL EQUATIONS 

In the general case, the WFR i s  based on the inter- 
action of two opposing light waves with complex space- 
time structure. We examine these processes ingreat- 
e r  detail using an example of the RC of a multimode 
multifrequency optical radiation. 

Assume that two light waves $+ and $-, with average 
frequencies w +  and w- that differ by an amount equal 
to the stimulated-scattering (SS) shift 51, characteristic 
of the given medium, a r e  incident on a layer of Raman- 
active medium of length 1: 

&P+=E+ exp (io+t-ik+z) + c.c, 

63'-=E- exp(io-t+ik-z) + c.c 

Here w, - w-=52,,k,= w,/v,,E, a r e  the complex am- 
plitudes that satisfy in the quasi-optical approximation 
the following truncated equations 

dE, dE, i ik,6n ig,., E-Q 
- + - A - E -  aq dz 2k, 2n ] (2) 

2 E t Q  

where 

6" a r e  thepertur!ations of the linearpart of the refrac- 
tive index, and M, i s  an operator describing the change 
of the phonon coordinate Q and averaged over i ts  high- 
frequency oscillations in space and in time: 

(to simplify the exposition that follows, the phonon wave 
Q i s  assumed to he scalar,  corresponding, for example, 
to Mandel'shtam-Brillouin scattering by hypersound o r  
to Raman scattering by molecules with fully symmetri- 
cal vibrations). 

Equations (2) and (3) retain the same form also in the 
case of TA in the field of opposing waves, the only dif- 
ference being that in this case Qo=w+ + w- (but 2w, 
#no), andthe right-hand sides of the equations a r e  re- 
placed respectively by QE?, QE:, and E+E-. Although 
in this section the derivation i s  carried out only a s  ap- 
plied to RC, there a re  no difficulties of principle in 
transferring these arguments to the case of TA. There- 
fore, wherever it is of interest, we shall write down the 
equations pertaining to TA without a detailed deriva- 
tion. 

We assume the frequencies w+ and w- to be close, 
so that we can neglect the difference of the wave vectors 
in Eq. (2) and put k + = k - =  k .  This can be done if the 

length of the layer L does not exceed the amplitude 
(Ik + = k- l of)', where 8, are  the angular divergences 
of the interacting beams. Assume that the fields E +  
and E-  have a strongly inhomogeneous transverse 
structure and the constant average intensity. Then, 
so  solve Eq. (2) and (3) we use an approach whose gist 
consists in the assumption that a t  any plane z in the 
fields E +  and E- with the largest weight a r e  represented 
sets  of N orthogonal structures (modes) gf and q, sat- 
isfying the linear quasi-optical equations 

where S i s  the area  of the cross section of the interac- 
tion volume. In this case E + and E- take the form 

The representation (7) means that the solution of the 
nonlinear equations for the fields E, is  sought in the 
form close to the solution of the corresponding linear 
problem, a s  i s  typical of the procedure of the obtaining 
the truncated equations. 

It is  convenient to choose the modes gj and $7, for 
example, in such a way that at finite N the input values 
of the fields E+(O, r,) and E-(L, Y,)  can be expanded in i t s  
terms in a series with a minimum residual term. This 
can be attained if we stipulate that the expansion coef- 
ficients c;(t)  satisfy the condition 

j c,+ ( t )  c,+ ( t )  dt=wjsj*, 
T 

where T i s  the orthogonal scale and is equal to or  less 
than the duration of the pulse. We next obtain for the 
field E +(O, r,, t )  we obtain the so-called canonical expan- 
sion of Kaarunen and Loew. " It is  next necessary to 
separate in the opposing wave E-(L, r, , t )  the projections 
on the obtained unit vectors g:(L,r,) and c:(t), and 
represent the remaining part of the field again in the 
form of a canonical expansion. As a result of this pro- 
cedure we obtain all the modes gj and g; of interest to 
us. If at a finite number of modes N, the residual term 
i s  negligibly small, then the corresponding E, which a re  
orthogonal to the separated structures gj %nd g:, van- 
ish on the boundaries z = 0 and x = L ,  and E+(O, r,) 
= EJL, r,) = 0 and canbecome different from zero only 
a s  a result of the interaction of the waves within the 
medium. 

We now solve Eq. (3) relative to the coordinate Q: 

where G(q) is  the Green's function of the equation 
M,,G(q) = 6 ( ~ ) ,  and substitute (6) and (8) in (2). Using 
the orthogonality condition (5) and (7) and the fact that 
the functions g, satisfy Eq. (41, we obtain a system of 
equations equivalent to (2) and (3) (we do not write out 
here the equations for E,  because they a re  too cumber- 
some): 
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x em-(2, q ' )  +f- (E+,  E - ) .  (10) 

Here f,(k+,k,) denote the terms proportional to E, , 

are the overlap integrals of the separated structur_es 
To calculate A,,,, and toestimate the components E,, 
we assume that the structures gj a r e  statistically in- 
dependent, a r e  strongly inhomogeneous in r,, and their 
intensity averaged over a scale much larger than the 
radius pj of the transverse correlation i s  constant in 
space. It i s  natural to assume here that the compon- 
ents of the matrix Af,,, differ from zero only for j = n ,  
k = m, o r  j = m,k = n, and the remaining ones a r e  suf- 
ficiently small, so  that a t  the normal distribution law 
of the structures %, the following representation i s  ap- 
proximately valid. 

A i ~ ~ ~ = A ~ 1 u d ~ ~ 6 b ~ +  A I W ~ , ~ ~ ~ ~ - A J ~ , ~ ~ ~ L ~ J I ~ ~ ~ .  (11) 

To estimate the fields k, and their contributions to the 
interaction of the separated structures gj ,  we can pro- 
ceed, e. g. ,  a s  in problems of wave propagation in 
strongly inhomogeneous media in the Markov random- 
process approximation. " The indicated procedure was 
not used earl ier  to analyze the WFR in stimulated scat- 
tering.13 Estimates show that the contribution of the 
fields k, in Eqs. (10) and (11) is  negligible if the change 
of each ofthe coefficients cf i s  negligible over the cor- 
relation length zjk of the Ikf mode with all  the modes 
making the main contribution to the field E , .  The 
value of zj, i s  determined by the minimum of two quan- 
tities: the longitudinal interaction length (kegk)-' of the 
modes %', and gk (8,, is  the average angle between the 
directions of their propagation) and the smallest of the 
correlation lengths kpg o r  kp: for each of these modes 
separately. In particular, a t  a large number of modes 
g, with approximately equal intensities and random 
phases on entering the medium, each of them can have 
a plane wave front, but the average angle between 
modes should correspond to the condition indicated 
above. 1 4 9  l5 

Assuming the condition that the fields k, to be satis-  
fiedand putting in (10) and (11) the terms f,(Er,E-) = 0, 
we obtain for the coefficients c;(z,q), withallowance 
for (12), a closed system of equations. On the basis 
of this system we can investigate various singularities 
of the interaction of the multicomponent waves E +  and 
E-, including the phenomenon of the WFR in stimulated 
scattering. l6 

In this paper, however, we limit ourselves to an an- 
alysis of the conversion of only two pairs of opposing 
modes. Let for the sake of argument the wave E ,  con- 
s is t  of two linearly polarized components e,~:%, and 
ezc;5fz. (el ,e l )= (e2,e2)= 1, the first  of which has a fre- 
quency coinciding uith w:, and the second either a dif- 
ferent frequency wi , o r  an orthogonal polarization e,. 
We assume also that the opposing wave E- also has two 

FIG. 1. Diagram of energy levels and wave vectors, illustrat- 
ing the four-wave interaction in Raman conversion (a) and in 
two-photon absorption (b) . 

components e2c;$: and e,c,g; respectively with fre- 
quencies w; = w,+ - 9 and w, = w; - 52, shifted into the 
Stokes region by an amount 52 = 52, - 652 (here 6 9  i s  the 
detuning from exact resonance with natural oscillations 
of the medium). The diagram of the wave vectors cor- 
responding to the interaction of the waves el,2c~,,gl,, 
and e , , , ~ ; , , ~ ~ , ,  i s  shown in Fig. la .  

Taking into account the frequency detunings we make 
the substitution 

c , + ( z ,  q )  =c,+ (z), c , - (2 ,  q )  = c , - ( z ) e x p { i ( 6 d - 6 5 1 )  q+2i6k2z) ,  
el+ ( z ,  q) = c z + ( z )  e"*: c2- ( z ,  q )  = c 2 - ( z )  exp{ i6Qq+2i6k1z) ,  
6 0 = w , + - w - ,  6k1=6Q/u ,  6k2=(6w+6S2) /u ,  v=v+=v- 

and in the stationary case we obtain from (9) and (10) 
the following equations 

where 

6 / ~ = 2 6 m / u ,  g=g,gSfy ( g , = g , ) .  

To estimate the influence of the last  term in the right- 
hand sides of (12) and (13) a t  6w - y in the case ellle2, 
we assume that the power of the waves c: greatly ex- 
ceeds the power of the weak components e;. Then the 
change of c: and c; along z is obtained from the solu- 
tions (12) and (13) at cl=c;=O. The product c: and c,, 
which determines the coefficient of the parametric in- 
teraction of the weak components c i  and c,, is e x -  
pressed in the form (at 652 = 0) 

clCcI-= I c,+ (z) c , - ( z )  lexp 

where d =  Ic: l 2  - Ic; I2=const. 

Thus, the nonlinear interaction of the waves c: and 
c; a t  6 0  + O  leads to the appearance of an additional de- 
tuning in the equations for c: and c, 
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The nonlinear increment to the wave detuning first  in- 
creases with increasing 6w, which should lead to a low- 
ering of the effectiveness of the parametric conver- 
sion. With further increase of 6w, it decreases and a t  
6w >> 7 it becomes negligibly small. 

In the case 6w >> Y we can neglect the interaction of the 
waves connected with the last te rms of (12) and (131, 
and assumed that A,,,,= 1, using for the description of 
the RC the following system of equations 

Similar equations can be  written also for the TA in 
the field of two pairs of opposing waves c;,,$,., and 
c;,,l:,, with respective frequencies w;, w; and w;  = 52 
- w ; , w ~ = 5 2 - w ~ ( ~ = S Z 0 + 6 ~ , ( 6 w - 6 ~ ) > > y ) :  

d - g 
ZC~.Z=+  (l+iS8,y) [AIIll,~2211~,f.l'~~~+c~lc~1c~~ eilP*zl. (1 8) 

The wave-vector diagram illustrating the interaction 
of the waves in this case  i s  shown in Fig. lb. 

3. NONLINEAR DYNAMICS OF THE PROCESS OF 
FOUR-WAVE CONVE RSlON 

We proceed to an investigation of Eqs. (15), (16) and 
(17),(18) which describe the conversion of the wave 
c,$: into a wave with reversed front c; g2 in the field 
of two opposing complex-conjugate waves c, $, and 
rig:. We write downfirst the solution of these equa- 
tions in the approximation where the values of c; and 
c; a r e  given, assuming that the wave subjected to the 
WFR i s  a sufficiently weak wave c,(L )$r(L, r,)  specified 
on the boundary Z= L ,  and there i s  nu wave c, $, on the 
boundary z = 0. Then the amplitude coefficients of the 
conversion in the reversed wave R, = c;(L )/c,(L) does 
not depend on the incident wave C;. For RC in the ab- 
sence of wave detuning (6k < min(g Ic: I ', L-')) we have 

As seen from (19), at  bSZ# 0 there exist values of Ic; l 2  
and lc; 1 '  a t  which R, - m .  These values a r e  shown in 
Fig. 2 for g> 0. The reason why the conversion coef- 
ficient becomes infinite i s  that upon detuning from 
resonance the phonon wave has a phase such that the 
wave i s  excited not only by the pair of waves c: and c; 
but also by the pair c i  and c;. In this case the rever- 
sa l  process becomes unstable and both waves c i  and 
c, a r e  generated in the field of the opposing waves c; 
and c;, even if their values on the boundaries z = 0 and 
z = L were equal to zero. 

At 652 = 0, the reversal  coefficient is always finite, 
but can exceed unity substantially. Thus, a t  g>O the 
maximum value R,,= IR,,,, I Z =  ae"'2 i s  reached when 

FIG. 2. Dependence of the values of the increments ~ + = g / c , +  1 %  
and hl- =glci/ k, at which the coefficient R becomes infinite 
on the normalized detuning. 

Icy 1 2 =  Ic: 12e-*U'Z, and a t  g <  0 it is reached when Ic;I2 
= I C ; P ~ + . ~ ' ~  (M=g(Ic;I2+ /c; 1 2 ) .  

In the case of TA, in the absence of wave detuning 6k, 
the value of R, 

It i s  easily seen that R, remains finite at  finite wave 
amplitudes c: and c;. The reason is  that a s  a result 
of the two-photon absorption 

only asymptotically with increasing values of c; and c; 
on the boundaries of the medium. 

Figure 3 shows (at 652 = 0) the values of the conversion 
coefficient for two cases: c;(L) = c;(O) (curve a )  and 
c;(L) = c; (L) (curve b). The latter boundary condition 
i s  realized when the opposing wave c ; c  i s  produced 
by reflection of the c , g ,  wave from of a wave-front-re- 
versing mirror .  

To ascertain the dynamics of the processes under 
saturation conditions, we obtain the nonlinear solu- 
tions of Eqs. (15), (16) and (171, (18) at  exact resonance 
(652 = 0) and in the absence of wave detuning (6k = 0). 
If we change over in Eqs. (15), (16) and (17), (18)to the 
amplitudes lcf I and to the phases q$ then it i s  easily 
seen that under the condition c,(O)=O the phase differ- 

FIG. 3. Dependence of the coefficient R = / R , /  on the power 
of the pump wave i~+=gIci+(~)l?L for  different boundary condi- 
tions. 

193 Sov. Phys JETP 52(2), Aug. 1980 



ence @ = cp; + cp; - cp,' - cp, settles at a value n. We then 
obtain for the amplitudes Ic; l equations in closed form, 
which have the following first  integrals (in the TA case 
it i s  assumed that A ,,,, =A ,,,, = 1): for the RC case 

For the TA case 

Using these relations, we obtain first-order differential 
equations whose solution a t  nonzero values of I c:(O) I , 

I c;(L)  I , c;(L) leads to a transcendental equation for  
Ic:(L) I .  For the RC this equation takes the form 

(23) 
where 5 =  Ic,I/c;I. A t g > O  

a=-21cIC(L) IZlc2-(L) I ( l c ~ + ( L )  I2-Ic,-(L) 12)-', 
b=lc,+(~) I"lcc,-(L) la(lcl+(L) I'+lc,+(L) 1') ( lcl+(L) 12-Icz-(L)lZ)-L, 

and for g< 0 

For the TA case 

where 

Figures 4 and 5 show the values of R = IR, l 2  for the 
RC and TA respectively and for different values of the 
power of the wave c;(L) subject to WFR. The obtained 
solutions in the absence of wave detuning and at  exact 
resonance complete the investigation of the stationary 
regime of the corresponding four-photon conversion 
processes. 

4. EXPERIMENTAL INVESTIGATION OF 
FOUR-WAVE RAMAN CONVERSION 

An experimental investigation of the WFR phenomen- 
on in four-wave interaction under conditions of two- 

FIG. 4. Dependence of the coefficient ( ~ 1 '  on the ratio of the 
pump intensities ( C ~ ( O ] ~ / ~ C < ( L ) ~ ~  for different values of the 
incident wave intensity c;(L) for the cases g > 0 (a) and g < 0 (b). 
The fixed values are  glc1+(0)1k. = 10,  for case a and glc((L)Ik. 
= 10 for case b. The curves a re  marked by the values of the 
power of the incident wave 1c.j ( L ) / C ~ + ( O ) ~ ~  (a) and I ~ ; ( L ) / C ( ( L ) ( ~  
03): 1 4 . 2 ~  2 -1 .1~  lo-', 3-3.3~10", 4-0.14. 
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FIG. 5. Dependence of the coefficient R on the intensity of the 
incident wave ~ z = g I c < l k  at different values of the pump 
wave intensity M ~ + = ~ ) C ~ + ) ? L  (numbers on the curves). The 
solid curves pertain to the boundary condition cl+(0) =c<(L), 
and the dashed ones to ci+(L) =c,'(L) . 

photon resonance was carr ied  out for SMBS conversion 
of a Stokes wave into the anti-Stokes component in the 
field of the opposing pump waves (see Fig. 6). The 
WFR process proceeds in this case in the following man- 
ner. The pumpwave c ; e  i s  scattered into the reversed 
wave c;g2 by a hypersonic grating excited by a pump 
c;$, and a signal wave c,$;T, the lat ter  having with r e -  
spect to the wave c;g1 a Stokes shift equal to the hyper- 
sound frequencv (Fig. la ) .  The pump c, gl was the 
second harmonic of a neodymium-glass laser (h=0.53 
pm, 7p,lse =25 nsec, d=3mm,  P= 1-10 MW). The op- 
posing pump wave c;g: was produced by reflection of 
the wave c , g ,  either from a flat mi r ro r  3 (in the case 
of plane pump waves) o r  from a SMBS mirror  (a lens 
that focuses the radiation into a cell with a scattering 
medium). The two pump waves intersected in a cell 
1 (L = 5 cm) with acetone. Pa r t  of the radiation di- 
verted from the pump c,' g, was focused into an ad- 
ditional cell 2, also filled with acetone, where the 
SMBS was excited. The Stokes wave, which hadthe 
required phase shift 52, relative to the pump wave 
c , g , ,  served a s  the c;gz was subject to the WFR. 

For convenience in registration of the WFReffect. 
a phase plate (PP)  was placed in the path of the C;g: 
wave; this was a glass plate etched in fluoric acid and 
increasing the beam divergence to 0 = 1.2  x lo-' rad. 
The quantity registered in the experiment was the dis- 
tribution of the intensity in the near field and the angular 
spectrum of the anti-Stokes beam, a s  well a s  oscillo- 
grams of the Stokes and anti-Stokes pulses. 

After passing through the P P ,  the radiationfrom the 
WFR again became single-mode and i ts  angle sepctrum 
duplicated the spectrum of the initial Stokes beam. 

FIG. 6. Block diagram of experimental setup. 
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Carbon tetra- 
Mirror / Acetone / chloride \ Water \ 

I I I I 
I V ~ - V ~ ~ / ~ = ~ G O ~ I Y  / 1 i:: 1 !{ 1 37.5 Relative 1.3 

pump 
power 

The effectiveness of the WFR process depended on the 
wave detuning 6k = 4nn6v (cm-'), where 6v = v, - v ,  i s  the 
difference of the SMBS shifts in cel ls  1 and 2 respec- 
tively, and n i s  the refractive index. The coefficient of 
conversion R into the reversed wave was largest  a t  6v 
= O .  At a smal l  difference between the frequency of the 
opposing pump and the frequency of the wave cig; sub- 
ject to the WFR, the conversion effectiveness f i r s t  de- 
creased rapidly, and then again increased (see the 
table, which shows data on the relative values of the 
pump corresponding to one and the s ame  value of the 
intensity of the inverted wave cdg2 when the role of the 
mi r ro r  3 i s  assumed by SMBS cells with different f r e -  
quency shifts). This change in the effectiveness of the 
conversion took place under conditions when the l inear 
detuning 6k = 4nn6v was smal l  compared with the local 
increment g l c; 1 '. The considerable decrease of the ef- 
fectiveness of conversion a t  6 v =  0.012 cm-' i s  due to 
the fact that in this case  the rat io 6w/y - 2 and the wave 
detuning (14) increased to a value comparable with that 
of the local increment. 

In the case  of plane pump waves, the WFR effect was 
observed if the wave c, 8,  was reflected both by a flat 
mi r ro r  and by SMBS m i r r o r s  with different frequency 
shifts. However, if the wave c ,  g ,  is  passed through a 
PP, then when the wave i s  reflected by an ordinary mi r -  
mi r ro r  the WFR effect disappeared (there was no r e -  
flectedanti-Stokes signal a t  a l l  in the case  of sufficient- 
ly small-scale modulation of the pump). On the other 
hand, if the reflection was produced by an SMBS mi r -  
r o r  in such a way that the opposing pump turned out to 
be complex conjugate to c, g l ,  then the WFR of the 
~1%'; wave was quite distinctly observed. 

Thus, the use of a SMBS m i r r o r  makes it possible to 
effect WFR in four-wave interactions in multimode pump 
beams. This result i s  of interest for  the realization of 
a WFR scheme in a cubic medium, where introduction 
of small-scale modulation into the pump beam suppres- 
s e s  the self-focusing e f f e ~ t , ' ~ , ' ~  a fact that can increase 
the coefficient of reflection into the inverted wave. 

Inhomogeneities can be introduced into the light beams 
not only by phase plates, but also by the very medium 
in which nonlinear interaction takes place. In the ex- 

FIG. 7. Characteristic waveforms of the pulses of the incident 
Stokes wave 1 and of the reversed anti-Stokes wave 2 .  

FIG. 8. Experimental (dashed) and theoretical (solid) plots of 
1 ~ 1 ~  on the pump-wave intensity ratio a t  (~ ; , , , / ~ / (~ ; , , , , ! ~=0 .35  
and a t  the values of the increment glcl,,,,,l%. , equal to 20 (a) 
and 13 (b). 

periment, inhomogeneities of the refractive index were 
produced artificially, by heating the cell 1. The con- 
vection of the liquid led in this case  to strong large- 
scale distrotions of the pump beam passing through the 
cell.  If the acetone was heated to the boiling point, 
then passage of the l a se r  pulse caused, apparently a s  
a result  of heating of the microinclusions, strong boil- 
ing in the entire volume. Small-scale scattering of the 
pump radiation was then observed, a s  well a s  an in- 
c r ease  of the beam divergence. Nonetheless, when the 
pump c, g l  was reflected by an SMBS mi r ro r ,  WFR of 
the Stokes wave was reliably registered in both cases ,  
although in a number of flashes i t s  quality was slightly 
worse.  Thus, in our scheme the WFR can be realized 
not only with strongly inhomogeneous pump beams,  but 
also in an optically inhomogeneous medium. 

Other important features of the investigated process 
a r e  the possibility of controlling the parameters of the 
radiation with the WFR, and of obtaining a larger-than- 
unity coefficient of conversion into the reversed wave. 
Thus, fo r  example, the shape and duration of the pulse 
a s  well a s  the conversion coefficient R can he con- 
trolled by varying the ratio of the intensities of the pump 
waves. In the experiments, the pump pulses were de- 
layed relative to each other, and consequently the con- 
version coefficient varied with time and, a s  seen from 
Fig. 7, the shape of the pulse of the reversed wave dif- 
fered strongly from that of the incident wave. Since the 
ratio c;/c: varied with time, we were able to measure 
R(c;/c:) in one l a se r  shot. The measured experimental 
plots of R(c;/c:) for  different values of gLIc;,,,,/ a r e  
in qualitatively good agreement with the theoretical 
plots based on formula (23) for  Gaussian pump pulses 
with durations and delays that a r e  in accord with the 
experiment. Figure 8 shows by way of example one of 
these plots. The maximum conversion coefficient mea- 
sured  in  the experiment was R = 7. 

We note in conclusion that in WFR a s  a result of four- 
photon interaction it i s  possible also to control other 
parameters  of the reversed radiation-the polarization, 
duration, and waveform of the pulse, the c a r r i e r  f r e -  
quency, and others.  Experimentally, however, these 
features st i l l  remain little investigated (see Ref. 10 
concerning some aspects  of this problem). 
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field 
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It is shown that a traveling electromagnetic wave can give rise to a strong translational nonequilibrium of a 
resonant impurity gas. Allowance is made for two nonequilibrium mechanisms, one of which is associated 
with a resonant radiation pressure and the other with the difference between the cross sections for elastic 
collisions of excited and normal atoms with a buffer gas. A study is made of kinetic, macroscopic, and optical 
manifestations of an induced translational nonequilibrium. 

PACS numbers: 05.70.Ln, 51.70. + f 

1. INTRODUCTION 2. DISTRIBUTION FUNCTION 

A t ranslat ional  nonequilibrium of a g a s  due to a reso- 
nant radiation pressure1  h a s  been investigated by u s  

A study of the  diffusion of resonant  a t o m s  
in the field of a traveling electromagnetic wave is re- 
ported in Ref. 4 with calculations of the  macroscopic 
fluxes of a toms  resulting in  a n  inhomogeneous dis t r ibu-  
tion of part ic les  in a bounded region. It is assumed 
t h e r e  implicitly that  the  e las t i c  scat ter ing frequencies  
are the s a m e  f o r  excited and normal  atoms.  
Gel'mukhanov and Shalagin5 and Kalyazin and sazonov6 
w e r e  the f i r s t  to  demonstrate  the  appearance of a flux 
of resonant  a t o m s  due to the difference between the 
scat ter ing c r o s s  sect ions and to c a r r y  out calculations5 
under conditions such that  the velocity distribution func- 
tion of resonant  par t i c les  differs  l i t t le  f r o m  the  equilib- 
r i u m  f o r m  (homogeneous broadening). 

We sha l l  take into account each of these  nonequilib- 
r i u m  fac tors ,  consider  strongly nonequilibrium s t a t e s  
of a g a s  (inhomogeneous braodening), and study the i r  
macroscopic manifestations. 

In the  quas ic lass ica l  l imi t  t h e  s t a t e  of a resonant  g a s  
in the  field of a t ravel ing electromagnet ic  wave can  be  
described by the  kinetic equation f o r  the  density m a -  
t r i x  in the  mixed representat ion p(r,v, t ) .  We sha l l  as- 
s u m e  that  the g a s  is sufficiently dilute and that  the  
e las t i c  scat ter ing frequencies  at the  upper and lower 
levels  v i  are considerably less than the longitudinal and 
t r a n s v e r s e  relaxation rates v i  << y ,  y,. In the case when 
the  m a s s  of a resonant  a tom is much g r e a t e r  than the  
m a s s  of a buffer g a s  atom (m >> M) t h e  collision inte- 
g r a l s  can  be  wri t ten in t h e  f o r m  

where  u, is the  mos t  probable velocity of the resonant  
g a s  atoms.  Then, the  equations f o r  the density m a t r i x  
under s teady -state conditions obtained ignoring t h e  
t e r m s  - ( ~ k / m v ) ' < <  1 give the following kinetic equation 
f o r  the distribution function of t h e  a tomic  veloci t ies  f 
= Tr(p): 
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