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A theory is developed for stationary and nonstationary stimulated thermal and concentration scattering 
of light. The influence of stimulated thermal light scattering on the position of the components of stimu­
lated Mandel'shtam-Brillouin scattering is investigated. The obtained results enable one to explain cer­
tain previously incomprehensible experimental data concerning stimulated light scattering. 

INTRODUCTION 

THE application of giant laser pulses to physical inves­
tigations has permitted the observation of a whole series 
of new nonlinear optical effects, including the stimulated 
scattering of light. [1-51 Satisfactory theories already ex­
ist for such stimulated scattering processes as Raman 
scattering (see, for example, [6• 71 ), Mandel'shtam­
Brillouin scattering, [&-QJ and Raleigh-wing scattering. [101 
Considerably less has been done in regard to the theo­
retical interpretation of various aspects of the recently 
observed stimulated thermal (entropy) scattering of 
light [41 and stimulated concentration scattering of light. [51 
The present article is devoted to a theoretical investiga­
tion of stimulated thermal scattering of light (STS) and 
its influence on stimulated Mandel'shtam-Brillouin scat­
tering (SMBS), and also a theory of stimulated concen­
tration scattering of light (SCanS). 

The STS phenomenon consists in the fact that, as a 
result of the interaction between a wave of intense per­
turbing light and the weak light waves of the initial ther­
mal scattering by the entropy fluctuations in a nonlinear 
medium, temperature "waves" appear, and a transfer 
of energy takes place from the stimulating radiation to 
the scattered light wave. 

In contrast to other kinds of stimulated light scatter­
ing, STS may arise as a consequence of two different 
mechanisms involving the nonlinear interaction of light 
waves with matter: as a consequence of the electro­
caloric effect (STS 1)[111 and as a consequence of the 
direct absorption of light (STS II). [121 The simultaneous 
influence of these effects on the STS phenomenon has not 
been considered previously; in the same way the nonsta­
tionary processes associated with STS and a whole se­
ries of other questions related to this phenomenon have 
not been analyzed. 

In the steady-state regime the change of a medium's 
dielectric permittivity occurs primarily as a conse­
quence of its thermal expansion. However, during a 
time interval which is appreciably shorter than the time 
for establishment of a temperature wave ( ~ 10-8 sec for 
liquids), the STS I and STS II phenomena are not able to 
develop. In this case a third kind of STS (STS III) may 
be essential; just like STS II this third form arises as 
a consequence of the absorption of light, but if differs 
substantially from STS I and STS II due to the kinetic 
evolution of the scattering process. The physical rea-
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son for the appearance of STS III is the change of the 
medium's dielectric constant (at constant density) as a 
consequence of the excitation of the molecules' internal 
degrees of freedom in connection with the absorption of 
light. The time required to establish this process is 
much shorter than the time necessary for establishment 
of a temperature wave, which arises in connection with 
a change of the temperature of the molecules' external 
degrees of freedom. The important role of STS III for 
ultrashort (picosecond) pulses of perturbing light is de­
termined by this, whereas for nanosecond time intervals 
one can neglect the STS III phenomenon in comparison 
with STS II since usually j(ae:jaT)pl « i(ae:jaT)pl. 

The large interest in STS which has recently devel­
oped, and the appearance of a whole series of articles 
devoted to experimental investigation of this fhenome­
non[4•1s-171 and to its practical application, [18 indicate 
the timeliness of this problem. 

The theory of steady-state and nonstationary STS 
can easily be utilized for an analysis of SCanS. A theory 
of SCanS is expounded in the last Section of this article. 

1. THEORY OF STIMULATED STEADY-STATE THER­
MAL SCATTERING OF LIGHT AND STIMULATED 
MANDEL'SHTAM-BRILLOUIN SCATTERING 

In connection with STS the effect of the electromag­
netic waves on a substance becomes apparent in a heat­
ing of the nonlinear medium. The amount of heat Q dis­
charged into the medium is proportional to the square 
of the intensity of the total electric field of the stimu­
lating and scattered light waves. 

One can obtain the quantitative characteristics of the 
STS phenomenon from a simultaneous solution of the 
system of nonlinear Maxwell equations and the equation 
of thermal conductivity: 

1 02E 1 ( ae ) a2(ETt) 
C'i-ai2- V2J:; = - n2c2 aT P --;nz-

(1) 

aTi 1 { ( ae ) . } --xi1Tt= -- 2k.,n2cE2 - -,- ToEE ; at 4rrpc" dT 1, 

(2) 

here E is the total field of the stimulating and scattered 
light waves, c is the velocity of light in a medium with 
index of refraction n, E = n2 is the dielectric permittivity 
of the medium, 2kw is the absorption coefficient of the 
light, c is the specific heat at constant pressure 
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(p = const, since in Eqs. (1) and (2) the SMBS phenome­
non is not considered), T 0 is the equilibrium absolute 
temperature of the medium, T1 is the deviation of the 
medium's temperature from its equilibrium value, x 
and p are, respectively, the coefficient of thermal con­
ductivity and the density of the medium. 

The quantity Q/pcp stands on the right hand side of 
Eq. (2), where 

Q = - 1- {zk.,n•cE2 - ( !!:.__) ToE:E}. 
4n aT P 

(3) 

The first term of relation (3) is due to true absorption 
of light in the medium, and the second is due to the elec­
trocaloric effect. c191 Thus, here both STS as a conse­
quence of the electrocaloric effect previously consid­
ered by the authorc111 and the scattering caused by light 
abso~tion, which has been analyzed by Herman and 
Gray, 121 ll are simultaneously taken into consideration. 

The system of Eqs. (1) and (2) clearly indicates the 
physical nature of STS, and will later be used for an 
analysis of the nonstationary regime of this phenome­
non. Within the limits of the steady-state theory it turns 
out to be possible to simultaneously consider both the 
STS phenomenon and its influence on SMBS. For this 
purpose it is convenient to start from the solution of 
the following system of the nonlinear equations of Max­
well, hydrodynamics, and thermal conductivity: 

82u { 1 {}u y ' 
-= vz --(u+uT1)+f~---E2 , 
W P~T at 8rrp 

(4) 

aT, y-1ou 1 { (ae) ·)(5) 
--xV2T,----=~~ 2k.,n2cE2 - ~ ToEEJ 

at u at 4rrpcv 8T P 

1 a•E 1 az { ( {Je ) } ----V 2E=----- YEu+ ~ ET, , 
cz at• n2c2 8t2 8T p 

(6) 

where u = p 1 jp, p1 is the deviation of the medium's den­
sity from its equilibrium value, y = Cp/cv, ,Y= {paEjap)T, 
f3T = 1/pvT, r = [71 + % 71']/p, f3T and vT denote the iso­
thermal compressibility and the velocity of sound, a de­
notes the temperature coefficient of volume expansion, 
and 71 and 71' denote the shear and volume coefficients 
of viscosity. 

For the STS gain associated with scattering at a fre­
quency close to the frequency of the stimulating light, 
the same result is obtained from the system of Eqs. 
(4)-(6) as from the system of Eqs. (1) and (2). But for 
SMBS the gain will differ from that obtained without 
taking the influence of STS into account. 

In what follows we neglect the second term on the 
right hand side of Eq. (6); this term is much smaller 
than the first term since (aEjaT)p is usually a very 
small quantity. 

The steady-state theory is applicable if, for the du­
ration t0 of the stimulating pulse or for a time t passing 
after the beginning of the stimulated scattering process, 
the conditions t » tph and t » TT are fulfilled, where 
Tph denotes the lifetime of the acoustic phonons and TT 
is the time for establishment of thermal equilibrium in 
the ''temperature wave": 

(7) 

•>Later the STS phenomenon was also considered by Bespalov et a!. 
(Report at the IVth Symposium on Nonlinear Optics, Kiev, 1968). 

In (7) and in what follows q = k 0 - k1, where k 0 and k1 
are the wave vectors, respectively, of the stimulating 
and scattered light waves, v and a are the velocity and 
amplitude coefficient for the absorption of hypersound. 

Let the total field E consist of a linearly-polarized 
stimulating light wave E0 and a scattered wave E1. Then 
one can seek a solution of the system of Eqs. (4)-(6) in 
the form of Fourier integrals for E0, E11 u, and T1. 
Representing these quantities in the form of Fourier 
integrals enables one to take the finite spectral line­
width of the stimulating light into consideration. 

Even in the steady-state case it is impossible to ob­
tain a general solution of the system of Eqs. (4)-(6) in 
analytic form. In order to simplify further, let us lin­
earize the system of Eqs. (4)-(7) assuming that IE0 1 

» lE11 and IE0(rW ~ const. This so-called approxima­
tion of a fixed stimulating wave is valid when the inten­
sity of the stimulated scattering is much smaller than 
the intensity of the stimulating light. In addition, it is 
assumed that the relative change of the amplitudes is 
small over distances of the order of a wavelength. This 
condition allows one to keep only the first spatial deriv­
ative of the amplitude in Eq. (6). In Eqs. (4) and (5) in 
general the derivatives of the amplitudes can be ne­
glected since, in the majority of cases, the absorption 
of hypersound is large, and the following conditions 
are satisfied: 

1
1 au 1 
--~a, 
u ax' 

(8) 

which means that the coefficients for the absorption of 
hypersound a and for absorption of the temperature 
wave Cl!T are larger than their gain in a stimulated 
scattering process. 2> 

Taking the assumptions which have been made into 
account and assuming that, as a consequence of the large 
amplification the spectral line width of the scattered ra­
diation is much smaller than the width of the stimulating 
radiation, we obtain an exponential growth in the inten­
sity of the scattered radiation in the nonlinear interac­
tion region: 

where ~ denotes the coordinate in the direction of k1, 
and g(n) is the steady-state gain, given by 

(9) 

(10) 

A,= 0" ik.,n2c + 1/,T0 (8e/8T)p(Q -, f.!o) _ ~ iY, 
pcp~s[i(f.!-Qo)+xq2] 4 

q2 . iq2(y -1) (Q- !:lo) 
Az= (Q-Qo)z- P~T -z(Q-Qo)q•r- P~T{i(Q-Qo)+xq•] 

In Eq. (10) n =wo-w, q = ko-k1, and wo and w1 are 
the frequencies, respectively, of the stimulating and 
scattered light waves. 

The obtained expression (10) for the steady-state 
gain is valid in the frequency range from n ~ 0 to 
n ~ ilMB and, consequently, takes SMBS and STS phe­
nomena into consideration. In order to analyze expres-

2>Commonly for liquids and solids ex= 102 to 1 If em-• and CXT >ex, 
but the gain associated with stimulated scattering - 10-1• Therefore 
condition (8) is satisfied under actual experimental conditions. 
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sion (10) it is convenient to represent the frequency 
distribution of the intensity in the stimulating radiation 
line in the form of a dispersion distribution with half­
width 2ow0 : 

(11) 

The gain g(Sl) has a maximum near the frequency of the 
stimulating radiation line (0 ~ 0) and near the frequency 
of the Mandel'shtam-Brillouin component (0 ~ OMB)· 
Therefore, without citing the general, cumbersome ex­
pression which is obtained after integration of (10) with 
Eq. (11) taken into account, let us consider the two lim­
iting cases of greatest interest: 1) the scattering spec­
trum in the vicinity of the frequency of the stimulating 
radiation; 2) the scattering spectrum in the vicinity of 
the SMBS frequency OMB ~ q~pf3s· 

A. Scattering Spectrum in the Vicinity of the Frequency 
of the stimulating Radiation 

In this case one can assume q~pf3s » 0 2 and then 
only - q~pf3s is left in the denominator of expression 
(10). Then, for the gain not far from the frequency of 
the stimulating radiation we obtain 

(12) 

where the constant BT for a given medium is determined 
by the expression 

BT= lk,d (~) {2kron'c+ 1
2 To(aaTe) x.q•L (13) 

8nn·pcp aT p p J 

For STS the gain (12) has a maximum (gT > 0) at the 
frequency w1 = w0 - (xq2 + liw0 ) sign BT. Therefore, 
depending on the sign of BT either the Stokes or the 
anti-Stokes part of the scattered light will be amplified. 

Usually for solids (B£/BT)n > 0, BT > 0, and conse­
quently the maximum of the STS will occur on the Stokes 
side relative to the frequency of the stimulating radia­
tion. 

H (ae:jaT)p < 0 (for example, in a liquid) then both 
Stokes as well as anti-Stokes STS are possible depend­
ing on the value of the quantity h, where 

h= I Tox.q' (~) I. 
4kron2c aT p 

(14) 

H h < 1 (and (ae:jaT)p < 0) then the anti-Stokes compo­
nent of the scattered light will be amplified (gT > 0 for 
n < 0), but for h > 1 the Stokes component of the scat­
tered light will be amplified (gT > 0 for n > 0). For 
example, for the liquid benzine the condition h > 1 
means 2kw < 5 x 10-4 cm-1• 

H the spectral width liw0 of the stimulating radiation 
is much greater than the linewidth liSle = xq2 of the 
thermal scattering by entropy fluctuations, [aoJ i.e., if 
liwo » xq2, then the STS gain is xq~c5w0 times smaller 
than in the case liw0 << xq2• 

It follows from Eqs. (12) and (13) that if h < 1 then 
the gain associated with STS is larger the larger the 
light absorption coefficient 2kw is. Taking into consid­
eration that, in addition to the amplification process, 
a process of light absorption also exists, one can write 

the condition for growth of the scattered wave in the 
form - 2kw + g'l: > 0, or 

IEomi'>(IEoml') =12pcp(X.q'+<looo)\, h~1. 
8n 8n thr ooo(aejaT) p (15) 

The threshold condition (15) is obtained for such large 
values of 2kw when one can neglect the electrocaloric 
effect (h « 1). For benzine condition (15) gives the fol­
lowing threshold value for the intensity of the stimulat­
ing light (for the linewidth of a rubidium laser ~ 10-3 

cm-1): J 0 > (J0}thr = 0.2 MV jcm2• 

We note that the STS effect may be successfully used 
to Q-switch a laser, [181 including infrared resonators 
since the effective coefficient of reflection is larger the 
larger the absorption coefficient of light is. The small 
frequency shift associated with STS may make such a 
method for Q switching more effective in certain cases 
than a utilization of SMBS for this purpose. 

B. Scattering Spectrum in the Vicinity of the Frequency 
of the SMBS Component 

Near the frequency of the SMBS component one can 
assume 0 2 ~ n~:IB = q~pt3s » (xq2) 2• Neglecting the 
small terms in (10), we find the following result for 
the gain: 

j !kdY'QMB~s(2-y) ilroo-LI'lQMB · 
gMB(Q)= l 32nn2 (Q-QMB)'+(I'looo+<IRMB)2 

X _1 R RMB- Q } !Eoml', 
2 (Q-QMB)2+(1'lroo+l'lQMB) 2 (16) 

where 2o0MB= rq2 is the half-width of the thermal 
Mandel'shtam-Brillouin scattering, SlMB = q~pf3s, and 
the coefficient BT is determined by expression (13). 

The first term in expression (16) has a maximum at 
the frequency n = SlMB• and this term differs from pre­
viously obtained expressions for the gain associated 
with SMBS by the factor 2- y. This factor appears as 
a consequence of the influence of STS I (the electro­
caloric effect) on SMBS. 

The maximum of the second term in (16) does not 
coincide with the frequency SlMB and is found on the 
stokes side (Slmax > SlMB) relative to it for BT < 0, 
and on the anti-Stokes side (Slmax < SlMB) for BT > 0. 
This maximum is shifted relative to the frequency nMB 
by an amount dO= ow0 + onMB· 

Thus, an asymmetry exists in the gain associated 
with the Stokes component of the SMBS. Usually BT 
> 0 for solids, and the maximum of the gain for SMBS 
will shift toward the anti-Stokes side relative to the 
frequency SlMB· H (a£/BT)p < 0, then for h < 1 the 
maximum of the second term in (16) will occur at the 
frequency n = SlMB + (liw0 + liSlMB), and for h > 1 it 
will occur at the frequency n = nMB- (liw0 + liSlMB>· 

This will happen only if the intensity of the SMBS 
component is small, and it itself cannot produce the 
STS phenomenon. However, if the intensity of the SMBS 
component is large enough, then it itself may excite the 
STS effect, and then everything indicated in this section 
about the shift of the SMBS component relative to the 
frequency SlMB may reverse its sign, as follows from 
formula (12). From a comparison of formula (12) and 
the second term of formula (16) it follows that one can 
expect such a change in the sign of the frequency shift 
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of the SMBS component for JMB > 1/2J 0 • 3 > 

In fact, let us consider for example the case BT < 0. 
If JMB is large and begins to affect the saturation pro­
cess affiliated with SMBS, an intense STS arises both 
near the frequency of the stimulating radiation and at 
the frequency of the SMBS component. This leads to a 
shift of both lines toward the anti-Stokes side. Thus, 
for a large intensity of the SMBS as a consequence of 
the STS effect the shift of the SMBS component relative 
to the frequency of the stimulating radiation turns out 
to be smaller by roughly the amount ow0 + onMB· The 
effectiveness of this process is determined by the gain 
gT, in which one should regard the intensity of the 
SMBS as the intensity of the stimulating radiation. This 
gain (see Eq. (12)) must be larger than that part of the 
SMBS gain (the second term in formula (16)), which leads 
to an opposite shift of the frequency of the SMBS compo­
nent. From Eqs. (12) and (16) it follows that one can ex­
pect a decrease of the shift of the SMBS component if 
JMB > 1/2Jo. 

A decrease in the shift of the SMBS component in 
comparison with the shift measured relative to the ther­
mal light scattering has been repeatedly noted (see, for 
example, [211 ). It was also noted that in liquids in con­
nection with the appearance of STS II scattering, which 
is shifted toward the anti-Stokes side relative to the 
frequency of the stimulating radiation (a shift ~ 200 MHz, 
half-width of the stimulating radiation line 2ow0 ~ 300 
MHz), a decrease in the shift of the SMBS component 
occurred, also roughly by an amount ~200 MHz, [161 and 
the width of this shift remained unexplained. 

Apparently one of the essential reasons for the 
change in the position of the Mandel'shtam-Brillouin 
component affiliated with stimulated scattering is the 
influence of STS on the position of the SMBS component. 
It also follows from Eq. (16) that for a sufficiently large 
and negative value of BT, amplification of the anti­
Stokes component of the SMBS is possible, which was 
noted previously. [121 

2. NONSTATIONARY THEORY OF STIMULATED 
THERMAL LIGHT SCATTERING 

For an analysis of the nonstationary STS regime, we 
shall start from the system of Eqs. (1) and (2), assum­
ing that E and T 1 are given in the form 

E = 1hEo exp (iwot- ikor) + '/2E1 (t, r) cxp (iw,t- ik,r) + C.C. (17) 
T, = 1/,T(t) exp (iQt- iqr) + c.c. (17') 

Let us again assume that IE 0 1 » IE11 and IE0 12 ~ const. 
Let the field E 0 be switched on at the moment t = 0 

and then it remains constant, but E1 depends on the co­
ordinates and also on the time, as long as they do not 
reach the steady-state regime. Substituting (17) into (1) 
and (2) and, as before, assuming that E1 and T(t) vary 
slowly, we obtain a truncated system of equations 

aEt' = _ilk•! (ie) Eo'T, 
a£ 4n2 aT p 

(18) 
t 

T(t)=-1-E,exp(-(iQ+xq')t]~ {[ 2kron2c-+(:;) QTo]Et(t) 
4npcp 0 P 

3>This relation is, of course, approximate since for 1MB~ ( 1/2)10 

the nonlinear solutions of the system of Eqs. ( 4) - ( 6) must be consid­
ered. 

1(ae) aE,.(t')} -2 aT/' at' exp[(iQ+xq2)t']dt'. (19) 

In Eq. (18) the first derivative of Et with respect to 
the time is omitted (lc-1 aEifatl « lqEifa~l, cis large), 
and in order to obtain Eq. (19) the derivative of T1 with 
respect to the coordinate is omitted, which is permis-

. siblefor ~» 1/lql. 
The general solution of Eqs. (18) and (19) has the fol­

lowing form 4 > 

E,*(£, t) = E1*(0)exp {- i<pT(£,)} { cxp[-(iQ + xq2)t]Io[(2iEr£tiEol 2)'h] 

t 

+ (iQ + xq2 ) ~ exp(- (iQ + xq2)t']Io[(2iEr£t'IEoj 2 ) ''•] dt'} ,(20) 
0 

where I0(z) denotes a modified Bessel function, and 

(j)r = _ll«jTojEoj 2 (!_'!._)2 e 
32nn2pcp aT P ,. 

As t- 00 the first term in (20) tends to zero; the 
second term yields an exponential dependence of IE 112 
on the coordinates with a steady-state gain gT which is 
determined by expression (12) for ow0 = 0. 

Now let us consider what follows from expression 
(20) in the nonstationary regime when t « ()'2 xq2). In 
this case in Eq. (20) one can neglect the second term 
in comparison with the first. Representing the Bessel 
function by its asymptotic value (assuming that the am­
plification is large), we obtain 

E*( t 2exp(-i<pT-(iQ+xq2)t] . 
,, £, ) ~ -- (2~)'1'(2iErst!Eo!2)'1• ch(2<Erst!Eol2)'h. (21) 

It follows from this expression that the change in the 
intensity of the scattered light in the nonstationary 
regime is primarily determined by the expression 

(22) 

One can determine the time tst• during which the steady­
state regime is reached, from the condition that the in­
tegrand in Eq. (20) be maximal. This time is given by 

1 lET Is iT t,, ::::> -4 --.-!Eolz ::::> 2-.,-, 
xq xq 

where jT = gTL, and L is the nonlinear interaction re­
gion. It follows from Eq. (22) that the increase in the 
intensity of the scattered light does not depend on the 
frequency. Fort< jT/2xq2 one can reach a conclusion 
about the spectrum of the scattered light from an inves­
tigation of expression (21). Taking into account only 
that term which increases in space and time, s> we obtain 
the result that the broadening of the spectrum of the 
scattered light is given by the expression 

, 1 ( jET!S )'/, . ( fst )''' • 
Q = 2 -~-IEol 2 SignEr= xq2 -t- SignET 

and consequently it is Stokes broadening for BT > 0 
and anti-Stokes broadening for BT < 0. For t ~ tst 
when the steady-state regime is reached, I n' I reaches 
its minimal value n' ~ xq2 sign BT, just as one would 
expect from a steady-state investigation of STS. 

We note that by assuming that I E0 12 does not depend 

•>one can obtain this solution by applying the Laplace-Carson in­
tegral transform to Eqs. ( 18) and ( 19). 

5lThis depends on the sign of Br. 
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on the time, by the same token we exclude from inves­
tigation the broadening as a consequence of an effect 
analogous to the self-diffusion of light. [221 In fact, as 
is evident from Eqs. (20) and (21), if a IE0 12/at * 0, then 
a broadening U" ~- acpT ;at must occur whose sign 
depends on the sign of a lEi/at. 

3. STIMULATED THERMAL SCATTERING AS A CON­
SEQUENCE OF THE EXCITATION OF INTRAMO­
LECULAR VIBRATIONS 

In connection with the propagation of intense light 
through a medium consisting of complex molecules, 
a change ~ni of the index of refraction is possible as 
a consequence of light absorption and a subsequent 
change in the ''temperature" of the intramolecular de­
grees of freedom, [231 which was not taken into account 
above. For nanosecond pulses this effect is small in 
comparison with electrostriction and heating of the 
medium (external degrees of freedom of a molecule). 
But for picosecond time intervals, when electrostriction 
and thermal expansion of the medium cease to play an 
important role, in absorbing media this effect may be­
come dominant in the phenomena of self-focusing, self­
diffusion, light scattering, and other nonlinear effects. 6> 

The time required to establish this effect should be 
equal to the average relaxation time associated with the 
"temperature" of a molecule's internal degrees of free­
dom. This time is experimentally determined by a mea­
surement of the dispersion of the sound velocity or by 
hypersonic absorption, [211 and for a liquid it has a value 
~10-10 to 10-11 sec, which is less than the lifetime of the 
acoustic phonons or the time for establishment of a tem­
perature in the medium. In a simple model possessing 
a single relaxation time, the change of the temperature 
Ti of the molecules' internal degrees of freedom as a 
consequence of light absorption 7 > can be determined 
from the equation 

iJT; -l-~ T; = kwn2c E2• 

ot "t; 2npc; (23) 

If the medium's thermal expansion is not taken into 
account (t « TT), then the change of the medium's di­
electric constant occurs at constant density. Therefore, 
the nonlinear correction ~ni to the index of refraction 
for E = % E0 exp (iwot - ik0 • r) + c.c. will have the form 

( iJe ) kwnC"t; [ ( t )] fl..n;= ~ -~IEol 2 1-exp -- . 
iJT p 8:rtpc; "t; 

(24) 

This quantity is positive if (ae:jaT)p > 0 and therefore 
such a change in the value of n as a consequence of light 
absorption will lead to the self-focusing of light, [231 in 
contrast to the change inn as a consequence of a liquid's 
thermal expansion ((ae:jaT)p < 0) for long light pulses, 
when defocusing is observed. The solution of the prob­
lem of stimulated scattering (STS III) as a consequence 
of the effect under consideration can be obtained from 

6>This effect may also be used to Q-switch lasers in order to obtain 
ultra-short pulses (10'10 to 10'11 sec). 

7>In a strong electromagnetic field the excitation of intramolecular 
vibrations may also occur as a consequence of other effects, for exam­
ple, as a consequence of stimulated Raman light scattering. One can take 
this fact into consideration by understanding 2kw as an effective value, 
which is larger than the absorption coefficient of light. 

the simultaneous solution of Eq. (23) and the nonlinear 
Maxwell Eq. (1) in which, however, (ae:jaT)o is replaced 
by (ae:jaT) and T1 by Ti. If (ae:jaT) > 0 then in connec­
tion with S~S III the stokes part of t'C.e scattered light 
will be amplified, and the steady-state gain gil of such 
scattering is given by 

g·, _ lkdkco_:_(!Y-__) Q IEoml2. 
' - 4npc; iJT p Q2 +(.S·wo+1/"t;)2" (25) 

The steady-state regime is established during a time 
tst ~ jt Ti, where ji = gilL. In the nonstationary regime 
the intensity of the scattered light is determined by for­
mula (22) in which the quantity 

B; = iktlkwc (~) • 
4npc; iJT P 

should be substituted in place of BT· 
In connection with stimulated scattering at small 

angles, as a consequence of the mechanism under con­
sideration a four-photon interaction is possible in which 
two photons of the intense perturbing radiation with wave 
vectors k0 are transformed into two scattered photons 
belonging to weak light waves with wave vectors k1 and 
k2, which make a small angle with the direction of k0 

(see the figure). This phenomenon may be investigated 

~'······ . 
f 0 , k0,w0 

Ez,kz' "'z 
according to the same scheme as the four-photon inter­
action associated with stimulated Rayleigh-wing scat­
tering. [101 By fulfilment of the conservation laws 2k0 

= k1 + k2 and 2w0 = w1 + w2 the gains gb are identical 
for the scattered Stokes (w1) and anti-Stokes (w2) waves, 
the gain is maximal at an angle 8 = Bopt 
= (Bi Ti/ I k1 I )112 I E0 I and for 1/Ti » liw0 is given by 

(26) 

Thus, the gain associated with such a four-photon inter­
action is maximal at the unshifted frequency. 

Such a four-photon interaction was apparently ob­
served by Mack[241 using picosecond light pulses, al­
though he interprets his own results differently. Stokes 
STS and the formation in a medium with x = 0 of a tem­
perature wave as a consequence of a thermal change of 
e: at constant density are considered in [241 • However, 
such a wave cannot be established during a finite time 
interval (since TT ~ 'l'2 xq2) if one has in mind the tem­
perature of the molecules' external degrees of freedom 
(as is done in [241). a> 

4. STIMULATED CONCENTRATION SCATTERING OF 
LIGHT 

Thermal scattering of light by fluctuations of the con­
centration in solutions[211 has, just like all forms of 

8>In addition, apparently due to a misunderstanding, Mack [24] as­
sumes that the STS associated with a change of e at constant p was in­
vestigated in [4 ] whereas that reference deals only with STS, or alter­
natively the stimulated entropy scattering of light as a consequence of 
the electrocaloric effect, caused by a thermal change in e at constant p 
and being the direct stimulated analog of thermal light scattering by 
entropy fluctuations. 
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molecular scattering processes, its analog in stimulated 
scattering. The theory of SConS in a weak solution may 
be investigated by starting from the system of the non­
linear Maxwell equations and the diffusion equation: 

oCt Co oe o (27) 
at-Dt'.Ct =- 4nkTN aGEE, 

.!._~ _ V•E = __ 1_( ~) 82 (ECt) 
0 

(28) 
c2 ot• n2c2 ac ot2 

Here C1 is the deviation of the concentration of the sol­
vent from its equilibrium value C0, D is the coefficient 
of mutual diffusion, and N denotes the number of mole­
cules per 1 cm3 • A steady-state theory of SConS without 
taking the linewidth of the stimulating radiation into ac­
count was considered by Aref'ev. r251 If the finite line­
width of the stimulating radiation (see Eq. (11)) is taken 
into account, then calculations similar to those carried 
out in Sec. 1 for STS give the following expression for 
the gain associated with Stokes SConS: 

(29) 

where Be, a constant for any given medium, is given by 

B ikt!Co (oe)z 
c = 16nn2kTN •. oC Dq•o (30) 

Therefore, as follows from Eq. (29), in the steady-state 
regime the maximum value of the gain will occur at the 
frequency w1 = w0 - (ow0 + Dq2). An analysis of Eqs. (27) 
and (28) indicates that the steady-state regime is 
reached after a timet> t8t = jc/2Dq2, where jc =geL. 
Since D for a liquid is three orders of magnitude smaller 
than x, a time ~ 10-5 sec is required to reach the steady­
state regime in the case of SConS, instead of a time 
~ 10-8 sec for STS. In the nonstationary regime (t < t 8t), 
representing E in the form (17) and making the same as­
sumptions as for the analysis of STS in the n6nstationary 
regime, we obtain 

E 1' ((;. t) = Et'(O) exp [-i<pc(S}]{ exp [- (iQ + Dq•)t]l0 ((2iBc IEol 2£t) 'I•] 

t . (31) 

+(iQ +D<f) ~ exp(-(iQ +Dq2)t1fo[(2iBciEol 2st')''•]dt' }. 

where 0 

= lktiCos (oe)•IEol•· 
q:c 32nn2kTN oC 

For t < t8 t and a sufficiently large gain, it follows 
from Eq. (31) that the intensity of the SConS varies ac­
cording to the law 

lc ~ exp {2(BciEol 2st)'io}. (32) 

From Eq. (31) one can obtain the result that in the non­
stationary regime the scattered radiation is broadened 
in the stokes region by an amount 

Q' = +( Bcl~ol 2s r = Dq•( t;t )"'. 

which reaches its limiting value U' ~ Dq2 for t ~ t 8t. 
i.e., at the transition to the steady-state regime. Here, 
just as in the analysis of STS, the broadening U" 
~ - a cp cfat as a consequence of the self-diffusion of 
light is not taken into account. 

In conclusion the author expresses his gratitude to 
I. L. Fabelinskil for his interest and for a helpful dis­
cussion of the obtained results. 

Note added in proof(August 25, 1969). Formula (16) is valid for 
t > Tph and t > TT (see Eq. (7)). For Tph < t < TT the influence of 
STS on SMBS must diminish, and in ( 16) one can set the second term 
of the sum inside the curly brackets equal to zero, but in the first term 
of this sum the factor 2 - 'Y should be replaced by unity o 
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