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1. INTRODUCTION

THE study of the spectra of scattered light was initia-
ted more than forty years ago, and the main features of
various spectra of thermal radiation were determined
before the appearance of various laser excitation sour-
ces.'t? Studies were made of the spectra of Raman
scattering of light and of the spectra of scattering due

to the time variation of the fluctuations of the dielectric
constant as the result of thermal fluctuations of pressure
(Mandel’ shtam-Brillouin scattering), fluctuations of en-
tropy (the central component of the fine structure of the
Rayleigh line), and anisotropy fluctuations (the wing of
the Rayleigh line).

The use of gas lasers and powerful light pulses from
solid-state lasers has made it possible to increase the
volume of information obtained by studying the spectra
of scattered light, and to observe many new phenom-
enal'®!. When scattering is excited by a giant laser
pulse, the aforementioned four types of scattering give
rise to new phenomena—stimulated Raman scattering of
light'*! (1963), stimulated Mandel’ shtam- Brillouin
scatteringm (1964), stimulated scattering of light in the
Rayleigh-line wing[” (1965), and stimulated entropy
(temperature) scattering'” (1967). Effects of self-
focusingm , which are genetically connected with certain
types of stimulated scattering, were observed. Spectral
shifts and broadening of the spectrum of a light pulse,
resulting from phase modulation due to temporal varia-
tion of the nonlinear part of the refractive index were
found'®’. All these and many other optical phenomena
occurring when intense light propagates through matter
make up a new branch of physics, called nonlinear op-
tics[l-S,lO] .

The present article is devoted to an exposition of the
main results of theoretical and experimental investiga-
tions of stimulated Mandel’shtam-Brillouin scattering
(SMBS) and stimulated entropy (temperature) scattering
of light (STS).

The spectrum of thermal* scattering of light con-
tains, as a result of adiabatic density fluctuations
(pressure fluctuations) on both sides of the unshifted
lines, Mandel’shtam- Brillouin components'»'*2) whose
shift pqp and the width 26Q g are determined by the
relations

OMp= =+ 2r —g— m, 31D na N 20Qmp = 200

2

™

*In order to distinguish thermal scattering of light from stimulated
scattering, we use this term rather than the term ‘‘spontaneous scatter-
ing,”” since molecular scattering of light is always a stimulated rather
than spontaneous process.
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here n, ¢, v, and o are the refractive index of the med-
ium, the scattering angle, the velocity of hypersound,
and the amplitude coefficient of absorption of sound of
frequency £2y1p, while wo and ¢ are the frequency and
velocity of light in vacuum.

Scattering of light as the result of isobaric fluctua-
tions of density (entropy fluctuations) is represented in
the spectrum by an undisplaced line of the Rayleigh
triplet with half-width

280 = 23 | ko— ks = 2x¢%, (2)

where x is the temperature-conductivity coefficient and
ko and kg are the wave vectors of the exciting and scat-
tered light.

In experimental and theoretical studies of the
thermal-scattering spectra, account is taken of the
influence of the thermal motion in the medium on the
light wave, but the action of the light wave on the motion
in the medium is neglected. The situation changes if the
scattering is excited by a powerful light pulse from a
laser. In this case the intensity of the electric field of
the exciting light wave is so high (~10°-10° V/cm), that
this field, together with the field of the initial weak
thermal scattering, begins to exert a strong influence
on the character of the motion in the medium. As a re-
sult of the electrostriction effect, these fields will lead,
under certain conditions, to an increase of the intensity
of the sound wave produced by the pressure fluctuations.
These fields can also lead, owing to the orientation of
the anisotropic molecules (the quadratic Kerr effect),
to an increase in the orientational inhomogeneities and,
for example as a result of the electrocaloric effect, to
an increase of the temperature inhomogeneities in the
medium.

All three foregoing effects, on which the stimulated
molecular scattering of light is based, are quadratic in
the field, and as a result of the mixing of the exciting
and scattered light waves, which differ in frequency and
in wave number, the action of the light will affect
primarily those Fourier components of the fluctuations
which have caused the initial thermal scattering. The
already mentioned increase of the inhomogeneities in
the medium leads in turn to an increase in the intensity
of the scattered light, which causes an increase in the
inhomogeneities, etc. The intensity of the scattered

‘light will grow nonlinearly as the light propagates in the

region of the nonlinear interaction between the light and
the medium.

Thus, the action of light on a medium leads to a
change in the dielectric constant of the medium by an
amount A€, and consequently an additional nonlinear
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polarization of the medium appears:
Ae 1 [( ay)s;p+(%)P-ES+(¢g—Z)p,sc]E; 3)

Zn T AR
here E is the total intensity of the electric field of the
exciting and scattered light waves, and p, S, and ¢ are
the deviations of the pressure, entropy, and degree of
orientation of the molecules from their equilibrium
values. In (3) it is assumed that the change of € occurs
as a result of a change in pressure, entropy, and aniso-
tropy of the medium, and when € is expanded in terms
of these parameters we can confine ourselves to the
first term (weak nonlinearity). From Maxwell’s equa-
tions, with allowance for the nonlinear addition to the
polarization of the medium (3), we obtain

P, 8 Uh] !

[(%)s.;pE»P (g—z)p.:SE-‘_(Z_Z)
4)

where € = € — ie” is the complex dielectric constant of
the medium*. To solve the problem of stimulated
molecular scattering we need also equations that des-
cribe the influence of the light waves onp, S, and { as a
result of the indicated effects of striction, the electro-
caloric effect, and the orientation of the molecules. In
Ch. II, which is devoted to the theory of stimulated
Mandel’ shtam- Brillouin scattering (SMBS), we shall
consider this equation for p and approximate solutions
of this equation (together with the nonlinear Maxwell’s
equation). In Ch. III we describe the results of an ex-
perimental study of SMBS and where possible compare
experiment with theory. In Ch. IV we describe the theory
and experimental results for STS. The stimulated
Rayleigh-wing scattering calls for a special review.

ynl =

B 6%
S raald ‘rotrot E= ——5

II. THEORY OF STIMULATED MANDEL’SHTAM-
BRILLOUIN SCATTERING

The questlon of SMBS was considered theoretically
in many papers®’®*-211211 " OQur exposition of the theory
is based principally on the results of the nonstationary
linear theory of Kroll'*®? and the stationary nonlinear
theory of Tang®®’, which present the basic and various
features of this phenomenon.

1. Initial Equations

Propagation of light waves with total electric-field
intensity E produces in a medium electrostriction for-
ces, with a volume density'?’

f:—s%grad |:E2 (p —Zz—) ] 812 grad . (5)
For the relative change in density u = p,/p we obtain
from the hydrodynamic theory the following equationm] :

(6)

where vy, is the phase velocity of the sound in the med-
ium in the absence of an electric field,
T'=(n" +(4/3n)/p, and n’ and 7 are the bulk and shear
viscosity coefficients.

Substituting (5) in (6), neglecting small terms (of
higher order in the field than E?) in the right side of (6),

92%u
g1z

. 0 1.
~ V2 (vhu+t I %) = — o divi,

*1t is assumed here that €” <e.
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and making the substitution u = (1/p)(8p/2p)p, we obtain
for the pressure p in the medium the following equation:

" an ¥
Gﬂ =7 lv p+r‘ 3 8npﬁs Ez) : (7)
In (7) we have introduced the notation
Bs= e » Y=p(%)s, @®)
& 1’+ 831. dp \EP (9)

where 8g is the compressibility of the medium, and Y is
the parameter of nonlinear coupling, taken at constant S
because we shall consider below hypersound frequencies
(~10°—10'° Hz), when the processes under consideration
are adiabatic.

The sound velocity v is generally speaking a function
of the amplitude of the electric field of the strong elec-
tromagnetic wave. But since p is of the order |[EJ?, it is
clear from (7) that allowance for the field-independent
correction in (9) is connected with a higher approxima-
tion than is used here.

We shall assume that the SMBS phenomenon develops
independently of the remaining nonlinear processes.
Then there remains in the right side of (4) only a term
containing the pressure p; recognizing that the correc-
tion connected with allowance for the transversality of
the light wave is small (div D = 0, and consequently
curl curl E =—(1/n°)YBgV (VpE) — V’°E ~ —V°E), we
obtain the equation

n? 62E . kon O2E 1 & (pE) 10
e e —VE—2i 2~ o o2 2 YBs P ( )

where 2k, = wo€ “/en is the extinction coefficient of the
light, and ¢ = co/n is the velocity of the light in the
medium.

The system (7) and (10) is the starting point for the
solution of the SMBS problem. We seek the solution in
the form of plane waves with slowly varying amplitudes

2
=—é— 2 E, (¢, r) exp (it —ikir) -+ C.c.
=0
p=%p(t, r) exp (iQt —igr)+ C.C. (12)
In (11), we, ko, and E, pertain to the exciting light wave,
while w,, k;, E; and w3, k;, E; pertain to the scattered
Stokes and anti-Stokes light waves. We assume further
than

W= R=w,—Q, Aj=q—ko+ ki, As=q+ko—k,.

(11)

(13)

It is obvious that the conditions A, = A, = 0 correspond
to the Bragg condition for the interaction of optical and
acoustic waves, and the difference between these quan-
tities and zero leads to a definite detuning. Finally, we
assume that the amplitudes of the light and acoustic

waves vary slowly compared with the oscillations of

these waves, i.e., the following conditions are satisfied

1 0E;,
dx

1 ép

Lo
p or :

p ot

(14)
Substituting (11) and (12) in (7) and (10), neglecting (as a
result of the condition (14)) the second derivatives of the
amplitudes, and equating the expressions for the corre-
sponding exponentials, we obtain for the interacting
waves with amplitudes Eo, E,, E; and for p the following
system of equations:

kel g > 5

LA
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002 %o 1 (ko) By — 5 i (k‘z— 8 E, (15a)
=9y (oA poEe Yy, (15D)
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%%%‘r(qv)p—.ii (e2—2) ptalalp

(BT (g — Ay e+ BB, (q—A,)* e'A2). (15d)
The last equation was obtained under the assumption
T'Q/v? = aA/7 < 1 (the condition for the existence of
acoustic waves), where o = I'q?/2v is the amplitude co-
efficient of sound attenuation. The system (15) cannot
be solved analytically in general form.

We continue the study of the SMBS phenomenon by
analyzing the system (15) under various additional limit-
ing assumptions. An analysis shows that at not too small
scattering angles the anti-Stokes component does not
become amplified as a result of the nonlinear interac-
tion but attenuates, and therefore will be disregarded in
this chapter. As to small scattering angles, the situa-
tion there is different, and we shall return to this ques-
tion later.

2. Linear Nonstationary Theory

We assume that the Bragg condition is satisfied, i.e.,
that A; = A; = 0. This means that the shift of the
Mandel’shtam- Brillouin components Qg relative to
the frequency of the exciting light is determined by the
expression (1). We put further k; = n‘wy/c*, ¢ = Q% /v,
and |Eol > |E,|, |E.|, |Eol® = const (the approximation
of a given exciting wave). Then, neglecting the anti-
Stokes scattering, we obtain from (15) the following
linearized system of equations for the amplitudes of
the Stokes optical and hypersonic waves:

O (k) Koy | By = — 22 YR Eqpe,

2

Qr?p
v2

FqVptba|qlpt =0 EE,. (16)

The system (16) has exponential solutions, from which,
generally speaking, it is possible to construct a general
solution if the initial and boundary conditions are speci-
fied. In the general case of scattering at an arbitrary
angle, this problem is quite complicated. It is a rela-
tively simple matter to analyze SMBS in two particular
but important cases: a) the case of SMBS in a resonator,
when the scattering direction (k;) is set by the resonator
axis, and b) backward scattering (s = 180°).

a) SMBS in a resonator. For the case of a resonator,
we seek the solution of (16) in the form* E; ~ p*
~ exp (Bt +ib-r). Inserting these expressions in (16),
we obtain a dispersion relation from which, recognizing
that v/c << 1, we obtain the following expression for §:

1 1 1 . kib
Br, 2—?(——0w——kmc—7w “(11’)

L Ilinbl) +

1

Y R
o { o tbed e TR

*The oscillating spatial variation is chosen to satisfy the boundary
conditions in the resonator.
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It is seen from (17) that only one solution (Re 8: > 0)
corresponds to an increase of the amplitude of the field
of the scattered wave and the hypersound wave with time
(temporal instability). The maximum value of 8 occurs
at b = 0, and the threshold for the occurrence of SMBS
generation in the resonator is determined by the condi-
tion Re f1 = 0, or

"‘%{E B ( lg‘i{’ )dir‘

When the threshold is greatly exceeded, neglecting in
(17) the acoustic and optical losses, we obtain

B~ ¥ 1F0< (wagﬁs)' '-”

N

8n2h gy

YiPsliqf kel (18)

(19)

and near the threshold we get from the expansion (17)
gt LU s ) (20)

P~ _'C: ( — GAnno
Substituting in (16) the solution for p and E,; in the indi-
cated exponential form, we find that near the threshold
the ratio of the energy density of the scattered wave,
Wi, to the energy density in the acoustic wave, Wp,
given by

Wy _wlbn
W, 7 Qkge ©

(21)

and in the case of an appreciable excess over threshold
(22)

ARPUNUR

W, T
The latter equation (the Manley-Rowe relation) means
that in the SMBS process the creation of each photon is
accompanied by the creation of a phonon.

b) Backward scattering (scattering angle ¢ = 180°).

In this case the solution of the system (16) is sought in
the form E; ~ p* ~ exp (ipt + bx). We shall assume that
E; propagates in the positive x direction. As in the pre-
ceding case, we obtain the dispersion relation and,
reocgnizing that v/c < 1 we obtain

blyz:‘i(fa k=1 T) )’(07 kg - LZT))

2
_lal k[ Y2Bg \Emg}‘ z (23)

16102

The boundary conditions are specified in the form:
(24)

Taking (23) and (24) into account, we obtain from (16)
for E;(x, t)

E (0, t) =Eexp(ift), p*(L.1)- 0

| oy " bo
ke -1 by

by - by
_Sw 2 oy n—Uy) L
P e b=ty L

-exp {({bo—by) (L— )t

Ey(z, 1) == Eygexp (ift - baz)-

(25)
The signs of b, and b, in (23) are chosen such as to make
Re (b —by) = 0.

In sufficiently weak fields, when |Eo[* < (|Eq|® Jer (an
expression for (|Eol? )cr is given below), the gain is
stable in the entire region of interaction, and as L, — «
it follows from (25) that

Ey = Eypexp (iBt -+ boz). (26)

The SMBS gain is maximal at 8 = 0 (stationary regime)
and equals
e Y2 [ B2}

ik [ V2SR 2
o a5 L-é.ir“lrt;o:' T (27)

The latter approximate expression is obtained when
lEOlz << ('Eolz)cr

v = 2ba=a—ko— {(fl + k)P —

an-

~ — 2k
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From (27) it is easy to find the condition under which
the gain gyqp is positive. From the same condition fol-
lows an expression for the threshold of the SMBS. This
expression coincides with the previously obtained ex-
pression (18), which determines the onset of generation
of SMBS in a resonator.

Under certain conditions, temporal instability can
develop in SMBS at an angle ¢ = 180°. When |E,[?

> (lEoIz)cr or

o> ().

2n2 (a+ke)?

~ lat k| Y2Ps

there exists a critical length L., such that if L = L,
the regime becomes unstable ancri generation is poss1b1e.
This follows from the fact that there exist real positive
quantities 8’ = iB for which the denominator in (25) van-
ishes. The condition under which the denominator in
(25) vanishes can be written in the form

(ot hot-£) b {5 Lo [LURL B o (0 k- £2)1])7)

—[Lallka e g e (atk+£)1]2, (29)

165tn2

(28)

from which follows an inequality for the smallest value
of Lgy:
(Mﬂ% 4n? )‘/*
16702 Lz

—(a+ k) < 2 <(|Q||klly2ﬂs|E0|2_Lz )”2 (e + k). (30)

165102
When L — «© we have
B (lallka s Bty g

16702
and for b; = b; = b we get
= —km+—;— (Ml Eolz)”; .

16nn2

(31)

The exponential dependence of the field amplitude in the
unstable case takes the form
£~ exp {or [ (LU LY 1By ) (o 1k ]
e[ (g ) ]} 02)

We note that the temporal instability (generation) de-
velops at much higher light intensities than the stable
exponential SMBS gain. Thus, from a comparison of
(18) and (28) we obtain (when k,, < a)

(1 Eo[?)gir

(1Eo1?) ¢ (33)
For pure liquids, (33) yields a value ~10°. From a
comparison of (19) with (32) we can easily see that the
rate of time growth of the field is larger by a factor
(c/v)l/z/ 2 in a resonator than in the development of tem-
poral instability in the case of backward scattering. It
should also be noted that the development of instability
in backward scattering differs from temporal instability
in a resonator. In the former case there is a spatial
growth of the amplitude of the scattered wave, which
dominates over the temporal growth when x > vt, while
in the latter case the amplitudes only grow in time.

¢) Transient time-dependent solutions. In items a)

and b) we considered two particular cases of exponential
solutions of the system of equations (16) for SMBS in a
resonator and for SMBS at an angle ¢ = 180°. We now
consider the general case of time-dependent transient
solutions for amplitudes in SMBS. To this end, we re-

~ 4K
~h—
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duce the system of equations (16) to a more symmetrical
form, introducing the notation

v

T S
V=g 7 F=—i Ty

2

B4mn2 )1/2
Y2s | q | ky[[Eg? ’

(34)

T=2, 8=aX, 8=koX, x=(

k
Y=
We consider the variation of the amplitudes along k, and
introduce a coordinate in this direction, & = k,£’/[k,].
Then, taking (34) into account, we obtain from the sys-
tem (16)

v 0E

Ly 6§*+5E, +‘If +6SJ> -E,.  (35)

3

The initial and boundary conditions are written as fol-
lows:

E(§, 0)=Eqexp(—6%), E, (0, T) = Ey, (36)
&E, 0=y &0, 1)=8exp(—8;1),
or
& (L, 1)=Foexp(—§;7). (37)

The last two conditions correspond either to forward
scattering or to backwards scattering. From (35), (36),
and (37), assuming that the condition £ > 7 (x > vt) is
satisfied for ¥ > 0 and the condition £ < ¢— 7

(x < L - vt) is satisfied for ¥ < 0, we get

Ey (€, 1) =Ej et

g T

e i + { B @Y, v ettt ar,. (38)
6 b

It is convenient to express the solution of (38) in terms

of the function U{¢, 7):

E(E 1)

— Epe=®18U (E, 1)1 Ppe=0st ﬂ(aiw_f) , (39)

where U(¢, 7) satisfies the following integral equation:
T &

U (&, T)=1J,—S SU(§~%,, T—1y) edibi=iti g, g1, (40)
The solution of Eq. (40) is of the form
¢ exp((—85— W8y T) e
UG, r)=1+§§ i e = P an. (41)

In (41), I, is a modified Bessel function of first order,
the asymptotic value of which at large arguments is
equal to

T 172
AT T A P

[int}/2 (5 — ot/ 2|2 7

(42)

Substituting (42) in (41) and by the same token excluding
the region of small £, we obtain for small values of 7,

£ S‘hie"l’lzﬂ/z(g P2 (65— W8y) Yl
CORER 71 (E— W)Y/

It is seen from (43) that in the case of backwards scat-
tering (¥ < 0) and if (65 + 6,) < 2, which coincides with
the condition (28) for instability development, the integ-
ral (43) diverges when 7 — %, and consequently the solu-
tion is unstable. In the case when the numerator under
the integral sign in (43) has a maximum in the region
from zero to 7, the approximate value of the integral
(43) is

U (g, 1)=

UE 9=1+ (43)

Bexp2s!/(E—¥n)!2 (8, w8y 1]
()12 [v (5 — w01 (E— 20— (83— W8y) 12 (£ — wryl /%

T (44)
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It is necessary here to satisfy the condition 7 > 1. In
the stable case it is necessary, in addition, to satisfy
the condition

g

T>Tmax:W {1

(93— ¥dy) } (45)

T 05— ¥yt 4|12

Tmax 18 that value of 7 at which the numerator under
the integral sign in (43) assumes its maximal value, and
thus, when 7 > T4 (and ¥ > — (65 — ¥5,)/2), a station-
ary regime is reached. Satisfaction of the condition (43)
signifies that the maximum value of the numerator under
the integral sign in (43) lies in the integration region.
From (44) it follows that in the unstable case, in the
case of backwards scattering (¥ =—1, 65 + 6, < 2) and
when 7 < £, in accord with (32), the exponential is of
the form exp[(2 — 63— 0.)7 + (1 — 8,)€]. For the case
of short pulses (7 < £), assuming 6, < 83, we obtain
from (44)

U (&, 1)~ exp (211282 _§,1). (46)

In the case of stable amplification it is easy to obtain
from (43), as T — « and with account taken of (45), in
full agreement with the exponential solutions considered
in item b)

U (8, 1) —> exp o { —(Ba—W8) -+ [(85— W82+ 4W]' ). (47)

Thus, the variation of E,(£¢, 7) is determined mainly by
the exponential (44) or (47) which, according to (39),
must also be multiplied by exp (-6:£).

So far we have specified through the initial values of
po and Ej, on the boundary; consequently, for example
for the stable case at large values of t, the source
should vanish. Actually, in SMBS we should start from
the fact that the sources po and E,, are of fluctuation
origin, and on the average they are uniformly distribu-
ted in the medium. We neglect the spontaneous fluctua-
tions of the electromagnetic field and see how account
can be taken of the uniform distribution of the thermal
sources of pressure in the wave-interaction region.
Assume that the medium contains N sources that are
excited at arbitrary randomly distributed instants of
time 7; and with random amplitudes #;. We can then
write for the medium

&r= Z &0 (v—1;) exp [(1;—7) 8], (48)
where @(7) =1 for 7 > 0 and &(7) = 0 for 7 < 0. The
mean value over the ensemble is
(&) = N () S exp 128; (v; — 1)} dTi,
or 26; (:"PZT) = N(ﬂ"i). On the basis of (39) we can write
for E1
E (5 1)= @iU(E, T)exp(9;1;) 4 3
. )

i, 1< LEST; >0

(49)

& (& 1—10).
After averaging we obtain

E3E ) o {I0E R+ i an (U & wr) . (50)
Replacing # by p, we obtain the fololowing dependence of
the intensity J; of the scattered wave on the intensity I

of the thermal fluctuations of pressure (the intensity of
the Debye waves):
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Ti=g- 02 {10 or+26 § ar 10 @ e} (51)

[
Jm can be easily calculated by the methods of statistical
physics. In the same manner as used to derive (51), we
can obtain, using the first equation of the system (35)
and neglecting the optical losses, the connection between
the intensity .7, of the scattered light wave and the inten-
sity Jp of the sound wave in SMBS:

To (2 (ZL) ot § on (2)°] /[ 20, antin]. (52)
0 0
For short pulses, using (46), we obtain
Ip Q 1

Q vt
W z

J1 oy

(vt € 2). (53)
Consequently, the intensity of the sound wave for short
pulses will be much shorter than follows from the
Manley- Rowe relation.

3. Stationary Theory of SMBS

For a medium with sufficiently large acoustic losses,
when the instability cannot develop and the laser pulse
duration is much larger than the phonon lifetime, we can
consider a stationary problem. The requirement that the
pulse duration to be much larger than the lifetime of the
phonons Tph = 1/2av, means, in other words, that the
spectral width of the laser radiation 6w, should be much
smaller than the line width of the thermal Mandel’ shtam-
Brillouin scattering, owing to the finite duration of the
pulse, i.e., bwo K 8Qy g. More accurately speaking,
the time of attenuation of the transient time-dependent
solutions is determined by expression (45), from which
it follows that far from the instability region (6; > 2)
the stationary state is reached at pulse durations

(54)

where gpp is the gain in the case of stable SMBS, and
J = gpmpL is the gain in the entire region of nonlinear
interaction.

Let us examine, followingm] , the most interesting
case of backward scattering, in which account can also
be taken of the saturation effect, when the intensity of
the scattered light can become comparable with the in-
tensity of the exciting light (nonlinear solutions). In the
stationary problem it is also possible to trace the varia-
tion of the width of the SMBS components. To this end
it is necessary to take into account the possibility of
incomplete synchronism, i.e., to assume A, # 0 in the
general system of equations (15). Then, recognizing that
the exciting light and the sound wave propagate forward,
while the scattered light propagates backwards (towards
decreasing x), we obtain

to > eMBL/ 20 = Tphd,

ok kEo‘—‘
oo =

or
aE,
ar

iy —ixa 9P ai ixs
- YBspEie™™8, =5 tap=— -0 EOE;'e”‘A,}

koEy=— ‘l_/ii:,l— YBsp*Eoe™2,

(55)
here A = q —ko—k; =~ (1/v)(w; — w,), where w,

= wo[1— {2n 2v/c)] is the ordinary Stokes frequency
when the Bragg condition is satisfied (¥ = 180°). Putting
w,; * w,, we consider by the same token a finite ampli-
fication band. In the general case, the system (55) can-
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FIG. 1. Intensity of SMBS in CS, as a function of the distance from
the start of the region of nonlinear interaction for several values of [y, =
vJ¢hr (J thy = 90 MW/cm? - threshold intensity for CS,, v = 2,4,6,8)
[?*]. The following CS, parameters were used in the calculation: p =
1.26 g/ecm3,n=1.62,Y=2.50,v=1.24 X 10° cm/sec, @ = 1600 cm™!.

FIG. 2. Intensity of hypersound in SMBS in CS, as a function of
the distance from the start of the region of nonlinear interaction for
several values of J, = vJthy v = 1,4, 6,8) [2'].

not be solved analytically*.

For the case of carbon disulfide, assuming that k,
= A =0and a # 0, the system (55) was solved numeric-
ally in®Y?. The results of the calculations are shown
in Figs. 1 and 2. The boundary conditions were as fol-
lows: Eo(0) = Ecand p(0) =0 at x = 0, and E, (L) = 0 at
x = L, where L is the value of x at which the intensity of
the exciting light is decreased as a result of the SMBS
to its threshold value J,iny, after which the SMBS stops.
It is obivous that in this case the condition |[E¢f* = |E,[®
+ (IEol*)¢pp should be satisfied.

Figure 1 shows the dependence of the intensity of the
backward scattered Stokes radiation on the depth of
penetration x of the exciting light in the medium at
different values of the intensity of the latter (for each
curve, the parameter is v = J0(0)/ Jothr). It is seen
from Fig. 1 that the main fraction of the scattered light
is in the region ~2 x 107 cm

Figure 2 shows the dependence of the hypersound
intensity on the coordinate for different intensities
Jo(0). The intensity of the hypersound reaches a maxi-
mum at a distance x & (1—2) X 10~ cm from the entrance
of the laser radiation. At large x, the decrease of p is
connected both with the large absorption coefficient of
the sound and with the decrease of the amplitudes E;
and E,. Let us consider the approximate solution of the
system (55), when the phonon mean free path is much
smaller than the region of the nonlinear interaction.
From the last equation of (55) it follows that

*In the particular case when k,, = o = 0 and A = 0, we can obtain
exact analytic solutions of the system (55) in terms of elliptic Jacobi
functions. These solutions were obtained in [?*] and are given in [!].
They are not given here, since these solutions are not applicable to most
real cases. In addition, it should be noted that when a0 it is necessary
to consider the nonstationary problem, as follows from the linear non-
stationary theory.
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P@= 5z Yla] S Ey(a) B} (2') e¥'0-a6=) &z’ 4 p(0) e=ox.  (56)
We take into account the fact that the factor

exp{~a(x — x')} makes the main contribution to (56) in
the region x’ — x =< 1/a@, and assume that the rate of
acoustic loss is larger than the rate of variation of E,
and E, as a result of the SMBS, i.e., that

1 98
E, 0z |’

1 9K,

Ejéz B

a>>\

We can then take Eq(x’)E*(x') in (56) outside the integral
sign, and take this value at x = x’, i.e., we get
iY |q[Eo(2) EY (%) gixa

P=—"lmtata ¢ (=>=)-

(87)

Consequently, the amplitude of the sound wave is
proportional to the product of the local intensities of the
exciting and scattered light waves. Since p is inversely
proportional to the resonance factor iA + o, the pres-
sure has a maximum at A = 0, i.e., when the Bragg con-
dition is exactly satisfied, and the gain occurs in the
frequency interval 682 = 2 @v. Substituting (57) in the
first and second equations of the system (55), we get

3Eo _Jallke|Y?ps [ E(|2Ey 8Ey |qll kil Y2Bs|Eg|? &,
B (A L) oz 64nn2 (1A — o) :

(58)
We introduce the intensities of the exciting and scattered
light waves

+ koEg= —kE =

cn | Eof?
8n

and J,=

Jo= LART.

We then obtain from (58), assuming that wo—w, =

< Wo and lkoi = |k1| L] lk‘,

371

%Z—" 4+ 2o o= —G (0)) Toll 1 —2ko 1= —G (0 JoJ1, (59)

where

av?

lqilks| Y2fs

4ndc

G o) = a2v2 i (@ —0q)% (60)
It is easy to obtain from (59) the threshold value |E, Iihr’
i.e., the condition under which the gain exceeds the

loss. This is the condition G(wi)J¢ > 2k,,, which coin-
cides when w: = w; with the previously obtained condi-
tion (18). In the linear approximation, when we can put
Jo ~ const, the gain gyyp and G are connected by the
relation

evp = —2ku+G () T, (0). (61)

Usually 2k, is a small quantity (smaller than 107 cm™)
in the absence of nonlinear absorption and scattering
effects. Therefore in the real case, far from the SMBS
threshold, the optical loss can be neglected. Putting
k,, = 0, we obtain the following solution for the system
of nonlinear equations (59):
Folr) =F () +Fe (0)— T (0),
2 (0)[1— 24! (O;

exp {[1— ((’)]G(Q’j JU(O)x} ‘T(OO—«)) .

As seen from (62), in the limit as J,(0)/ J0(0) — 0, we
obtain an exponential growth of the Stokes SMBS com-
ponent in space:

J1(0) =

(62)

J1(0) =5, (x) exp (G (1) Jo (0) 2] (63)
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In (62), the unknown quantities are assumed to be J,(1)
(the initial intensity of the Stokes scattering) and Jo(x).
The boundary conditions for J, are specified at x = 0 and
for J, at x = L. Consequently, in order to use (62) it is
necessary to calculate J,(0) putting x = L. From the
first equation of (62) it is easy to see that in the limit,
when L increases, J,(0) also increases monotonically
and reaches the limit that is expected on the basis of the
Manley- Rowe relation (J:/ Yo~ wi/wor 1):

gLH; jt (“) = (0) 1 (L)

As follows from the calculation of‘2%! , the saturation
effect due to the reaction of the intensity of the Stokes
radiation on the intensity of the exciting radiation,
comes into play when J;(0) reaches several per cent
of the intensity of the initial exciting radiation, regard-
less of whether this is a consequence of the large length
of the interaction region or the large value of Jp(0). At
saturation, the rate of growth of the SMBS intensity de-
creases, although it can remain exponential as before®’.

In the case under consideration, the intensity of the
hypersound wave depends essentially on the sound
attenuation coefficient. From (57) we can easily obtain
for the intensity of the hypersound Jp(x)

.7p (’:) = [G <(D’LZD‘—(I) :I [‘% J1 (1)] -

The intensity of the hypersound wave should reach its
maximum value at x ® 1/a. Consequently, the maximum
value of Jp(x) can be calculated from the relation

Unlox = T () = [0 [ 20, 0] - , (0). (65)

The first factor in (64) or (65) leads to a decreased
value of the hypersound intensity compared with the
value that follows from the Manley- Rowe relation
(second factor). For liquids usually 2a ~ 10°—10* cm™t
and even when J1(0) ~ Jo(0) (usually gpg ~ 10—10° cm™)
the intensity of the hypersound is much smaller than that
calculated in accordance with Manley and Rowe. At the
same time, as noted above, the Manley- Rowe relation

is applicable to the intensity of the scattered and exciting
light.

Let us take further account of the fact that the source
of the initial Stokes photons is not at the point x = L, but
is distributed in the medium and represents the ordinary
thermal Mandel’shtam- Brillouin scattering by thermal
phonons with a scattering coefficient
= kTJerﬁS/SZHZC". The thermal phonons are incoherent
and attenuate in such a way that the scattering light
wave is broadened, even if the initial exciting light is
coherent and monochromatic. The spectral distribution
of the intensity of the light scattered backwards per unit
length in a solid angle @ is determined by the expression
(it is assumed that w; & wy)

Ji(z, o) =ORf (01) Jo (2),

(64)

SMB Q .
22 wg

(66)
where

b . (67)

1
Ho=w G ooy Tam

In (66), x pertains to the place where the thermal scat-
tering arises. In the linear region (no saturation) the
equation for the intensity of the Stokes SMBS is'?%!

™
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874
dr

= —G (1) J1(2) Jo (0)—ORf (01) o (0). (68)
Here again we neglect the optical loss. If there is no
external source of Stokes radiation, then the boundary
condition is of the form .7;(x = L, w,) = 0. From (68) we
easily obtain

2000, o) = w%" {exp 1Yo (0) G () L]—1}.

(, (69)
From (69) in the absence of gain (JGL — 0) we obtain
expression (66) for the thermal backwards scattering;
when Jo(0)G(w,)L > 1, if saturation effects can still be

neglected, we obtain

T(0, o) - 55 (L o) exp G (o) Jo (0) L], (70)
where
) ) J(ny) .70 (0)
JiL ) 0Ty (1)

Consequently, the equivalent input signal 7% is the
intensity of the backward thermal Stokes scattering per
unit frequency over the length of an interaction region
equal to the reciprocal of the linear gain, 1/ gMB

= 1/G J4(0). From (69) we can determine the widths of
the SMBS components. An approximate calculation
yields the following result:

{ 2w for G(w)J, (ML <1,
In2

20Qmp == 1 Y [ —
o | o ; Yo (YL 5 1,
ot [G(EI)JO(U)L] for Gw) L1, (72)

where G(w;) = G(w, = w1). Let us determine the integral
intensity of the Stokes SMBS:

7:00) - § 710 (L, 0 lesp (empL)— 1) do. (73)

—o0

An approximate calculation leads to the following result:

{ Bk TY s 0 0L L for gypl < 1,
Ji= OwikTn2 20Q —
MB
——_8;%2 Dyrp explgyple) L] for gygl » 1. (74)

From the second equation of (74) we see that even in
the linear region of amplification the integral SMBS
intensity increases not exponentially with increasing
gmBL, but somewhat more slowly, since 8Q\p de-
creases with increasing gygL. The intensity of the
hypersound in SMBS can be calculated by using (65) and
(74) (second equation).

We have considered above, in the linear approxima-
tion, practically all the characteristics of the SMBS that
results from amplification of thermal scattering in
media with large acoustic absorption. The solution of
the nonlinear problem entails under these conditions
appreciable difficulties, because it is necessary to take
into account not only the growth of the intensity in space,
but also the variation of the spectral width of the scat-
tered light (Tables I and II).

II. RESULTS OF EXPERIMENTAL INVESTIGATION
OF STIMULATED MANDEL’SHTAM-BRILLOUIN
SCATTERING

1. Preliminary Remarks on the Investigation of Stimu-
lated Mandel’ shtam-Brillouin Scattering

In stimulated scattering, just as in thermal scatter-
ing of light, one investigates the spectral composition
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Table I. Main formulas of the theory of stimulated Mandel’shtam- Brillouin scattering

Main conditions for applicability and observatidbn

Intensity of Stokes SMBS (scattering angle ¢ = 1800)

Intensity of hypersound

Stationary regime Linear theory J1(0) == T PTexp 16T (0) LI,
tg > J1pp, T T
1 =0 L0 f(o4) R.7 (0) ,
L;ﬂg , Gy (0)
Egi2 < ' Ep I _laitkg 1 Y28, ar?
| Egi%2 <" Epler G e T TR (p—
_GJ70 %uMp
(7 plmax = —55— o FI1(0)
Nonlinear theory ToLy=I (LY + T o (L) —T1(0),
Ty (0
710 {1— 1§0;
Fi(L) =
- 74 (0) Zl )
exp {[ (0)]6.70(0 L} -ZL0
Nonstationary regime T &L T o Jy ~ exp [tt(? gyt —V ’z] s
1Eq12 > Eo er, Lol v
[ Eolgr, 2n2q2 =gz | o
8 {alik|Y¥s
ky L a
T K T
By |24 L. 2 Ik . ! Q
"Eo |24 | E lex .7,~exp(yﬁ*;)ﬁ}q'zl H|b0|2ﬂ) 2 7, MB 0t
t < J1pn, ain [OTR-7
L>ut
SMBS in an external Near the SMBS threshold | Eq 2 ~ exp (2B¢),
resonator )
. o o dallky| B2 2) Wy Qup ke
[ Eo > Eo lh, B ot g | Eol TS e
| Eoithr __ Snlak,
g1 91k psd2
Ey 12 ~ exp (280,
. 4] p (2B1) W, O
1 Eg 2 [ Eg (the Y Irol(ﬂﬂ)iﬁs)”2 VTS
B e 1 1
8n &

Notation: J, to - intensity and duration of exciting-radiation pulse; Jy, w;, k, - intensity, frequency, and wave vector of the scattered radia-
tion; L - region of nonlinear interaction ; x - coordinate in the k, direction; J,, Q)p, v, and « - intensity, frequency, velocity, and amplitude ab-
sorption coefficient of hypersound, 2k, - coefficient of absorption of light; W,, Wp - energy density of the scattered radiation and of the hyper-
sound; J = GJ,(0)L; Toh = 1/2av. The formulas do not take into account the influence of STS on SMBS (see Ch. IV).

Table II. Parameters necessary to calculate the charac-
teristics of the SMBS phenomenon in certain liquids

(scattering angle 4 = 180°), exciting light A = 6943 A).
= f] ~10-3
0, 0, s MB: It /-1010, | & > | G108,
Substance gem3] " =og£ m/sec|m/sec”)| GHzM)| " secry | cm1#) | cmjwre
!
Acetone 0.791(1.356) 0.99 | 1190 | 1190 | 4.60 — 4.9 | 2.2
Benzene 0.87911.4941 1.62 | 1324 | 1474 | 6.34 2.6 6.8 2.8
Water 0.99711.330{ 0.8 | 1486 | 1486 | 5.69 — 8.1 0.64
n-Hexane 0.660|1.3721 1,07 | 1083 4.28 65 2.2
Methanol 0.79111,329! 0,91 | 1114 | 1118 | 4.26 — 6.5 1.5
Carbon disulfide |1.26211.616| 2.37 | 1158 | 1247 | 5.80 | 22 1.6 15
Carbontetra || 595(1.456| 1,35 | 920 | 1020 | 4.28 | 0.86 | 18 0.58
Ethyl ether 0.7131.351| 0,99 | 1000 | 1000 | 3.89 | — 5.8 | 2.4
; |
*Data obtained from results or from appropriate extrapolation of results of an in-
vestigation of the spectrum of thermal Mandel’shtam-Brillouin scattering [%*-6°] and
ultrasound data.
**Stationary gain G = 13.64 (Y?fg/an) X 10° cm/W.
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and its intensity on polarization. In addition, in stimu-
lated scattering one studies certain features peculiar
only to this scattering and not possessed by thermal
scattering of light.

In Ch. II we described the stationary (linearized and
nonlinear) and nonstationary theories of SMBS. In the
study of the SMBS intensity, it was necessary to deter-
mine which of these cases comes closest to the experi-
mental results. It is also necessary to bear in mind that
in backward scattering of light there can occur a tem-
poral instability (generation), although actually this
process can be realized only at very high intensity of
the exciting light (see formulas (28) and (33)), which has
not been attained in most studies of SMBS intensity.

In the study of SMBS in a resonator, it is possible to
determine the SMBS ‘‘threshold’’ quite distinctly. Out-
side a resonator, the SMBS ‘‘threshold’’ is very difficult
to determine in practice, since for the scattering to be
registered its intensity must be sufficiently large, and
consequently the experiment must be performed at
exciting-light intensities much higher than threshold.

The SMBS process is accompanied by the occurrence
of very intense hypersound, the upper frequency limit of
which lies near ~ 10" Hz for a solid and ~10°—10'° Hz
for liquids and gases. The generation of sound of such
high frequency in liquids and gases by other methods is
so far impossible, and in quartz and sapphire at helium
temperatures it is possible to generate artificially
hypersound up to frequency ~10'! Hz, but of very low
intensity®®’,

The propagation of intense light through a nonlinear
medium causes stimulated scattering and many other
phenomena, such as self-focusing and defocusing of
light, destruction of solid transparent dielectrics, cavi-
tation in liquids, plasma production, etc. The degree to
which stimulated scattering is connected with all the
foregoing phenomena is still unclear, but this question
is being continuously investigated.

Methods of SMBS investigation are quite varied, and
we shall mention here only a few of them.

The light sources used for the study of stimulated
scattering are lasers based on ruby crystals or on neo-
dymium glass, with Q switching, or else harmonics of
these lasers, with power ~1—500 MW and with pulse
duration 10—30 nsec*. To investigate SMBS it is neces-
sary that the spectral width of the laser radiation be
sufficiently small. Inthe experiments it usually does
not exceed 0.01—0.02 cm™.

The spectral instruments frequently employed are
Fabry-Perot interferometers, high-resolution diffrac-
tion spectrographs, and in special cases, when very high
resolution is required, the method of heterodyning or
quadratic detection of light is used.

Figure 3 shows a typical scheme for the study of the
spectra of stimulated scattering of light.

The focusing of a giant pulse with power
~100—200 MW in the interior of the investigated sam-
ple by means of a spherical lens makes it possible to
obtain an intensity of ~10® MW/cm?®, corresponding to
an electric-field intensity of ~10” V/cm in the light
wave.

*Recent experiments were performed with ultrashort pulses, ~1073
nsec [%¢].

e
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FIG. 3. Optical system for the investigation of the spectrum of stim-
ulated scattering with the aid of a Fabry-Perot interferometer [6]. M -
mirror (R~ 100%); C, , C, - cells with saturable filter; R, , R, - ruby
rods; m,; , m, - plane-parallel plates (mode selector); Sp, , Sp, - beam-
splitting glass plates; L, - focusing lens; L, - objective; V - investigated
sample; FP - Fabry-Perot interferometer; P/ - photographic plate.

When laser radiation is focused with a spherical lens,
the maximum scattering intensity can be expected at a
scattering angle ¢ = 180°, since the region of nonlinear
interaction is maximal for this scattering direction.

The use of a cylindrical lens makes it possible to obtain
intense SMBS at an angle ¢ = 90° to the direction of
exciting-light propagation*.

The backward-scattered light of the SMBS component
enters the still-excited laser, is amplified there, re-
turns to the scattering medium, and may turn out to be
intense enough to produce itself an SMBS component.
This process can repeat many times. Thus, such a proc-
ess of successive SMBS leads to the appearance in the
spectrum of several components shifted by g, 2Qyp;
ete.

The effect of consecutive SMBS turns out to be para-
sitic in the study of the intensity of SMBS and in some
other cases, and provisions must be made for its elim-
inationt. One of the methods of eliminating the consecu-
tive scattering is to separate the laser and the scatter-
ing medium by a distance ! > 2/tec (to—duration of
pulse, c—~velocity of light). Another effective method of
decoupling the laser and the scattering volume is to em-
ploy a polarization shutteri.

If the scattering medium is located inside an optical
resonator”% | then the SMBS is produced at a scatter-
ing angle # (and 7 — #), equal to the angle between the
optical axis of the resonator and the propagation direc-

*In both cases it is difficult to determine the volume of the non-
linear interaction. This is easier to do by using a collimated light beam,
compressed in cross section by means of a system of lenses.

+1In the case when the scattering is excited by a laser-radiation har-
monic, the feedback between the laser and the scattering medium is
automatically eliminated.

1 A polarizer (Glan prism) is placed between the laser and the scat-
tering medium, together with a quarter-wavelength plate so oriented that
the light focused in the scattering volume is circularly polarized (e.g.,
right-hand). The light scattered backwards will also be circularly polar-
ized (but to the left). By passing through the same quarter-wavelength
plate, the light scattered backwards will be polarized linearly, but with a
polarization direction perpendicular to the direction of the polarization
of the exciting light, and consequently will not pass through the polar-
izer into the laser,
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tion of the exciting light*.

The diagram of the setup for the observation of SMBS
in a resonator is shown in Fig. 4.

Of great significance for the explanation of a number
of important questions is measurement of the time var-
iation of the SMBS intensity and a study of the time
evolution of the spectrum. For investigations of this
type one uses low-inertia photomultipliers, photodiodes,
and high-speed oscilloscopes. The time resolution
attained in recent investigations of SMBS intensity
amounts to 0.3 nsec. To study the kinetics of the SMBS
spectrum, one uses electron-optical converters (EOC)
operating in the time-sweep mode®®!*’f. Other metho-
dological details of SMBS investigations will be noted
during the course of the description of the physical re-
sults.

2. Spectral Composition of SMBS

SMBS was discovered in quartz and sapphire crystals
by exciting the scattering with a powerful pulse from a
ruby laser™!. This was followed by observation of this
phenomenon in liquids®**% | glasses™®”, compressed
gases®® % and recently in germanium excited with a
pulse from a CO, laser (A = 10.6 1),

The positions of the SMBS components are described
by formula (1), and the width of these components should,
according to theoretical estimates, be smaller than in
thermal scatteringi. The width of the SMBS components,
however, was not investigated experimentally as yet.

In the very first experiments on SMBS in liquids and
gases, by focusing a laser pulse of power 1—-100 MW,
the spectrum revealed several Stokes'**** and anti-
Stokes components. Further investigations of SMBS in
quartz crystals, using a focused light pulse of ~500 MW
power, up to six Stokes components were observed*!?,
In our experiments in liquid carbon disulfide we
observed 17 Stokes and two anti-Stokes components®”!,
and in'**’ there were observed 30 Stokes and 15 anti-
Stokes components. The appearance of several Stokes
SMBS components was interpreted as the result of con-
secutive scattering, the mechanism of which was des-
cribed above. The action of the mechanism of consecu-
tive scattering was demonstrated experimentally in ex-
periments in which the SMBS spectrum was time-swept
with an electron-optical converter using quartz crys-
tal®2! and gaseous nitrogenma] , and in experiments on
the integral intensity of SMBS in liquids'®’ and gases™®’.
It was shown in these investigations that each succeeding
SMBS component is produced with a delay equal to double
the time of travel of the light between the scattering
medium and the laser.

*1n a resonator with axis perpendicular to the propagation direc-
tion of the exciting light it is possible to focus light with a cylindrical
lens.

T In the study of the kinetics of the SMBS spectrum, the time re-
solution is limited by the time of establishment of the difraction or in-
terference pattern of the spectral instrument. For a Fabry-Perot inter-
ferometer, this time is Tpp = Ngggh/c ~ 107 sec, where Ngfy is the
number of interfering rays and h is the distance between the inter-
ferometer plates.

$For example, when the intensity of thermal scattering is amplified
by a factor €20 (J = 20), the width of the SMBS components should be
smaller, according to (72), by a factor 5 - 6 than in thermal scattering.
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FIG. 4. Experimenta] setup for the observation of SMBS in an off-
axis resonator [%7].

FIG. 5. Interference patterns and oscillograms of SMBS in ni-
trogen gas (p = 150 atm [*3]). Laser power ~50 MW, pulse duration
20 nsec. The laser light is focused with a lens of F= 3 cm. The
Fabry-Perot interferometer dispersion region is 0.166 cm™ . In Fig.
a oscillogram 1 corresponds to the case of consecutive SMBS (b),
oscillogram 2 corresponds to repeated SMBS (c, d) observed at an
angle 9 = 180°. On the left - integral interference patterns, on the
right - time-scanned patterns.

Figure 5b shows a time-integrated interference pat-
tern (left) and a time scan (right) of the spectrum of
SMBS in nitrogen gas (pressure 150 atm). It is clear
from Fig. 5b that the third SMBS component is the re-
sult of consecutive scattering.

However, consecutive scattering is not the only cause
of appearance of a large number of SMBS components.
Indeed, it has been demonstrated that when a light pulse
of power ~100 MW is focused in a vessel with liquid
acetone, the second Stokes component of SMBS occurs
even in the case when the feedback between the scatter-
ing volume and the laser is completely eliminated'®?,
We assume that in this case the second Stokes component
of the SMBS appears in the following manner. The light
wave scattered backward and shifted in frequency rela-
tive to the laser radiation by &g, without emerging
from the region of nonlinear interaction, causes SMBS
that is shifted in frequency by 2Qp;p and propagates in
the direction of the initial exciting light. Such a scatter-
ing will be called repeated. The existence of such a
mechanism was demonstrated in a direct experiment of
time sweeping with an electron-optical converter, of the
SMBS spectrum in nitrogen gas at 150 atm pressure®’.
It is clear from Figs. 5c and d that the first and second
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Stokes components of the repeated scattering appear
practically simultaneously, unlike the components of the
consecutive scattering (Fig. 5b), although the geometry
of the setup remained unchanged.

As already stated, it follows from the theoretical
analysis that direct generation of anti-Stokes compon-
ents in SMBS is impossible. It was also noted that the
complexity of the SMBS spectrum can lead to ambiguous
identification of Stokes and anti-Stokes componeits 2l
By now, however, sufficient experimental material has
been accumulated to be able to state with assurance that
the anti-Stokes components are observedt!33:38,44-461
Anti-Stokes SMBS components are observed even in
those cases when the feedback between the laser and the
scattering medium is eliminated'**’.

To explain the occurrence of anti-Stokes SMBS com-
ponents, we can point at least to two causes not accoun-
ted for in the theory of Ch. II: a) the presence of repea-
ted SMBS and b) 4-photon interaction in SMBS (optical
mixing). Indeed, in repeated scattering, the formation
of the second forward-propagating Stokes component is
accompanied by the occurrence of an intense backward-
propagating hypersonic wave. Scattering of the exciting
light by this wave yields a component that is shifted in
the anti-Stokes direction and propagates backwards,
into the laser. Becoming amplified in the laser, the
light of the anti-Stokes component is sufficiently intense
to be registered.

Another cause of the appearance of anti-Stokes com-
ponents may be 4-photon interaction. This phenomenon
consists in the fact that in a nonlinear medium two pho-
tons of laser radiation are transformed into two scat-
tered photons whose propagation direction and frequency
differ from those of the initial photons, but, of course,
in such a way as to satisfy the energy and momentum
conservation laws. Since the scattered light waves have
a much lower intensity than the exciting wave, the differ-
ent mutual interaction via the refractive index causes
the lengths of the wave vectors of the scattered waves
to be longer than the wave vector of the exciting light
wave* by an amount Ak = Ank/n,, where An is the non-
linear addition to the refractive index of the medium.
The momentum conservation law requires satisfaction
of the condition 2k, = k; + k;, where Ko is the wave vec-
tor of the exciting light wave and k, and k; are the wave
vectors of the scattered light waves (Fig. 6). Taking

k. E

Tk

FIG. 6

k3.Eq

into account the difference in the lengths of these wave
vectors, it is easy to determine the optimal angle of
4-photon interaction:

*This statement can be readily verified, e.g., for E consisting of a
strong wave E, and a weak one E; (see (11)), and for the expression
for the nonlinear polarization

Pl “A?e E= % E= iaezr{ [ Eq (2 (Eget0ot—thor 4 95, gloni—ikur
% 7 7 - E3ER Goo—aD t=i Kok g,

It is seen from this expression that the nonlinear addition to the refrac-

tive index of the wave E; is twice as large as for the wave E, (IEq|>|E, |).

o
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If it is assumed that the entire nonlinear change of the
refractive index is due to the orientation of the mole-
cules by the electric field of the light waves, we obtain
for the optimal 4-photon interaction angle the expres-
sion

8nN {0y — an)?

Bopr =+ ( 45n2kT

) 1/2 ) Eo "

where N is the number of molecules per unit volume and
a1, &z = a3 are the principal polarizabilities of the
molecule. For ¢ = Jq,t, the gain for the Stokes and anti-
Stokes components located at a distance £ from the
exciting line is the same, and equals!*"%*’

Satkel N (ay—ay)?

. E. 2
4on2kT (14:921;)“2 I 0[ 3

gr=—2ko+ (76)
here 7, is the anisotropy relaxation time. For Eo ~ 2

x 10" V/em and Av = Q/21¢c = 1 em™, 7, = 2.5 x 1077 sec
(7, is taken for CS,'*") we get dopt ~ 2° and g,

~ 10° cm™. '

Consequently, in a medium consisting of anisotropic
molecules, the weak Stokes and anti-Stokes SMBS waves,
which are shifted in frequency by +Qypg from the excit-
ing line, will become amplified.

The existence of such a mechanism for the appear-
ance of anti-Stokes and for the increase of the number
of Stokes components was demonstrated experimen-
tally*®®?. Inthat experiment, the SMBS was excited in
fused quartz. The radiation, amplified in a laser and
again passing through the quartz sample, consisted of
the exciting line and one Stokes component. This radia-
tion was focused into a vessel with carbon bisulfide. The
spectrum of the light emerging at an angle ¢ ~ 0—~10°
from the cell with the CS; contained three anti-Stokes
and up to nine Stokes components, corresponding to the
SMBS in the fused quartz (Fig. 7, III). The interference
pattern of the same spectrum (Fig. 7, IV) shows that
each SMBS component corresponding to the fused quartz
produces in turn a Stokes and an anti-Stokes component
of SMBS in the carbon disulfide. If the carbon disulfide
is replaced with water or acetone, other conditions
being the same, then the spectrum of the light scattered

AN

Anti-Stokes

# MBq MBg;
MBagp¢i-Stokes

FIG. 7. Spectrogram of SMBS of fused quartz (MBq), passing
through water (II) and carbon disulfide (III). Laser light of power ~100
MW is focused with a lens of f = 5 cm into a sample of fused quartz; the
light passing through the fused quartz is focused by a system of lenses
into a vessel with the liquid. The scattering is observed in the direction
of propagation of the exciting light.
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in the fused quartz does not change after passing through
the vessel with the liquid. Replacement of the vessel
with the liquid by mirrors with reflection coefficients
up to 98% increased the number of Stokes components

to three, and no anti-Stokes com{)onents appeared at all
in this case. A detailed analysis #] shows that the two
mechanisms described above (in some cases it is neces-
sary to consider the possible reflection of light from

the surfaces of the optical system), in so far as can be
judged at present, play the principal role in the occur-
rence of the anti-Stokes components.

The process of 4-photon interaction can be realized
also as a result of the effective electrostriction in
SMBS at small angles. In this case k; and k; in Fig. 6
are the wave vectors of the Stokes and anti-Stokes
Mandel’ shtam- Brillouin components, the frequency
shift of which is small because the scattering angles
are small. The optimal angle of 4-photon interaction
due to electrostriction will be determined by the ex-
pression

2o () ),

1
Bops 2 P o \ae,

For example, for a field intensity E; ~ 2 x 10" V/cm we
obtain 4ot ~ 1°. Under these conditions, owing to the
SMBS, there can occur at small angles a powerful ultra-
sonic wave of frequency ~10° Hz, the absorption coeffi-
cient of which in a solid should be smaller by an ap-
proximate factor 10* than the absorption coefficient of
hypersound of frequency ~10* Hz, which is generated
in the case of SMBS at 180°. Consequently, the gain of
the SMBS should increase by two orders of magnitude
compared with the value corresponding to scattering at
180°.

The role of powerful ultrasound and the role of the
described mechanism of SMBS at small angles in the
process of propagation of a powerful light pulse in a
nonlinear medium has not yet been explained.

The Stokes SMBS at small angles in an off-axis
resonator (see Fig. 4) was observed in carbon disul-
fide'?”?®}, The resonator axis made a small angle
4 = 0.0433 rad with the propagation direction of the ex-
citing light. The interference pattern of the scattered
light revealed two lines, one of which corresponded to
SMBS at an angle ¢ = 3.1 rad (fpqg = 5500 MHz), and the
other, as ascertained by measurements made by the
light-heterodyning method, corresponded to scattering
at the small angle ¢ = 0.0433 rad (fpqg = 123 MHz) rela-
tive to the propagation direction of the laser radiation.
When the intensity of the laser radiation was decreased,
it seemed at first that the component corresponding to
the large scattering angle disappeared. Estimates by
means of formula (18) show that for f = 123 MHz the
SMBS threshold should be higher by several times, and
consequently the corresponding component should van-
ish earlier than the component corresponding to
f = 5500 MHz*. This conclusion was indeed confirmed
experimentally and reported later in'**?,

The off-axis resonator made an angle ¢ = 0.0691 rad
with the direction of propagation of the exciting light. In
CS;, the SMBS threshold at a small scattering angle ¢

*In the calculation of the gain, the relaxation time of the bulk vis-
cosity of CS, was assumed to be ['] 7=2.2 X 107 sec.
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turned out to be higher than the SMBS threshold at an
angle 7 — ¢.

In the investigation of SMBS in such an off-axis
resonator, there was observed in the CS; a competition
between the SMBS process and stimulated Raman scat-
teringm] . When the laser radiation intensity was grad-
ually increased, an SMBS component first appeared,
followed by a line of stimulated Raman scattering, and
the SMBS disappeared. This is connected with the fact
that when the stimulated Raman scattering appears, the
effective optical-loss coefficient for SMBS (see form-
ula (18)) increases and the SMBS threshold increases
strongly. With further increase of the intensity of the
exciting radiation, when the intensity of the stimulated
Raman scattering lines reached saturation, the SMBS
components appeared again*.

Investigations of the positions of the SMBS compon-
ents in liquids®™ and in gases®®°°52’  when the scat-
tering is excited by a focused laser pulse of power
~100 MW, revealed that the shift of the SMBS compon-
ents is smaller than in thermal scattering with low-
power light sources, or than in the case of calculation.
Although this difference usually does not exceed 10%,
such a change in the frequency of the SMBS components
is perfectly measurable.

Table III lists the measured values of the shift of the
SMBS components in liquidm] obtained by focusing laser
radiation of power ~100 MW with a lens (f = 5 cm).
Table IV gives the values of these shifts of the compon-
ents of the consecutive SMBS in compressed gases, with
the laser radiation focused by lenses of different focal
lengths f, in cases when feedback exists between the
laser and the scattering medium and when this feedback
is removed'®®!, The measurement results show that the
mean values of the shifts of the components of the con-
secutive SMBS in gases are equal to the shifts of the
SMBS components in those cases when there is no feed-
back between the laser and the scattering medium. A
dependence of the shift of the SMBS components on the
focal length of the lens, and consequently on the intensity
of the exciting radiation, was also observed. The phys-
ical reason for this dependence is not quite clear. The
shift of the SMBS components compared with the shifts
determined from thermal scattering (see Table III) or
with the calculated ones (see Table IV) is frequently
smaller by an amount exceeding the experimental er-
rors. In gases the hypersound velocity calculated from
the shift of the SMBS components turns out to be closer,
under definite experimental conditions, to the isothermal

" value rather than to the adiabatic one as expected[”] .

We recall that frequencies for which the propagation of
sound changes from adiabatic to isothermal should
satisfy the condition'"

Q> Qisoth: ll% ? (77)
where x is the temperature-conductivity coefficient.
Under the conditions of the discussed investigations

QmB < R4soth always, and consequently one can expect

*Quantitative investigations of the threshold values of the length of
the interaction region and of the threshold values of the power in SMBS
in the resonator and outside the resonator yielded many contradictory
results, for different liquids [52*3°].
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Table III. Values of the hypersound velocity in certain
substances, obtained from stimulated and thermal
Mandel’shtam- Brillouin scattering®”’.

v, mfsec v, m/sec v, m/sec v, m/sec !
Substance (stimulated (thermal Substance {stimulated (thermal !
scattering) scattering) scattering) scattering)
|
Benzene 1434415 1474 Nitrobenzene 1546415 1559 i
Carbon disulfide 1162415 %) 1247 |
1232415 Acetic acid 1105420 1180 i

*The upper value of the velocity is obtained from photographs of the SMBS spec-
trum, when about ten components of consecutive scattering are observed, while the
lower value is obtained when two components are observed.

Table IV. Shift of SMBS components in nitrogen gas
(p = 125 atm) for lenses with different focal

lengths'®?!
- Sound ;| B _ Sound
Shift ::nsgg,i COMPO™ | e ocity v, Shift ::nst:ﬂz:l compo velocity v,
Focal ’ m/sec (de-|  Focal : m/sec (de-
length of 1 e termined length of 1 1 termined
lens, cm from the ¢ lens, cm from the
. ; value A A value
Av Av Avay Avav‘) v Av Vay Avav*)
30 0,038 0.040 | 0.039 393 5 0.032| 0.028 } 0.030 300
0.038 0.029
2 |o.030] 0.037 | 0.087| 372 0.084
0.037 3 0.031} 0.025 | 0.030 300
0.036 0. 837
N Aas 0.033
10 0.035] 0.036 | 0.033 331
0.031 0.037
0.033
I - The SMBS was investigated under conditions when the feedback between the
laser and the scattering volume was suppressed by means of a polarization (A\/4) shut-
ter.
II - Consecutive production of several SMBS components (the shift Av is shown
for each component).

*The calculated speed of sound is v = 386 m/sec.
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FIG. 8. Dependence of the hypersound velocity in CH, (T = 300°K)
on the density, obtained from measurements of the position of the SMBS
components. Dashed line - result of [5°], circles - result of [5!], solid
line - ultrasound measurements [%3].
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FIG. 9. Dependence of shift Av of the SMBS component on 1/y
(~1/p, p - pressure) in H, gas [%?]. A - experiment; calculation: + -
adiabatic value of hypersound velocity; X - isothermal value of hyper-
sound velocity.

the adiabatic value of the speed of hypersound of fre-
quency pp. Figure 8 shows the dependence of the
hypersound velocity, obtained from the shift of the SMBS
components in CH, (frequency fyyg ~ 10° Hz), on the
density'®”*"), In these experiments, laser light with
power 20—100 MW was focused by a lens into com-
pressed gas, and there was no feedback between the
laser and the scattering volume. It is seen from Fig. 8
(see also[”]) that at high pressures there is satisfactory
agreement between the ultrasonic measurements'®?’ and
the data obtained from SMBS. However, when the pres-
sure decreased, a discrepancy appears, reaching a
maximum in the region of 25— 50 Amagat. With further
decrease of the gas pressure, the hypersound velocity
again approaches its adiabatic value. A similar depen-
dence is observed also for N»'**’. All these results have
not yet been satisfactorily explained, aithough different
attempts to explain the observed discrepancies were
made (see, e.g.,27%259%5}) At sufficiently low hydro-
gen pressures (below 10 atm), when the pressure de-
creases, the shift of the SMBS component decreases, as
shown in Fig. 9, and this can be attributed to the gradual
changeover of the adiabatic sound velocity into iso-
thermal, when the mean free path of the molecules be-
comes of the order of the length of the sound wave'®’.
The assumption that in liquids the effect of the de-
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crease of the shift of the SMBS components can be attri-
buted to the effect exerted on the sound velocity by heat-
ing of the medium by the laser beam was not confirmed,
since a decrease of the shift of the SMBS component
was observed also in water®® , although in water, as in
gases, the temperature coefficient of the sound velocity
is positive. It was shown by the method of light hetero-
dyning™®’ that one of the causes of the change of the
frequency of the SMBS components may be the existence
of feedback between the laser and the scattering med-
ium. In the case of propagation and amplification in a
laser of a back-scattered SMBS component, a ‘‘pulling’’
of the component to the neighboring modes of the laser
resonator takes place, and the amplification of the SMBS
occurs not at the maximum of the Mandel’shtam-
Brillouin component, but at a frequency closest to the
maximum of the resonator mode. Under different ex-
perimental conditions, this effect should give with
almost equal probability an increase or a decrease in
the shift of the SMBS components, and therefore does
not explain the systematically lower values of the shift
obtained in the experiment. This effect is even less
likely to explain the decrease of the shift of the SMBS
component when there is no feedback between the laser
and the scattering mediumB®51%21

It was subsequently demonstrated experimentally
that in a single-mode laser and in the absence of feed-
back between the laser and the scattering medium, the
SMBS spectrum in liquids yields for the hypersound
velocity values that do not differ from those determined
by thermal-scattering measurements. It is proposed'®®’
that under the same conditions analogous results can be
expected also for compressed gases. It should be noted
that (although this is not emphasized) in®®"! they used of
necessity small exciting-light powers. Consequently,
in spite of the fact that these results do not explain why
the shift of the SMBS components decreases at high
powers and in the single-mode regime'®’, they do show
that the use of a single-mode low-power laser, decoup-
led from the scattering medium, does make it possible
to obtain the correct values of the hypersound velocity
from the SMBS spectrum. We propose that one of the
reasons of the change in the shift of the Mandel’ shtam-
Brillouin components in stimulated scattering is the
influence of the stimulated temperature scattering
(STS) on the SMBS (for details see Ch. IV)*.

If the principal role in the STS process is played by
the light-absorption mechanism, than at low SMBS in-
tensities (Jyp < Jo/2), owing to the influence of the
STS, the shift of the SMBS component will be larger
than in thermal scattering. If on the other hand Jyp
> Jo/2, then the shift of the SMBS component will be
smaller than in thermal scattering, and it is possible
that this is precisely the effect that leads to the ob-
served decrease of the shift of the SMBS components in
liquids. In the case when the principal role in the STS
component is played by the electrocaloric effect, the
situation turns out to be different. When Jpyp > Jo/2,
the shift of the SMBS components will be larger than in
thermal scattering, and the latter case apparently is

l571

*It is assumed that the shift of the SMBS component is reckoned
from the frequency of the excited radiation.
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frequently realized in gases. This explanation is con-
firmed by certain experimental data (see Ch. IV), but
for a final judgement concerning its correctness addi-
tional investigations are necessary. Besides this mech-
anism, the position of the SMBS components may of
course be influenced also by other factors.

An experimental investigation of SMBS behind the
front of an explosion wave in acetone (pressure
~35 kbar, temperature ~910°K, medium compressed
by ~30%), a strong change was observed in the position
of the Stokes component of the SMBS compared with its
position in uncompressed acetone'®*’ . In the case of an
explosion wave, the shift Av (see (1)) consists of shifts
due to the following factors: 1) the acoustic velocity
and the refractive index behind the wave front, 2) the
velocity of the wave front and the difference between the
refractive indices ahead and behind the wave front, and
3) the velocity of the medium and the refractive index
behind the wave front. The character of the front of the
explosion wave affects its intensity distribution in the
SMBS component. Undoubtedly, the SMBS can serve as
an effective means for the study of the acoustic proper-
ties of strongly compressed media in an explosion wave
at hypersonic frequencies, and may possibly be useful
for the study of the kinetics of the processes occurring
in the explosion wave.

SMB§ was observed in triglycine sulfate and Rochelle
salt[192] at a threshold lower by one order of magnitude
than in quartz and sapphire. The temperature depen-
dence of the SMBS threshold was investigated in Rochelle
salt in the vicinity of the temperature of the second or-
der phase transition (upper Curie point). It was observed
that the threshold increases smoothly up to the Curie
temperature (24.4°C), where it drops jumpwise and then
decreases smoothly towards the zone with increasing
spontaneous polarization. The variation of the SMBS
threshold duplicates in general outline the variation of
acoustic loss in this region'’®! | in agreement with the
conclusions of the Landau theory (see“"“). Investiga-
tion of SMBS on approaching the critical point of CO,
has revealed''®’ , in qualitative agreement with the
theory, that the shift of the SMBS component decreases
strongly.

Everything stated above pertains to SMBS on longi-
tudinal hypersonic waves. Only in one experiment were

FIG. 10. Interference pattern of SMBS in single-crystal quartz at
room temperature (a) and nitrogen temperature (b) [5°]. R - exciting
line, L, , -~ SMBS components at the longitudinal hypersound wave,
T, ; - the same at the transverse hypersound wave. Laser power ~250
MW, focusing lens with f= 5 cm.

*No damage occurs in these crystals near the SMBS excitation thresh-
old.
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SMBS components observed for transverse (and simul-
taneously longitudinal) hypersonic waves %! (Fig. 10).
This phenomenon was observed in single-crystal quartz
at liquid-nitrogen temperature (—193°C). The crystal
was not damaged by focused light of a laser giant pulse
with power up to 250 MW. At lower, helium tempera-
tures, no SMBS was produced by transverse hypersound
waves. The question of why transverse SMBS compon-
ents are produced at liquid-nitrogen temperature and
not under other conditions still remains unanswered.

3. SMBS Intensity

Great interest attaches to the dependence of the
integral light intensity of SMBS on the phonon lifetime
(‘rph), the intensity of the exciting light, the length of the
region of nonlinear interaction, and the dependence of
the instantaneous SMBS intensity on the instantaneocus
exciting-light intensity. Studies of these questions began
only recently. We present below some results of such
investigations and compare them with the theory.

a) Dependence of the SMBS intensity on the phonon
lifetime. To observe SMBS components under stationary
amplification conditions it is necessary to satisfy the
condition

et (78)
here to is the laser pulse duration, J = g)gL is the
SMBS light amplification factor. The inequality I/QMB
< Tph OF al < 7 is the condition for the existence of
discrete components in the thermal and stimulated scat-
tering. The inequality 7pp < to/J follows from (45) (see
also (54)) and represents the usual condition of attain-
ment of stationary amplification of SMBS light.

Let us see how the intensity of the SMBS depends on
the phonon lifetime. Let the scattered light be amplified
in the SMBS process by a factor eJ. Besides the station-
ary gain, G, we introduce for the nonstationary process
an effective gain G*, which can be determined from (46)
by means of the expression

1 102
.;).G*JOL:(%L_‘) _ZL_
2 Tph Toh

(79)

Assuming that in the experiment J has a large and con-
stant* value, we can obtain'¢®!

¢ [+ ) tpnl?

6 _ (80)
G* %(JTto) Tph

For short laser pulses (to < prh), we obtain from (80)
G/G* = JTph/4to; for long pulses (to >> J7pp), the
asymptotic value, as follows from the stationary theory,
should be G/G* = 1 (Fig. 11). Consequently, if J = const
is known, and G/ Gexp is determined experimentally as
a function of the phonon lifetime, then it is possible to
obtain the region of transition from the stationary
(G/Gexp = G/G* = 1) regime to the stationary regime
(G/Gexp > 1). We note that (80) should be valid also for
the Stokes stimulated Raman scattering, if ph is taken
to mean the lifetime of the optical phonon'®%

The intensity of SMBS amd of stimulated Raman scat-

*For this purpose, [E,|? should change in accordance with the change
of the parameters of the scattering medium.
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tering (RS) in gases (N2, H;) was investigated as a func-
tion of the phonon lifetime™’. The lifetime of the opti-
cal phonons was changed by four orders of magnitude
(7¢ ~ 107'—10""" sec) by changing the pressure and tem-
perature of the gas. However, for acoustic phonons, the
region of the investigated values of 7y}, is much nar-
rower, since at small 7p}, it turned out that 7pp < 1/9MB
even before the stationary SMBS regime was attained,
and the Mandel’ shtam-Brillouin components could not be
observed. The general conclusion for the Raman scat-
tering and SMBS is that at J = 30 (this value was deter-
mined by the sensitivity of the apparatus) the stationary
regime is reached when 7}, < 107°~10"° sec (Fig. 11).
An estimate of the duration of the nonlinear interaction
from the experimentally obtained nonstationary gain
following excitation of scattering by a parallel laser
beam yields to = 2 X 10™° sec. The solid curve of Fig. 11
is plotted on the basis of this value of to.* Some indica-
tion of the cause of such a small to,, much smaller than
the average duration of the laser pulse, can be seen in
a remark made in'®”, namely that under the conditions
of this experiment a temporal change took place in the
structure of the laser pulse. Thus, from the results of
that investigation it follows that the condition for the
transition to the stationary regime, Tph =< to/J, is ac-
tually well satisfied. As expected, at large phonon life-
times, the effective gain was much smaller than that
calculated from the stationary theory. For the same
reason, an appreciable decrease is observed in the
coefficient of conversion of the exciting-light power
into SMBS in carbon bisulfide with picosecond laser
pulses[“] compared with the high conversion coefficient
obtained with ordinary nanosecond pulses™®!’.

As follows from (46), in the nonstationary regime,

when to < 7p, the SMBS intensity varies like

J1~ exp (Wﬁsvlfl\]ko!

16mnn2

| B at) ™

and does not depend on the phonon lifetime, in contrast
to the stationary regime. Consequently, in the non-
stationary case the SMBS threshold is likewise inde-
pendent of Tph-

An investigation of the temperature dependence of the
SMBS threshold in liquid helium"'*' (7, > 107-10°
sec) and in crystalline quartz"®" (7p > 107° sec), and
also earlier investigations in certain liquidsml have
shown that such an SMBS regime is actually realized
under the conditions indicated above. To register SMBS
in liquids, it is necessary to have an amplification by a
factor e'—e®. Since the phonon lifetime in liquids is
Toh ~ 10°—~107"° sec, a laser pulse duration t,
> 1—10 nsec is necessary to reach a stationary regime
in SMBS.

b) Dependence of the SMBS intensity on the intensity
of the exciting light and on the length of the region of

nonlinear interaction. Measurements of the dependence

of the integral SMBS intensity (¢ = 180°) on the intensity

*The experimental data obtained with a focused laser beam lie some-
what higher than the theoretical curve. If account is taken of the influ-
ence of diffraction on the calculated value of the nonlinear-interaction
volume, then the agreement between the experimental results obtained
under different conditions improves.
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FIG. 11. Dependence of G/G,:,qJ and G/G* (solid curve; see (80))
on the phonon lifetime Tph [¢°]. 30-cm focus -a) SMBS: A, ¥-N,,
300°K; M, ® - H,;, 77°K; ¢ - CH,, 300°K; b) RS: A, V-H,, 77°K;
O -H,, 300°K; c) *-RS: 1 - benzene; SMBS: 2 - CCl, ; 3 - benzene,
4 - water, 5 - acetone, 6~ liquid argon, Parallel beam: + - N,, SMBS,
300°K; 0-H,, RS, 300°K.
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of the exciting light in liquid n-hexane, methanol, and
carbon tetrachloride were made™?! with a giant pulse
(to ~ 15 nsec) from a single-mode ruby laser. The ex-
citing light was focused with a long-focus lens (f = 1 m)
into a vessel with the scattering medium. Between the
vessel and the lens, at a distance of 50 cm from the
lens, a diaphragm of 1 mm diameter was placed. Such
a system made it possible to obtain a sufficiently colli-
mated and homogeneous beam of light. The interference
pattern of the scattered light has shown that there was
no consecutive SMBS.

Figure 12 shows the dependence of the SMBS intensity
J1(0) on the intensity Jo(0) of the exciting light for
n-hexane, obtained experimentally for different lengths
L of the cell with the liquid, and the results of calcula-
tion by means of the formula of the stationary theory
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(74). Analogous results were obtained'®* for CCl, and
CH3;OH. Taking into account the difficulty of the experi-
ment, the agreement between the theoretical curves and
the experimental points must be recognized to be as
perfectly satisfactory.

Measurements were also made of the dependence of
the intensity of the Stokes component of SMBS on the
intensity of the exciting light in fused quartz fesd (Fig.
13). These measurements together with formulas (60)
and (74) have made it possible to obtain the damping co-
efficient of hypersound (a = 280 cm™ for fjg = 2.4
x 10*° Hz) in this material. Of course, the use of the
linearized theory in'®2’®) was possible only because the
exciting-light intensities and the lengths L were such
that no saturation was reached. It is clear from Fig. 13
that when Jo > 65 MW/cm?® the saturation effect sets in
quite clearly and the linearized stationary theory can no
longer be used.

In an investigation™®’ of the dependence of the SMBS
intensity on the length L of the region of nonlinear inter-
action in n-hexane at sufficiently large L (e.g., at Jo
=17.5 MW/cm?, L > 30 cm), the saturation region was
reached*. The saturation of the intensity of the first and
second components of consecutive SMBS in fused quartz
at high exciting-light intensities was observed also
in®™, In these cases, the SMBS intensity increases
much more slowly than predicted by the linearized
theory.

c) Dependence of the instantaneous SMBS power on
the instantaneous power of exciting light. The intensity
of the giant laser pulse, and consequently the SMBS in-
tensity, vary with time, initially increasing from zero
to a maximum, and then again decreasing to zero. This
temporal variation was used to study the dependence of
the instantaneous SMBS power as a function of the in-
stantaneous exciting-light power®® ™), Following the
stationary nonlinear theory, we can write for the SMBS
and exciting-life intensities the relations (62), in which
we put G(w,) = G(w,) = G, where

_ Ykifs
G=—525 107 cm/W.

(81)

In the linear approximation, (62) leads to an exponential
growth of T;(0) as a function of the length and intensity
of the exciting light.

In the case of a high conversion coefficient
K = 71(0)/J0(0) — 1 and GJo(0)x > 1, it is easy to ob-
tain J(x) = 1/Gx, and consequently the SMBS intensity
does not depend on the exciting-light intensity at large
distances from the entrance of the exciting light into the
scattering medium. The correctness of this conclusion
was confirmed experimentally[“] for CS; at K~ 0.9,
and a measurement of J,(x) was used for an estimate
of G.

At high gain, when

expl(1 — K)GY, (0) L] » K,

we get from (62)

(1—K)GHo(0)L=1n [(1—K) K]—In [';Z;—fé,’] =c. (82)

*The conclusion that the stationary theory does not hold for n-
hexane [°¢] should apparently be reviewed, since too low a value of «
was used in the calculations in [%6].
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Calculations show that C is approximately constant
within a wide range of variation of Jo(0), L, and G. This
statement was verified in™®®’ in the intervals Jo(0)

~ 10—10° MW/cm?, L = 5—50 cm, and G

=10°~10"" cm/W. Thus, from (82) we get for J,(0)

J1(0) = o (0)— 7 - (83)
Of course, it is necessary to satisfy the condition J,(0)
> C/GL. We make the assumption, which usually holds
true in reality, that the transverse distribution of the
intensity in the exciting light beam is Gaussian, and
introduce the power Pg of the exciting light. Conse-
quently

Jo (0) = Joexp |— (r/re)?), Py (O) = 7urydo = SoJo.
Integrating (83) over the cross section of the beam from

r = 0 to r;, determined from the condition J;(0) = 0 or
Jo(0) = C/GL, we obtain for the SMBS power

P70 G110 (7))

(84)

Owing to the weak (logarithmic) dependence of the sec-
ond term in (84) on the exciting-light intensity, we con-
clude that the instantaneous SMBS power in the case of
backwards scattering is proportional at the entrance
window to the instantaneous input power of the exciting
light, and is smaller than this value by a constant quan-
tity (for a given substance, L = const, and J,GL > C).
Further, integrating the first equation of (62) over the
beam cross section, neglecting the initial SMBS power
P;(L), and using (84), we get

Py =521+ (L] (85)
Consequently the power of the exciting light passing
through the scattering volume is approximately constant
for a given substance if L = const and Jo,GL > C. These
laws were well confirmed by experimental results for
liquids'®®®®? for exciting light scattered backwards and
passing through the scattering volume.

Figure 14 shows oscillograms (time scans) of an ex-
citing-light pulse (a), of the light scattered backwards
in ethyl ether (b), and of the light passing through the
scattering medium (c). The SMBS radiation (b) begins
from a start rise after the exciting power has reached
a certain value. During the remaining part of the laser
pulse, the instantaneous power of the SMBS follows the
exciting-light power. The instantaneous power of the
transmitted light (c) first increases, as does the power
of the exciting light, but as soon as SMBS is produced,
the instantaneous power of the transmitted light decrea-
ses sharply. Then, during the greater part of the pulse,
it remains at a constant low level, as follows from (85).

Figure 15 shows the dependence of the instantaneous
SMBS power on the instantaneous exciting-light power
for ethyl ether, obtained from the oscillogram of Fig.
14. It is seen from Fig. 15 that, with the exception of
the initial stage of the pulse (1—2 nsec), the instantane-
ous SMBS power is proportional to the instantaneous
exciting-light power.

A similar situation was observed in CS; and
n-hexane'®’, the only difference being that for CS, at the
start of the pulse there is observed a peak in the
scattered-light power as a result of the occurrence of
stimulated Raman scattering of light. Consequently, in

[88,69]
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FIG. 14. Power oscillograms of the exciting (a), backward-scattered
(b), and transmitted (c) light in_ethyl ether {¢°].
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FIG. 15. Instantaneous SMBS power as a function of the increasing
(O) and decreasing (@) power of the exciting light in ethyl ether (L =
50 cm) [¢°].

all these cases, a quasistationary regime is established
in the SMBS.

Measurements were also made of the SMBS intensity
at small vessel lengths L in CS,, when no proportional-
ity between P,;(0) and Po(0) is expected during the dura-
tion of the laser pulse. This proportionality can be
attained at small values of L by suitable increase of
470\(0)*

The solid curve on Fig. 15 is calculated in accord-
ance with formula (84), and the values of G and C were
obtained from experiments in which the dependence of
the SMBS power was measured as a function of the dis-
tance to the entrance window of the vessel'®®!. The ob-
tained values of G (9 X 10 cm/W for CS,, 2 X 10°® cm/W
for ethyl ether, and 1.6 X 10 ¢m/W for n-hexane, ac-
curacy +50) is in good agreement with those calculated
in accordance with the stationary theory. Thus, these
experiments show that the stationary theory is applica-
ble to SMBS if the experimental conditions are reason-
ably chosen, and the SMBS phenomenon can be used to
measure G, and consequently to determine the hyper-
sound damping coefficient a.

The most intense conversion of the SMBS exciting-
light power occurs, as expected, at the entrance window

*In the experiments of [°°] they used collimated light from a ruby
laser with maximum intensity J,(0) = 800 MW/cm? for ethyl ether and
500 MW/cm? for carbon disulfide. The distance between the vessel with
the liquid and the laser was ~4m, and the components of consecutive
SMBS were not produced. An appreciable deviation from proportionality
between P, (0) and P, (0) in CS; occurred at L<5 cm.
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of the vessel™® %!, In®’, the values obtained for K
were 75% in n-hexane (L = 50 cm), 80% in ethyl ether
(L = 50 cm), and 90% in CS; (L = 30 cm). Even at a dis-
tance of several millimeters from the entrance window
of the vessel, the SMBS power decreases greatly com-
pared with P,(0). For example, for CS,
r=0.5¢m ,

Pi(?(o)) =8%.

Besides the liquids mentioned above, there exist also
other in which the instantaneous SMBS power does not
follow the instantaneous exciting-light power, but varies
jumpwise in time, exceeding at definite instants of time
the exciting-light power (e.g., toluene '’ ). It is obvious
that in this case the stationary stage is not reached.

d) Measurement of the phonon lifetime with the aid
of the SMBS phenomenon. Measurement of the gain in
SMBS in the stationary regime can be used to deter-
mine the hypersound absorption coefficient by means of
formula (81), if the other parameters that enter in (81)
are known. Apparently, the most suitable procedure for
this purpose was proposed and realized in''®®!, In this
method, two vessels filled with liquid are used (Fig. 16),
spaced a small distance apart; they serve as the gener-
ator and amplifier of SMBS. The SMBS radiation pro-
duced in the generator, which is strongly attenuated by a
system comprising a polarizer and a quarter-wavelength
plate, is amplified in the amplifier. The exciting radia-
tion Po, the radiation scattered prior to entry into the
amplifier P;, and the radiation passing through the SMBS
amplifier Py were time-scanned. The small value of the
ratio Pi/Po (~ 107® has made it possible to prevent
saturation in the SMBS and to compare the experimental
data with the theory of weak SMBS. From this theory, at
to > Ty, to > 2L/c, and 74 < L/v, it follows that

Po 2146 (M) L,
where
G (0)
G (M) =T @aviewye *

6v is the width of the Mandel’shtam-Brillouin compon-
ent in the thermal scattering, Av is the difference of the
SMBS frequencies in the generator and amplifier. The
hypersound attenuation coefficient can be determined by
measuring G(0) (Av = 0) or by introducing a well deter-
mined frequency difference Av* and finding the G(Av)
dependence. This makes it possible to determine 6 v
and to calculate @ and Tph from the width of the G(Av)
curve. The values of G(0) measured in this manner are
in good agreement with the calculated ones. Notice
should be taken of the high accuracy of this method of
determining a and of the possibility of determining
whether the stationary SMBS regime has been reached
from the time sweeps of the signals.

4. Generation of Hypersound During the SMBS Process

The frequency of sound generated in SMBS is deter-
mined for an isotropic medium by expression (1), or in
the general case by the expression

*This can be done, for example, by varying the refractive index and
the velocity of the hypersound of the medium of the amplifier or gener-
ator of the SMBS.
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QMB= ‘Do—l: [(nl—n2)2+n1nz (2 sin v—g)z]‘/z;

(86)
here ¢4 is the scattering angle, n; and n, are the refrac-
tive indices of the exciting and scattered light waves.
For anisotropic media, n, and n, may not be equal to
each other. Thus, if we assume for n, in the quartz
crystal the value of the refractive index for the ordinary
beam, and for n, that for the extraordinary one, then in
scattering in the forward direction (¢ = 0) we obtain for
the frequency of the generated sound fyg = QMB/Z

= 7.5 x 107 Hz, whereas for scattering at ¢ = 180° we
obtain for fMB the value 2.6 x 10'° Hz. Generation of
ultrasound of frequency f = 7.5 x 10" Hz in SMBS at an
angle ¢4 = 0 in X-cut quartz was registered with the aid
of a piezoelectric receiver'™,

In SMBS at large angles (¢ ~ 7), direct registration
of the generated hypersound by ultrasonic methods en-
counters great difficulties, but such a registration is
possible by means of d1ffract10n of the light by the
hypersound and was realized in'®

The upper limit of the hypersound intensity J,,, which
can be generated in the SMBS process, is determined by
the Manley-Rowe relation J, = (/w;)./1, where w: and
J1 are the frequency and intensity of the Stokes SMBS.
This relation means that the creation of each Stokes
photon is accompanied by creation of a phonon. In real
experimental conditions, owing to the different limiting
factors, the intensity of the hypersound should be
smaller than predicted by the Manley-Rowe relation.

In the case of short pulses (vt; < L), the Manley-Rowe
relation should be decreased by a factor vte/L, as fol-
lows from the nonstationary theory (formula (53)). Fur-
ther, because the phonons produced in the SMBS process
are strongly absorbed (a ~ 10°~10° ¢cm™), the intensity
of the hypersound should also decrease. In the station-
ary regime, the hypersound intensity is given by rela-
tion (65). Consequently, .‘/p should be smaller by at least
a factor GMB/ 2a compared with the value given by the
Manley-Rowe relation. As already mentioned, the inten-
sity of the hypersound should then reach its maximum
value at the entrance (at a distance x ~ 1/a@) of the ex-
citing radiation into the region of the nonlinear interac-
tion, and should subsequently decrease exponentially in
the propagation d1rect10n of the exciting light.

An mvestlgatlon[ of the intensity of hypersound
generated in SMBS (¢ = 180°) in fused quartz reveals
good agreement between experiment and the predictions
of the stationary theory. The SMBS was excited by a
giant ruby-laser pulse. The intensity of the hypersound
was measured with the aid of Bragg diffraction of a
beam from a Ne-He laser by a hypersound wave genera-
ted in SMBS (the diffraction angle corresponding to the
Bragg condition is 126°). On the basis of the first-order
approximation, the ratio of the total intensity of the dif-
fracted light Jg4;¢, corresponding to the Bragg condition

A
?" ; \T‘ ik
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FIG. 16. Diagram of experimental setup for the measurement of the
lifetime of phonons with the aid of the SMBS phenomenon [1%].
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to the intensity of the incident light Jy is given by the
relation
kRY20sV,P,

Fdiffr _ .
I 812ntv dSNADN (87)

here ky, Sy, and Asyy are the wave vector, cross sec-
tion, and linear divergence of the Ne-He laser beam;
Pp, Vs, and d are the power, volume, and diameter of
the acoustic beam. Consequently, by measuring the
ratio Jgiffp/ JN along the nonlinear interaction region
it is possible to obtain the dependence of the power in
the hypersonic wave P, on x—the depth of penetration of
the light excited by the SMBS.
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FIG. 17. Spatial profile of the intensity of the hypersonic wave pro-
duced in SMBS in fused quartz [%3]. The distance is measured from the
entrance side of the sample.

Figure 17 shows the spatial distribution of the power
of the hypersonic wave in fused quartz at two values of
the exciting-light intensity: 80 MW/cm?®, when the ap-
pearance of transients can be expected, and 60 MW/cm?,
when, as established by an investigation of the SMBS
intensity (Ch. III, Sec. 3), a stationary regime is
reached. It is seen from Fig. 17 that the power, and
consequently also the intensity of the hypersound de-
creases exponentially with increasing distance from the
start of the region of nonlinear interaction. The gain
determined from these data turns out to be practically
the same as that determined from the SMBS intensity.
The maximum acoustic power measured in this experi-
ment is 1.6 x 10° W for Jo = 60 MW/cm?, which, taking
into account the measurement accuracy, is in satisfac-
tory agreement with the value 3.4 x 10® W calculated
from formulas (65) and (74) of the stationary theory.

Thus, the only measurement made to date of the in-
tensity of the hypersound generated in SMBS in the
stationary regime agrees with the measurements of the
SMBS intensity and with the theoretical calculation. We
note that the value of the power (or intensity) of the
hypersound, obtained in this experiment, is much lower
(by three orders of magnitude) than the value that fol-
lows from the Manley- Rowe relation. At an appreciable
excess of the threshold intensity (gpqg — @) and suffi-
ciently long pulses, one can expect J, to approach to its
upper limit ~ (2pqg/w1) J1. This regime should set in at
high exciting-light intensities and at small hypersound
absorption coefficients (e.g., crystals at low tempera-
tures). However, the sound can become nonlinear even
earlier, and then the effective absorption coefficient is
@opf = @R, where a is the usual linear sound absorption
coefficient, and R the analog of the Reynolds number,

721
equal to
q __mp mpvp

T e Oyp | 2o (88)
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here p is the amplitude of the pressure in the sound
wave, Ngep = 2av?pR7? is the effective viscosity of the
medium at the frequency £, and m ~ 1—-10 is a param-
eter characterizing the acoustic nonlinearity of the
medium. The acoustic nonlinearity of the medium be-
comes manifest at R >> 1 or J, >> 20°v5p/m*Qiyp.
From this we find that for a quartz crystal at room
temperature (@ = 325 cm™) the acoustic nonlinearity
begins to come into play at a hypersound intensity J
> 3 x 10° W/cm?® for a frequency fjg = 2.6 x 10'° Hp.
Thus, already at hypersound intensities of several
hundred watts, the effective absorption coefficient be-
gins to increase as a result of the development of acous-
tic nonlinearity. In crystals at low temperatures, the
acoustic nonlinearity will develop at still lower hyper-
sound intensities.

When acoustic nonlinearity sets in, there should oc-
cur an effective transformation of the hypersound of
fundamental frequency into harmonics of higher fre-
quency. The appearance of the second hypersound
harmonic fyyg ~ 10'° Hz of the fundamental frequency
fpMB ~ 5 % 10° Hz was observed in SMBS in water™’.
The SMBS was excited by a focused beam of a ruby laser
with power 1—5 MW. Its second harmonic (3470 &) can
be produced by passing a giant ruby-laser pulse through
an ADP crystal (conversion efficiency 6%) was incident
on a vessel with water collinearly and simultaneorsly
with the ruby-laser emission. Besides the fundamental
Stokes SMBS component at A = 6940 &, there was ob-
served the usual thermal scattering at ¢ = 180° of the
light A = 3470 A by the intense second harmonic of the
hypersound, for the Bragg condition is satisfied pre-
cisely for the second harmonic of the sound, the second
harmonic of the light, and the scattering angle 4 = 180°.
The pulses of scattered and exciting light were time-
scanned photoelectrically with the aid of high-speed
oscilloscopes. The radiation with A = 6940 and 3470 A
were separated from each other with the aid of filters.

It can be assumed that further investigation of the
hypersound harmonics produced in SMBS will yield
interesting results for nonlinear and molecular acous-
tics.

5. Remarks Concerning Certain Nonlinear Phenomena
Accompanying Stimulated Mandel’shtam- Brillouin
Scattering

a) Transparent solid dielectrics and crystals. Be-
sides producing SMBS in transparent dielectrics and
crystals, intense light also damages these substan-
ces'®11112,37:59,74-951 ' The damage threshold can be
higher or lower than the SMBS corresponding to ¢ = 180°
for different media. But the time evolution of the SMBS
is apparently faster than that of the mechanical damage,
since the latter, in any case, does not screen completely
the SMBS light. The damage of transparent dielectrics
can be subdivided into 1) damage to the sample surface
facing the laser light, 2) damage of the rear surface of
the sample, 3) damage in the interior of the dielectric.

The nature of all these various types of damage is
still not fully clear, although the literature devoted to
this problem is already quite extensive. We are unable
to discuss this entire extensive material in detail, and
confine ourselves only to an indication of the main
trends of the research and some of the conclusions.
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Damage of the facing surface is accompanied by a
spark on the surface of the sample. This damage has
dimensions on the order of several microns, and is fre-
quently surrounded by a dark or brown oreole, having
the character of ‘“scald’’. This phenomenon is appar-
ently connected with the surface dielectric breakdown,
which is produced when the dielectric is in vacuum.

A detailed investigation of damage of the rear sur-
face of glasses by a giant laser pulse has led the author
of'™! to propose that their cause is the hypersound
generated in the SMBS, although there is another opinion
concerning this phenomenon. This damage is in the
formiof small (several tenths of a millimeter) chipping
or cleavages. Their threshold is higher than the thres-
hold of damage of the front surface.

The highest threshold is possessed by internal dam-
age (for glasses, higher than 5 X 10° W/cm®). The fol-
lowing possible damage mechanisms were considered:

1. Damage by hyperacoustic phonons that occur in
SMBS[5,75] .

2. Absorption of light by superheated liquid glass
produced as a result of absorption of hyperacoustic
phonons '™’

3. Electrostriction and/or self-focusing'®’.

4. Propagation of a light-absorbing shock wave pro-
duced in SMBS as the result of the nonlinearity of the
sound or other factors'™’,

5. Linear absorption of light, particularly by inhomo-
geneities and inclusions®®,

6. Multiphoton processes of light absorption, ioniza-
tion, and formation of an electron cascade and
plasmamq,az,ssl .

Each of the foregoing mechanisms, depending on the
experimental conditions, can make a contribution to the
damage. Thus, in damage of dielectrics with low melting
temperature by an ordinary laser pulse of large duration
and energy, the main contribution is made apparently by
linear absorption of light, i.e., by mechanism 5. How-
ever, damage of dielectrics by giant laser pulses, when
the pulse energy is low, can usually not be attributed to
this mechanism.

In connection with the fact that the damage frequently
occurs at lower intensities than the SMBS, it is impossi-
ble to explain this phenomenon completely as being due
to mechanisms 1, 2, and 4. In various media, damage
by means of a giant pulse may be due to different mech-
anisms or by several of them simultaneously.

The damage most thoroughly investigated was that of
silicate glass and quartz by a focused giant laser pulse.
The hyperacoustic phonons produced in the SMBS are
not the primary cause of damage of these media. An
investigation of the time evolution of the damage'®®’ has
shown that it propagates along the light beam with a
velocity exceeding ~5 X 107 cm/sec. It follows from
this result that this damage is due to fast processes,
such as mechanism 6, for example.

In connection with the fact that part of the damage in
glass consists of long filaments (~1—2 cm)"®™! it can
be assumed that self-trapping of the light beam plays an
important role in the damage. One of the causes of
damage of silicate glass and quartz is apparently multi-
photon absorption (3—4 photons), the formation of an
electron cascade and of microplasma with subsequent
intense absorption of light“’“ . This effect, of course,
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is facilitated in the case of self-trapping of the light
beam.

Investigations of the photoconductivity in glasses and
in quartz at a light intensity somewhat lower than needed
for damage indicates that multiphoton absorption of
light can play a role in the damage of transparent
dielectrics'®!. It was observed in our experiments'®®,
however, that damage of crystalline quartz stops when
the temperature is lowered to 80°K or below, although
the conditions for multiphoton absorption remain prac-
tically the same as at higher temperatures, when dam-
age is observed. It follows from the foregoing that in
spite of the large number of investigations, the causes
of the damage of transparent dielectrics by a laser
beam are still not completely understood.

b) Liquids. In liquids, besides SMBS, there can oc-
cur stimulated Raman scattering, stimulated Rayleigh-
wing scattering, and stimulated temperature (entropy)
scattering of light.

In most cases the threshold for stimulated Rayleigh-
wing scattering and stimulated temperature scattering
of light are higher than the SMBS threshold.

All the stimulated scattering phenomena are strongly
influenced by self-focusing of light rays, if it develops.
Liquids are subdivided, purely arbitrarily, into self-
focusing (SF) and non-self-focusing (NSF)!*".

In SF liquids, consisting of anisotropic molecules,
self-focusing causes the RS and the SMBS to occur
simultaneously. When the scattering occurs in a resona-
tor, competition is observed between these two proces-
ses, as mentioned in Sec. 2 of this chapter*.

In NSF liquids, as a rule, SMBS sets in at lower
exciting-light intensity than all other types of scatter-
ing. Therefore these liquids are the most convenient
for the study of SMBS, for in this case its character is
not distorted by other nonlinear phenomena.

In a focused laser beam of sufficiently high intensity,
cavitation and dielectric breakdown can occur in liquids.
In a nonfocused beam, when the vessel with the liquid is
long and saturation of the SMBS intensity is reached, an
intense audible sound is produced[“] . This phenomenon
can indicate the formation of an intense acoustic shock
wave in SMBS with subsequent conversion of its energy
into low frequencies.

c) Gases. The focused light of a giant laser pulse
produces breakdown in gases, i.e., strong ionization
develops there (see, e.g.,“’” ). The breakdown occurs
when the electric field intensity in the light beam is
~10°~10" W/cm. The plasma produced in the break-
down absorbs strongly the laser light. In gases, none-
theless, it is possible to observe in this case several
components of consecutive SMBS. This means that the
SMBS phenomenon develops earlier than the strongly
absorbing plasma, as was demonstrated experimentally
in investigations of the time evolution of the SMBS and
of the plasma®™®’.

In compressed gases, besides SMBS, there can be

*There is experimental material pointing to the existence of com-
petition between SMBS and stimulated Rayleigh-wing scattering when
the latter phenomenon occurs [**]. The physical nature of the compe-
tition between different nonlinear optical phenomena is still not under-
stood.
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observed stimulated Raman and stimulated temperature
(entropy) scattering.

d) Effect of inverse stimulated Mandel’ shtam-
Brillouin scattering. If the nonlinear medium is exposed
not only to the exciting laser light of frequency w, but
also to radiation constituting a continuous spectrum ex-
tending to a distance Q.,nt > Qg on the anti-Stokes
side, then energy transfer is possible, as the result of
the SMBS, from the region of this spectrum w = wy
+ QB to the exciting light of frequency wo. As a result,
a minimum of the intensity will be observed in the con-
tinuous spectrum at the frequency w = wo + pyg. This
effect, called the inverse SMBS, was observed in ace-
tone!®®?,

IV. STIMULATED TEMPERATURE (ENTROPY) SCAT-
TERING OF LIGHT

The phenomenon of stimulated temperature (entropy)
scattering of light (STS)* was first observed in pure
liquids in " Inthis phenomenon, as a result of the
interaction between the light wave of the intense exciting
light and the weak light waves of the initial thermal
scattering by the entropy fluctuations in the nonlinear
medium, temperature ‘‘waves’’ are produced and energy
is transferred from the exciting radiation to the scat-
tered light wave. Unlike other types of stimulated light
scattering, STS can result from two different mechan-
isms of the nonlinear interaction between the light
waves and the medium: 1) the electrocaloric effect and
2) direct absorption of light. Stimulated scattering re-
sulting from the electrocaloric effect will be designated
here as STS-1, and stimulated scattering due to absorp-
tion of light by STS-II.

The theory of STS-1 was developed in'*'%**"! and the
stationary theory of STS-II in'**?!. The STS-II phenom-
enon was observed experimentally in liquids to which
absorbing matter was added''"’.

1. Theory of STS

In the general case, for both mentioned mechanisms,
the action of the electromagnetic waves on the medium
in STS is manifest in the occurrence of a heat source.
The amount of heat Q released into the medium is pro-
portional to the square of the intensity of the total elec-
tric field of the exciting and scattered light waves.

Just as in SMBS, the complete solution of the STS
problem can be obtained by simultaneously solving the
nonlinear Maxwell’s equation and the nonlinear mater-
ial equation—the temperature-conductivity equation,
which is of the form '

or,

AT, :F(j; ) (89)

In the case of STS-I (electrocaloric effect®?’)

é: _% (%)pTUEE’

and in the case of STS-II

*STS, and also stimulated concentration scattering in solutions, is
sometimes called stimulated scattering at the unshifted frequency, al-
though in either case the maximum of the scattered-light intensity does
not coincide with the maximum intensity of the exciting light.
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Q- E§ = kuncE2.

We introduce the following notation: 2k, = € w/nc—
the light absorption coefficient, #—the polarization of the
medium, To—the absolute equilibrium temperature of
the medium, T,—the deviation of the temperature from
its equilibrium value, Cp— specific heat of the medium
at constant pressure, x—temperature conductivity of
the medium. We shall consider here, however, the more
general problem, in order to take into account also the
influence of the STS on the SMBS. This can be done by
solving the system of equations‘*"’

(ﬂ‘g

Ez] .
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(90)

here u = p1 /P, 0 is the coefficient of volume expansion,
y = cp/cv = B1/Bg. In the last equation of this system
we have neglected the quantity T,(9¢/o T)p, since
Ty(8€/6T)y < 1 Yu. From the system (90) we obtain for
STS the same result as obtained by the simultaneous
solution of Eq. (89) and the nonlinear Maxwell’s equa-
tion, but for the SMBS we obtain a result somewhat
different from that obtained in Ch. II without taking into
account the STS phenomenon.

We solve the stationary problem and consequently
we assume that the duration of the exciting-light pulse
to exceeds the phonon lifetime Tph and the time of estab-
lishment of the ‘‘temperature wave’’ 7, i.e., to > 1/2av
and to > 1/xq®. We assume that the field E consists of
a linearly polarized exciting light wave Eo and a linearly
polarized scattered wave E,.

Frequently in the experiment, the spectral width dw,
of the exciting light exceeds the width of the line of
thermal scattering of the light by the entropy fluctuation
and pressure fluctuations, which of course must be
taken into account*, This can be done by representing
the total field E, the change of temperature T,, and the
relative change of density u in the form

o0

E-= 12- S Eo(r, 09— Q) exp [i (wy— Q) ¢ —iker) dQ,

—o0
oo

+.i_ S Ey(r, o,-—Q,) exp {i (0, —Qp) t—ik,r] dQ, +C.C.,

Ty= Ty(r, Q— Q) exp [i (R—Q3) t—iqr] - c.c.,

no| =

-

U=

|
g8 ér/aa .

u(r, Q—Qg) exp [i (R— Q) t—iqr] -+ C.C. (91)

2
Substituting (91) in (90) and taking into account the fact
that owing to the large gain the spectral width of the
scattered light is much smaller than the width of the
exciting radiation (E (w — ;) = E1(w1)0 (R:), where 5 (R2;)
is the 6 -function), we get

[E P =] E;(E=0) Fexp [g (V] (92)

*As a result of the condition t, > 1/xq?, the spectral broadening of
the exciting light, due to the finite duration of the pulse, is much smaller
than the width of the line of thermal scattering by the entropy fluctua-
tions, but in the case of the total width 8w, we can have §wy> 1/xq?.
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where £ is the coordinate in the direction of k, and g(f2)
is the stationary gain, equal to*'"

by i 1 oe
ikgne 4 T (W)p(g—go) L
2(Q) = 1 Ky | q2Y pepBs [ (2— Qo) +292] 4
T T aan?p o o _ A=) R—q) ¢
B T T X ST
X | Eg (0p— Q) |2 dQp. (93)
In (93), @ = wo— w; and q = ko — k;. The obtained general

expression for the gain g(®2) is valid in the frequency
region from  ~ 0 to & ~ Qqpg, and consequently takes
into account both the SMBS and the STS.

The distribution of the intensity with respect to the
frequency of the exciting radiation can be represented
with good approximation by the dispersion distribution

|EP2 dw
w Q%—i—?&mﬁ' (94)

| Eo(mo—Qo) [F=

Without presenting an analysis of the general cum-
bersome expression obtained after integrating (93) and
taking (94) into account, let us consider two limiting
most interesting cases: 1) the scattering spectrum near
the frequency of the exciting line, 2) the scattering spec-
trum near the SMBS frequency.

a) We assume that q*/pfg = Q}yg > @°. We can then
retain in the denominator (93) only —q*/pBg (When
Q > xq%), and for the gain near the exciting-light fre-
quency we obtain

| & I(aa) o
gt(Q):——[Zanch Toxg? ( )]OZJ_(;WW[ L

8an2pcy, (95)
For the STS, the characteristic quantity is
TDX‘I ( 6T) (96)
- 4kyne

It is seen from (95) that when h < 1 and (ae/a'r)p <0,
the anti-Stokes component of the scattering light will
become amplified (gp > 0 when @ < 0), and when h > 1
the Stokes component of the scattered light will be am-
plified (g > 0 when & > 0). For liquid benzene, for
example, the condition h > 1 means 2k, < 5x 10" cm™™
The STS gain is maximal at a frequency w, max = wo
+ (x> +0wg). If the spectral width of the exciting radia-
tion 0w, greatly exceeds the natural line width of the
thermal scattering by the entropy fluctuations 60,
=xq%, i.e., bwo > xq°, then the gain of the STS is
smaller by a factor xqz/éwo than in the case dw, < x¢°.

1t follows from (95) that, unlike other types of stimu-
lated scattering, in the case of STS-II (h < 1) the gain of
the anti-Stokes component is the larger the larger the
light absorption coefficient, and the gain of the scattered
light occurs 1f the condition —2k , + gy = 0 is satisfied,
or if
2pcy, (xq2 -+ bwg)

o (3r),
The condition (97) was obtained for large values of 2k,
such that the electrocaloric effect can be neglected.

b) Near the frequency of the SMBS component 92
~ QB = €/PBg > (xq°)’, neglecting the small terms
in (95), we get

JEG |2
8 7

G

8wy -+ 6Qyp

[k [¥Y2 oy _
i | BT {Qmﬁs@ V) @Oy 1 B+ 5y

32nn?

£&MB(Q) =
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(98)

here 26Qpp = I'q’ is the half-width of the thermal
Mandel’ shtam- Brillouin scattering.

The first term of (98), has a maximum at the fre-
quency = Qyp, and the second has at h < 1 a maxi-
mum at the frequency Q = Qpp + (bwo +02pqg) and a
minimum at the frequency & = Qpp — Gwo + 02ppB).
Consequently, when h < 1 there is asymmetry in the
gain of the Stokes SMBS relative to the frequency
2 = Qyp, the gain being larger on the Stokes side and
smaller on the anti-Stokes side relative to the fre-
quency Q7B

When h > 1, the second term has a maximum at a
frequency £ = Qpp — (6wo + 68 p) and a minimum at a
frequency & = Qg + (Bwo +02yp), and the total gain
will be larger on the anti-Stokes side and smaller on the
Stokes side relative to the frequency @ = Qyg. For the
case h < 1, these laws were observed experimentally.
We note that such a gain asymmetry can lead to a notice-
able shift of the maximum of the SMBS component, so
that the measured shift of the Stokes component of SMBS
will be larger when h < 1 and smaller when h > 1. For
an experimental observation of such an effect, the second
term in (98) should be comparable in magnitude with the
first.

2. Results of Experimental Study of Stimulated Tem-
perature Scattering of Light

As already mentioned above, the STS phenomenon
was first observed in liquids to which no special light
absorber was added'™. In that reference, the existence
of STS was experimentally demonstrated in the follow-
ing manner. The spectrum of the stimulated scattering
of light was photographed simultaneously at a scattering
angle 180° (0°) and at an angle 90°. The liquids used
for the investigation were water, methanol, and benzene.
In water, there should be no STS, because in the case of
water y = cp/cV w~ 1, (8e/aT)p is small, and the central
component in the thermal scattering is practically non-
existent. To the contrary, in benzene the spectral com-
ponent is very intense, (9¢/8T),, is large, and one can
expect STS in this liquid. Methanol is intermediate be-
tween water and benzene*.

There is no central component on the interference
patterns when light is scattered in water at a scattering
angle of 90°. In benzene, the central component was
observed when the light was scattered at an angle of
90°, and its intensity decreased nonlinearly when the
intensity of the exciting light was reduced. The photo-
graphs revealed unshifted and shifted fine-structure
lines of benzene. Although the observation was carried
out at a scattering angle ¢ = 90°, the distance between
the components corresponded to the scattering angle
¢ = 180°. This means that under the conditions of this
experiment, the Mandel’shtam-Brillouin components

*A ruby laser of 90 MW power was used. The light was focused into
the cell with the investigated liquid by a lens (f = 2.5 cm). Measures
were taken to prevent parasitic light from entering the optical setup with
the Fabry-Perot interferometer used to register the scattered light at a
scattering angle of 90°.
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corresponding to ¢ = 90° were not observed. The ap-
pearance of shifted components (# = 180°) can appar-
ently be regarded as scattering of the SMBS components
corresponding to 4 = 180° by an amplified ‘‘temperature
wave.”’

There was the danger that possible inhomogeneities
appearing in the liquid at the focus of the laser (e.g.,
cavitation), might cause a spreading of the exciting light
and this can mask the STS. An experiment was there-
fore performed with methanol, whose hydrodynamic
characteristics are such that benzene occupies an inter-
mediate position between it and water. Nonetheless, in
methanol, in accordance with the smaller value of
|(oe/® T)pl and 7, the intensity of the central component,
in the case of scattering at an angle + = 90° was smaller
than in benzene, and vanished when the laser intensity
was decreased by a factor of several times. In benzene
the central component could still be observed following
such a decrease of the intensity.

All the foregoing shows that in these experiments
STS was observed in benzene. However, since in these
first experiments no detailed investigations were made
of the spectral shift of the scattered radiation, it cannot
be stated with full assurance whether STS-I or STS-1I
was observed, although the existence of the STS phenom-
enon itself was demonstrated*.

a) Observation of STS-I in hydrogen gas. An entirely
different method was used to observe STS-I in hydrogen
gas in the pressure range 1.5—6.5 atm 214! At these
pressures, 0Q; > 1/to and 6Q; > dwo, and a maximum
could be observed in the STS-I intensity at the half-
width of the thermal scattering on the Stokes side rela-
tive to the frequency of the exciting light. In this ex-
periment, the gain averaged over the volume was J = gL
~ 3, whereas for photographic registration of the effect

this quantity should be higher by one order of magnitude.

Therefore, to observe the STS we used a trigger mech-
anism of amplifying the scattered light at the mode of
the laser exciting the STS. By a suitable choice of the
laser pump power, its operating conditions is made bi-
harmonic by feedback with the scattering volume, and a
second laser mode appears at the STS maximum. In the
absence of a scattering volume, only one laser emission
mode was observed, with width ~107 em™,

Figure 18 shows the STS spectra at different hydro-
gen pressures. At high pressures, the line shape is
Lorentzian and its half-width is small. With decreasing
pressure, its shape changes, the half-width increases,
tending to the Doppler half-width ~0.11—0.12 cm™ for
hydrogen, as is illustrated in Fig. 19. The dependence
of the position of the STS-1 maximum on the pressure
is in qualitative agreement with the calculations of!'%?,

In these experiments, in the pressure range from
zero to 6.5 atm, an SMBS component was observed fre-
quently in addition to the STS-I line, although special
measures were taken to suppress the amplification of
the SMBS in the laser with the aid of a suitably chosen
mode selector.

b) Study of the STS-II phenomenon. The STS-II phe-
nomenon, connected with the effect of light absorption,

*[t was assumed initially that STS-I was observed in benzene ['7].
This could occur provided 2k, <5 X 107 cm™.

(e 2

485

FIG. 18. STS spectrum in hydrogen at dif-
ferent pressures [521'4] . a) R, line of ruby
laser; b-d) STS spectra at pressures 6.5, 2.5,
and 1.5 atm, respectively. The dispersion re-
gion of Fabry-Perot interferometer is 0.166
cm™,

4= em! /
S
FIG. 19. Shift of STS vs. 7 e
1/y (~1/p, p - pressure) in hy-
drogen [52:1'4] . Dash-dot line -
calculation in accordance with @y
the hydrodynamic theory.
7 a5 7 5y

was observed''**1%! in liquid solutions of iodine I, in

CCl, and CS,, and in the gas mixtures CO: + NO;, N, + I,
and N. + NO.. Addition of I, to the liquids and of I, and
NO: to the gases increased the light absorption, leading
to an increase of the STS-II gain. The maximum STS
intensity was observed at the half-width of the exciting
radiation and, as predicted by the theory, on the anti-
Stokes side.

STS-1I in a liquid solution of I, and CCl, was investi-
gated also in'*"). The gain was measured as a function
of the length of the region of nonlinear interaction L and
of the light absorption coefficient 2k . The intensity of
the scattered light varied like .J; ~ exp (g;L) and re-
mained constant if the quantity gL ~ 2kwL remained
constant.

The STS-II phenomenon was observed also in liquids*
in which laser radiation was focused by a cylindrical
lens and the observation was carried out in the direction
of the maximum gain at an angle 4 = 90° to the direction
of laser-radiation propagation'******’, The scattered-
radiation line is shifted towards the anti-Stokes side
relative to the exciting-radiation frequency by approxi-
mately 200 MHz, which is in good agreement with the
half-width of the exciting radiation dwo ~ 150 MHz. It
is interesting that when the STS-II line appeared, there
was also observed a decrease in the shift of the SMBS
component (scattering angle + = 90°) by 200 MHz rela-
tive to the laser-radiation frequency. We recall that a
decrease of the shift of the SMBS component at a large
exciting-radiation intensity was noted long ago and a
number of times. This fact can be explained, at any
rate for liquids, in the following manner. If the intensity
of the laser radiation is so high that the SMBS intensity

*No absorbing substances were added to the liquids, but they were
not specially purified {''?].
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reaches a value comparable with the intensity of the ex-
citing radiation, and saturation processes come into
play in the SMBS, then an intense STS-II is produced
both at the frequency of the exciting radiation and at the
frequency of the SMBS component. This leads to a shift
of both lines towards the anti-Stokes side. Thus, at a
high SMBS intensity, owing to the STS effect, the shift
of the SMBS component turns out to be smaller by an
approximate amount dw,. The effectiveness of this
process is determined by the gain g, in which the ex-
citing-radiation intensity should be taken to mean the
SMBS intensity. This gain (see (95)) should be larger
than that part of the gain of the SMBS (the second term
of (98)), which leads to an opposite shift of the frequency
of the SMBS component. It follows from (95) and (98)
that a decrease of the shift of the SMBS component can
be expected if |[Ejygl > [Eol’/2 or Jyp > Jo/2, where
JMp is the intensity of the Mandel’shtam-Brillouin
scattering. ¥ Jypg < Jo/2, then, as follows from (98),
the shift of the SMBS component should increase.

c) Study of the influence of STS-II on SMBS at low
scattered-light intensities. It follows from the station-
ary theory (see (98)) that at low scattered-light intensi-
ties asymmetry should be observed in the gain of the
SMBS component relative to the frequency g, such
that when h < 1 the gain is larger on the Stokes side and
smaller on the anti-Stokes side relative to the frequency
Qpyp- This phenomenon was observed and investigated
in a liquid solution of 66% CS; + 34% CCl,, using the
setup described in the previous chapter (see Fig. 16)
A vessel 0.20 cm long with a solution of the aforemen-
tioned concentration served as an SMBS amplifier. A
definite amount of absorbing substance was added to
this solution. Therefore 2k,, changed from the minimum
value 2k, ~ 0 to 2k, = 0.83 cm™. The vessel that
served as the SMBS generator contained a pure CS;

+ CCl, solution, whose concentration was varied, thereby
varying the difference between the SMBS generator and
amplifier frequencies.

The laser radiation passed through the SMBS ampli-
fied and was focused into the SMBS generator. The
SMBS light from the generator, attenuated by a system
consisting of a polarizer and a quarter-wavelength plate,
was returned to the SMBS amplifier and, interacting
together with the exciting radiation with the nonlinear
medium, became amplified. The gain in the SMBS ampli-
fier, as expected from (98), depends on the difference
between the amplifier and generator frequencies. For
weak signals (gyplEdl* < 1), the ratio of the radiation
intensity J, prior to entering the SMBS amplifier and
the radiation intensity leaving the amplifier Jj can be
written in the form
e~ G (=N Il

i€

f120]

(99)

where Jois the intensity of the exciting radiation,
f = Q/27, G is the gain per unit intensity of the exciting
llght: 8n gMB(/MB—j)
cn? |Eo |2

(100)

G(fMB—f):

The frequency difference (fpqg —f) in (98), (99), and
(100) was determined by the frequency difference of the
amplifier and SMBS generator. The signals Jo, Jg, and
Ji were time-scanned, and the gaiu G was determined
with the aid of relation (99) for each value of (fpg — f).
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FIG. 20. a) Measured gain of SMBS as a function of the frequency
(fMB - D) for a pure liquid (2k,, ~ 0, dark squares) and for a light-ab-
sorbing liquid (2k,,, = 0.83 cm™, light squares). b) The frequency de-
pendence of the gains shown in Fig. a) for light-absorbing and non-ab-
sorbing liquids. Solid curve - theoretical calculations, © - experimental
data [29].
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FIG. 21. a) Dependence of SMBS gain on the light-absorption coef-
ficient for three frequencies: O - (fipp - f;) =—200 MHz, A - (fqp - f2)
=0, O-(f\g - f5) = 200 MHz. b) Dependence of the gain on the time.
Solid curves for fjgg - f; = —200 MHz, dashed curve - fjyg - f3 = 200
MHz. The arrow indicates the maximum of the giant laser pulse [129].

Figure 20a shows the stationary gains measured in
this manner as functions of the frequency difference
(fMB — £) for the pure solution (darks squares) and for
the absorbing solution (2k,, = 0.83 cm™, light squares),
while Fig. 20b shows the dependence of G'—the differ-
ence of the gains for the absorbing solution and the pure
solution—as a function of the frequency (diamonds), as
well as the theoretical G'(fy g — f) curve calculated
from the second term of formula (98). The agreement
between experiment and theory is undisputed.

Figure 21a shows the dependence of the gain G on the
light-absorption coefficient for three frequencies fyqpg
—f, =—-200 MHz, fpqg — f= = 0, and fj;g — fs = 200 MHz.
For a correct comparison of the experimental data with
the theory, it is necessary to perform the measurements
in a stationary regime. To this end, the dependence of
the instantaneous intensity Jj on the instantaneous inten-
sity Jo was measured, and the dependence of the gain on
the time was thus determined (Fig. 21b). The stationary
gain was determined from the linear sections of the
curves (Fig. 21b) of G against the time*.

*The linear section of the curves of Fig. 21b is followed, at suffi-
ciently long times, by a new time dependence of G. The authors of {!29]
attribute this to the heating of the scattering medium by the laser radi-
ation.
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1t follows from all the data presented here that the
stationary theory describes the STS phenomenon well if
the experimental conditions indeed correspond to the
stationarity conditions. The nonstationary processes
accompanying STS, however, have hardly been investi-
gated.

In this review we have discussed only the researches
known to us dealing with the physical gist of stimulated
Mandel’ shtam-Brillouin scattering and stimulated tem-
perature scattering or with their study under conditions
that are of major physical significance. We did not dis-
cuss at all purely technical or practical applications of
SMBS. Of course, we could hardly touch upon phenomena
accompanying the SMBS and STS, and discussed only
some of those which we consider to be the most impor-
tant.
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