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Experimental results on the self-focusing of a laser beam in many liquids are reported. It is shown that
the optical Kerr effect and electrostriction cannot explain the temperature variation of self-focusing in
some liquids. Forward stimulated Brillouin scattering seems important in such cases. Measurements on
the generation of stimulated Raman and Brillouin radiation in liquids are presented. The effect of self-
focusing and self-trapping on the forward-backward asymmetry in the Stokes generation is discussed.
Other qualitative features in the stimulated Raman and Brillouin scattering are explained.

I. INTRODUCTION

HEN a high-intensity laser pulse traverses a

certain distance in a liquid, the beam cross-section
often reduces, and in some liquids, thin filaments of
extremely high intensity appear. This phenomenon,
which is generally known as self-focusing and self-
trapping of light beams, has been the subject of intense
theoretical'™™ and experimental®?® investigation re-
cently. It is self-focusing and self-trapping that give
rise to the many anomalies observed in stimulated
Raman and Brillouin scattering in liquids. Physically,
self-focusing arises because the refractive index (real
part) of the medium increases with the beam intensity
(a coherent elastic-scattering process), and because
stimulated Brillouin and Rayleigh scattering near the
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forward direction occur via acoustic and orientational
excitations in the medium (a coherent inelastic-scat-
tering process). An alternative way of describing
self-focusing is that the width of the beam intensity
distribution over its spatial Fourier components in-
creases with distance.

The intensity dependence of refractive indices has
been investigated by many authors.”® In a nonabsorbing
medium, it is due to optical Kerr effect, electrostriction,
and nonlinear electronic polarizability.? For ordinary
Q-switched laser intensity, the steady-state refractive
index can be written in the form

n=no+t (naa"tn2,+120)% | E 2,

where E is the laser field strength, and the coefficients
oa, M2,, and 7. are associated with Kerr effect, electro-
striction, and nonlinear electronic polarizability, respec-
tively. For most liquids which have been subject to
investigation, 7y, ranges from 10~ to 10~ esu, while
n2, 1s of the order of 10~ esu. In the normal dispersion
region, 7, is about 105 or 10~ esu as estimated from
the nonlinear polarizability for third-harmonic genera-
tion,? and should be negligible compared with 7, and
ns,. It is, however, believed that the Kerr effect gives
the dominant contribution to the intensity-dependent
part of the refractive index in liquids. The reason is
simple. The Kerr effect, arising from molecular re-
orientation® and molecular redistribution,” responds
almost instantaneously to the Q-switched pulse, but
the electrostrictive effect, which involves mass transfer
to a region of high beam intensity, cannot follow the
rapid intensity variation of the pulse. One can actually
show that for a 10~%sec pulse, the electrostrictive
contribution to the refractive index would be negligible
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163 RAMAN AND BRILLOUIN
compared with the Kerr effect in most liquids. (See
Sec. III for more detail.)

Beam components propagating in the off-axis direc-
tions can also grow in intensity through stimulated
Brillouin and Rayleigh scattering. This also leads to
self-focusing phenomenon. Self-focusing by this mecha-
nism has so far received little attention. In fact, the
gain of stimulated Brillouin scattering near the forward
direction is rather high even for a short Q-switched
pulse. For self-focusing of the laser pulse in liquids with
small Kerr constants, stimulated Brillouin scattering
could be as important as the Kerr effect. In this paper,
we show, from our measurements on the temperature
variation of self-focusing action in different liquids,
that this is indeed the case. The relative importance of
the Kerr effect and stimulated Brillouin scattering to
self-focusing can be obtained from these measurements
since the Kerr effect is inversely proportional to tem-
perature, but stimulated Brillouin gain increases as
temperature increases.

While self-focusing in liquids seems to be qualitatively
understood, the dynamics with which a beam, after
being self-focused, breaks into self-trapped filaments
(known as small-scale trapping'®) is not yet under-
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F1c. 1. Experimental set-
up of the two-cell method
for measuring self-focusing
strength of a liquid.
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stood,® although the size of the filaments seems to be
connected to the Kerr constant of the medium.!s As one
would expect, both self-focusing and self-trapping
affect dramatically the nonlinear optical processes in
liquids, in particular, stimulated Raman scattering and
backward stimulated Brillouin scattering. Self-focusing
gives rise to the observed threshold in stimulated
Raman and Brillouin scattering,'® and the presence of
intense filaments is responsible for the anomalously
high Raman and Brillouin gain above threshold.#10
Without knowing the dynamics of filament formation,
it is, however, difficult to calculate qualitatively the
effect of self-focusing on the stimulated scattering. In
this paper, we present some experimental results on
first-order Stokes and Brillouin generation, and discuss
qualitatively how their characteristics, the forward-
backward asymmetry of the Stokes radiation, the
temperature effect, etc., are dominated by self-focusing
and self-trapping. Experimental results will be shown in
Sec. II, followed by discussion in Sec. III.

II. EXPERIMENTS

A 3-in. ruby laser, Q-switched by cryptocyanine
solution, was used in the experiments. The beam was
limited to a diameter of 2 mm. The average peak
power of the 15-nsec Q-switched pulses was about
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F1c. 2. Temperature variation of self-focusing in different
liquids. A longer threshold length of nitrobenzene indicates
weaker self-focusing action. See the text.

75-100 MW/cm?, depending on the cavity parameters.
The self-focusing action of the beam in a liquid was
investigated by the two-cell scheme.? (Figure 1.) Here,
the laser beam was passed through two cells in series.
They were separated by a distance of 2 cm to allow
for windows and a beam splitter when the back-scattered
radiation was monitored. The first cell was filled with
the liquid under investigation, and the second cell with
liquid of low Raman threshold or strong self-focusing
action, such as nitrobenzene or carbon disulfide. Self-
focusing of the beam in the first cell was then easily
detected by the decrease of Raman threshold for liquid
in the second cell. To avoid complication, the length of
the first cell was always kept below its own Raman
threshold. This method has much higher sensitivity
than the single-cell method in which the self-focusing
action is measured by the observed Raman threshold
for liquid in the same cell.® It is sensitive in the sense
that relatively weak self-focusing action in liquids such
as hexane and water can now be measured.®?® One can
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Fic. 3. Effect of a nitrobenzene self-focusing cell on the temper-
ature variation of the Raman threshold of a 15-cm toluene cell.
Length of the nitrobenzene cell: (a) 0, (b) 1.3, (c) 2.5,and(d) 5.0
cm.

2 Tn liquid with weak self-focusing strength, stimulated Raman
and Brillouin scattering may appear before the beam is self-
focused to a minimum cross section. Consequently, Raman and
Brillouin' thresholds of the liquid are no longer a measure of the
self-focusing strength. Hexane is a good example.
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TasLE I. The relative self-focusing strengths in different liquids measured in terms of the cell length of the liquid which reduces
the Raman threshold of 15-cm toluene by 5% when inserted in front of the toluene cell. For nonpolar liquids, 7, are obtained from
the dc Kerr constants in Ref. 30. For polar liquids, #,, are either obtained from the experimental values of M. Paillette [Compt. Rend.
262, 264 (1966) ] or from the calculated values of Y. R. Shen [Phys. Letters 20, 378 (1966)]. gz is calculated from Eq. (10) with
ksz=2/d and d=0.1 cm for a 100-MW/cm? ruby-laser beam. gz is calculated from Eq. (16) with ky=2/d, d=0.1 cm, Aw=T, and

8=2X1078 sec for a 100-MW/cm? ruby-laser beam.

Observed self-
focusing strength (g8/gr)

(in.) 10 134 10° gr 10%gg 10 (gr+gm) (%)
Carbon disulfide 3 11.3 6.8 7.4 7.54 10.9
Nitrobenzene % 8.6 6.1 4.1 6.51 6.7
Bromobenzene 1 4.7 4.5 3.0 4.80 6.7
m-xylene 13 3.0 3.7 4.8 4.18 13.0
Benzene 1% 2.3 3.2 5.0 3.70 15.6
Aniline 4 1.1 2.2 4.0 2.60 18.2
Chloroform 5 0.53 1.57 2.6 1.83 16.6
Carbon tetrachloride 5% 0.33 1.24 2.5 1.49 20.2
Hexane 5% 0.23 1.06 3.5 1.41 33.0
Acetone 6 0.23 1.07 2.7 1.34 25.2

easily determine the relative self-focusing strength of
different liquids using this method. With the laser peak
intensity at about 100 MW/cm?, we measured the cell
lengths of liquids required to reduce the Raman thresh-
old of toluene in the second cell by 5%. The results,
together with #,, are given in Table I. Note that the
self-focusing strengths of various liquids, except perhaps
acetone and hexane, follow the same order as their
optical Kerr constants.

The temperature dependence of self-focusing was
investigated by varying the temperature of the first
cell (15 cm in length). The second cell was filled with
nitrobenzene in this case. The results for a few liquids
are shown in Fig. 2. It is seen that the self-focusing
action in toluene decreases with increase of tempera-
ture. This holds for all liquids with large Kerr constants.
The temperature variation is similar to that of Raman
and Brillouin threshold of liquid in a single cell.® This
supports the idea that stimulated Raman and Brillouin
scattering in these liquids are initiated by strong self-
focusing of the beam into hot filaments. However, in
acetone, hexane, and carbon tetrachloride, self-focusing
gets stronger with increasing temperature, suggesting
that besides the Kerr effect, some other mechanism
now comes into play. As we shall show in the next
section, the contribution of forward stimulated Brillouin
scattering to self-focusing is indeed non-negligible in
these liquids. The question also arises on whether self-
focusing in the first cell would eliminate the tempera-
ture dependence of Raman threshold in the second cell.
This was tested by using a 15-cm toluene cell with
variable temperature proceded by a nitrobenzene
focusing cell. As shown in Fig. 3, the temperature
variation of Raman threshold in toluene changes only
slightly with the focusing cell. The reason is that a
major part of self-focusing of the beam actually happens
not in the first cell but in the second cell. The filaments
have not yet been formed in the first cell. The tempera-

ture variation in toluene did nearly vanish when the
nitrobenzene cell was above its own threshold, but the
results become less meaningful because of the possi-
bility of depletion of laser power by stimulated Raman
and backward Brillouin scattering in the nitrobenzene
cell.

Wang®® has shown that for a single cell, the inverse
Raman threshold length varies linearly with the square
root of the laser power.? We found the same result in
CS; and nitrobenzene at relatively low power level,
as shown in Fig. 4. As the laser power increases, the
curves start to deviate from the straight line. This
suggests that another mechanism for self-focusing may
have set in at higher laser intensity.

We are also interested in the generation of stimulated
Raman and backward Brillouin scattering in liquid with
strong self-focusing properties. A toluene cell was used
in the measurements. One of the interesting anomalies
resulting from self-focusing and self-trapping is the
forward-backward asymmetry in stimulated Raman
process. Figure 5 shows the variation of the first-order
Stokes power as a function of the cell length at three
different laser powers. Note that the forward-backward
asymmetry varies with the cell length, although the
backward Stokes power is always higher just above
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F16. 5. First-order forward and backward Stokes power versus
the cell length at three laser powers, P1=80, Py=67, and P3=353
MW /cm?2,

threshold. The forward Stokes becomes more intense at
long cell lengths. Care was taken to insure that the
asymmetry was not induced by reflection from windows.
In Fig. 6, the variarion of Stokes power, generated from
a 20-cm toluene cell, as a function of laser power is
given. The set of curves on the left corresponds to the
case where a 2.5-cm nitrobenzene cell was inserted in
front of the toluene cell. As expected, the curves look
similar to those of Fig. 5. The variation of backward
Brillouin power with laser power is also incorporated
in Fig. 6.
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Figures 7 and 8 give the variation of Stokes and
backward Brillouin power with the laser power in
toluene and hexane, respectively, at two different
temperatures. It is seen that at the higher temperature,
the Raman and Brillouin threshold for toluene is
higher, but as the laser power increases, the Brillouin
radiation finally becomes more intense than the one at
the lower temperature. In hexane, the Brillouin radia-
tion has lower threshold and higher power at the higher
temperature. No stimulated Raman radiation from
hexane was observed.
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The above measurements of intensities were made by
using silicon photodiodes and a Tektronix 555 oscillo-
scope. The intensity values correspond to the peak
values of the integrated pulses. The temporal structure
of the generated Stokes and backward Brillouin radia-
tion was investigated by using an FW-114 photodiode
and a Tektronix 519 oscilloscope. Both the forward and
the backward Stokes radiation from toluene were com-
posed of short pulses of about 10~? sec long, in partial
agreement with observations of other workers.'$:2
The Brillouin radiation also contained short pulses,
somewhat similar to what was observed by Maier et al.,?
but they are not as sharp as the pulses in the Stokes
radiation. Near threshold, both Stokes and Brillouin
radiation consists of a single short pulse. Because of the
short cells we used in our experiments, the depletion of
total laser power in the Raman and Brillouin generation
was not nearly as much as in the case of Maier ef al.?

III. CALCULATION AND DISCUSSION

Generally speaking, self-focusing arises as a result of
interaction of the light beam with the density variation
and molecular reorientation and redistribution in the
medium. The propagation of the light beam in liquid is
described by the wave equation

€ 9% 4 92
_ Rl =— 2 pNL .
( vt c? 6t2) B0 ¢ o (©9. (1)

In this case, the polarization of the medium can be
written as

P=X7E(r:t):
x= 2, pom (2)
m=1,2,e00

where terms with m>1 arise because of correlation
between molecules.?> The nonlinear polarization PNT
appears as a result of change in p and a,, induced by the
light fields.

PNL(r, 1) =[(dx/3p) Ap(r, 1)
+ X (9x/9ctm) Aowm(x, D IE(T, 1) (3)

The density variation Ap obeys the acoustic wave

equation
Y
-V - — —— Ap(r, ) =— — V2| E |*(x, ).
( +v2(~)t2 7 é)t) o(r, 1) 8m? | BP9
(4)

Here, v=(1/pB)? is the acoustic velocity, 8 is the
isothermal compressibility, I' is the acoustic damping,
v is defined as y=p(d¢/dp), and | E I2(r, t) is the slowly
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24 M. Maijer, W. Kaiser, and J. A. Giordmaine, Phys. Rev.
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2 M. Maier, W. Rother, and W. Kaiser, Appl. Phys. Letters 10,
80 (1967).
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varying part of E?*(r,t). The change Aci, reflecting
variation in the orientational distribution, is governed
by the equation®

(8/0t+1/7) Aau(x, 1) =(4/7) | E *(x,1),  (5)

where 4 is a constant inversely proportional to tem-
perature, and 7 is the orientational relaxation time.
Similar equations probably govern Aa, which are
changes induced by molecular redistribution. The
relaxation time for molecular reorientation and redis-
tribution is usually rather short (~5X10~" sec).?8 If
we limit ourselves to the low-frequency variation of
E2(r,t),” then Aan(r, t) would respond almost instan-
taneously to | E [2(r, £). To the first order, we can write

D (0x/ctm) Actm=(n/2m) 120 3 | E 2(x,2). (6)

Self-focusing should therefore be described by the
solution of Egs. (1), (3), (4), and (6). If both Ap and
| E|? are Fourier-analyzed, then each Fourier com-
ponent of Ap consists of two parts. The part in phase
with the driving component leads to change in the
(real) refractive index: This is known as electrostriction.
The part 90° out of phase with the driving component
leads to stimulated Brillouin scattering. From Eq. (4),
we find that the electrostrictive part is given approxi-
mately by

Ape. ( I, t)

— )

- / & (8—;) V| B2 (r’, - 'iv’—') / tr|r—1'
T

(7

It can easily be shown that for a Gaussian beam of
radius 7¢ and pulse duration 6, the first-order solution
of Eq. (7) with v6<r, yields at the peak of the laser

pulse,
(8)

.

(8x/9p) Ap=2 (m*6*/Anr®) ms, | E P2,
where
N9, =7*3/8mn.

This is because the spatial density variation cannot
follow the rapid change in the laser intensity, so that
the — V2 term is small compared with the §%/9¢ term in
Eq. (4). For liquids under investigation, n,, is about
1 to 10 times #72.. With v=210° cm/sec, 621078 sec, and
70=20.1 cm, one sees immediately from Egs. (6) and
(8) that the electrostrictive effect is negligible com-
pared with the Kerr effect, and hence is not responsible
for the temperature variation of self-focusing in
liquids.

Even if the electrostrictive effect is neglected, it is
still difficult to find an analytical solution from the

26 C, W. Cho, N. D. Foltz, D. H. Rank, and T. A. Wiggins,
Phys. Rev. Letters 18, 107 (1967).

2% Stimulated, Rayleigh scattering with a large frequency shift

may be less important for self-focusing, since it is essentially
initiated at the noise level.
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above equations to describe self-focusing. However, as
we mentioned earlier, self-focusing can be described by
the amplification of Fourier components propagating
in the off-axis direction.

Let us assume a plane wave

Eo = % &o eXp[iko' Ir— ’i(.dot] (9)

as the pump field propagating in the medium along the
2z direction. We are interested in the amplification of a
weak wave E, with wave vector k, and frequency w,.
Bespalov and Talanov* and Chiao et al.?® show that the
change of refractive index (essentially due to Kerr
effect) actually induces an exponential gain for the
amplification of F,.

8rR= ksz[_ (ks:c/ k(!) 2+2 (”2/ ”0) 802]1”7

assuming (wp—w,)<K1/7. It turns out that the e-folding
length for the growth of E, with k,,=2/d is just the
self-focusing distance 2, of a beam with a diameter
@, if (kso/ ko) 2K2 (n2/10) &2 28

(10)

Zto0=a/2[ 2(n2/n0) & ]2 (11)
The optimum gain is
(gr) opt=ko(72/10) & (12)

which occurs at (Ksz)ops ="k (722/70) &2 /2. As &? in-
creases, (gr)opt would finally become much larger than
the gain at k,,=2/d. Then, one may find that in a
distance less than 21 the wave E, with (Zsz)opt
becomes stronger than FE, with k,=2/d, although
initially the former is much weaker than the latter.
The actual self-focusing distance would then become
smaller than %! and would depend on &2* with
$<n<1. This is likely to happen in liquids with large
Kerr constants. As an example, we have #,=1.13X10~4
for CS.. For a 100-MW/cm? beam with d=0.1 cm, and
82 =8X10° esu, we find (gr)opt=0.92 and (gr)r,.—2a=
0.067. This probably explains why in Fig. 4 the inverse
of the self-focusing distance depends on the laser
intensity as Pt 8 with #>% at high intensity. For
liquids with small Kerr constants, (gr)opt is Dot very
different from (gr)z,.—2/a €ven at an intensity of 100
MW/cm?.

The weak wave E, can also be amplified through
forward stimulated Brillouin scattering, governed by
the coupled equations

(—V2—wle;/c?) Es= (4ww?/c?) (v/4mp) EoAp*,
(— V2= wp /12— 12wqo'/22) Ap* = — (v/8w1?) V2( By*E,)
(13)

with w,+Fwae=wp. For scattering in the near-forward

BR. Y. Chiao, P. L. Kelley, and E. Garmire, Phys. Rev.
Letters 17, 1158 (1966).

RAMAN AND BRILLOUIN SCATTERING IN LIQUIDS

229

direction, k,+kaa=Kq, the Brillouin power gain is*

gB= (ksT/vkao) + [ (ksT/vkac) >+ (w:?y*BE*/32mc?) o
(14)

Ordinary liquids have y~1 and 8~10~%, Therefore, at
the same laser intensity, gz would be much greater
than gg, if the laser beam were continuous.

In practice, however, the Q-switched laser generates
a short pulse of pulse width é. The amplification of E;
due to Kerr effect is still given by Eq. (10) with &?
replaced by &2(?), since the response of Kerr effect to
&?(t) is almost instantaneous. The Brillouin gain, on
the other hand, is greatly reduced. To estimate the
reduction, let us assume that E, and E; are infinite
plane waves which can be represented by

N/2 .
Eo=AAw 2 exp[i(wytmAw) (ndort/c—1)], (15)
m=—N[2
N/2 N
Ei= 2. Auwm(2)Aw expli(wt-mAw) (nhs-1/c—1)],
m=—N/2

where NAw=1/6 and A¢Aw=(8)max/N. Then, the
driving term for Ap in Eq. (13) with wave vector
Kao= (wonoko— wsttsks) /¢ and frequency wae=wo—w, is

NJ2
+ (v%/8w1?) ka2 i ApAsn(Aw)? exp[iKaos I —iwacl ]
m=—N/2

for sufficiently large Aw. The coupling of Ap with the
N frequency modes Aqm of E, leads to (N+1) coupled
equations, whose solution is of the form

Aum(z) = 2 Ciexp(ga),

where g; are the eigenvalues. The maximum g; gives
the reduced Brillouin gain, which can be shown to be

g8 =— (ksT'/vkac) +[ (k:sT/vkac)?
+ (02v2B0Aw/327¢?) Eomax? |2
(0272 BVRac0Aw/ 64 ks I) Eomax®-

(16)

This gain would remain roughly unchanged for a beam
of finite cross-section (d>>\). Obviously, for gg ST/,
we should take Aw~T. Then, with a 100-MW/cm? laser
beam of d=0.1 cm and §=2X10"% sec, the Brillouin
gain at k,=2/d in CSy(y=2.2, $=0.92X1079) is
ge~4.6X1072%. This gain is small compared with the
gain gr due to Kerr effect in CS;, but in media with
small Kerr constants, it can be important. We believe
that this forward-stimulated Brillouin scattering is
responsible for the temperature dependence of seli-
focusing in chloroform, CCly, hexane, and acetone as
shown in Fig. 2.

2Y. R. Shen and N. Bloembergen, Phys. Rev. 137, A1787

(1965). Here, the solution is actually valid only for scattering at
a sufficiently large angle such that kee/ks>gp/kac-
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Since the total gain for E; is g_gr-+gs, the tem-
perature dependence of g at k,,=2/d is

dg/dT=— g/2T+gad8/BdT,

assuming that the temperature dependence of quanti-
ties other than ns, and B8 in g can be neglected. Figure 2
shows dg/dT =0 for chloroform at about 100 MW/cm?.
With gr=1.57X10"2% and dB8/BdT =0.01% for chloro-
form at T’=300°K, we should have gp=2.62X1073,
Equation (16) with y=1.27, and 8=10"" for chloro-
form gives gg=1.7X1073. In Table I, we calculated gz
and gp at ks, =2/d for various liquids, using the experi-
mental gg for chloroform as reference and assuming the
same dependence of gz on v, 8 and z (Ref. 30) as in Eq.
(16). Then, with Eq. (17), one can easily show that
for CCly, hexane, and acetone, dg/dT>0, and for other
liquids in the table besides chloroform, dg/dT<0 in
agreement with our observation.

Experiments on stimulated Raman scattering in
liquids show many anomalous effects,® such as the
anomalous gain® spectral broadening,® class-IT anti-
Stokes radiation,® etc. Most of the anomalous effects
can now be explained by self-focusing and self-trapping.
Nevertheless, the anomalous forward-backward asym-
metry in the Stokes radiation has not yet received a
satisfactory explanation, although it is believed that
this must also be a consequence of self-focusing and
self-trapping.

In the self-trapped region essentially all the Stokes
radiation is generated in the self-trapped filaments.
Assume that individual filaments are isolated from the
surrounding, and the Stokes generation in each filament
can be described by the steady-state equations®:

INr/3z=0N;(Ny+1),
ON,p/dz=—0Ni(Nss+1),
aNl/aZ:_U(NleF+A7leB)) (18>

with N,r(0) =N,5(L) =0, where N;(z), N(z), and
N.p(2) are the average photon numbers per unit length
for laser, forward, and backward Stokes fields, respec-
tively, and o is the scattering coefficient. Then, the
solution of Eq. (18) is

Nop(L) =N,5(0)

L
=exp [f O'NL(Z)dZ:I—l
0

3 I'nternational Critical Tables, National Research Council,
(McGraw-Hill Book Co., New York, 1930). Handbook of Chemis-
try, edited by N. A. Lange (Handbook Publishers, Inc., Sandusky,
Ohio, 1956).

31 See, for example, B. P, Stoicheff, Phys. Letters 7, 186 (1963).

2 F. J. McClung, W. G. Wagner, and D. Weiner, Phys. Rev.
Letters 15, 96 (1965).

3 E. Garmire, Phys. Letters 17, 251 (1965).

¥ R. W. Hellwarth, Phys. Rev. 130, 1850 (1963).
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which shows that the forward-backward symmetry in
the Stokes generation would persist.

The observed forward-backward asymmetry suggests
that the filaments are not isolated. The Stokes radiation
generated elsewhere in the medium is expected to self-
focus together with the laser beam into the self-trapped
filaments. Generally, this would increase the rate of
forward Stokes generation in the filaments. In fact, the
Stokes generation in the filaments is perhaps a transient
rather than a steady-state phenomenon. As we men-
tioned earlier, the Stokes radiation appears as a series
of sharp pulses. It was suggested that each filament
lasts not much longer than 107 sec.’® The Stokes
generation in a filament is therefore described by

(8/02+n,0/cdt) Ny=—oN(Np+N;z),
(8/9z+n,0/cdt) Nop =0 N1(Nop+1),

(6/62—%6/061)]\733:——aNl(NsB-{—l), (20)
neglecting other nonlinear processes in the filament.
The solution of Eq. (20) is difficult, but it can be shown
that when the laser peak power is highly depleted in
the Stokes generation, and N,r(z=0) is not too much
larger than N,z(z=L), where L is the length of the
filament, the peak intensity of N,z can be many times
higher than that of N,».2* This would then enhance the
backward Stokes radiation. Of course, the reverse will
be trueif Ny (2=0) is sufficiently larger than N,z(z=1L).
Because of our lack of knowledge on how the self-
trapped filaments are formed, and because of other
nonlinear processes in the filaments, it is quite im-
possible to describe the analytical details of stimulated
Raman scattering in liquids. However, on the basis of
what we have just discussed, we can explain qualita-
tively the observed forward-backward Stokes asym-
metry (Fig. 5). After the laser traverses a distance 2y
(the self-focusing length) in the liquid, filaments start
to show up. The average number of filaments W (z)
increases with distance 2 rapidly, say

W(2) = expl f(z—2)]

and the laser input into individual filaments is nearly
a constant depending only on the properties of the
liquid. Because of self-focusing of Stokes radiation, we
would expect that Np(z=2)) >Np(z=2+L) for a
filament initiated at 2z, and that N,p(z=3) increases
with 2z, and the laser intensity in the nontrapped region.
Thus, when the cell length is increased above 2y, both
forward and backward Stokes radiation begin to be
generated in the filaments with extremely high gain
before saturation in the Stokes generation sets in. This
appears as a sharp threshold for the stimulated scat-
tering. After saturation sets in, the backward Stokes
radiation would become more intense than the forward
as a result of transients, if N (z=2) is not too much
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larger than N,p(z=2+L). As the cell length is in-
creased further, more filaments show up, and the in-
crease of Np(z=2) with % enhances the forward
Stokes generation in these filaments. The Stokes
intensity in the forward direction now grows faster
than in the backward direction. Eventually, for a
sufficiently long cell, the forward Stokes radiation will
become more intense than the backward Stokes, al-
though the reverse is true near the threshold. This
explains the crossover of the forward and the backward
Stokes curves in Fig. 5.% Since N,r(2=2;) also increases
with the intensity of the laser beam, the crossover
would appear closer to the threshold length for higher
laser intensity as we have observed. A similar argument
explains the qualitative behavior of the Stokes curves
in Figs. 6 and 7, if we remember that the self-focusing
distance 2z; in toluene is nearly proportional to the
square root of laser intensity.? In Fig. 6, the nitro-
benzene focusing cell helps the self-focusing action in
toluene, enhances slightly the forward Stokes intensity
with respect to the backward Stokes, and hence brings
the crossover point closer to threshold. Since most of
the Stokes amplification comes from the self-trapped
region,® the slight change in the threshold would not
affect greatly the Stokes generation above threshold.
The two sets of Stokes curves, with and without the
focusing cell, look very much alike except that one is
shifted from the other. The Stokes curves in Fig. 7,
however, seem to indicate the fact that the Stokes
amplification is greater at lower temperature because
of a smaller Raman linewidth.

The sharp rise of the Brillouin curves near Raman
threshold in Figs. 6 and 7 show that the stimulated
Brillouin scattering in toluene is also initiated by the
appearance of self-trapped filaments. Nevertheless,

% The qualitative features of Fig. 5 can be obtained if we assume
that the Stokes radiation generated in each filament is approxi-
mated by

NsF(ZO“" L) =N3F(ZO) €xp (gL)
Nsp(20) =Nsp (20t L) exp(g'L)
Nsr(20+L) = Nsp(20) N1o/[Ner (20) +/Nsp (20+L) ],
NsB (Zo) = C;
Loot= (1/8) In{N1o/[Nor(20) +/N.p(20+L) ]},
8'=(1/Lsat) In[ C/Nep(z0+L) ],
and N,r(20), Nag(z0+L), g, f, and C are numerical constants
properly chosen.

3% The Stokes gain in the nontrapped region is only about
0.25 cm™ even for a 100 MW/cm? laser beam. See Ref. 29.
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since the lifetime of the filaments is short, the Brillouin
generation in these filaments is greatly reduced. Thus,
relatively, the Brillouin amplification in the nontrapped
1egion is much more important than in the Stokes case.
It has a steady-state gain of 0.7 cm™ for a 100 MW/cm?
laser beam.¥” This large gain is presumably responsible
for the higher Brillouin intensity than the Stokes. The
Brillouin amplification in the nontrapped region could
explain the cross over of the two Brillouin curves in
Fig. 6 with and without a focusing cell. At sufficiently
high laser intensity, the Brillouin amplification in the
nontrapped region would dominate over the Brillouin
generation in the filaments. Since the Brillouin ampli-
fication depends positively on the isothermal com-
pressibility 8, which increases sharply with tempera-
ture, the Brillouin intensity is expected to be higher
at higher temperature, just as shown in Fig. 7, although
the threshold in toluene at higher temperature is higher.
In hexane, there is no evidence of the presence of
filaments. The Brillouin curves in Fig. 8 also give no
indication of sharp threshold. It is believed that in
hexane the effect of self-focusing and self-trapping on
stimulated Brillouin scattering should be negligible.
Then, since the Brillouin amplification increases with
temperature, the Brillouin radiation should have higher
intensity and hence a lower apparent threshold at
higher temperature, as shown in Fig. 8.

IV. CONCLUSION

In most organic liquids, the optical Kerr effect is the
dominant mechanism for self-focusing. However, the
Kerr effect fails to explain the fact that the self-focusing
strength increases with temperature in liquids such as
CCly, hexane and acetone. For a Q-switched laser pulse,
the electrostrictive contribution to self-focusing is often
negligible. It is concluded that forward stimulated
Brillouin scattering should be responsible for the tem-
perature effect in these liquids. Self-focusing and self-
trapping affect drastically the stimulated Raman and
Brillouin scattering in liquids. The increase of number
of self-trapped filaments with cell length and laser
intensity, together with self-focusing and transient
effects, explains qualitatively the observed forward-
backward asymmetry in the Stokes generation. Other
qualitative features in the stimulated Raman and
Brillouin scattering can also be explained.

3 See Ref. 29. The acoustic damping used to calculate the gain
is taken from R. Y. Chiao and P. A. Fluery, in Proceedings of Con-
ference on Physics of Quantum Electronics, Puerto Rico, 1965,

edited by P. L. Kelley, ef al. (McGraw-Hill Book Co., New York,
1966), p. 241.



