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obtained from measurements of the linewidth or in-
tensity as a function of 0 and T very near T,. Although
carbon dioxide was in a sense a fortunate choice for
this experiment since it has been studied more thor-
oughly than any other gas near its critical point, it
will be interesting to have these results for a monatomic
gas, for then there will be no possibility that the results
will be influenced by the internal degrees of freedom.
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Measurements of the spatial gain associated with stimulated Brillouin and Rayleigh-wing scattering are
presented. These results are obtained by amplifying a signal in a short cell. This technique enables us to
obtain reliable data even in liquids where self-focusing has a very low threshold. Comparison of measured
and calculated gains in different liquids demonstrates the steady-state character of the gain at the Brillouin
frequency for larger-linewidth liquids and the transient e6'ect in liquids with sharper linewidths. We give
values for the gain at the Stokes frequencies on the Rayleigh wings of nitrobenzene and toluene, and com-
pare them with the calculated values using simple models for the scattering cross section.

I. INTRODUCTION

'HE scattering of light by density and entropy
Quctuations, ' ' random motion of anisotropic

molecules, '—' and other molecular degrees of freedom' "
in matter has been known for a long time. These scatter-
ing effects can give a great deal of information about
the matter itself and have been the subject of investiga-
tion over a period of many years. To each of these
scatterings the general quantum formulation of the
interaction between light and matter associates a stimu-
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lated emission. When scattering occurs with frequency
change, the stimulated eGect gives rise to ampliication
or absorption of light at the scattering frequencies with
a variety of spatial and time behaviors depending upon
the ratio of different time constants. When several in-
tense waves are present, interactions are more com-
plex." " All these effects have only recently been
carefully analyzed theoretically, because of the interest
generated by the advent of powerful Q-switched
lasers. "-"

Because of the relatively large linewidth of Raman
lines compared with laser linewidths, the stimulated
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Raman effect has been the first to be shown to induce a
purely spatial gain or absorption of exponential charac-
ter at the scattered frequencies in liquids. "The correct
dependence of this effect on several different pertinent
parameters has been investigated experimentally al-
though some results are not yet clearly interpreted. "'
Stimulated Hrillouin and Rayleigh-wing scattering, on
the contrary, have drawn less experimental interest.

For Brillouin scattering, only the frequency relation
has been well established. ""Demonstration of the rela-
tive spatial and temporal dependence of the growth
of the Srillouin wave has been the subject of some
controversy" —"although some convincing results on
the transient effect have been obtained in gases at
different pressures. "

The purely spatial character of gain or absorption on
the wings of the Rayleigh line seems evident from the
comparison of linewidths, but this effect has been
demonstrated only qualitatively by large amplification
in high-intensity Glaments and by the creation of many
sidebands of multifrequency exciting light. ""—"

The relaxation time of entropy Quctuations is rela-
tively long compared with laser pulse duration, and
often very long compared with the coherent time of the
laser light. The associated stimulated emission is there-
fore diKcult to study experimentally, and only recently
has an associated process in light-absorbing media been
proposed and observed. "

In the present work, we Grst relate the expected gains
due to stimulated emission at Stokes frequencies to
spontaneous emission parameters and discuss the differ-
ent experimental possibilities. In Sec. III, we describe
our experimental setup and give the characteristics of
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our Q-switched laser which emits a very monochromatic
light. Section IV and V are devoted to our experimental
results in liquids. We show that stimulated Brillouin
scattering exhibits a purely spatial gain in most of the
liquids studied. A considerable simpliGcation of the
analysis is then possible and one can relate precisely the
observed amplification to spontaneous emission param-
eters. We demonstrate the existence of a spatial gain on
the Stokes wings of the Rayleigh line in nitrobenzene
and toluene and we compare this gain with known data
obtained in spontaneous emission. In the last section,
we point out some experimental difhculties arising from
competition between mechanisms with different time
constants.

II. THEORY

To take into account the stochastic nature of the
different broadening mechanisms, a complete analysis
of stimulated emission in a two-photon process would
imply a description in terms of the density matrix. ""
However, this method is not necessary to obtain the
simple results which we want to demonstrate experi-
mentally and which demand only a knowledge of the
electromagnetic fields. Our present work is limited to
the interaction of electromagnetic waves at two fre-
quencies with liquids which are isotropic and where the
intermolecular distance is much shorter than a wave-
length. Furthermore, only the laser field is supposed to
be very intense, the other Geld being associated with a
weak test light used to measure ampliGcation at differ-
ent frequencies. In this case, the formulation can be rela-
tively simple and can include Rayleigh, Brillouin, and
Raman scattering in the same formalism. "

The correspondence between gain or absorption as-
sociated with stimulated emission and spontaneous
emission at the same frequencies may be obtained by
quantizing the electromagnetic Geld and using second
quantization to describe the elementary excitation of
the material system. "—4' The spontaneous emission in
turn, can be characterized either by a scattering cross
section and a linewidth which can be measured experi-
mentally, or by an appropriate model for the scattering
of the light by the medium.

In a cavity of volume V the electromagnetic Gelds, at
frequencies pL, for the laser and v, for the probe, and
the Geld associated with the excitation of interest are
represented in term of normal modes with occupation
numbers SL,, E„andE„,respectively. Creation or ab-

se V. M. Fa'in, Usp. Fix. Nauk 79, 641 (1963) [English transl. :
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New York, 1965).
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sorption rates for these bosons are proportional to
(1+N) and N. Interaction of the electromagnetic field
with matter is then described by a net rate of creation
of photons at scattered frequency:

dN, /df= K/Nz, (1+N.) (1+Nv) N.—Nv(1+Nz)j, (1)

where E is characteristic of the medium.
Energy and momentum conservation imply

&s= &y p

kl.—k, =k„.
In the case where S,«1, the spontaneous emission is
simply given by

dN. /dt= KNz(1+Nv). (2)

E may either be related to measured spontaneous in-
tensities on both polarizations, and relation (1) will

then enable us to compute the eftective gain associated
with stimulated emission at the same frequency or be
deduced from a model for scattering of light by the
medium. In this case, gain measurements that are dis-
cussed in the experimental part of this paper will be a
test of the model and can easily give a very high spec-
tral resolution.

If the exciting light is monochromatic of spectral
distribution 8(vz) the scattered light has a normalized
spectral distribution f(v,)8(v, )= f(v,), which in the
case of a Lorentzian shape is simply given by

(")=
prZ1v, L1+ (2(1,—vp, )/hv, )2]

where hp, is the width at half-intensity.
When the spectral distribution of the source is g(vz)

having width hvL„ the scattered light has the distribu-
tion g(v)Qxf(v) whose width Av depends on the shapes
of g (v) and f(v). For example, with Gaussian
distributions,

v= (6v 2+QvL2)1/2 ~

In what follows we shall use

hv = hvzQXhv, .
For one polarization the relation between E and the
scattering cross section per unit volume (do/dQ), for the
same polarization is simply given by

4prv, 'n' dN, //do vz= 4~Nz~ ——f(v)/g/g(v),
C' dt „, kdQ, v,

C' do vz. f(v)sg(v)
K———

n' dQ .v,' (1+N„)

preponderant and Eq. (1) takes, if N„«N„asimple
form)

dN, /dt =KN.Nz. .
The supposition that X„«E,is valid in the case of

stimulated Brillouin scattering because there are more
modes in the acoustic field than in the electromagnetic
6eld4" and in the case of Raman and Rayleigh wings
scattering because we suppose that our probe linewidth
is smaller than Av, implying a longer lifetime for the
photons X, than for the excitations E„.

For plane waves, we can then introduce a gain per
unit of length by writing

G(v, )= dN, /N, = (nK/c)Nz,

C pl, do
G(v, )=——Lf(v) Sg(v)] —Nz(1 e ""—/'T—)

n' v, ' dQ,

where ÃI, is now the Aux of laser photons per unit area.
A similar calculation using lVI,«N, and writing

dNz/dt would have led to an anti-Stokes absorption:
&/z&= —(v„vzs/v, ')G(v) larger than the Stokes gain.

If hvv/k T«1, as in a Brillouin or Rayleigh transition,
1—e ""'/sT is well aPProximated by hvv/kT and G(v,)
becomes

C' vL, do hv„
G(') =——Lf(v)g(v) j—

'0 Ps dQ, kT

Since (vz —v.) is now small compared with vz„ the
attenuation at the anti-Stokes frequencies is nearly
equal to the gain computed at the Stokes frequencies.
These different effects are represented in Fig. 1 for
G(vz) = l)(vz).

In the case of Raman scattering, we have

» (gs//gi)N7—
(1 c svv/kT)—-

where Si and Si are the numbers of molecules per
cubic centimeter in the ground state and first excited
state with degeneracy factors gi and gj, respectively.
In most of the vibrational Raman transitions at room
temperature, hv„&)kT, and Xi is not very diferent from
the total number of molecules per cubic centimeter, Xo.
Writing (do/dQ) = (1/N p) (do/dQ). , we have

2 C2 PJ 1 do)
G(.,) = —— —~NpNz, (3)

prhv, n' v,s 1+2$(v,—vp )/av ]2 dni

which is the steady-state gain quoted elsewhere. "
Anisotropy Quctuations are usually related to two

main mechanisms4' ":the Brownian motion of mole-

4' See G. Mayer, in "Enrico Fermi" Summer School, Varenna
At thermodynamic equilibrium Lectures, 1967 (unpublished).

4' I.L. Fabelinskii, Fiz. Akad. Nauk SSSR 9, (1957).
(1+.N )

—1 (1 e sv/2T)— 44 M. A. Leontovich, J. Phys. Radium 4, 499 (1941).
45 V. S. Starunov, Opt. i Spektroskopiya 18, 300 (1965)

When N,))1, but N.«Nz. stimulated scattering is LEnglish transL: Opt. Spectry. (USSR) 18, 165 (1965)).
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Intensity

FIG. 1. (1) Spontaneous
scattering spectrum and (2)
gain or absorption associated
with this scattering.
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cules and their vibration in the Geld of neighboring at thecenterof thelineis, formonochromaticexcitation,
molecules. The scattering cross section associated with
Brownian motion is

and

kdQ)& 4 dQ

hvl, is always very small compared with the width of
f(v) and G is given by

(ns+2)4 (ni( —n,)' Ns hNIco„r
Gr) =64m'~,

81 45k T n'Cs 1+(on'rs
3

G,=-Gi(. (4)

In the case of Brillouin scattering by longitudinal
waves the backward scattering cross section is

do. k To),4y'

dQ 32m'poc'v„'

for parallel polarization, and

da./dQ= 0

(5)

for crossed polarizations.
If the Brillouin line has a Lorentzian shape the gain

a value already obtained by Tang."
If the laser has a non-negligible linewidth, then G is

smaller and of the order of

Avs
~max p

Av, shel,

and corresponds to the spatial part of the gain in the
transient behavior discussed by Kroll. 4~

For light with polarization perpendicular to the laser
light polarization the gain must be 0.

Jn liquids hr, is of the order of 200 Mc/sec; the
steady-state gain given by Eq. (6) will therefore be ob-
served only when the exciting and measuring lights
have a smaller linewidth.

Recently, Starunov, Tiganov, and Fabelinskii, "and
StoichefP' have independently demonstrated the exist-
ence of a doublet near the central Rayleigh line for
perpendicular polarization. This type of scattering has
not been included in the present experimental work.
"C. L. Tang, J. Appl. Phys. 37, 2945 (1966).
47 N. Kroll, J. Appl. Phys. 36, 34 (1965).
4'V. S. Starunov, E. V. Tiganov, and I. L. Fabelinskii, Zh.

Eksperim. i Teor. Fiz. Pis'ma Redaktsiyu S, 317 (1967) I English
transl. : Soviet Phys. —JETP Letters S, 260 (1967)].

4' B. P. Stoiche8, in Symposium on Nonlinear Optics, Erevan,
USSR, 1967 (unpublished).
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Stimulated process

Time Stokes
constant gain

(sec) (cm MW ')

Raman

Brillouin
ilongitudinal waves)

Rayleigh wings: Brownian
Oscillation

Rayleigh central

10-11

10 '
10 "
10-12

10 3

10 9

10 3

10 4

10 4

TABLE I. Orders of magnitude of steady-state
relaxation time, and frequency shift associated with
stimulated scattering processes in liquids.

Stokes gain,
the di8erent

PQ Pg

(cm-1)

200-4000

0.05—2

0—50
30-150

10 '

would be nearly as intense as the incident wave. No gain
would appear in cell 1 because of the saturation eGect,
and the Brillouin light would be amplified in the laser
and would create other components in C2. The total
attenuation is always kept sufhciently large, and only a
small part of the outgoing beam is due to amplification
of Brillouin light. The focal distance of the lens is 6 cm.
The useful backward Brillouin beam generated in the
cell is only 2 mm in diam because we work near thresh-
old and use only the most intense part of the laser beam.
The spread in frequency due to different angle of inci-
dence~ in the focal region is therefore small

Orders of magnitude for the steady-state gains per
unit of length are given in Table I. It is clear that simple
experimental evidence will be obtained only with excita-
tion from a Q-switched laser. Under these circumstances,
the time of excitation will not be longer than a few times
10 8 sec and the stimulated emission in the central
Rayleigh component will present a transient eGect which
will drastically reduce the spatial part of the ga, in.

III. EXPERIMENTAL PROCEDURE

Initial experiments to demonstrate gain in Brillouin
and Rayleigh-wing stimulated emission have used either
large amplification of noise' "in long cells or threshold
measurement for oscillation in a cavity. "This type of
experiment requires very large gains, which enhance
beam inhomogeneities and limit the choice of liquids to
those that are nonfocusing. In the present work, we
measure a net gain on a signal produced in a separate
generator. Since, in this case, the amplification may be
small, the laser intensity can also be kept at a low
enough level so that there is no self-trapping of the beam
in the amplifying medium, even with liquids such as
carbon disulfide. The frequencies of the incident laser
light and of the Stokes light undergoing amplification
are very close together, and no spectroscopic separation
is possible; we have therefore used the backward ampli-
Qer scheme sketched in Fig. 2 in which it is possible to
have a good spatial separation of the two beams.

In our experiment, photoelectric cells measuring
I~j and I~2, the intensities of Stokes light, subtend a
small solid angle and receive about 10 ' of the laser
light. A diaphragm selects the central part of the beam
which is roughly homogeneous over a 4-mm diam. A&

and A2 are two attenuators which are important for
several reasons in this type of measurement.

(1) We focus the laser beam in cell Cs. Therefore,
threshold for backward-stimulated Brillouin scattering
is very low. Without attenuators the backward wave

8v= ((vL,—v~)/7. 200)

and does not inQuence our results.
(2) By varying At and keeping As such that the

backward Brillouin intensity Iz& remains constant, one
can measure the gain in C~ as a function of the laser
intensity I2.

(3) By varying As alone one can measure the gain in
C& as a function of the incident Brillouin intensity. We
shall see that, as expected, this gain is constant at low
intensity and decreases when saturation of the laser
beam occurs.

The case ~~X plate enables us to obtain a backward
Brillouin light polarized at 90' to the incident light.
Initial polarization of the laser has been chosen in the
plane of the figure, In the case of crossed polarization
signals I~~ and I~2 are larger than in the case of parallel
polarizations. This is important, since otherwise a small
admixture of the perpendicular polarizations would have
changed completely the results in the parallel polariza-
tion case.

A careful selection of longitudinal modes has been
made in our laser. The ruby rod has faces parallel to the
mirrors. The high-reQectivity mirror is a thick Fabry-
Perot made of two parallel glass plates. Its reQectivity
is about 82'Po. The output mirror is a plate of glass with
parallel faces.

Most of the time, this laser fires on one strong mode
and a weaker one, or on only one mode. By changing
slightly the mirror setting, it is possible to obtain two
consecutive modes of equal intensities. Figure 3 shows
two pictures of the laser spectrum obtained with a

, sis$)');;.
%&i,)i

cg

I i

Ag
4

isa
i, iici

/ I ~
a

Iii 4s

Frc. 2. Experimental setup.

(a) (b)

FIG. 3. Spectral structure of the laser beam observed with a
10-cm-thick Perot-Fabry interferometer: (a) monomode structure
and (b) bimode structure.
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10-cm-long Fabry-Perot. The mode linewidth is of the
order of 100 MHz to 200 MHz.

G ~IL= In 4a
4i

IV. GAIN MEASUREMENT IN STIMULATED
BRILLOUIN SCATTERING

The spatial character of the gain in an amplification
experiment will be demonstrated if the ratio of the test
light intensities Igs/I+t is found to be independent of
the incident light intensity I» and has the form

/I eg (v) /I r, (g)

2.5-

2-

1.5-

0 '+oo
0

where IL, is the laser light intensity and l the length
of interaction. Purely spatial gain will exist, however,
only if G is equal to the value obtained for steady-state
gain in Sec. II. We first demonstrate the spatial charac-
ter of the gain at the Stokes Brillouin frequency in
benzene and find good agreement with the computed
value. Then we study other liquids and finally show
that the ratio of the measured gain over the computed
gain is constant for liquids with linewidths larger than
170 MHz and decreases with linewidth for liquids
having smaller linewidth. These results are a good
demonstration of the steady-state character of the gain
in larger-linewidth liquids.

A. Spatial Gain in Benzene

Cells C~ and C2 are filled with benzene and in the
first experiment the polarizations of laser and Brillouin
light are kept parallel. For a given laser intensity the
incident Brillouin intensity in C& is varied. Figure 4
shows the measured amplification as a function of

I

10
1

40 $0

Fzo. 4. Measured Brillouin Stokes gain GlIJ. in benzene versus
the ratio Is&/Is.

Izt//Ir, . At low intensity, the amplification is constant
and equal to, 12.5=e25 When the incident Brillouin
intensity reaches 4% of the laser intensity, saturation
occurs because at the output of the cell C~, Brillouin
and laser intensities are of the same order. "For larger
Brillouin intensities, there is no amplification in C~ but
we have optimum conditions for generating a strong
acoustic wave. "Then the following experiments are all
performed in the region

10 4&Iggt/Lr, &10 s

when saturation does not occur and where noise due to
stray light is still unimportant.

Figure 5 gives the logarithm of Its/Igt as a function

G),
3

FIG. 5. Measured Brillouin
Stokes gain in benzene versus
incident laser intensity.

0
+ M. Maier, W. Rother, and W. Kaiser, A pi. Phys. Letters]. Q, 80 (t967)."A. Kastler, Compt. Rend. 159, 4233 (1964 .

I

20 lt(MWcm s)
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This value is in good agreement with the steady-state
gain that one can compute using known data listed in
Table lI and Eq. (6). However, this measurement in-
cludes a determination of laser intensity by calorimetric
means. Because of the poor precision of this type of
measurement and because of inhomogeneities of the
beam, a factor of 2 or even 3 is not unlikely in the
experimental result, and agreement between experi-
mental and theoretical values is not yet suQicient to
demonstrate the purely spatial character of the gain.

When the quarter-wave plate ~~X is rotated through
45', the laser and Srillouin light have perpendicular
polarizations. The gain should be 0 in this case. How-
ever, a very small amplification remains that we can
relate to stimulated Rayleigh-wing scattering.

3. Spatial Gain in Other Liquids

Filling C& and C2 with identical liquids, it is possible
to perform the same type of measurement. Figure 7
demonstrates the exponential dependence of the ampli-
6cation on laser intensity in various liquids. All these
experiments were performed with a length of 5 cm of
liquid, except in CS2, where the length was reduced to
2 cm to eliminate self-focusing. The gains computed
from these results are listed in Table II together with
the steady-state gains obtained using known data. "

The gain in nitrobenzene has been obtained in the
experiments described in Sec. III on Rayleigh-wing
ampli6cation.

GP(cm~MW )

10 15 e(0m)

Fro. 6. Measured Brillouin Stokes gain in benzene versus
cell length.

"Americae Iestitgte of Physics Handbook (Mcoraw-Hill
Book Co., New York, 1963); Handbook of Chemistry and Physics
(Chemical Rubber Publishing Co., Cleveland, Ohio, 1966).

of laser intensity for diferent lengths of interaction.
For each length, the exponential character of the

amplification is well demonstrated. Figure 6, where gain
is plotted versus length, shows the exponential de-
pendence of ampli6cation on length of interaction. From
these results, we can compute a gain per unit of length
using relation (8):

G=18X10 3cmMW '.
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C. Spatial versus Temporal Growth of
Brillouin Waves

In most of the liquids studied the spontaneous
Brillouin linewidth is known" and one can therefore
compare the measured and computed gains. It is
interesting to examine the ratio of these two gains
versus Brillouin linewidth. This ratio is plotted in
Fig. 8. The lower point corresponds to carbon disu16de
where the measured linewidth is only 55 MHz. In this
case the spatial part of the gain is smaller than the
steady-state gain. In acetone, the measured linewidth
is 175 MHz and the gain is slightly lower than the com-
puted gain. For liquids with larger linewidths, the ratio
is constant showing that in these liquids the picture of
steady-state amplification is valid. It is also possible
from Fig. 8 to deduce the approximation linewidths

of our laser and of the Brillouin light used as a test light.
They are of the order of 100MHz. This result shows also

I
G meas

G theor

200 400
t

600 hv(MHs)

Fre. 8. Ratio of measured to theoretical gain as a function of
spontaneous Brillouin linewidth.

that stimulated Brillouin light generated in cell C2 under
high excitation has a much smaller linewidth than the
spontaneous Brillouin light and that it is emitted at the
central frequency of the Brillouin Stokes line. This was

expected, since in this case total gain if of the order of
e~', giving a gain narrowing factor of 4.

Another point of interest is that this curve demon-
strated de6nitively the purely spatial character of the
gain in benzene. The ratio G, „„q/G„m~„~,q

——1.15
shows simply that our calorimetric estimate of the laser
power was optimistic.

A last point is that when the Brillouin linewidth is
not well known as in nitrobenzene and in hexane, a gain
measurement can lead to a linewidth estimate. If the
linewidth so computed is larger than 200 MHz, it
corresponds to a steady-state gain and is a good approxi-
mation to the spontaneous linewidth.

Results for nitrobenzene and n-hexane are also given
in Table II. This type of experiment may then be used
to obtain values of spontaneous Brillouin linewidths.

V. GAIN MEASUREMENT IN STIMULATED
RAYLEIGH-W'ING SCATTERING

By changing the liquid in cell C2 one may explore
the amplification spectrum of the liquid in cell C&.

Because of the fact that we use Brillouin shifts in our
present experimental setup, the range is limited
(0.05 cm-' in gas to 2 cm ' in sapphire). We have
studied this ampli6cation on the Stokes Rayleigh wing
of nitrobenzene and toluene.

10
I

20 30
I

40 I (INWcm )

FIG. 7. Measured Brillouin Stokes gain versus laser intensity for
dMerent liquids in a 5-cm-long cell.

'3 R. Y. Chiao and P. A. Fleury, Physics of Quantum E/ectronics
(McGraw-Hill Book Co.. New York, 1965), p. 241.

A. Nitrobenzene

This 6rst liquid was chosen because it has a high
viscosity which implies a maximum of gain in the
spectral range at our disposal, the strong anisotropy of
its molecule leads to a large gain, and the Rayleigh
scattering has been well studied in spontaneous emis-
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FIG. 9. Measured gain versus laser intensity in nitrobensene at different Stokes frequencies of IIr for parallel (0) and perpendicular (p)
polarizations of Ig and I~.

sion.""We can therefore compare the measured gain where the relaxation time is of the order of 4X 1.0 "sec
with the gain deduced from Eq. (4) and spontaneous- at room temperature. "This expression corresponds only
emission data: to Brownian motion of the molecules and would con-

G(oI)= X10 'cmMW '
1+oI t

~V. S. Starunov, E. V. Tiganov, and I. L. Fabelinskii, Zh.

Eksperim. i Teor. Fiz. Pis'ma v Redaktskiyu 4, 262 (1966) t Eng-
lish transl. :Soviet Phys. —JETP Letters 4, 176 (1966)g.

~~ A. Szoke, E.Courtens, and Ben-Deuven, Chem. Phys. Letters
1, 87 (1967).

'
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tain additional terms of others mechanisms were taken
into account.

Logarithms of the measured gains are plotted versus
laser intensity at diferent frequencies in Figs. 9 and 10.
These frequencies werc obtained by Qlling Cg with
different liquids or using diGerent solids. At each fre-
quency, measurements were performed with parallel
and perpendicular polarizations. The results for vL, —v~
(in cm—') are

6 em NNf"

carbon tetrachloride':
acetone':
cyclohexane':
toluene':
benzene6:
nitrobenzene':
RQ111Q

glycerin6:
lucite:
quRrtz

0.146,
0.154,
0.180,
0.193,
0.211,
0.228,
0.259,
0.386,
0.42(),
0.85.

For parallel polarizations, and when C2 also contains
nitrobenzene (Fig 10), the measured gain is a super-
position of two gains, one associated with molecular
orientation, the other with stimulated Brillouin scatter-
ing. This second gain is negligible for crossed polariza-
tions. A measure of amplification only at the Brillouin
frequency would have given too large a Brillouin gain.
All these results are summarized in Fig. 11, where gain
is plotted versus frequency. Several comments must be
made about this figure:

.4 .5 .&('v, v„)(cm-')

parallel polarization, a relaxation time is found:

FIG. 1j..Measured gain, versus frequency of I~ in nitrobenzene for
parallel (O) and perpendicular (g) polarization of IL, and I~.

0
0 )0 30 IL N~ gm-2

FIG. 10. Measured gain versus laser intensity in nitrobenzene,
for paraHel (O) and perpendicular (Q) polarizations of the beams
and at the Brillouin frequency of this liquid.

20

(I) One can deduce the part of the ampli6cation
which is due to stimulated Brillouin scattering. This is
the gain bsted for nitrobenzene in Table II. The cor-
rection at the Brillouin frequency for gain associated
w1th molecular orientation 1s Qcgl1glblc foI' Rll othcl'
liquids studied in Table II but toluene. The Brillouin
gain in toluene, listed in Table II. is given after a cor-
rection made from the results of Sec. V C.

(2) A value of ~ may be chosen in relation (4) to
give a correct fit to the data. From data obtained with

v=4.4&10 "sec,
in agreement with Starunov's observations. '4

(3) Simple theory predicted a -', ratio between spon-
taneous 1ntcnslt1cs and gaIQS fol pR1 311cl RQd
crossed polarization. This ratio seems to hold in Staru-
nov spontaneous data. '4 For small frequency shifts
(vz, —v~)(0.2 cm, this ratio is also found in our data.
In the region between 0.2 and 0.4 cm ', our measured
ratio is somewhat small. Points at higher frequencies
are obtained with little precision and the ~ ratio cannot
be deduced with con6dence from these data. In the
intermediate region, however, a ratio of ~~ would better
6t the data. This descrepancy has been observed in
several experimental runs over a period of six weeks and
is diS.cult to explain only by experimental uncertainty.

B. Multimoding Effects

Present results have been obtained with a frequency
monomode laser. From the Brillouin. gain a Brillouin
linewidth of 800 MHz at a frequency 0.228 cm—' from
the laser line is computed (Table II). It is therefore
normal to measure only the orientation gain at
0.259 cm ' from the laser frequency which is 930 MHz
on the side of the Brillouin line. But the gain at
0.211 cm ' from the laser frequency, 510 MHz on the
side of the Brillouin line, is apparently too low. Several
explanations arc possible.

(a) Data on the parameters of nitrobenzene are not
correct or our estimate of the Brillouin linewidth from
gain measurement is too large. A 600-MHz linewidth
would explain this low gain at 0.211 cm ' from the
laser frequency.

(b) There is a dip in the Rayleigh gain around
0.211 cm ' that would be imaged on the gain measured
with crossed polarization. .
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This effect in turn would lead us to increase the part

of the gain due to stimul'ated Brillouin scattering in our
estimate and to decrease accordingly the linewidth.
This interpretation would explain why our estimated.
linewidth is too large, and why the ratio ~ apparently
does not hold in this spectral region; but it would not
explain the shape of the Rayleigh-wing spectrum that
we obtain in this case.

Figure i2 enables us to compare the previous results
in the region of the Stokes Srillouin frequencies with
those that are obtained using a laser operating in two
modes whose frequencies are 450 MHz apart. In this
case, we have the following:

(i) Light at two frequencies is also created in cell Cs
even if one mode is weaker than the other. In fact, we
can consider that as soon as one strong laser wave and
its associated Brillouin wave are present in a steady
state, cell Cs contains an index grating able to reflect
any weak light of a close enough frequency. This grat-
ing has a reQection coefficient equal to the ratio of in™
tensities of the laser and Brillouin waves.

(ii) The spectrum of the amplifying liquid in cell Cl
is now the superposition of two shifted spectra of the
type in Fig. 1, the shift being equal to the frequency
difference between the two laser modes.

(iii) By changing the liquid in Cs, we scan the ampli-
6cation spectrum of the liquid in cell Cj with two
components and the resulting Brillouin spectrum is
broader. In the present case the measured. Srillouin

linewidth is about l300 MHz. Cells C~ and C~ were
close enough together so that the gain in the central
region of the Brillouin line is about the same in both
cases.

C. Toh18Q8

Results in toluene have been obtained with a multi-
mode laser (Fig. 13);the Brillouin line is therefore large
but the multimode structure does not change the
ampli6. cation on the wings of the Rayleigh line. The
relaxation time for the orientation of molecules is
smaller than in nitrobenzene. The spectrum is therefore
wider and since we have not performed any measure-
ment beyond 0.8 cm—' we have only an indication of a
maximum in this spectral region that would give us
r=7&(10 "sec in agreement with other data. "

6 cm INN"

G (cm SIN ) s OI I

r (V„-V„)(ce')
2

10 I'xo. 13. Measured gain versus the frequency of the light I~ in
toluene for multimode excitation.

Q

G cmNW

.2 .s (V, V„)(cm-'j

VL COMPETITIOH EFFECTS BETWEEN
MFFEREÃT PROCESSES

One conclusion of this work is that in most experi-
ments where a liquid is illuminated by a powerful
Q-switched laser, at least three processes exhibit spatial
gain with a steady-state character but diferent time
constant, the gain at the Srillouin frequency being by
far the larger one in aH cases. Another important point
is that a frequency-independent change of index of re-
fraction is associated with the electrostrictive and orien-
tation effect and can lead to self-focusing of the laser
beam. However, in the case of electrostriction (Brillouin
scattcl'lllg) thc tllllc collstallt of tllls pl'occss col'I'c-

sponds to the propagation of a mechanical stress across
the beam with the speed of sound and is therefore long
even wi.th a focused beam. This process may have some
effects, however, in small-scale 6laments of the type

FIG. 12. Measured gain versus the frequency of the light I~
in the neighborhood of the Brillouin frequency in nitrobensene, 'c V. S.Starunov, Opt. i Spektroskopiya 19,300 (196S) LEnglish

for (a) monomode and (b) multimode laser emission. transl. :Opt. Spectry. (USSR) 18, 165 (&9&&)g.
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described by Brewer and Townes. " Apart from this
case, the only important variation of index of refraction
is then related to orientation eGects with a short
time constant (~10 " sec). All the above processes,
ampli6cation from noise at different frequencies and
self-trapping will therefore compete in the liquid under
strong laser excitation, and the competition will be com-
pletely dependent on the characteristics of the exciting
light. One can consider several typical cases.

A. Very Monochromatic Laser in Ãonfocusing Liquid

Under parallel-beam or focused-beam excitation, the
steady-state Brillouin scattering is always reached, and
when the power of the laser is increased the liquid be-
haves as a good reQector. This corresponds to a gain at
the Brillouin frequency of the order of e", and therefore
a much smaller gain at a Raman frequency. In this
case, an observation of spontaneous Raman light ampli-
6ed in the liquid will be completely disturbed and sub-
sequent phenomena such as reQection of the Brillouin
light into the laser may further complicate the picture.
Figure 14 illustrates this situation. The laser beam is
focused into a mixture of 20% CS2 and 80% acetone.
The beam is entirely reRected and does not go beyond
the focal region. 5'

B. Broad-Band Laser in Nonfocusing Liquids

In this case, ampli6cation at Raman frequencies may
become larger than at the Brillouin frequency and a
study of stimulated Raman emission by measurement of
ampli6cation from noise may be possible.

C. Study of Focusing Liquids

In a given geometry, there is an intensity threshold
for each liquid. Above this threshold a part of the laser
beam is trapped in a very short time (10-"to 10 '2 sec).
Dissipation of energy in 61aments and their subsequent

~'R. G. Brewer and C. H. Townes, Phys. Rev. Letters 18,
196 (1967).

'8 G. Bret and M. Denariez, J. Chem. Phys. 64, 222 {1967).

FIG. 14. Propagation of the focused laser beam in an 80%
acetone, 20% carbon disul6de mixture. The laser light here is
completely re8ected by stimulated Brillouin scattering.

disparition is related to orientation effects and stimu-
lated Raman scattering in the early part of their life
and then to stimulated Brillouin scattering which gives
a growing acoustic wave inside the 61ament with a time
constant of the order of 10 ' sec.

Since gain at the Brillouin frequency is much larger
than at the Rayleigh wings or Raman frequencies the
predominance of the first two processes will last only
a few times 10 ' sec.

In strongly focusing liquids such as carbone disulfide
and nitrobenzene, gains at Raman and Brillouin fre-
quencies are small just below threshold and stimulated
emission from noise will be observable only in 6laments
above threshold. In less-focusing liquids such as acetic
acid and cyclohexane the threshold for self-focusing is
higher and below-threshold competition between stimu-
lated Brillouin and Raman amplification from noise
will have the same dependence on laser linewidth as in
nonfocusing liquids. "

This discussion shows only, in most experiments, a
measure of gain on a signal is better suited than a mea-
sure of ampli6cation from noise to determine the gain
due to stimulated emission at diGerent frequencies. e

~' G. Bret and M. Denarier, Appl. Phys. Letters 8, 151 (1966).~ This was an early remark made by ¹ Bloembergen when
abnormal gains were observed at Raman frequencies in focusing
liquids.






