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10 ' times smaller than F"LEq. (81)7.The remaining
integral in Eq. (84) is even smaller than the term in
Eq. (BS);hence we see that strong-collisions effects in
the correlation term are negligible compared with their
effects in the ideal-gas term.

The strong-collision cutoff may be included by sub-
tracting (F" F)—from the F given by Eq. (A29). This

is equivalent to subtracting

o..(a )=f exp( s~aa /ar)[(s +~'s)'

—(X/2xs) erf(gs. gs/X(s'+is)'I )7ds (86)

from the G integral given by Eq. (A38).
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Measurements of stimulated Brillouin scattering in CS2, ethyl ether, and n-hexane with high time resolu-
tion (0.3 nsec) reveal a quasistationary state for most of the laser pulse. Conversion efBciencies between
70 and 90 jz were obtained. The linear relationship between Brillouin power and laser power, and the
dependence of the conversion eKciency on the cell length, are in agreement with a stationary theory of
stimulated Brillouin scattering. The steady-state gain factors were determined for three liquids and com-
pared with values calculated from hypersonic data. The agreement between the theoretical and experi-
mental gain factors is satisfactory.

I. INTRODUCTION

S INCE the 6rst observation of stimulated Brillouin
scattering (SBS) a considerable number of experi-

mental' ' and theoretical ' papers have appeared.
Quantitative comparisons between experiments and
existing theories were made very recently. Brewer' re-
ported on measurements of stimulated Brillouin scat-
tering in e-hexane and explained his data with the
transient theory of Kroll. 9 Walder and Tang' measured
the stimulated Brillouin emission in the same liquid as
a function of the incident laser intensity in the region
where the Brillouin power rises exponentially. They
found their results in good agreement with the results
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Rev. 137, A1786 (1965;K. Grob, Z. Physik 201, 59 (1967).

s C. I.. Tang, J. Appl. Phys. 37, 2945 (1966).' N. M. Kroll, J. Appl. Phys, 36, 34 (1965); D. L. Bobroff, i'd@'.
36, 1760 (1965).

of a steady-state theory'. Pine' investigated the SBSin a
transverse resonator and correlated the threshold power
and the peak output power of stimulated Brillouin scat-
tering with the photoelastic parameters. Hagenlocker et
al. ' have compared measured gain factors for stimulated
Brillouin scattering with gain factors which were calcu-
lated from a nonstationary theory; the agreement was
found to be good in various substances. In all these
previous measurements the laser and Bril1.ouin intensity
were integrated over the pulse time and over the cross
section of the laser beam.

In this paper measurements of stimulated Brillouin
scattering with high time resolution (0.3 nsec) are de-
scribed. This method' has the advantage that a more
direct comparison between theory and experiment is
possible.

We have investigated the stimulated Brillouin scat-
tering in CS&, ethyl ether, and m-hexane. In these liquids
high conversion eSciencies and a quasisteady state were
observed. We wish to use the term "quasisteady state"
to indicate that we are dealing with short laser pulses
and not with cw light sources. A stationary theory which
includes the strong attenuation of the laser beam by
the Brillouin light is successfully applied to the experi-
mental results. Furthermore, the dependence of the
stimulated Brillouin power on the distance from the
entrance window was investigated. These measurements
were found to provide a new method to determine ex-
perimentally the steady-state gain factors for the three
liquids. These gain factors were in reasonable agreement
with the values calculated from the hypersonic data of
the substances.
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In Sec. II the steady-state theory of stimulated Bril-
louin scattering' which includes the attenuation of the
laser beam is reviewed. For a comparison of the theory
with the experimental data an expression of the Bril-
louin power is derived for an incoming laser beam with
Gaussian intensity distribution over the cross section.
Section III describes the experimental system. The re-
sults on the quasistationary state of the SBS, the de-
pendence of the Brillouin power on the distance from
the entrance window, and the steady-state gain factors
follow in Sec. IV. The experimental results are compared
with theory in Sec. V.

II. THEORY

It will be shown in the experimental part of this
paper that in a number of liquids stimulated Brillouin
emission occurs in a quasisteady state. For this reason
we restrict ourselves to a discussion of the steady-state
theory7 ' of SBS.In the liquids investigated the acoustic
phonons are heavily damped and the attenuation length
is much shorter than the interaction region and the
distance over which the intensities of the laser and
Stokes waves change appreciably. It was shown by
Tang' that in this case SBS can be described by two
coupled first-order nonlinear rate equations for the pho-
ton Aux densities of the laser (Nz) and the Stokes light
(Nz).

BNz(z)/Bz= g'Ãg(z)Nz—(z),

BN~(z)/Bz= g'Ng(z)Nz(z) —. (2)

Both waves were assumed to be plane waves of the form
Eg'= —',(Eye""*—"&o+c.c.) and

z —i(E ( zkzez eat)+—c c—
)

c is the velocity of light, n the index of refraction, and
"z, the frequency of the laser light. Equations (1) and

(2) are also valid for intensities I, since ~~ coz. Taking
IL,=A"JAIL, and I~=E~Acv~, we get

The laser light propagates in the +z direction, the
Stokes light in the —z direction. g' is the gain factor.
The photon flux densities E are connected with the
amplitudes E of the laser or Stokes wave.

Ng(z) = (erg/8~As&g)
~
Eg(z) ~';

N~(z) = (ce&/8~h~z)
~
Ez(z)

~

'.

The solutions of (4) and (5) are:

Iz(z) 1—Iz(0)/I~(0)

IB(0) exp{[1—Is(0)/Ig(0)]gIg(0)z} —Iz(0)/Iz(0)
(7)

and
Iz(0) =Ig(0)—I~(z)+ Iz(z). (8)

I~(0) and Iz(0) are the laser and the Brillouin intensity
at the entrance window, respectively.

The assumption of infinite monochromatic plane
waves is never realized experimentally. Ke have a cer-
tain frequency spread of the laser and Brillouin line
and a finite beam diameter with a definite intensity
distribution over the cross section. Assuming solutions
(7) and (8) to be also valid for this case, we can calcu-
late the total power of the Brillouin emission P~. These
calculations will be compared with power data obtained
directly from our experiments. The intensity distribu-
tion of our laser beam was investigated experimentally
and found to be well approximated by a Gaussian func-
tion, i.e., the intensity Iz,(0) at the entrance window
of the cell (z=o) is connected with the radial coordinate
r by the equation: Iz, (0) =Io exp[ —(r/ro)'], where ro
is the beam radius.

For a comparison with our experimental results we
wish to analyse the following two items:

(1) The Brillouin power at the entrance window
z, (0)

(2) The dependence of the Brillouin power Pz(z) on
the distance z from the entrance window.

To (1) we introduce the conversion eKciency of laser
light in Brillouin light by K=I&(0)/Iz, (0). For high gain
in a cell of length ~, i.e., for exp{[1—K]gI~(0)g}))K,
Eq. (7) can be rewritten in the form

(1—K)gIg(0)$
= In[(1—K)K]—in[I'(/)/I~(0)]—=G. (9)

For given values of Iz(0), ~, g, and. Izg'), " Equation
(9) can be used to calculate the conversion efficiency K.
The calculation of E shows that the right-hand side of
Eq. (9) is approximately constant for values of Iz,(0),
I and g which occur in our experiments (e.g., 10(I~(0)
(10' MW/cmz, 5(/(50 cm and 0.01(g(0.10
cm/MW).

For a definite value of Iz(l) we obtain
BIz/Bz= gIz(z)Iz(z), —
BIg/Bz= —gIz(z)Iz(z).

The gain factor g is given by

g= k"y'/2~ex'pz8v

(5)
(1—K)gIz(0)~=G=const. (1o)

Equation (10) can be solved for the Brillouin intensity
at the entrance window

Iz(0) =Ig(0) G/gZ. —

y is the electrostrictive coupling parameter, p the den-

sity, v and 8v the velocity and the linewidth of the
acoustic phonons, respectively.

A comparison with an exact solution of Eq. (9) was
made for the range of experimental interest defined

"Numerical values of Jz(4) are given in Sec. V, (3).
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above. It turned out that Eq. (11) is a good approxi-
mation for laser intensities Iz(0) & G/gL

In our experiments the laser and Brillouin intensity
change slowly within a radial distance large compared
to the wavelength. In addition the inhuence of varia-
tions of Is(4) over the cross section of the beam on the
value of G is very small. We 'can use, therefore, Eq. (11)
to calculate the intensity distribution of the Brillouin
light over the cross section for a given intensity dis-

tribution of the laser light. Figure 1 shows a schematic
intensity distribution of the Brillouin light I& for a
given Gaussian intensity distribution of the laser light
Iz, and for a definite value of G/gL Outside the range of
validity of Eq. (11), i.e., for Iz,(0)(G/gl we assume

Is(0) =0. An exact solution of Eq. (9) shows that this
assumption is a good approximation in the experimental
range of interest. We integrate Eq. (11) over the cross
section of the Brillouin beam and get the dependence of
the Brillouin power on the laser power at the entrance
window (s=0).

I ~(0) =Ez(0)—(GPp/gl) {1+in Ipgl/G). (12)

r MIRROR

LASER

I I

0pl r.
LIQUID CELL

LENSES B
II

FIG. 2. Experimental setup for the investigation of
stimulated Brillouin scattering.

I' s(s) G G
ln +I l.(0) Iogl Iogl 1—exp( —Gs//)

X int.Iogl/G+ (1—Iogl/G) exp( —Gz//)] . (15)

Assuming a Gaussian intensity distribution (13) for the
laser light, we integrate Is(s) over the cross section.
The result is

Here we have used the relations

Iz(0) =I, expL —(r/ro)']
and

Pz(0) =ro's'Io=FoIo

(13)

Equation (15) will be applied directly to the experi-
mental results described in Sec. IV and will be used to
determine experimentally the gain factor g.

III. EXPERIMENTAL

The curly bracket in Eq. (12) originates from the upper
limit of integration which is defined by Is(0)=0 or
Lfrom Kq. (11)] by Iz, (0)=G/gS The prop. ortionality
between Brillouin power and laser power and the length
dependence of the Brillouin power predicted by Eq. (12)
will be shown to agree quite well with the experimental
observations.

To (2) in order to calculate the dependence of the
Brillouin power on s, we introduce Eq. (11) into Eq.
(7) and get

G Iz(0) G/gS-
Is(z) =— (14)

g4 (I exp(Gs/1)] —1}Iz(0)+G/gg

I

l/l

LU
Izoas

0
r/ro

FIG. 1. Schematic intensity distribution of the normalized
Brillouin light Iz/I0 for a given Gaussian intensity distribution
of the laser light IL,=I0 exp) —(r/r0)'1. r0 is the beam radius.
Ia/Io is calculated according to Eq. (11}.We have used the
following numbers: I0 ——310 MW/cm' g=0.02 cm/MW, 4=50
cm, 6=30.

In our experiments a ruby laser was used with a maxi-
mum (linearly polarized) output power of 1 MW over
a diameter of 2 mm, and a beam divergence of 1 mrad.
The intensity distribution over the cross section of the
output beam was near Gaussian. Fabry-Perot pictures
and measurements of the time dependence of the laser
pulse with a fast detection system (risetime 0.3 nsec)
showed that the laser light was monochromatic with a
frequency width smaller than 0.01 cm '. Oscilloscope
pictures revealed consistently the same smooth laser
pulse when the laser light was observed through a
(movable) pinhole 100 p in diameter.

The experimental system is depicted in Fig. 2. The
distance between the laser and the liquid cell was kept
large (400 cm) in order to eliminate multiple Brillouin
pulses. ' The laser intensity was increased by a factor
of 9 using an inverted telescope. A small diaphragm
(0.5 mm) was used to limit the diameter of the laser
beam. The stimulated Brillouin light emitted in the
backward direction was coupled out by glass plates
outside (B) and inside (D) the liquid cell. The depen-
dence of the Brillouin power on the distance s from the
entrance window of the cell was determined as foOows.
The Brillouin light coming from a glass plate at position
s was measured by a fast photocell Eh1 and a fast
oscilloscope (risetime 0.3 nsec). At the same time the
incoming laser power (A) and the Brillouin power (B)
leaving the cell (position E=0) were investigated by a
second fast detection system (Ph2). The laser light was
delayed by an optical-delay line and thus could be
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measured simultaneously with the Brillouin light in the
same detection system (Ph2). The transmitted laser
light was investigated at position C.

The intensity distribution of the laser and Brillouin
light at the entrance vrindovr of the cell vras investigated
by photographing the cell window vrith a microscope.
Fabry-Perot pictures of the Brillouin light vrere taken
at position B.

IV. EXPERIMENTAL RESULTS

A. General Results

We have measured the Brillouin emission and. the
transmitted laser light in CS2, e-hexane and ethyl ether.
The results for e-hexane and ethyl ether are very simi-
lar. In Fig. 3 mes, surements on ethyl ether are pre-
sented. Oscilloscope traces of the incident laser pulse

(A), the back reflected Brillouin pulse (B) and the
transmitted laser light (C) are depicted. The Brillouin
emission starts with a sharp rise when a definite laser
power is exceeded. During the rest of the pulse the
Brillouin light follows closely the time dependence of
the l.aser power. The conversion efficiencies are high,
they reach maximum values of approximately 75%%uo for
e-hexane and 80% for ethyl ether. The transmitted
light (C) erst rises as the incident laser power. At a
deinite povrer where noticeable SBS occurs, the trans-
mitted light shows a sharp break. The transmission
remains at a lovr nearly constant level during the rest
of the pulse.

The results in CS2 are somewhat different because in
this liquid stimulated Raman scattering is observed in
addition to stimulated Brillouin scattering. Figurc 4
shovrs an oscilloscope picture of the total backvrard
emission in CS2. First a sharp spike occurs vrhich was

shown previously" to be due to stimulated Raman emis-

sion. A detailed discussion of the stimulated Raman
emission in CSq wiB be given elsevrhere. "Almost simul-

taneously with the Raman spike stimulated Brillouin
scattering sets in. vrhich continues the rest of the laser
pulse vrith a maximum conversion e%ciency of approxi-
mately 90%.

When beats occurred in the incident laser pulse, the
stimulated Brillouin emission (in all three liquids)
showed beats with the same frequency. Beat frequencies
of 5&10' cps were observed occasionally.

Fabry-Perot pictures of the backward emitted light
shovred frequency shifts which are characteristic for
Brillouin scattering of these liquids. ""We found
he=0. 193 cm ' for CS2, 0.140 cm ' for e-hexane and
0.126 cm ' for ethyl ether.

Magni6ed photographs of the entrance vrindovr of the
cell indicated that the laser and the Brillouin emission
occurred with a nearly Gaussian intensity distribution.
The width at the 1/e points was 2r0=0 4mm . for the
laser light and somewhat smaller for the Brillouin light.
From the measured maximum laser power of PI,= 1 MW
and the vridth r0=0.2 mm, a maximum intensity at the

25
TIME t:nsec 3

FIG. 4. Oscilloscope trace of the total stimulated
emission in the backward direction in CS2.

center of the beam of approximately Io 800 MW/c——m'

was calculated.

50

FIG. 3. Oscilloscope traces of the incident laser power (A}, the
stimulated Brillouin power (B), and the transmitted laser power
(C) in et yl et er.

B. Quasisteady State

With the experimental system presented in Fig. 2,
wc were able to make quantitative time resolved mea-

surements of the BriDouin emission. The laser emission

was measured simultaneously with the Brillouin emis-

sion for each pulse. Representative pictures are shown

in Figs. 3 and 4. In Fig. 5 the instantaneous Brillouin

povrer is plotted as a function of the instantaneous
laser povrer for CS2. The points were obtained from the
continuous curves shown in Figs. 3(A), 3 (B), and 4 by
taking corresponding vatues of the Brillouin and laser

povrer at diferent times. Measurements with three
different cell lengths are presented. The points (CI)

"M. Maier, W. Kaiser, and J. A. Giordmaine, Phys. Rev.
Letters 17, 12/5 (1966).

"M. Maier, %'. Kaiser) J A Giordmaine, and S. L. Shapiro
(to be published}.

~' R. Y. Chiao and P. Fleury, in I'hysics Oj QgutsENes 8/ecfronics,
edited by P. Kelley, B. Lax, and P. Tannenwald (McGraw-Hill
Book Co., New York, 1966).

~4H. Z. Cummins and R. W. Gammon, J. Chem. Phys. 44,
2785 (1966).
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correspond to a cell length of 30 cm, (&) and ( )
to a length of 5 and 2.5 cm, respectively. The open
symbols correspond to values obtained during the ris-
ing part of the laser pulse, the full symbols during the
decreasing part. After an initial fast rise, a nearly
linear dependence of the Brillouin power from the laser
power is obtained. For long cells (O) this dependence
of the Brillouin power is the same for increasing and
decreasing laser power. This observation indicates that
the process becomes quasistationary within a short time

( 1 nsec), i.e., a definite laser power creates the same
Brillouin power independent of the history of the sys-
tem. For shorter cells (Q) the rapid onset and the
quasistationary state are attained at higher laser powers
than for long cells. For very short cells ( ) a quasi-
stationary state was never reached. Since the process
becomes quasistationary in the 30- and 5-cm cell the
application of the stationary theory (Sec. II) is justified.

0,8

f-t 0.6-
X
U
gCI

CL
Ll Q4-

0
I A I n I

0 0.2 Q4 Q6

LASER POWF R PL C MW

08

FIG. 5. Instantaneous Brillouin power Pz versus rising (open
symbols} and falling (full symbols} instantaneous laser power PL,
in CS2. (o) cell length 4'=30 cm; (&}4= 5 cm; (Q} 4= 2.5 cm.
The solid lines are calculated from Eq. (12). The broken line
indicates 100'Pq conversion.

The curves in Fig. 5 were calculated from Kq. (12) (see
Sec. V, 1). They represent the experimental points re-
markably well.

We have measured stimulated Brillouin scattering in
e-hexane and ethyl ether with cell lengths of 30 and
50 cm. The results are similar to those obtained on CS2.
Again a quasisteady state is found in these liquids as
can be seen from Fig. 6 (50-cm cell length of ethyl ether).
The calculated curve and the experimental points agree
reasonably well.

2 04-
z

—0.2-
fXI

0 02 0.4 0.6

LASER POWER PL CMW3

I

0.8 1.0

FIG. 6. Instantaneous 8rillouin power P& versus rising (0)
and falHng (o) instantaneous laser power Pl. in a cell of 50-cm
length of ethyl ether. The solid line is calculated from Eq. (12).
The broken Hne indicates 100% conversion.

0.20 2.0
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Q67
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systems. The results of these measurements are shown in
Fig. 7. The ratio Pn(z)/Pr, (0) taken at the maximum of
the laser and Brillouin pulse is plotted as a function of
1/z for ethy ether (O) and CS& ( ~ ).The lines are calcu-
lated from Kq. (15) using experimental data for Io and
S."Values for G and the gain factor g were chosen for
the best Qt between the calculated curve and the mea-
sured points. For CSr two curves (81) and (82) with
different values of G and g are included in Fig. 7 to
demonstrate the range of G and g numbers which Gt the
experimental data. The following numbers were used to
calculate the two curves, 81:g=0.11 cm/MW, G= 15,
and 82: g=0.08 cm/MW, G=25. The experimental
points are better represented by curve 81 than by 82.

The gain factors g determined in this way (average
values obtained from several measurements) are as
follows: g= 0.09 cm/MW (G= 15) for CSr and g= 0.020
cm/MW (G=30) for ethyl ether. For ri-hexane experi-
mental data similar to those for ethyl ether were ob-
tained and a gain factor of g=0.016 cm/MW (G=30)

C. Steady-State Gain Factors

We have determined the dependence of the Brillouin
power Pn (z) on the distance z from the entrance window
with the experimental setup shown in Fig. 2. Together
with the Brillouin power P&(z) at position z the laser
power Pr, (0) and the Brillouin power Pn(0) at the en-
trance window (z= 0) were measured with fast detection

0.5 1.0
1/z Ccm 'g

1.5

FM. 7. Measured dependence of the normalized Srillouin power
P~(s)/Pl, (0) on the reciprocal distance from the entrance window
of the cell 1/s' (o ethyl ether, CS2). The lines are calculated
from Eq. (15).For further discussion see text.

» Experimental data for CSr.' la=500 MW/cmr, 4=30 cm; for
ethyl ether: Io——800 MW/cm', 4=50 cm.
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was determined. For clarity this curve is omitted in
Fig. 7. The accuracy of the experimental g values is
approximately &50%. The main sources of error will

be discussed in the next section.
It should be noted that most of the conversion of

laser light into Brillouin light occurs near the entrance
window of the cell. It can be seen from Fig. 7 that the
conversion efficiency in CSp is P&(5 rnm)/Pz, (0) 8%
at a distance 2:=5 mm. The observed high conversion
a,t the entrance window Pip(0)/Pz(0) 90% is created
within the first few millimeters of the cell.

V. DISCUSSION

Before discussing the steady-state case a few remarks
should be made on the nonstationary behavior of stimu-
lated Brillouin scattering. The experiments of Sec. IV
show [see Figs. 3 (B) and 4g that stationary SBS is pre-
ceded by an initial short nonstationary process. Ad-
ditional measurements indicated that the nonstationary
process becomes dominant for small cell lengths and
weak laser intensities. In a previous investigation of
SBS Hagenlocker et al. ' obtained agreement between
their experimental results and a nonstationary theory
in gases and some liquids. A comparison with the re-
sults of our paper is difIicult because Hagenlocker et al.
used different substances and diBerent experimental
conditions.

As shown in Sec. IV we obtained in our experiments
good evidence for a steady-state emission of stimulated
Brillouin light. We wish to limit our discussion to this
situation. There are three independent experimental ob-
servations which will be compared with the steady-
state theory outlined in Sec. II.

(1) In the quasisteady state the Brillouin power
Pzi(0) depends in good approximation linearly on the
laser power Pz, (0) (see Figs. 5 and 6.) This behavior
is expected from Eq. (12), which indicates that to a
first approximation Pzi(0) is proportional to Pz(0) and
smaller than Pz, (0) by a nearly constant amount. Using
the numbers for g and 6 determined experimentally in
Sec. IV, we have calculated the dependence of the Bril-
louin power Pzi(0) on the laser power Pz(0) according
to Eq. (12). The results of the calculations are repre-
sented by the full curves in Figs. 5 and 6 which slightly
deviate from straight lines. The agreement between the
measured and calculated curves is remarkably good for
CS2 and reasonable for ethyl ether. In Table I the
measured (Figs. 5 and 6) and calculated [Eq. (12)j
maximum power conversion efficiencies for CS2, ethyl
ether and e-hexane are summarized. The good agree-
ment is noteworthy. The dependence of the Brillouin
power on the laser power and on the cell length is ob-
viously completely accounted for by the stationary
theory [Kq. (12)j.

(2) The transmitted. laser power Pz(l) in ii-hexane
or ethyl ether is shown in Fig. 3(C).Pz(g) is nearly con-
stant in the region of the quasisteady state. A similar

TABLE I. Calculated and measured power
conversion eKciencies PB(0)/PL, (0).

n-hexane
ethyl ether
CS2
CS2

& (0) & (0)/& (0)
Slcm j I MW j Calculated Measured

50 0.9 0.80 0.75
50 0.9 0.83 0.80
30 0.6 0.94 0.90

5 0.6 0.75 0,76

behavior was observed in CS2. The constant transmis-
sion of the laser light is explained as follows. Integration
of Eq. (8) over the cross section of the beam yields

Pz(g) =Pz(0) Pzi(0)—+Pzz(g). (16)

"According to Eq. (1) of Ref. 3 the Brillouin intensity at the
entrance window of the cell is given by IB(0)=IB"(S,~B)X~~B '"'
Xexp(II. (0)gg'} =IB(4) exp(II. (0)gg'}. We have assumed that IB(4)
is equal to IB'qhcoB('"'), with IB q ——Zn B kT./8~ac ~p and ~aoB(

=at'pvp(ln 2/IL, (0)gg) 'I'. AQ is the solid angle subtended by the laser
beam (AQ~10 ~ sr in our experiments), k is the Boltzmann
constant, T the temperature, e the dielectric constant, c the
velocity of light, and wp, np, and vI. are the phonon frequency,
damping constant, aqd velocity, respectively (taken from Refs.
4, 13, aiid 14),

Pzz(g) is very small and can be neglected. Using Kq.
(12) we obtain

Pz(g) = (GFp/gg) (1+iii Ipgg/G). (17)

During the quasistationary state the laser power Pz, (0)
and therefore Ip Pz, (0)/F——p varies less than by a factor
of 3. Because of the logarithmic dependence of Pz(g) on

Ip, Pz($) is approximately constant in agreement with

the experimental results.
(3) Now we turn to the discussion of Pzi(s), the de-

pendence of the Brillouin power on the distance s from
the entrance window. In Sec. IV the experimental data
(Fig. 7) were represented by curves calculated according
to Eq. (15). The parameters G and g were chosen in

such a way to obtain a good fit between the theoretical
curve and the experimental points.

It was shown in the previous point (1) that these
values of G and g are consistent with the measured de-

pendence of the Brillouin power on the laser power and
with the absolute values of the power conversion eK-
ciencies. We now wish to estimate 6 from classical Bril-
louin scattering and finally we compare the experi-

mentally determined g values with calculated data.
We 6rst estimate the constant G[Eq. (9)]using clas-

sical Brillouin scattering for the determination of the
boundary value Izi(4). Tang' ' has given an expression,
which can be used to estimate the Brillouin intensity

Izi(g) at the end of the cell (s=E) from classical Bril-

louin data. Using our experimental data, we evaluate'6

Izz(g) for e-hexane, ethyl ether, and CSp. In all three

liquids Izi(g) is in the order of magnitude of 10 ' W/cm'.
A numerical solution of Eq. (9) for values of Iz,(0), g
and 4 in the experimental range of interest gives 6—30
for the liquids used. For z-hexane and ethyl ether the
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same value G 30 was obtained from the s dependence
of P~(z) (Fig. 7).

In the case of CS2 the calculated value of G=30 is
larger than the G value determined from the 2, depen-
dence (G=15—25). This fact suggests that Is(E) in CSz
is higher than the value calculated from the classical
scattering data. This observation may be due to the
fact that stimulated Brillouin scattering in CS2 is initi-
ated by self-focusing action."followed by a nonstation-
ary process. Thus, the true initial value for quasi-
stationary SBSmay be higher than that calculated from
classical Brillouin scattering.

We finally discuss the gain factors g. The values of g
determined from the measurements are compared with
numbers calculated from Eq. (6). The values of y and
y'/epv4 ""used, and the calculated and measured gain
factors g are shown in Table II.

The following remarks should be made concerning the
calculation of the g values: The gain factors depend
strongly on the literature values of the linewidth bv and
the electrostrictive coupling parameter y. The 8v values
for our calculation are taken from Ref. 4 and 13.Other
literature values" deviate somewhat from those num-
bers with an especially large uncertainty for CS2. This
fact might partially account for the diGerence between
calculated and measured g values. The electrostrictive
coupling parameter y is de6ned as y=2ep(Bn/Bp) a
= (2e/P q)(BI/Bp), d. P,q is the adiabatic compressi-
bility, p the density and p the pressure. y was calculated
from measurements of (BN/BP), z by Raman" for CS2
and ethyl ether. For rs-hexane p was obtained from the
formula y= (I'—1)-', (02+1), which was shown to be a
good approximation" for the determination of y.

Concerning the experimental determination of g, the
main uncertainties rest in the determination of the ab-
solute values of Ps(z) and especially of Io.

In summary to point (3) we wish to say that the
agreement between the calculated gain factors g„l, l,t.d

and the measured g „,„„q is considered to be satis-
factory taking into account the assumptions made in
the theory and the uncertainties in the numbers used.

A quantitative comparison between our gain factors
and those obtained from previous investigations is
rather dificult, because of the large variations in experi-
mental conditions. The following estimates can be made

"G. Hauchcorne and G. Mayer, Compt. Rend. 261, 4014 (1965);
Y. R. Shen and Y. J. Shaham, Phys. Rev. Letters 15, 1008 (1965);
P. Lallemand and N. Bloembergen, ibid. 15, 1010 (1965}."A. I . Cederquist, T. Kushida, and L. Rimai (to be published)."C. V. Raman and K. S. Venkataraman, Proc. Roy. Soc.
(London) A171, 137 (1939).

TAsx.z II. Calculated and measured gain factors for stationary
stimulated Brillouin scattering.

m-hexane
ethyl ether
Css

buPMHz 1

222 1.14
286 0.94
63 2.3

2/spv
Legs units 1

1.30X10 ~

0.91X10 ~

2.07 X10 &

gealoulated gmeasured
lcm/MWj lcm/MWj

0.025 0.016
0.014 0.020
0,14 0.09
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for e-hexane in spite of this problem: Taking the experi-
mental raw data of Ref. 2 (Fig. 2, curve for laser power
7.5 MW/cm') and Ref. 3 (Fig. 1, curve for cell length
20 cm) and assuming a steady-state behavior, one calcu-
lates steady-state gain factors of approximately 0.045
and 0.024 cm/MW, respectively. It should be noted
that Brewer' has measured the Brillouin power a,s a,

function of cell length and Walder and Tang' have in-

vestigated the Brillouin emission as a function of laser
intensity. Both measurements are made in the region
of exponential growth of Brillouin power, while our
data (g=0.016 cm/MW) were taken in the region of
saturation. In view of these differences and the experi-
mental uncertainties the agreement of the gain factors is
satisfactory.

VI. CONCLUSIONS

Measurements with high time resolution showed tha, t
for e-hexane, ethyl ether, and CS2 a quasisteady state
is reached in stimulated Brillouin scattering if the in-

coming laser intensity is high enough. For high con-
version efficiencies a comparison between experiment
and theory was made. The observed linear relationship
between Brillouin power and incident laser power, the
dependence of the conversion eKciency on the cell
length, the approximately constant power transmission,
and the dependence of the Brillouin emission on the
distance s from the entrance window are well accounted
for by a steady-state theory. It was shown that measure-
ments of the s dependence of the Brillouin power are a
direct method to determine experimentally the steady
state gain factor g of stimulated Brillouin scattering.
This method is applicable to any liquid, where a large
conversion eKciency and a steady state is observed.


