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Steady-state stimulated Rayleigh-Brillouin gain spectroscopy and its application are reported.
The stimulated gain, which is derived in terms of the spectral function of density fluctuations, is
shown to approach, in the limit of zero density, the gain derived from the individual-particle picture
of Rayleigh scattering. Using a pulsed pump laser, experimental gain spectra of pure SF¢, pure Ar,
and a SFg- and He-gas mixture are obtained and explained. Other associated coherent Rayleigh-
Brillouin spectroscopies and the possibility of using a cw pump laser for higher spectral resolution

are discussed.

I. INTRODUCTION

For about a decade after the discovery of stimulated
Raman scattering!? in 1962, the phenomenon of stimulat-
ed light scattering has been investigated extensively. Usu-
ally with a liquid medium and a single high-power
pump-laser beam, nearly every mechanism of spontaneous
scattering has been shown to yield stimulated scattering.
Although with greater difficulty>* than stimulated Ra-
man scattering, stimulated Brillouin scattering® and Ray-
leigh scattering® were observed in 1964 and 1968, respec-
tively. These phenomena of stimulated scattering are
physically interesting and may be used for wavelength
conversion of coherent radiation.” Owing to the competi-
tion in spectral gain, the spectrum of the stimulated light
is much narrower, and in general very different from the
intrinsic spectrum of the medium. Thus, the method of
stimulated scattering is not useful for materials study.®
This fact has long been recognized, and in the case of Ra-
man spectroscopy, the technique of two—laser-beam
CARS (coherent anti-Stokes Raman spectroscopy) was in-
troduced’ in 1974. Soon after, other types of coherent
Raman spectroscopy,'® SRGS (stimulated Raman gain
spectroscopy), IRS (inverse Raman spectroscopy), and
CSRS (coherent Stokes-Raman spectroscopy) have be-
come popular. Because one-laser frequency is tunable in
coherent Raman spectroscopy, the intrinsic spectrum of
the medium can be obtained as the difference frequency of
the two lasers is tuned across a Raman resonance of in-
terest. With cw tunable lasers, the spectral resolution of
coherent Raman spectroscopy has been improved!! to
better than 10™* cm™!, and these techniques have now
been applied extensively.'?

Rayleigh-Brillouin spectra also permit measurements of
intrinsic parameters of the medium. These parameters in-
clude temperature, pressure, thermal conductivity, and
shear and bulk viscosities. Some forms of coherent
Rayleigh-Brillouin spectroscopy use two laser beams, in
which one tunable laser scans in frequency across the oth-
er fixed-frequency laser. This way, a Rayleigh-Brillouin
spectrum of the medium with high spectral resolution
may be obtained, from which the above-mentioned pa-
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rameters can be measured, and dynamical models of the
medium may be tested. In this connection there has been
some recent work with coherent polarization Brillouin

- spectroscopy!® and near-zero-frequency gain spectros-
‘copy,'* both carried out in liquids. Very recently, we have
. performed the first stimulated Rayleigh-Brillouin gain

spectroscopy in pure gases'> with much higher spectral
resolution. These works, in our opinion, will be modified
and extended in the future to form a new type of spectros-
copy, appropriately termed coherent Rayleigh-Brillouin
spectroscopy. This new coherent spectroscopy will be
complementary to and as useful as coherent Raman spec-
troscopy for materials study. Similar to Raman spectros-
copy, the physical information of interest can also be ob-
tained, in principle, from corresponding spontaneous light
scattering experiments.'® The advantages of coherent
spectroscopy include high signal-to-noise, excellent
discrimination from stray light and fluorescence back-
grounds, and potential for much higher spectral resolu-
tion. These make coherent spectroscopy a more sensitive
technique for probing low-frequency excitations and fluc-
tuations with weak scatterers or with high background
light.

The purpose of this paper is to give a more detailed ac-
count of stimulated Rayleigh-Brillouin gain spectroscopy
than that described in a recent Letter.”” In particular, we
first derive the relationship between stimulated gain and
spontaneous spectrum, along with a proof, which shows
that our gain expression, which is derived in terms of den-
sity fluctuations, approaches the single-particle descrip-
tion of Rayleigh scattering in the single-particle limit
when the collective effect is completely negligible. This
proof, in our view, helps the understanding of the scatter-
ing process immensely. In Sec. II, comments on other
types of coherent Rayleigh-Brillouin spectroscopy and
their potential applications will be made. The experimen-
tal setup will be described briefly in Sec. III. The experi-
mental results presented in Sec. IV, include comparisons
of pure argon spectra to a better theoretical analysis than
previously used,’ pump-power dependence of Brillouin
gain in pure SFg, and previously unpublished data of
stimulated gain spectra of SFs-He mixtures. The paper
ends with a brief conclusion in Sec. V.
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II. THEORETICAL CONSIDERATIONS

Let us picture a finite box with volume ¥ containing N
molecules. The (number) density at a point r and time ¢ is
p(r,t) with an averaged value po=N/V and fluctuation
8p(r,t). This density fluctuation may be decomposed into
its allowed normal modes with wave vectors K;, angular
frequencies ()}, and amplitude

8p(K;,0)= [ dp(r,tde "I dr (1)
as
5p<r,t>=iV S sp(K e e 2
where ’
iQ.t

8p(K;,t)=8p(K;)e 7 .

For a given K, the autocorrelation function of §p(K) may
be expressed in terms of its power spectral density
SL(K,Q) as

(8p(K,18p*(K,00) = [ e "7 (K,0)dQ, 3

where ( ) denotes an ensemble average. The normalized
spectral density!” per molecule,

S(K,Q):if—f(x,m ) 4)

is the space-time Fourier transform of the well-known van
Hove’s space-time correlation function!® G(r,z). The ex-
cited density fluctuation scatters light spontaneously,
which may be detected in a selected direction along k;.
The scattered intensity as a function of v, =w;—Q is pro-
portional to S(K,Q) where K=k; —k;. The knowledge
of the spectral density S(K,(2) reveals the dynamics of
the density fluctuation.

In a light scattering experiment, the density fluctuation
is excited by a pump field with amplitude E;, wavevector
k;, and frequency w;. In coherent gain spectroscopy, on
the other hand, the excited density fluctuation is probed
by a probe field with E;, k;, and w,. The pump and
probe fields select a normal model with (K,) for investi-
gation via conservation of momentum, k;—k;=K and
energy w;—;=1{. In this manner, the intensity of the
probe beam is modified (stimulated gain or loss) by the
density fluctuation 8p(K)e ~¥. To derive an expression
for the stimulated gain, and to relate it to the spectral
density function, we consider the effect of pump and
probe field,

ik r—oyt) i(ky r—0w

E(r,t)=+[(Ee +E,e ) tce.]  (5)

on the molecules. These fields induce a density change
which in turn modifies the permittivity of the medium.
As a result, the molecules gain potential energy from the
fields'

de

_l it 243
aw== [ 5 | PEDIEEOT . ()

Substituting Egs. (2) and (5) into (6), and neglecting all os-
cillatory terms, we obtain the energy of the excited normal
mode as
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1 | de
AW=—|— h .
W= % OE, E,8p(K) @

Equation (7) suggests the existence of a force

_dAW) _ 1|2

E/E
ap 1 L5 s (8)

0

fx=

dsp) =~ 4

which induces the density fluctuation
SP(K)zR(Q)fK , (9)

where R(Q) is the response function?® depending on the
dynamics of the medium. The amplitude of the associat-
ed third-order polarization can then be written,'® for one
normal mode, as

R(Q)| E; | *E,
0

=XNw,) | E | 2E; , (10)

where Eqgs. (8) and (9) have been used. Solving Maxwell’s

equations in the steady state under slowly varying wave

approximation, the Stokes probe field grows according to
dE; Wy

=i

dz 2cep

XE;, X=X¥|E|?. (11)

Equations (10) and (11) can be solved to yield the gain
coefficient g =(1/I)(3I /8z) for the probe (Stokes) beam,

glwg)=—[2w, /(cep)* 1(Imx )1, (12a)
2
2a)s 1 a€
— —— | == | ImR(Q) |;, (12b)
(ceo)? 7 |3 0m )|,

where I; is the intensity of the pump beam. The imagi-
nary part of the response function R({2) in Eq. (12) may
be related to the spectral density function by the fluctua-
tion dissipation theorem,?° as

kT
T

We note that (3e/9dp)y in Eq. (12) is the molecular polari-
zability «; it can be related to the Rayleigh cross section
by electromagnetic theory!® as

2
9e
9p

where do/dQ is the differential Rayleigh cross section,
defined on the basis of power with the polarization of the
stimulated radiation parallel to the pump field E;. Substi-
tuting Eqgs. (13) and (14) into Eq. (12), we have the stimu-
lated Raman gain coefficient

ImR(Q)=5(K,Q)=NS(K,Q) . (13)

. (47T€0)2£.'_
Kk} da’

(14)

0
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()= 87°c* _Po
g s a)s3 kBT

do
[QS(K,Q)]dQI, . (15)

This expression is identical to Eq. (1b) in our previous
Letter!® where I, was unfortunately left out.

- The shape of the spectral density function S(K,Q) de-
pends very much on the state of the medium which may
be classified by the dimensionless parameter?! y. This pa-
rameter is inversely proportional to KI where [ is the
mean free path of the gas in question. Different!? authors
have defined y differently. For Maxwell potentials,?>?3
two popular definitions of y are given in Table I. For
hard-sphere potentials, y is sometimes defined yet dif-
ferently.>* For y >>1, the medium is said to be in the hy-
drodynamic regime (or condensed phase) where collective
effects are important. For y ~1, collective effects begin
to be organized and the kinetic theory of gases must be
used.?! In the regime where y << 1 (Knudsen regime), the
medium consists basically of independent molecules in
thermal equilibrium; the spectral density assumes a simple
form resulting from Doppler broadening as

2
m —m /2kgT

27TkBT

Q
K

1
S(K,Q)—s(Q)= X

asy—0. (16)

The derivation of the stimulated gain coefficient in
terms of density fluctuation is necessary if collective ef-
fects in the gaseous medium are to be accounted for. The
description of Rayleigh scattering as given above, is
nonetheless too complicated to be appreciated physically.
In the single-particle limit (y—0), the stimulated Ray-
leigh gain coefficient should also be derivable from the
well-known two-photon transition?® along with the princi-
ples of energy and momentum conservation.

This simpler approach, which does not seem to be given
in the literature, should advance our understanding of the
subject. Using quantum-mechanical perturbation theory,
both the Rayleigh cross section do/d(Q and its associated
two-photon transition rate 1/7 may be expressed in terms
of electric-dipole transition matrix elements.?” The stimu-
lated transition rate for Rayleigh scattering from a single
molecule at rest may be related to the differential cross
section as

1 _ 8r%? do

T—ﬁz—w:dgﬁ(a)l—~ws)llls , (17)

where w; and I; are the frequency and intensity of the
pump beam and w; and I; are the corresponding probe-
beam parameters. The Dirac delta function amounts to a
statement of energy conservation. In a light scattering ex-
periment with preselected  =w; —w; and K=k; —k_, the
light beams can interact with molecules moving with an
average velocity v (before and after scattering) and a
momentum transfer m Av along K direction.

Kv=0, mAv=%#K . \ (18)

To satisfy these conditions, the initial velocity of the mol-
ecule may either be v—Av/2 or v+Av/2, leading to
stimulated Rayleigh gain and loss, respectively. Since the
probability density, expressed in terms of Q, of a molecule
having velocity v=Q/K is given by Eq. (16), the
8(w; — ;) function of Eq. (17) should be replaced by

H(K(v—5Av)—s(K(v+5Av)),

where 5(Q) is defined by Eq. (16).
Since Av is very small compared to v, this difference
may be written as

K Av= 7}

3s(Q)
~ a0 kBTé(Q) .
The stimulated gain coefficient now becomes
1 Nfiog 1 87%? po do
glowg)= LV 1 o kBT[Qa(Q)]dQII . (19)

The fact that Eq. (19) may be obtained from Eq. (15),
shows that the Rayleigh gain derived from density fluc-
tuations agrees with the gain of a two-photon transition in
the limit y —0. Like in the spontaneous case,’® we have
demonstrated that stimulated Rayleigh scattering can also
be described by scattering in terms of either individual
particles or density fluctuations.

In practice, Gaussian beams are used for experiments.
In this case, the total gain of the interaction can be shown
to be :

47’cw;  po
G=1, 3 kyT

s

do
[QS(K,Q)]dQ P, (20)

where 7). is the crossing efficiency of the experiment and
P, is the power of the pump beam. If two Gaussian
beams overlap completely, . =1.

Equations (15) and (20) are expressions for the gain
coefficient and total gain in the steady state. As such,

TABLE I. Definition of the parameter y for Maxwell potential.

Author Definition®
V' mkpT
Yip and Nelkin (Ref. 21) y=v2,30Y BT g9 L
nK Ki
Tenti et al. (Ref. 22)
poV mkgT 1
. R =—Fr——=1.33—
Sugawara et al. (Ref. 23) y 1/5171( X

Clark (Ref. 24)

200, m, (v ), and 7 are number density, mass, mean molecular speed, and shear viscosity, respectively.

Note that [=3/pom{v ).
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they are linearly proportional to the pump intensity or
power. If the interaction time is shorter than the charac-
teristic time of the medium, the transient behavior of the
interaction must be considered,'® in which case the gain
may be proportional to the square root of the pump inten-
sity. Since the pulse width of our pump laser is about 5
nsec, and the Rayleigh or Brillouin linewidths are from
500 MHz to 2 GHz, we need to consider steady state only.

If in addition to the probe beam, two oppositely propa-
gating pump beams are used, Rayleigh-Brillouin scatter-
ing can be used as process for nearly degenerate four-wave
mixing experiments.?’” In analogy to CARS or CSRS,
four-photon processes leading to coherent Rayleigh-
Brillouin spectroscopy should also take place if two pump
beams and one probe beam of nearly the same frequency
are crossed under a three-dimensional phase-matching
condition.?® If the frequency of the probe beam used is
very different from those of the pump beams, the four-
photon interaction is usually referred to as forced Ray-
leigh scattering.?’ In this case, a coherent grating (collec-
tive motion) in the medium is first set up by the crossing
of two pump beams, and then light scattered from this
grating (usually at the different probe frequency) is
enhanced in the momentum matched direction and may
be easily detected.

III. EXPERIMENTAL ARRANGEMENT

In principle, the pump beam and the probe beam may
cross at any angle 6, selectively exciting the normal mode
with K~2k;sin(6/2). For 6 near 0° or 180°, the two
beams overlap considerably, leading to a longer interac-
tion length and a larger stimulated gain. For our initial
experiment, two mildly focused, counterpropagating
beams are crossed at a small angle of ~1° in a Brewster-
windowed gas cell as shown in Fig. 1. We chose to use a

counterpropagating geometry because our pump-laser -

linewidth is too broad to take advantage of the very nar-
row Rayleigh-Brillouin linewidth in the copropagating ar-
rangement. In addition, the stray light from the pump-
laser beam is weaker in the backward direction making
the counterpropagating arrangement more attractive. As
shown in Fig. 1, the probe beam, with wave vector k; and
frequency oy, is generated by a fixed-frequency, 30-mW,
cw, single-mode dye laser operating at 5850 A. The pump

m BOXCAR
AVERAGER

SINGLE

SINGLE

MODE MODE
cw PULSED
DYE DYE

LASER LASER

FIG. 1. Experimental setup for stimulated Rayleigh-Brillouin
gain spectroscopy.

beam with k;,w; is the output of a single-frequency tun-
able dye laser amplified to yield pulses of 5-ns width and
1-MW peak power at 10 pulses per second. The
linewidths of the pump and probe lasers are roughly 150
and 1 MHz, respectively. After traversing the interaction
cell containing gas at a preset pressure and temperature
(296 K), the probe-laser beam was differentially detected>°
by fast photodiodes and the signal was filtered and pro-
cessed by a boxcar integrator. As the pump laser is fre-
quency scanned across the probe-laser frequency, a stimu-
lated Rayleigh-Brillouin (gain/loss) spectrum is obtained.

1V. RESULTS AND DISCUSSION

Using the setup shown in Fig. 1, sets of stimulated
Rayleigh-Brillouin gain spectra in pure SFg, pure Ar, and
a SF¢- and He-gas mixture have been recorded. These
quite different spectra may be understood in terms of
dynamical behaviors of the gas systems in question.

A. Pure SF¢

In Fig. 2, the stimulated Rayleigh-Brillouin gain spec-
trum of SFg at 4.1 atm, corresponding to y=7.2 (hydro-
dynamic region) is shown. The solid curve corresponds to
experimental results. Several features may be noticed.
First, the dominance of Brillouin scattering is evident and
the location of these peaks corresponds to a sound velocity
of vy,=145 m/sec as expected. Second, although the
features near the unshifted frequency are much smaller
than the corresponding features of Brillouin scattering,
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FIG. 2. Rayleigh-Brillouin gain spectrum of SF¢ compared
with the hydrodynamic model with G =1.32 at 4.1 atm and 296
K. The inset is a calculated curve with the pump linewidth ig-
nored.
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they are well separated in frequency and stimulated Ray-
leigh scattering (marked by arrows) can clearly be seen.
Based on thermodynamic parameters®! of SF, a theoreti-
cal curve of Im X¥ is shown in the inset in Fig. 2; since
the pump-laser linewidth is ignored here, the Rayleigh
peaks are more evident. Similar to the Brillouin peaks,
the Rayleigh features exhibit gain on the Stokes side with
Q=w;—w; >0 and negative gain or loss on the anti-
Stokes side where () <0. This is contrary to earlier exper-
iments of absorption-induced stimulated Rayliegh scatter-
ing where the maximum gain occurs on the anti-Stokes
side. In those experiments, one laser beam was used and
there was the need to overcome a threshold in order to ob-
serve stimulated scattering. The competition from Bril-
louin scattering prevented the weak gain of Rayleigh
scattering from reaching the desired threshold unless the
temperature fluctuations of the medium were enhanced by
impurity absorption® or by laser-induced plasma.* There
is no laser-induced plasma in our experiments because of
the relatively low pump intensity (<5 GW/cm?) used. To
our knowledge, this represents the first clear observation
of stimulated Rayleigh scattering in both the Stokes and
anti-Stokes sides from a pure substance. Last, there exists
an anomalous asymmetry between the gain and loss por-
tions of the Brillouin spectrum. Since the signal of the
gain spectroscopy is proportional to expG —1, this in-
teresting gain asymmetry is to be expected when the abso-
lute value of the total gain | G | is greater than 0.1. Simi-
lar asymmetric behavior has also been observed recently in
liquids'® with coherent Brillouin spectroscopy. Taking
into account the gain asymmetry with measured G =1.32
and the finite pump-laser linewidth, we show as the dot-
ted curve in Fig. 2 a theoretical spectrum normalized to

20 T T T T T T

PEAK GAIN

05 -1

Oo 1 1 1 1 1 I
0.0 0.2 04 06 [oX ] 10 12 (K3

PUMP POWER (MW)

FIG. 3. Dependence of the stimulated Rayleigh-Brillouin
gain on the pump power.
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the loss peak. Agreement with experimental data is very
good.

We have carried out a sequence of measurements with
different pump powers while keeping other experimental
parameters unchanged. For each pump power, the stimu-
lated gain may be determined directly from the asym-
metry of the Rayleigh-Brillouin gain spectrum. The
dependence of the stimulated gain G on the pump power
P, is shown in Fig. 3. Within the experimental errors, G
is linearly proportional to P; or I; as Egs. (15) and (20) in-
dicate. This linear dependence suggests, as expected, that
the interaction is in the steady state.

B. Pure Ar

The spectral density function S(K,Q) of rare-gas
atoms, Ar included, has been the subject of experimenta-
tion’>3 and theoretical calculation®® since the early
1960’s. This problem has attracted much attention be-
cause of the advances in neutron scattering and light
scattering and the possibility of theoretically solving the
collision problem of atoms. The theoretical spectral den-
sity function may be calculated by solving the linearized
Boltzman equation containing the collision integral which
depends on a prescribed potential characteristic of the gas
system. The linearized Boltzman equation was initially
solved analytically, but approximately by Yip and Nel-
kin.?! Although providing physical insights for the
dynamics of gases, their model disagrees with measured
spectra® for the transition region of y ~ 1. The linearized

. Boltzman equation was later solved numerically, but near-

ly exactly for both a Maxwell potential and a hard-sphere
potential by Sugawara et al.,?® eliminating the discrepan-
cy with the experiment.’® Clark later performed more ac-
curate light scattering experiments®* and compared his re-
sults to the kinetic theory using the computer program of
Sugawara et al. Clark showed that his room-temperature
data are insensitive to various potentials, which amount to
a 3—5 % effect, and that the spectra, predicted by the ki-

,netic model, are valid for all values of y. The experimen-

tal Rayleigh-Brillouin gain spectra of Ar at pressures 0.5,
0.9, 2.5, and 4.1 atm, corresponding, respectively, to
y=0.3, 0.5, 1.5, and 2.5, are shown in Fig. 4. For low
pressures (y=0.3 and 0.5), there is no apparent gain
asymmetry because the total gain G is smaller than 0.1.
Within the experimental errors, the simple kinetic model?®!
(solid curves) with pump-laser linewidth accounted for,
yields results in agreement with the experimental spectra.
At these pressures, the Brillouin doublet is highly
suppressed and one sees only a combined scattering
feature - which is commonly referred to as Rayleigh
scattering spectrum. In the transition region, y =1.5, the
hydrodynamic model (dashed curve) using the given ther-
modynamic parameters®® still fails, although it begins to
work for y=2.5. The soundwave propagation now begins
to take place and the experimental data show a minor but
discernible discrepancy with the early kinetic model.?!
This discrepancy can be reconciled with an improved nu-
merical procedure for solving the Boltzman equation as
mentioned. With the calculated spectral density function,
kindly provided to us by Clark, our experimental gain
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FIG. 4. Rayleigh-Brillouin gain spectra of Ar at different y
values compared to the hydrodynamic theory (dashed lines) and
the kinetic theory of Yip and Nelikin (smooth solid lines). Im-
proved theoretical results by Clark are indicated by triangles.
The experimental curves are shown as dots in (a) and (b) and as
wiggly solid lines in (c) and (d).

spectra are in agreement with the calculated points indi-
cated by triangles in Fig. 4. Our measured spectra are not
accurate enough to provide a comparison between dif-
ferent collision model potentials.

In addition to the spectra of Ar and SFg, we have also

obtained and analyzed spectra of N, and CO, at different
pressures. We note from Eq. (20) that for the same densi-
ty and pump intensity, the stimulated Rayleigh gain is
directly proportional to the spontaneous Rayleigh cross
section. This is indeed the case when the gains of ‘Ar, N,,
and CO, at the same pressure (1 atom) are compared.

C. SF¢-He mixture

When a system of two gases with different atomic
masses and polarizabilities is considered, in addition to
the density fluctuation (entropy fluctuations and pressure
fluctuations), the concentration fluctuation of the gas
mixture plays an important role in its dynamic behavior.
In the hydrodynamic regime, there exist both theoretical
analysis®’ and experimental verifications with both spon-
taneous light scattering®® and the single-beam stimulated
scattering.’! In the kinetic regime, there is also a theoreti-
cal treatment® but only limited experimental results deal-
ing with dilute concentrations.*® It is clear that more
theoretical and experimental work would be necessary to
elucidate the behavior of concentration fluctuations for
different y values and different concentration ratios.

We feel that the development of stimulated Rayleigh-
Brillouin gain spectroscopy will provide a sensitive and
convenient tool for evaluating light scattering spectra due
to concentration fluctuations under different conditions
and that good experimental data will stimulate better
theoretical studies. Using the same setup shown in Fig. 1,
we have taken preliminary gain spectra of SF¢-He mix-
tures. In Fig. 5, the gain spectrum of a gas mixture with
17-psi SF¢ and 15-psi He is shown along with a spectrum
of 17-psi pure SF¢. Even though the pump-laser
linewidth (~ 150 MHz) is wider than desirable, the con-
centration fluctuation is seen to provide an added relaxa-
tion mechanism which smears out Brillouin and Rayleigh
spectra and merges them into each other. This prelimi-
nary experimental result suggests that the Rayleigh-
Brillouin gain spectroscopy after improvements in laser
linewidth should be adequate for studying the dynamics
of gas mixtures.’

A: I7 psi SFg
B: I7 psi SFg plus 15 psi He

—~ 500 MHz —

FIG. 5. Rayleigh-Brillouin gain spectra of 17-psi pure SFg
(A) and a gas mixture with 17-psi SF¢ and 15-psi He (B).
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V. CONCLUSION

The Rayleigh-Brillouin gain spectroscopy reported here
is only one branch of a larger family of coherent spectros-
copies. With the use of polarization spectroscopy and
three-dimensional phase matching a variety of coherent
Rayleigh-Brillouin spectroscopies can be implemented and
the respective tensor elements of X can be measured.
Although gases are used as examples to demonstrate the
potential of these methods, features with very-low-
frequency shifts in liquids and solid surfaces can also be
studied this way without the interference of stray elastic
scattering. Thermodynamic properties of matter, includ-
ing concentration fluctuations and critical fluctuations in
systems with weak scatterers or high background light,
can be more easily measured. In addition, since one laser
is frequency scanned across the other, this technique is
also ideal for probing closely spaced (Av <1 GHz) energy
levels or low-frequency excitations.

Rayleigh-Brillouin gain spectroscopy and the associated
coherent spectroscopies with beams crossing at arbitrary
angles (thus probing the different scattering wave vectors
K) should be possible. For probing small K values, much
higher spectral resolution is required, due to the linear K
dependence of the Rayleigh-Brillouin linewidth. In spite

of small signal levels, Rayleigh-Brillouin gain spectros-
copy with a cw pump laser is possible and should be pur-
sued. The feasibility of such a cw experiment may be es-
timated as follows. With a 1-MW pump beam crossing at
6=179.5° (counterpropagating) to the probe beam in 4.1-
atm SF¢, we have obtained a measured gain of G=2.5
and a Brillouin linewidth of about 200 MHz. Crossing at
5°, the Brillouin linewidth will be narrower than 10 MHz.
If a 1 W stabilized cw pump laser is used, the stimulated
Brillouin gain should be 5X10~° which is measurable
with lock-in detection. If the pump and probe lasers can
be stabilized to widths much narrower than 10 MHz, then
the stimulated gain can be further increased by using a
smaller crossing angle or by using a higher gas pressure to
take advantage of the quadratic pressure dependence®!' of
the Brillouin signal.
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