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Stimulated Rayleigh-Brillouin Gain Spectroscopy in Pure Gases
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Stimulated Bayleigh-Brillouin gain spectra of pure gases are reported. Stimulated
Bayleigh scattering is now clearly distinguishable from stimulated Brillouin scattering
without the aid of induced absorption. As examples, spectral line shapes of Ar and SF6
at various pressures and the associated gain asymmetry are discussed. Potential ap-
plications of coherent Bayleigh-Brillouin spectroscopy are suggested.

PACS numbers: 42.65.Cq, 32.90.+a, 33.20.Fb

Using Ar and SF, at pressures ranging from
0.5 to 4.1 atm, we report the first study of stimu-
lated Rayleigh-Brillouin gain spectroscopy in
gases. This was done by crossing two single-fre-
quency laser beams in the gas samples of inter-
est. Although similar physical information can
be obtained from corresponding spontaneous light-
scattering experiments, ' the present coherent
method does not require a Fabry-Perot inter-
ferometer for analysis. Thus, the resolution of
the experiment is limited only by the laser line-
widths. As in Raman gain techniques, ' the de-
tected background light in stimulated Rayleigh-
Brillouin gain spectroscopy is greatly reduced
since the desired signal is emitted only along the
probe beam. Thus, the stimulated Rayleigh-
Brillouin gain spectroscopy reported here is a
potentially sensitive technique for probing the
low-frequency excitations and fluctuations in any
system with weak scatterers or with high back-
ground light.

Experimentally, two mildly focused, counter-
propagating beams are crossed at a small angle
of -1' in a Brewster-windowed gas cell. The
probe beam, with wave vector k, and frequency
~„ is from a fixed-frequency, 30-m%, cw,
single-mode dye laser operating at 5850 A. The
pump beam with k„~, is the output of a single-
frequency tunable dye laser amplified to yield
pulses of 5 ns width and 1 IN% peak power at 10
pulses per second. The linewidths of the pump
and probe lasers are 150 and 1 MHz, respective-
ly. After traversing the interaction cell contain-
ing pure gas at a preset pressure and tempera-
ture (296 K), the probe laser beam was detected
by a. fast photodiode and the signal was filtered
and processed by a boxcar integrator. As the
pump laser is frequency scanned across the
probe-laser frequency, a stimulated Rayleigh-
Brillouin (gain/loss) spectrum is obtained.

It is well known that the gain of stimulated scat-
tering is directly proportional to the imaginary

part of the associated third-order susceptibility
Since the wave-vector-dependent spectral

density function' S(K, Q), with K =k, -k, and Q
= u-, —~„ is often used to describe spontaneous
light scattering experiments, ' we may also relate
Imp

' to S(K, Q) by the generalized fluctuation-
dissipation theorem in statistical mechanics4 and
express the gain in terms of S(K, Q). In SI units,
the stimulated Rayleigh-Brillouin gain per unit
length is

g{(u,) = -[2a,/(ce, )']I, [Imp ' ]

8g3 2
——„[QS(K,Q)],

S kPT dQ

(1a)

(Ib)

where N, d&/dQ, and I, are, respectively, num-
ber density, spontaneous Rayleigh scattering
cross section, and pump intensity. For pure
gases, the form of the spectral density S(K, Q)
depends on a dimensionless parameter' y. For
convenience, we may refer to y ~ 3 as the hydro-
dynamic regime and to y &3 as the kinetic regime.
In the hydrodynamic regime, the expression for
Imp' is given in terms of thermodynamic pa-
rameters by Herman and Gray' (with the absorp-
tion coefficient o; set to zero). In the kinetic
regime, we shall use Eg. (1b) and the S(K, Q) cal-
culated, for simplicity, by the model of Yip and
Nelkin. ' For larger y values, the hydrodynamic
model is more realistic because specific heats,
thermal conductivity, and viscosity may enter
into the model independently. For very dilute
gas, as y -0, the individual gas molecules or
atoms scatter light independently without collec-
tive effects, and the stimulated scattering gain
should approach that obtained from the transition
rate of individual particles in thermal equilibri-
um. One can also show that the gain obtained
from the associated Rayleigh (two-photon) scat-
tering transition rate due to individual moving
atoms is identical to Eq. (1b) when y in S{K,Q)
is set equal to zero.
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FIG. 1. Bayleigh-Brillouin gain spectrum of SF6
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 ignored.

In Pig. 1, the stimulated Rayleigh-Brillouin
gain spectrum of SF, at 4.1 atm, corresponding
to y =7.2, in the hydrodynamic region is shown.
The solid curve corresponds to experimental re-
sult. 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 v, = 1.45 x 10' m/s as expected.
Second, although the features near the unshifted
frequency are much smaller than the correspond-
ing features of Brillouin scattering, 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 theoretical curve of Imp ' is shown in
the inset in Fig. 1; since the pump laser line-
width is ignored, the Rayleigh peaks are more
evident. Similar to the Brillouin peaks, the Ray-
leigh features exhibit gain on the Stokes s,ide with
Q=~, -~,& 0 and negative gain or loss on the
anti-Stokes side where 0& 0. This ls contrary to
earlier experiments of absorption-induced stimu-
lated Rayleigh scattering where the maximum
gain occurs on the anti-Stokes side. In those ex-
periments, one laser beam was used and there
was the need to overcome a threshold in order
to observe stimulated scattering. The competi-

tion from Brillouin scattering prevented the
weak gain of Rayleigh scattering from reaching
the desired threshold unless the temperature
fluctuations of the medium were enhanced by im-
purity absorption' or by laser-induced plasma. '
There is no laser-induced plasma in our experi-
ments because of the relatively low pump inten-
sity (& 5 GW/cm') used. To our knowledge, this
represents the first clear observation of stimu-
lated Rayleigh scattering in both the Stokes and
anti-Stokes sides from a pure substance. ' Last-
ly, there exists an anomalous asymmetry be-
tween the gain and loss portions of the Brillouin
spectrum. Since the signal of the gain spectros-
copy is proportional to expG —1, this interesting
gain asymmetry is to be expected when the ab-
solute value of the total gain

~
G~ is greater than

0.1. Similar asymmetric behavior has also been
observed in recent coherent Brillouin spectros-
copy of liquids. " Taking into account the gain
asymmetry with measured G= 1.32 and the finite
pump laser linewidth, we show as the dotted
curve in Fig. 1 a theoretical spectrum normal-
ized to the loss peak. Agreement with experi-
mental data is very good.

The experimental Rayleigh-Brillouin gain spec-
tra 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. 2. For low pressures
(y = 0.3 and 0.5), there is no apparent gain asym-
metry because the total gain G is smaller than
0.1. Within the experimental errors, the simple
kinetic model' (solid curves) with pump laser line-
width accounted for yields results in agreement
with the experimental spectra. At these pres-
sures, the Brillouin doublet is highly suppressed
and one sees only a combined scattering feature
which is commonly referred to as Rayleigh scat-
tering. In the transition region, y = 1.5, the
hydrodynamic model (dashed curve) using the
given thermodynamic parameters" still fails,
although it begins to work for y =2.5. The sound-
wave 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
numerical procedure for solving the Boltzmann
equation. " Since gas dynamics is not the subject
of this paper, we used a simpler kinetic model to
compare with our experimental spectra.

In addition to the spectra of Ar and SF„we
have also obtained and analyzed spectra of N,
and CO, at different pressures. We note from
Eq. (1b) that for the same density and pump in-
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tensity, the stimulated Rayleigh gain is directly
proportional to the spontaneous Rayleigh cross
section. This is indeed the case when the gain of
Ar, N„and CO, at the same pressure (1 atm)
are compared. Theory further indicates that the
Rayleigh-scattering gain increases linearly with

FIG. 2. Rayleigh-Brillouin gain spectra of Ar at
different y values compared to the hydrodynamic theory
(dashed lines) and the kinetic theory of Yip and Nelkin
(smooth solid lines) . The experimental curves are
shown as dots in (a) and (b) end as wiggly solid lines
in (c) and (d).

pressure and the Brillouin-scattering gain in-
creases quadratically with pressure. ' Analysis
of our SF, data confirms the Brillouin case, al-
though our present signal-to-noise ratio does not
allow a similar determination for the Rayleigh
case. In evaluating the 4.1-atm SF, spectra,
pump powers ranging from 0.05 to 1.2 MW were
used. Analysis of this set of data shows that the
measured total gain G is linearly proportional to
the pump power. Furthermore, the measured
absolute total gain of our experiments is also con-
sistent with the expressions given in Eq. (1).

The Rayleigh-Brillouin gain spectroscopy re-
ported here is only one branch of a larger family
of coherent spectroscopies. With improved
lasers, e.g. , with use of a cw single-frequency
pump laser, spectra with beams crossing at arbi-
trary angles (thus probing the difierent scattering
wave vectors K) with higher spectral resolution
and better signal-to-noise ratios should be pos-
sible. With use of polarization spectroscopy and
three-dimensional phase matching a variety of co-
herent Rayleigh-Brillouin spectroscopies can be
implemented and the respective tensor elements
of y~' can be measured. Although gases are used
as examples to demonstrate the potential of these
methods, features with very low frequency shift
in liquids and solid surfaces can also be studied
this way without the interference of elastic scat-
tering. Thermodynamic properties of matter,
including concentration fluctuations and critical
fluctuations in systems with weak scatterers or
high background light, can be more easily meas-
ured. In addition, since one laser is frequency
scanned across the other, this technique is also
ideal for probing closely spaced (Av (1 0Hz) en-
ergy levels or low-frequency excitations.
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