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The present results confirm the existence of the Brillouin intensity asymmetry induced by a thermal gra-
dient both in a liquid (water) and, for the first time, in a solid (fused quartz). This provides a direct check
of the statistical methods used in nonequilibrium physics. For water, the data show excellent agreement
with linear theory. Finite size effects are clearly evident and it is suggested that wall effects are more im-

portant than mode-coupling nonlinearities.

Presently there is a great deal of interest in fluids out of
equilibrium.! A number of recent theoretical predictions
have been worked out and reviewed by Tremblay? (see also
Ref. 3) for fluids in nonequilibrium steady state, particularly
the problem of Brillouin scattering in a simple liquid sub-
jected to a temperature gradient.

The early history of this work involved light scattering in
a nonuniformly heated solid and has been summarized by
Fabelinskii.* The only other relevant discussion for the case
of solids was by Griffin® in 1968. Most recently, the
theoretical problem of Brillouin scattering in a fluid subject-
ed to a temperature gradient has been solved by several in-
dependent groups: Procaccia, Ronis, and Oppenheim®’ us-
ing nonlinear response theory, Kirkpatrick, Cohen, and
Dorfman®? using kinetic theory, and others®!0-14 such as
Tremblay using fluctuating hydrodynamics.

The same general result is obtained, when a fluid is
brought out of equilibrium by a steady temperature gra-
dient, an asymmetry in the intensities of the two Brillouin
peaks results. Qualitatively the effect arises because, for @
along ¥ 7, there are more sound waves with wave vector
— { absorbed than sound waves with wave vector + @ emit-
ted®? or, more generally, because there exist long-range
correlations in the fluctuations of dissipative states. Ignor-
ing the effect of the boundary of the fluid, the non-plane-
wave character of the light source, and mode-coupling non-
linearities the Brillouin asymmetry e is given, by the above
theories, to be
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e=[I(—v)—I(+v )V I(—v)+1(+v,)] ,

and I(+vs) and I(—v,) are the integrated intensities of
the upshifted and downshifted Brillouin components,
respectively; v is the sound velocity, ¢ the acoustic or
scattering wave vector, I' is the sound attenuation coeffi-
cient such that I'g? is the half-width at midheight of a Bril-
louin line, T is the temperature, and ¥ T the temperature
gradient. Boundary effects have been investigated in detail
by Satten and Ronis!* and nonlinear effects in ¥ 7 (and
boundary effects, although less extensively) by Kirkpatrick,
Cohen, and Dorfman.?

It is important to verify these predictions experimentally
as a test of the methods used in nonequilibrium physics.
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Since the asymmetry has both a 1/¢? and V T dependence,
the Brillouin experiments must be performed at very low
scattering angles (~1°) and with high-temperature gra-
dients. These conditions make the experiments inherently
difficult. Such experiments have previously been carried
out with water by Beysens, Garrabos, and Zalczer,'> but un-
fortunately, for conditions under which the mean free path
of the sound waves was larger than the cell dimensions.
The Brillouin intensity asymmetry was observed but with a
linear variation about three times weaker than predicted by
Eq. (1). _

In the present work, these experiments were initially at-
tempted with liquid oxygen because of the advantages of-
fered by low T, small I', and large liquid range. The asym-
metry effect did appear to be there; however, no firm mea-
surements were made due to quick onset of Rayleigh-
Bénard instability when temperature gradients were esta-
blished, and due to stray forward scattering from the multi-
ple optical surfaces which are necessary when using cryogen-
ics. The experiment on water was consequently repeated

~ successfully, but under more “‘ideal’’ conditions, that is, us-

ing larger cell dimensions to make wall effects negligible.
Water is a good candidate because of the relatively small I",
but particularly because of the very small (3N/dT), rela-
tive to other liquids. N is the refractive index and the latter
quantity determines how much the light beam bends and
defocuses in the presence of a temperature gradient. This
turns out to be a very important consideration since it was
found to be impossible to pass a laser beam through the cell
using other liquids under comparable temperature gradients.
The disadvantages of water are that it is a poor light scatter-
er and that it is extremely difficult to eliminate dust, which
scatters strongly at small angles.

The experiment was also successfully carried out on fused
quartz at room temperature, and represents the first time
that the Brillouin asymmetry induced by a temperature gra-
dient has been observed in a solid.

The Brillouin spectrometer and geometry used in these
experiments is shown schematically in Fig. 1. The incident
light was provided by a single mode argon ion laser at a
power level of about 100 mW. The scattered light was spa-
tially filtered (SF) and analyzed at o ~ 1° with a piezoelec-
trically scanned confocal Fabry-Perot interferometer, of 1.00
GHz free spectral range, and detected by a cooled pho-
tomultiplier tube (PM). The output from the photomulti-
plier was coupled to a data acquisition and stabilization sys-
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FIG. 1. Experimental setup and geometry. 7, and T are hot and cold sides of the sample, i.e., AT=T,—T,.

tem (Burleigh DAS-1). The multichannel analyzer of the
DAS accumulated spectral data in the form of photon
counts (intensity) versus channel number (proportional to
the frequency of the scattered light). The resolution of this
system was about 15 MHz.

The deionized water sample was carefully filtered
numerous times through 0.2-um Teflon filters and con-
tained in a 1.0x1.0x4.0 cm?® Spectrosil spectrophotometer
cell. A fused quartz window was epoxied on the end so that
the laser beam passes through lengthwise (see Fig. 1) and
the gradient was applied via electrically heated and liquid-
N,-cooled brass blocks across the 1.0-cm width of the cell
(almost perpendicular to the incident laser beam). In this
" way a temperature gradient of up to 45 Kcm~! was ob-
tained, and was measured directly by a copper-Constantan
thermocouple mounted inside the cell. The gradient was al-
ways maintained vertically upwards for fluid stability.

About 100 spectra (and data points) were taken, examples
of ‘which are shown in Fig. 2. Dust in the water presented
the major difficulty. Even after tedious filtering procedures,
it was necessary to let the samples sit for about a month be-
fore being used. Because every few hours a tiny particle
would cross the beam and spoil the data, it was necessary to
use a series of many short ( — 1 h) accumulation times.

The @ vector is determined from measured Brillouin fre-
quency shifts in the observed spectra, using the relation
vs=V-q. The velocity data tabulated by Rouch, Lai, and
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FIG. 2. Experimental spectra for water, examples at 4050, 4130,
and 3580 cm ™1, respectively, ¥V T=45 Kcm~! and T=307 K.

Chen'® were used. The @ vectors (in water) ranged from
about 2000-7000 cm~!, ¥V T from 0-45 Kcm™!, and T
from 288-307 K. The experimental asymmetry has been
plotted as a function of §- < T/¢? as shown in Figs. 3(a)
and 3(b). Due to overlap of points, not all data is shown.
The largest uncertainty in the data is in the determination of
€; it is estimated to be about 20%, but it is random in na-
ture. That data of Fig. 3(b) are considered to be the
“best.”

Similar experiments were carried out on a block of high-
quality fused quartz 1.0x1.0x5.0 cm? The Brillouin
scattering was very weak and spectra were usually accumu-
lated overnight. The q vectors ranged from about
4000-8000 cm™!, V T was estimated (with ~ 20% uncer-
tainty) to be about 80 Kcm™!, and T was about 315 K. The
data are plotted in Fig. 3(c).

The following points need to be carefully considered in

"analyzing the data: the sound velocity variation in the

scattering volume, the influence of the finite aperture angle,
the finite beam diameter, and the defocusing effects due to
the gradient. Some of the above have been considered by
the theorists® and, as discussed by Beysens,!’ these effects
are negligible. The conditions in the present experiment are
more ‘‘ideal’’ than those of Beysens and should allow for
better comparison with linear theory. Simple linear theory
requires that the ratios ) AT/ T, (i) ly/L, and (ii) ly/Ly
all be much less than unity? (see also Refs. 3, 8, and 9),
where L is the size of the system, /g the hydrodynamic at-
tenuation length or mean free path of the sound waves,
Ly=(¥ InT])~!, and AT=L|¥V T|. Condition (i), to
leading order in A T/ T, allows for neglect of the temperature
dependence of the transport coefficients and thermodynamic
derivatives in the determination of the steady state. Condi-
tion (ii) allows for neglect of finite-size effects or boundary
conditions. Condition (iii) characterizes and allows for
neglect of nonlinearities. In the present work A7/ T ~0.15,
ly/L=0.15-3, and ly /Ly~ 0.02-0.4 (most data being at
the lower ends) versus Beysens’ ~0.16, ~3-6, and
~ 0.5-1, respectively.2 15

From Figs. 3(a) and 3(b) there is clearly a region where
the linear dependence of €g, With G- ¥ T/q? is well veri-
fied, for water. The experiment slopes are 1.2x10*
K-'cm~! [Fig. 3(a)] and 2.3x10* K~'cm~! [Fig. 3(b)].
The theoretically expected slope is v/2I'T and comparison
with experiment depends on available I' data. Rouch, Lai,
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FIG. 3. Intensity asymmetry € vs § -  T/q2. (a) Mixture of data for water with VT =17-40 Kcm~! and T = 288 K (open circles), 293
K (closed circles), 298 K (open squares), and 303 K (closed squares). (VT)=28.3 Kem~! and (T) =296 K. (b) “Best” data for water
with V7=45 Kem~! and T=307 K. Outer arrows at top represent 3000 cm™!, inner arrows 4000 cm~!. (c) Data for fused quartz with
VT~80Kem~!and T~ 315 K. Arrows at top represent 4000 cm™!. There appear to be oscillations in the data at +e.

and Chen!¢ tabulate two curves I' vs 7. The higher valued
' (based on work by David and Litovitz,!” and Low!3) was
apparently used by Beysens.!® Using this data for Fig. 3(a)
gives 1.3x10* K-!cm~! and for Fig. 3(b) 1.9x10*
K-!cm~!. Using the lower valued I' (based on work by
Rouch, Lai, and Chen, and Breitschwerdt and Kistenmack-
er!?) for Fig. 3(a) gives 1.9%x10* K-'cm~! and for Fig. 3(b)
2.5x10* K~'cm~!. Considering the uncertainty in I' data
and the present measurements, this represents excellent
agreement.

It is also evident that the behavior is no longer linear for
q < 3000-4000 cm™~! [see Fig. 3(b) in particular]. This is
almost certainly due to finite-size effects!* although non-

linear or mode-coupling effects? cannot be excluded. Satten

and Ronis!* discuss the interaction with sample surfaces.
The dependence on surface reflection was much weaker
than expected. A plot of loge vs logg (for the acoustic re-
flection coefficient R=%—, VT=59 Kem~!, and T=2313
K)!* shows the curve for L =1.03 cm break away from
L =00 for g =<3000-4000 cm~!, and become constant at a
value of €=0.07. Despite slightly different conditions, this
compares very nicely with a maximum €—~0.06 in the
present work. It is clear that the sample surfaces quench
the long-range correlations and that Satten and Ronis calcu-
lations are consistent with the present experiments.

In the paper of Kirkpatrick, Cohen, and Dorfman® a plot
of € vs § -V T/q? illustrates the nonlinear effects of mode
coupling in large gradients. The net effect on € is somewhat
similar to, and consequently difficult to clearly distinguish
from, that due to finite-size effects. Such a distinction
could be made by a study of the shape and intensity of the
Rayleigh line since it shows deviations from equilibrium

which are proportional to (¥ T)2. Experimentally, howev-
er, that is not feasible. The issue could, in principle, also be
resolved by checking whether or not the asymmetry is pro-
portional to VT in the region where the results deviate
from a straight line. The present data do not allow this.
However, in the present work the parameter I; /Ly is al-
most an order of magnitude smaller than /L. It is, there-
fore, expected that the effects of boundaries should be
greater as, indeed, appears to be the case on comparison
with calculations of Satten and Ronis.!* A theory that takes
into account both wall effects and large gradients is neces-
sary. ,

The data for fused quartz are preliminary, and from Fig.
3(c) it is evident that the effect is qualitatively the same; it
has not previously been observed in a solid. A discussion
by Fabelinskii,* based on earlier work, predicts an intensity
asymmetry in solids which is proportional to VT, 1/7T, and
1/a=1/T'q%. The geometry is not correct and the treatment
is rough in that calculations are based on a phenomenologi-
cal equation which expresses the balance between absorp-
tion and thermal generation. He assumes that the hydro-
dynamic limit is good up to 90° scattering and, hence,
predicts huge effects in quartz and sapphire at low tempera-
tures. Later, Griffin’ considered this problem more micros-
copically and concluded that in the kinetic limit, the asym-
metry is determined by umklapp scattering and, therefore,
would not show up in the hydrodynamic regime. Further
theoretical work on solids is necessary before more mean-
ingful experimental comparisons can be made.

The authors acknowledge with pleasure the helpful and
valuable discussions with Dr. A.-M. S. Tremblay.
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