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Experimental Evidence for Brillouin Asymmetry Induced by a Temperature Gradient
D. Beysens, Y. Garrabos, ' and G. Zalczer
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(Received 15 April 1980)

Very-low-angle Brillouin light-scattering experiments have been performed in liquid

water subjected to a temperature gradient. The line intensities are unequal, and both

the sign and the order of magnitude of this effect agree with recent theoretical calcula-
tions for nonequilibrium systems.

PACS numbers: 05.70.Ln, 78.35.+c
Recently a number of theoretical predictions

have been made concerning fluids out of equilib-
rium. ' ' Although they start from different basic
assumptions, all the theories give the same gen-
eral result, i.e., when a fluid is brought out of
equilibrium by a steady temperature gradient V'T,

long-range correlations should appear, leading
chiefly to a modification of the structure factor
S(q, ~) which would exhibit an extra 1/q' term.
This can be tested by a light-scattering experi-
ment, more precisely in the Brillouin spectrum,
whose lines are expected to show different inten-
sities:

Here q is the transfer wave vector, v is the sound
velocity, and w is the angular frequency. I'q' cor-
responds to the sound damping and is the half-
width at midheight of the Brillouin lines at equi-
librium. epq, m) is in general a complex —and de-
bated. function of q and &. Here we will be con-
cerned only with the static (integrated) intensities
of the Brillouin lines, and in this case & reduces
to

vqVTl
2l T q' '

with q =q/q. This formulation corresponds, in

fact, to the similar situation in crystals' where
heat is carried only by phonons. To a tempera-
ture gradient corresponds a heat flux, and there-
fore an increase of the phonon density at a given
q vector, varying as 1/q'. This increases the in-
tensity of the Brillouin line which corresponds to
fluctuations propagating in the direction of the
heat flux (i.e., —VT), and lowers the intensity of
the other line.

It is of prime importance to verify this predic-
tion experimentally. Indeed, if the statistical
methods have been well verified to apply for sys-
tems at equilibrium, up to the present time no
experimental verification has been given of the
methods used in physics out of equilibrium.

The long-range contribution 1/q' implies that
experiments had to be performed at very low scat-
tering angles. (See Fig. 1.) As a fluid, we used
water near room temperature and atmospheric
pressure, despite the fact that it is a poor light
scatterer and that it is difficult to remove the
dust, which scatters chiefly at small angles.
However, the small variation of the refractive in-
dex with temperature allows high-temperature
gradients to be applied without giving rise to spu-
rious effects due to the beam bending and to de-
focusing (thermal lens). The experiments were
carried out with the temperature kept near 40 C.
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FIG. 1. Experimental setup: L& and L2, 1enses;
P, prism; P, and P, , polarizers; Mj and M, , mir-
rors; S, slit; T, pinhole.

At this temperature, v =1.53x10' cm/sec and I
=1.30x10 ' cm'/sec. ' The smallest scattering
angle attainable was 0.7' (q= 2000 cm '). The
Brillouin shift is thus 3 x 10' rad/sec (50 MHz),
the half width is 5.2x10' rad/sec (0.008 MHz),
corresponding to a mean free path of fluctuations
l = v/I'q' = 3 cm. With a gradient ~

VT
~

= 100 K/
cm, the expected asymmetry in the Brillouin in-
tensity is about 50%.

The cell was composed of two copper plates (12
cmx 5 cm) maintained at constant temperatures
within 0.1 K by circulating water from thermo-
static baths. The upper plate was at a tempera-
ture higher than that of the lower plate in order
to prevent convection phenomena. The water was
confined between the plates by means of a trans-
parent Plexiglass frame. The spacing between
the copper plates was e =0.515 cm, allowing tem-
perature gradients of about 100'C/cm to be ob-
tained. The temperature difference was meas-
ured and controlled by thermocouple junctions
placed inside the two copper plates. During an
experiment (recording time: 1 or 2 days) the gra-
dient was maintained constant within 1%. Deion-
ized water was used. Between runs the water was
filtered through 0.2-pm Teflon filters.

The scattering wave vector was selected by
means of a slit whose larger dimension was al-
ways maintained perpendicular to q. The uncer-
tainty on g is typically 10%, due to the finite di-
mensions of both the slit and the beam. We used
a 213.545-MHz free-spectral-range confocal Fab-
bry-Perot spectrometer which was piezoscanned
and could be used either in a single-pass or a
double-pass arrangement, the latter providing
a much better contrast. The light source is a
monomode argon-ion laser of 200 mW power
whose beam (diameter, 0.02 cm) is slightly fo-
cused in the sample. The frequency drifts of both

the laser and the Fabry-Perot spectrometer are
compensated by a triggering technique associated
to a multichannel memory. ' Because of the vibra-
tions of the laser tube ("jitter" ), the resolution
corresponding to the half-width at midheight of
the apparatus function (5.7 MHz) was about 4

times the resolution expected from the reflection
factor (1.3 MHz), but this spurious effect had no
influence on the contrast, which was found to be
larger than 5 &10' in the double-pass arrangement.
When compared to the natural Brillouin linewidth
(0.008 MHz), this resolution prevents any attempt
being made to resolve the spectrum. In any case,
some other limitations occur (see below), which
prevent improvement of the resolution. Finally,
the sign of the frequency shift with respect to the
incident laser frequency was determined by using,
in place of the sample, an electro-optic modula-
tor working at 40 MHz.

In such a low-angle and strongly temperature-
dependent experiment, we have to carefully con-
sider the following points:

(i) The sound velocity variation in the observed
volume, b, v =(Bv/BT)~~ VT~ AZ, where bZ is the
full height difference of the illuminating beam in
the same direction as VT. hZ is partly due to
the beam diameter and partly due to the bending
of the beam in the temperature gradient. Typical-
ly 6Z& 0.1 cm, and with (Bv/BT)~= 200 cm sec '
K ', '

~
VT

~
~ 100 K cm ', the uncertainty is Av

~ 2 x 10' cm /sec, leading to an apparent linewidth
broadening, &cu =q &v= 4 x10' rad/sec (0.6 MHz)
at q =2000 cm '. This is negligible with respect
to the Brillouin shift and the Fabry-Perot spec-
trometer resolution, but it is 100 times the true
linewidth.

(ii) The linewidth variation, EI =(BI/BT)~~ VT~
xb.Z. With the data of Ref. 7, AI'/I'=15%, which
is negligible when the linewidth broadening from
(i) is considered, and remains weak when the
value of e has to be estimated.

(iii) The influence of the finite aperture angle,
of the finite beam diameter, and of the defocusing
effects due to the gradient. Indeed, in water the
second-order derivative of the refractive index
(B'pg/BT')~ is not negligible at high temperature
gradient, leading to a cylindrical-lens effect.
Typically, the uncertainty b.q varies from 5%
((VT~ =0), to 10% ()VT~ =100 K/cm). At q= 2000
cm ', the broadening varies from 1.5x10' rad/
sec (2.5 MHz, ~VT

~ =0), to 3x10' rad/sec (5 MHz,
~IVT ~

= 100 K/cm). This effect is weak enough to
not very much alter the detection of the Brillouin
lines but it is sufficiently high to be measured
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TABLE I. The measured Brillouin intensity asym-
metries and half-widths at midheight of the Brillouin
lines, with corresponding wave vectors and thermal
gradients. VT tq

VT=59K.cm-1 in WATER at T-313 K

a)
q.VT &0

q-21 1

q
(cm ') (K/cm)

sign of
q ~T b10 Ee„pt

10 'r, '
{rad/s ec)

x5.

3360
3420
3130
2760
3220
2110
2380
2080
2120
3060
2720
2590
2100

59
59
59

0
59
59
59

0
59
83
92
93
84

0
Qe

+43
+7.5
+3d

Qd

-3.5d

+8.84
-11.74

0
0

+6.25
+7.38
+3.93
-7.92

4
4
8.2
3.5
7.8
9.7

11.9
3.5
6.6

17.3
24.5
24.8
16.6

q is deduced from the measured Brillouin shift.
&expt [I(@0&0) I(co&0)]/LI((d& 0)+ I(cu&0)]

where I is the integrated Brillouin intensity. The ac-
curacy of 10 ~empt is about 1.

Half-width at midheight of the Brillouin lines, ob-
tained by subtracting the apparatus function half-width
(35.8&& 106 rad/sec) from the experimental half-width.

The Fabry-Perot spectrometer was used in single-
pass arrangement.

q is perpendicular to V'T.

(see Table I).
(iv) The mean free path l of the sound waves

compared to the dimension e of the cell in the gra-
dient direction: lje = 6 at q-2000 cm '. It is not
easy to estimate the influence of this on e~, .
Moreover, l varies strongly with T: At the top
of the cell, l-8.5 cm, and at the bottom, l-1.5
cm. ' Nevertheless, we can state that a wave
which "feels" the gradient in a direction cannot
be efficiently reflected so as to feel the gradient
in the opposite direction, which, in principle,
could cancel the effect of the gradient. The sound
wavelength is indeed small (= 30 pm) compared
to the surface roughness of the copper plates
(~ 100 pm), and the efficiency of the reflection
can be expected to be weak.

The various results are given in Figs. 2, 3,
and Table I. The check of the asymmetry was
performed by changing the sign of q ~ VT under
nearly the same experimental conditions, and
verifying that the asymmetry in the Brillouin in-
tensities is reversed. The lines remained sym-
metrical in intensity whenever q VT =0, that is
for V'T =0 or q&VT. The measurement of this

b)

+J
~e ge gp'&';t~-50 MHz +50

I s a . I. . . s I I

q.VT (0
q=2380 cm-1

VTI
la

q.VT=0
q=2120 cm-1 VTT„

q.VT & 0
q =2110cm-1

-100 -50 MHz +50

VTt, -
+100

asymmetry was performed by integrating the
lines after having subtracted the base line. The
accuracy of & ptis typically 10 '. In order to
check the variation of the experimental value of

I I
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FIG. 3. Intensity asymmetry. ee», = l.I(~ & 0)
-I (~ & 0)] /[I{~ & 0) + I( & 0)] vs q ~ VT /q . The ex-
pected variation is linear with slope = 19000 cm ' K '.
The experimental slope is = 6700 cm ' K ' (straight
line). Full points, with double-pass Fabry-Perot
spectrometer arrangement; open circles, with single-
pass Fabry-Perot spectrometer arrangement.
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FIG. 2. (a) Experimental spectrum. The solid line
is the best fit. The strong central peak (dotted line)
corresponds to an elastic scatterirg by dust and win-
dows. (b) Briljouin lines: Best fit for different ori-
entations of q vs &T, showing that the intensities asym-
metry varies as q TT.
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~, ~.„„=[1(~& 0) -1(»0)]/[1(~&0) +1(~&0)],
with the reduced variable q ~ VT/q', we deter-
mined the actual q vector by the experimental
Brillouin shift ~ & =v ~ q. The accuracy was better
than 0.5/o. As shown in Fig. 3, the linear depen-
dence of e,„~, with q ~ 'AT/q' is well verified, but
the experimental slope e,„z, [(tl VT)/q'] '= 6700
K ' cm ' is about 3 times weaker than the expect-
ed value v/2I'T = 19000 K ' cm '. This may be
due to the finite-size effect of the sample (l/e -6).

We have experimentally shown that when a fluid
is brought out of equilibrium by a temperature
gradient, the structure factor determined by light
scattering is changed by a long-range contribu-
tion, following q ~ VT/q', which makes the Bril-
louin line intensities asymmetric. Both the sign
and the order of magnitude of the effect have been
found to be in agreement with the theoretical ex-
pectations, and, thus provide a direct check of
the statistical methods used in nonequilibrium
physics. Spurious effects, due to the gradient it-
self, or to the geometry of the experiment, pre-
vent any further investigation of the spectral

shape being made. Finally, other systems, in-
cluding solids, should exhibit an analogous be-
havior under a thermal gradient. This kind of
experiment is in progress.

(a.)On leave from Laboratoire des Interactions Mo-
leculaires et des Hautes Pressions, Universite Paris-
Nord, Avenue J.-B, Clement, F-93430 Villetaneuse,
France.
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Coherent-State Representation of Many-Fermion Quantum Mechanics
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An exact coherent-state representation is given for fermion systems which avoids the
Gaussian overlap approximation in the reduction of the Hill-Wheeler-Griffin integral
equation to a differential equation. An application shows that the random-phase-approxi-
mation ground-state correlation energy, derived with use of the Gaussian overlap ap-
proximation, is a factor of 2 too large.

PACS numbers: 03.65.Ca, 03.65.Fd, 21.65.Fd

Slater determinants play a central role in many-
fermion quantum mechanics primarily because
we cannot solve the many-body problem and so
resort to independent-particle approximations of
one kind or another. As discussed recently else-
where, "' the set of Slater determinants consti-
tutes a manifold that is well known in the mathe-
matical literature as the Grassman manifold. It
has many valuable properties being both Rieman-
nian and symplectic. In particular, the latter
means that it is a phase space. Furthermore,
the quantum dynamics constrained to this mani-
fold defines [time-dependent Hartree-Fock
(TDHF)] equations of motion, which are just
Hamilton's equations. For this reason the TDHF

approximation may be regarded as a semiclassi-
cal approximation and it is of interest to discover
how the quantal effects, suppressed by constrain-
ing the dynamics, can be restored by "requantiza-
tion. "

Attempts at the requantization have invariably
followed the Hill-Wheeler-Griffin (HWG) method
of generator coordinates. " Let

~
A. ) denote a

point on a line in the Hilbert space indexed by a
parameter ~. The HWG method is to seek a state
f g(X)~ X)dX, where g(X) satisfies the integral
equation

J (~ ~ (H -E)) ~') y(~')u ' =0.

More generally, ~ A) might be a point on a mani-
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