
VOLUME 55, NUMBER 6 PHYSICAL REVIEW LETTERS 5 AUGUST 1985

Small-Angle Rayleigh Scattering in CC14 Subjected to a Temperature Gradient
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Small-angle Rayleigh-scattering experiments have been performed in liquid carbon tetrachloride
subjected to a temperature gradient. The contributions of both the heat mode as well as the viscous
mode to the enhanced scattering intensity are observed. Although the observations are qualitative-
ly in agreement with theoretical predictions, the viscous contribution is much larger than predicted.

PACS numbers: 78.35.+c, 05.70.Ln, 47.25.Qv

In recent years a large number of papers about the
hydrodynamics of fluids brought into nonequilibrium
stationary states by large external gradients' " have
been published. Starting from different assumptions
the general picture emerging from all the theories is
the induction of long-range correlations by the exter-
nal gradients. The space and time dependence of the
induced correlations effects a change in the structure
factor S(q, co), which can be written as a power series
in '7 T/q2 in the case of a temperature gradient, V T.
The term proportional to '7 T/q2 corresponds to corre-
lations parallel to the gradient and is observed as an

asymmetry in the Brillouin lines of S(q, to). Kirkpat-
rick, Cohen, and Dorfman4 corrected this term for the
boundary effects, which were not taken into account in
the original papers. 2 3 The term has been experimen-
tally verified by Beyssens, Garrabos, and Zalcer. 5 The
next term, proportional to ('7T/q2)2, corresponds to
long-range fluctuations perpendicular to the gradient
and is the lowest-order correction to the Rayleigh line.
This term was proposed by Kirkpatrick, Cohen, and
Dorfman' and is the subject of this paper.

The full expression for the Rayleigh line as given by
them is
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where qi is the component of the unit vector in the
direction of wave vector q perpendicular to '7 T, C~ the
heat capacity, P the Prandtl number v/DT, and
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ST(q, co) is the well-known Rayleigh line for an equili-
brium fluid. Its width is determined by the thermal
diffusivity, DT. In the presence of a thermal gradient
its intensity is enhanced. The difference is proportion-
al to V T2/q4 and is induced by the coupling of the
heat mode to the longitudiri'hl modes. The second
contribution, S„(q,co), in the nonequilibrium state
has a width proportional to the kinematic shear viscosi-
ty. It results from the coupling between the longitudi-
nal and transverse modes. For high Prandtl numbers
the viscous contribution should be negligible according
to the theory. The experiments, however, prove dif-
ferent. In this paper we report small-angle light-
scattering experiments to verify the existence of both
contributions and their i% Ti2/q~ dependence. In the
aforementioned treatments' ~ of nonequilibrium sta-
tionary states one assumes a fluid at rest, where heat is
transported solely by conduction. The stationary state
to which the description is then applicable is removed
far from any hydrodynamic instability point. Howev-

~er, if one takes gravity into account convection will

also contribute. In this case one arrives at expressions
similar to (1) for the structure factor as shown by
Boon and Lekkerkerker. 6 Then, the relaxation times
DTq2 and vq also contain contributions proportional
to V T2/q4. For any experimental verification of the
theories it is of utmost importance to conduct the
measurements of S(q, co) either at low Rayleigh
numbers or as a function of the Rayleigh number up
to its critical value as done by Allain, Cummins, and
Lallemand. 7 The restriction to low Rayleigh numbers
puts severe experimental conditions on a measure-
ment of the mode-coupling contributions to S(q, to).
For a measurable change in the structure factor of a
system under a temperature gradient, scattering angles
of a few degrees and gradients of tens of degrees per
centimeter are necessary. We have alleviated these
several conditions by using the thermal-grating tech-
nique. With this technique large gradients can be
achieved at low Rayleigh numbers.

The experimental setup to measure the Rayleigh
line by low-angle light scattering in the presence of a
large thermal gradient is schematically drawn in Fig. 1.
The fluid in the scattering cell is CCL4. Dust, a severe
scatterer, was removed from the cell and fluid by cir-
culating the CCL4 through a 0.025-p, m Teflon filter for
5 h. A parallel beam of 6 mm diam from a cw CO2
laser is divided into two beams, which converge onto
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FIG. 1. Schematic drawing of the experimental setup.
The wave vectors of the incident and scattered argon laser
light are k; and k~. The scattering angle, 0, is in the x-y
plane.

b. T = 2a Io exp ( —n x )cos ( kz) /p c„Drk, (2)

where Io is the intensity of one C02 beam, o. the ab-
sorption coefficient, and k =27rd with d the grating
constant. The amplitude and grating constant can be
controlled by the intensity of the beams and the angle
between them. A beam from a 4-W argon-ion laser
propagating in the x-z plane is focused into the scatter-
ing cell. The diameter of the waist at the focus is ap-
proximately 200 p, m and determines the width of the
scattering volume. Far from the cell the argon beam
forms a diffraction pattern, which gives an accurate
measure of the grating constant. In the measurements
a grating constant of 70 p, m is used. The scattering

the scattering cell symmetrically around the normal to
the window. The interference pattern has its planes of
equal phase parallel to the x-y plane, perpendicular to
the x-z plane of the drawing. The radiation field is
readily converted to a temperature field by absorption.
The spatial variation is given bys

volume comprises about three periods of the tempera-
ture field in the z direction. Then, the scattered light
detected in the x-y plane comes from a volume with
an average temperature gradient in the z direction. In
addition to the sinusoidally varying gradient in the z
direction there is a small gradient in the x direction.
Inserting the appropriate numbers for CC14 into ex-
pression (2), we calculate the ratio between the gra-
dient in the x and z directions to be 1%. Its relatively
small value and the small angle with the scattering
direction ensure that the x gradient does not contri-
bute to the enhanced scattering. However, the x
dependence can be used to verify the lV', T) depen-
dence of the enhanced scattering. By a translation of
the cell with respect to the scattering center in the x
direction the enhanced scattering intensity, propor-
tional to lV'T

l should decay as lO'T
l= exp( —2nx), where x is the distance from the win-

dow. In the x-y plane, going through the zeroth-order
diffraction maximum, the scattering is detected T. he
wave vector of the scattered light is selected by slits
and diaphragms and focused onto a photomultiplier.
A photon correlator gives directly the density-density
correlation function in the heterodyne detection mode,
after subtraction of and division by the local oscillator
background coming from the windows. Verification of
the absence of dust and measurement of the local os-
cillator intensity are possible by repeating each mea-
surement at different time scales and argon laser in-

tensities.
In this geometry the decay time of the correlation

function is measured with an accuracy of 2% for angles
between 0.8 and 10 deg. A measurement of the inten-
sity is more prone to experimental error. In the equili-
brium state in the optimal optical geometry the inten-
sity can be measured with 5% to 10o/o accuracy at vari-
ous angles. In the nonequilibrium steady state the
correlation function C(t) is the sum of two exponen-
tials. Fourier transformation of formula (1) gives

Css(r) = C, (0) [1+2 (P —2) ]exp( —Drq2) + C, (0)A exp( —v q r),

where

c,
D2 4(P2 1)

and C, (0) = rr ka TXr (y —1)/y is the total integrated
intensity of the Rayleigh line without gradients. For
the total integrated intensity one obtains

C„(0)= C, (0) [1+(P 2)2] + C, (0)A. —

The second part on the right-hand side is the intensity
of the fast-decaying exponential. It is independent of
the temperature. The first part, however, depends
upon the temperature. With the CO2 laser impinging
on the liquid not a temperature grating is set up; addi-
tional heating also takes place. We calculate the inten-

sity change as a result of this to be at most 5%. A
second effect of the temperature changes and gradients
induced by the CO2 laser is a defocusing of the argon
beam. This introduces an uncertainty in intensity as
well as in wave vector. According to Beyssens the in-
fluence on the wave vector is weak. The effect on the
intensity is larger but difficult to assess beforehand.
However, at large distances from the window and large
scattering angles —small temperature gradient and large
wave vectors —the equilibrium intensity is measured,
provided that defocusing and heating effects are ab-
sent. From these measurements we derive that de-
focusing results in a 20olo reduction of the intensity.
All the intensities are therefore normalized by the
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FIG. 2. Semilogarithmic plot of the measured correlation
functions without (stars) and with (circles) thermal grating.
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large-wave-vector, low-gradient intensities. In order
to eliminate other spurious effects and optical
misalignment an alternating sequence of measure-
ments with and without grating is performed at every
datum point, i.e., distance from the window and
scattering angle. At regular time intervals the data are
normalized on a standard intensity measurement to
correct for the inevitable drift of the apparatus over
the long measuring times. With these precautions the
final value for the ratio of intensity enhancement to
the equilibrium intensity is reliable within 20'/0. Since
we cannot measure the thermal gradients independent-
ly, the value as such is not relevant, only the function-
al dependence on '7 Tand q.

In the actual measurements + 6 W/cmz of CO2 radi-
ation was incident on a sample of CCI4. With use of
(2) a value for V T can be calculated of approximately
100 K/cm. A typical example of a measured correla-
tion function is given in Fig. 2 on a semilog plot. With
the thermal grating the correlation function is charac-
terized by two relaxation times. The long relaxation
time is equal to the equilibrium relaxation time
(DTq ) '. We find a value for DT of (7.8
+0.5) X 10 cmz/sec for wave vectors between 900

and 7X 103 cm '. The value is obtained by measuring
the correlation function and the relaxation time of the
zeroth-order diffraction maximum, a technique used
by Allain, Cummins, and Lallemand. 7 Since the value
does not depend on q or V T, convection is absent and
experiments are carried out at low Rayleigh numbers.

From Fig. 2 it is clear that qualitatively all predicted
features are present, e.g. , an enhanced intensity with a
fast and a slow component in the presence of a large
gradient as given by formula (2). The fast component
relaxes roughly with the expected relaxation time:
(vq2) t. Quantitatively, however, there are differ-
ences. The ratio between the slow and fast relaxation

FIG. 3. Ratio of the inverse intensities of the fast to the
.slow component, 1/R, as a function of the inverse intensity
of the fast component. The different points correspond to
different wave vectors and scattering-volume positions.

times is 5.0= —0.5 and independent of wave vector
and measuring position in the cell. The ratio should
equal the Prandtl number, which is the ratio between
the kinematic viscosity and the thermal diffusivity.
For CC14 the Prandtl number is 7.9.9 The lower value
in the nonequilibrium stationary state stems solely
from a lower value for the kinematic shear viscosity,
since the value for the thermal diffusivity remains un-

changed and is equal to its classically measured value.
For a discussion of the results of the measured intensi-
ties we use expression (3). The intensity ratio of the
fast component to the slow component is

R =W/[I+ (S —2)~], (5a)

1/R = I/~+ (P —2). (5b)
In Fig. 3, 1/R is plotted as a function of the inverse in-
tensity of the fast component C&(0), normalized by
the equilibrium intensity. If defocusing is absent, all
points should lie on a straight line and A should be
equal to C/'(0). From the data in Fig. 3, according to
relation (Sb), we obtain a value for the Prandtl
number of 4+0.5. The discrepancy with the value
derived from the ratio of the relaxation times can be
attributed to a remainder of the defocusing effect.

The dependence on wave vector and on temperature
gradient of C/'(0) is given in Figs. 4 and 5. In Fig. 4
the change in intensity is shown as a function of the
distance from the window. It should fall off as
exp( —2nd) according to formula (2). If the intensity
is a function of ('7T), ~ the points are obtained by
normalizing all intensities for different wave vectors
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FIG. 4. Intensity of the fast component Cf'(0) as a func-
tion of the wave vector, q. The lines are drawn with slope
—1. The three lines correspond to different scattering-
volume positions from the window.

by the intensity of the first point and subsequently
averaging over the intensities at different wave vec-
tors. The q

4 dependence of Cf'(0) is shown in Fig. 5
on a log-log plot. The drawn lines correspond to a few
values for the temperature gradient. The values for
the slopes are —1 indicating the q

4 dependence. The
absolute magnitude of the effect cannot be obtained
reliably from the experiments. The uncertainty in the
intensity measurement, but mainly the necessary nor-
malization due to the defocusing effect, prohibits a re-
liable estimate. Nevertheless, the results show that by
the thermal-grating technique, at low Rayleigh
numbers, gradients can be induced so large that the
predicted intensity enhancement can be observed at a
scattering angle of a few degrees.

The main qualitative features predicted by the
theory are observed: the I/q4 and V Tz dependence of
the intensity change. Surprising, however, is the ob-
servation of the fast component. Although this was
predicted by the theory, we did not expect it to be ob-
servable with a Prandtl number of approximately 8.
The intensity and relaxation-time ratios, however, give
a Prandtl number of 4—5, because of a lower value for
the kinematic shear viscosity. However, the shear
viscosity for molecular systems contains two com-
ponents: (a) the integral over the transverse-
transverse current, and (b) the transverse —angular-
momentum current correlation function. These con-
tributions are described by Keyes and Kivelson. The
coupling of the orientation density to a shear gradient
reduces the effective shear viscosity by 40'/o, practical-
ly independent of the molecular system considered. "
The effect is observable as a dip in the depolarized
Rayleigh spectrum. Here we observe in polarized
scattering the longitudinal-transverse coupling which
may be determined by the transverse contribution to
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FIG. 5. Intensity of the fast component Cr'(0) as a func-
tion of the wave vector, q. The lines are drawn with slope
—1. The three lines correspond to different scattering-
volume positions from the window.

viscosity only. A full hydrodynamic treatment may
corroborate this suggestion.
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