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We have measured the linewidth of light Brillouin scattered from CO2 for 0.015-T-T~
—15 C. As T~ is approached from high temperature, the linewidth increases rapidly
but then saturates at T-T~ =1'C and remains roughly constant to T—T~ =0.015'C.
These results are discussed in the light of the dynamic scaling laws.

We report here measurements of Brillouin
scattering from CO, near its critical point over
the temperature range 0.015 & T-T~ ~ 15'C along
the critical isochore. From these measurements
we obtain the sound velocity, Brillouin linewidth,
and ratio of the integrated intensity of the Ray-
leigh line to that of the Brillouin line. The new
features we have found are the following: (1) The
linewidth increases rapidly from T-T~ = 15 to
T-T = 1' but then remains constant to T—T~C
=0.015'. (2) The sound velocity decreases to a
constant value of 190+ 3.6 m jsec as T approach-
es T~ at scattering wave vector q =2.18x10'
cm ', a value about 5% larger than that found by
Gammon, Swinney, and Cummins' at q = 1.54
x10' cm '. (3) The intensity ratio diverges as
(T-Tc)' ' 'o' over the entire temperature
range. The data for (T Tc) & 1' were obta-ined

using a technique which is described here for the
first time.

Several authors have reported observations of

Brillouin scattering near the critical point in
both one-component'~' and binary-liquid systems. '
Measurements in the one-component systems
have been limited to the temperature range T-T~
& 2 C because the instrumental wings of the very
intense Rayleigh component of the scattered light
obscure the Brillouin components as the critical
point is approached. In order to overcome this
difficulty we have developed apparatus utilizing
a Michelson interferometer with unequal optical
path lengths to filter out the unwanted light. Us-
ing a path difference of 23 cm, the Brillouin com-
ponent is transmitted with neligible loss while
the Rayleigh component is attenuated by a factor
of 60 or more.

Light from a stabilized, single-frequency,
6328-A, He-Ne laser (Spectra, Physics model
119) was scattered from a sample of Matheson
research-grade CO, containing impurities of 2.5

ppm nitrogen and 0.6 ppm oxygen. The sample
was held in a copper-jacketed stainless steel
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cell fitted with glass windows sealed to the cell
by gold-plated stainless steel V rings. The oil
bath surrounding the cell was temperature sta-
bilized to +0.001'C. The critical temperature
was determined by observing the vanishing of
the meniscus; T-T~ measurements were made
to an accuracy of +0.003'C using a Leeds and
Nor thrup platinum resistance thermometer. The
cell was filled to the critical density by first
over-filling and then allowing some CO, to es-
cape so that the meniscus vanished at the criti-
cal temperature within 3 mm of the cell center.
We measured the width of the Rayleigh line at
several temperatures obtaining good numerical
agreement with the results of Swinney and Cum-
mins, ' indicating that our density was the same
as theirs. Light scattered through 166' was col-
limated by a conical window, filtered by the Mi-
chelson interferometer (at T-T~ & 1.0'C only),
and analyzed by a piezoelectrically scanned Fa-
bry-Perot interferometer with a free spectral
range of 1970 MHz and an average finesse of 40.

The Fabry-Perot was swept once each second
through a range large enough to include one Bril-
louin line and one Rayleigh line. Pulses from a
cooled RCA 7265 photomultiplier were counted
into the memory of a computer of average tran-
sients (TMC model 4606), whose addresses were
swept in synchronism with the Fabry-Perot.
Readout of the data accumulated in the computer
memory on each sweep displayed the Brillouin
line with a signal-to-noise ratio that increased
as the square root of the number of sweeps. Ex-
cept at T-T~ = 0.015 C, where the Brillouin com-
ponent was significantly reduced by multiple
scattering, an adequate signal-to-noise ratio
was reached in 20 to 50 min. The narrow Ray-
leigh line gave an average instrumental line
shape that was used in analyzing the Brillouin
lines; furthermore, the Rayleigh line was in-
tense enough to be observed directly on an oscil-
loscope, permitting the continuous monitoring of
both interferometers. The spectra for several
values of T-T~ are shown in Fig. 1.

The ratio of the integrated intensity of the Ray-
leigh component to that of the Brillouin compo-
nents is plotted as a function of T-T~ in Fig. 2.
Far from T~ the Michelson interferometer was
not required, and the intensities of both lines
were obtained from data collected during a sin-
gle run. When the Michelson interferometer was
used, two separate runs were made —one of
about 3000 sweeps with the Michelson transmit-
ting the Brillouin line, and a second of 25 sweeps
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with the Michelson transmitting the Rayleigh line
and the laser intensity attenuated 10 to 100 times
to avoid saturating the detection system. It can
be shown' that the integrated intensity of a spec-
tral line transmitted through the Michelson set
with the maximum transmission at the center
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FIG. 2. Ratio of the integrated intensity of the Ray-
leigh component to that of the Brillouin components
along the critical isochore.

FIG. 1. Brillouin spectra of CO& near the critical
point showing the Rayleigh line at reduced gain on the
right. Data at the three lowest temperatures were ob-
tained using a Michelson interferometer as a filter.
Peak intensity of the Brillouin line is about 100 counts/
sec.
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frequency of the line is proportional to —,'[1
+ exp(-b, &u», T)j, where b, &u», is the half-width at
half-maximum of the line and 7 is the time re-
quired for light to travel the difference in path
length between the two arms. To correct for
this effect the measured ratios for data taken us-
ing the Michelson were reduced by 9.6%. At
temperatures near T~ the intense scattering of
light greatly increases the probability of multi-
ple scattering which might be expected to influ-
ence the intensity-ratio data. Geometrical con-
siderations show, however, that the collection
efficiency of the conical collimating lens is more
than 10' times as great for light scattered within
0.013 cm of the lens axis than for light scattered
further from the axis. Since the laser beam was
focused in the scattering region, we expect mul-
tiply scattered light to contribute negligibly to
the measured intensity ratios. At high tempera-
tures we expect the data to be less reliable be-
cause stray light may make up as much as 50%
of the light scattered at the incident frequency,
causing the Rayleigh peak to appear larger than
it really is.

The natural width of the Brillouin component
and the sound velocity are shown as functions of
T-T~ in Fig. 3. Linewidths were obtained by
subtracting the instrumental width from that of
the Brillouin line, an accurate procedure for
lines fitted well by a Lorentzian shape. Line-
widths obtained in this way should contain a neg-
ligible contribution due to either a finite accep-
tance angle or multiple scattering. The half ac-
ceptance angle of the detector is limited by the
Fabry-Perot to 2.5x 10 ' rad; the definition of
the scattering angle was limited by alignment of
the optical axes to 4x10 ' rad. These effects
contribute an estimated 200 kHz to the measured
Brillouin linewidth, far below the limits of reso-
lution. Multiple scattering is not expected to in-
fluence the measured linewidths because of the
low collection efficiency for light scattered off
axis. The sound velocities were calculated from
the frequency shift of the Brillouin line using n
= 1.1077 obtained from Straub's' results for the
index of refraction of CO, at the critical density.
The sound velocity for small T-T~ shows very
little temperature dependence; a linear least-
squares fit to these data gives, for T-T~&1'C,

c =190—1.6(T—T )+ 3.6 m/sec.

Recently, Kadanoff and Swift' have made pre-
dictions of the behavior of the transport coeffi-
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FIG. 3. Upper: Brillouin-line half-width at half-

maximum. The solid line of slope -0.29 represents
the contribution of A, /C~ in Eq. (2). Lower: Sound ve-
locity calculated from Brillouin scattering at 166' us-
ing index of refraction data from Ref. 6. The dashed
curve is taken from Brillouin scattering data at 88.6'
from H,ef. 1.

cients near Tc using the scaling-law idea. We
consider our results in the light of their predic-
tions, assuming the divergences in Cp, C~, and
the order parameter $ to be proportional to e

o, and e ", respectively, with e = I (T-Tc)/
T~ ). Before discussing the transport coeffi-
cients we estimate these exponents from our in-
tensity data and earlier experiments.

Standard treatment of the light-scattering prob-
lem' predicts that the ratio of the Rayleigh to
Brillouin intensities is given by IR/2IB = (C~/C„)
-1; this is strictly correct only if the sound ve-
locity measured at the Brillouin frequency is
equal to the sound velocity at zero frequency, '~'
a condition that is not satisfied in our experi-
ment. We can conclude only that the slope of the
intensity ratio must lie between y and y-&, 1.02
+ 0.03 &y ~ 1.02+ 0.03+a, in agreement with the
value 0.95+ 0.15 in Ref. 1. Combining this result
with Swinney and Cummins's measurement of the
thermal diffusivity, i/(pCp) ~e '"~ o o', we find
for the low-frequency divergence of the thermal
conductivity ~ 0.29+ 0.04 ~ 6 ~ 0.29+ 0.04+ n
where x(0) ~ e II. The prediction of Kadanoff and
Swift for a(0) depends on whether the shear vis-
cosity, g, is weakly divergent or strongly cusped

1
at high frequency. They expect i(0)- e " 2o if
q diverges, and i(0)-e &+~ if q is cusped. If
we assume that g does diverge, this yields 0.29
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~ 0.04--,'n ~ v ~ 0.29 ~ 0.04+ —,'n, which is quite low

in view of the currently accepted value v= 3. On

the other hand, if g is cusped we have 1.—e &+ ~,
and the thermal diffusivity, ~/(pCt, ), is propor-
tional to e~, measurements of thermal diffusivi-
ty in Ref. 5 give directly that v=0.73+ 0.02, clos-
er to the accepted value. We take this as evi-
dence that g is cusped and not divergent at high
frequency.

The standard hydrodynamic result for the
Brillouin half-width at half-maximum is'&'

n(u„, =
2

—,
'

q((u) + g((u) + —,(2)
Q' x((u) x((u)

V P

where p is the density and g and ( are the shear
and bulk viscosities evaluated at the frequency of
the Brillouin line. Kadanoff and Swift define
low-, intermediate-, and high-frequency regions
separated by temperature-dependent boundaries.
As they have summarized in Sec. IV of Ref. 7,
X(&u) is expected to diverge at low and intermedi-
ate frequencies as discussed above and to be at
most weakly divergent at high frequencies; q(~}
is weakly divergent or strongly cusped at all fre-
quencies, although the behavior may be different
in the low- and intermediate- or high-frequency
regions; and g(~) is expected to diverge strong-
ly as & at low frequency and e ~+2 at in-
termediate and high frequencies. Using rough
estimates of p and assuming that q(~} is not too
different from its low-frequency value, we ex-
pect to cross from the low- to intermediate-fre-
quency regions at T-Tc =O'C and from the inter-
mediate- to high-frequency regions at T-T
=0.5'C. Applying these results to Eq. (2) and ne-
glecting the effect of g, at temperatures above
T-T~ =3 we would expect to observe a diver-
gence of the linewidth roughly proportional to

if the dominant contribution is from the
x(v)/C~ term; if the g(~) term dominates, the
divergence is much stronger, roughly q '. Be-
low T-T~ =0.5, the only divergence arises from
&(~) - e v+2 o'. We do not observe the predicted
high-f requency (low-temperature) divergence in

the linewidth, possibly because the contribution
from g, although divergent, is not large at T-T~
~ 0.015'C. Taking this as an indication that the
larger contribution is from A/C~, we would ex-
pect a slope of -0.29 at the higher temperatures
as shown by the solid line in Fig. 3. A steeper
slope is not ruled out, indicating that a strongly
divergent low-frequency & contribution may be
present.

From Eq. (1) at T-Tc =0.2', corresponding to
a sound-wave frequency v = 650 MHz, we find the
sound velocity c(650 MHz) =189+ 3.6 m/sec.
This value is to be compared with the Brillouin
scattering results of Ref. 1 at the same tempera-
ture but at a different angle and hence a differ-
ent frequency: c(440 MHz) =180+1.5 m/sec.
The difference between the two results, c(650
MHz)-c(440 MHz) =9 +3.9 m/sec, may be attrib-
uted to an internal relaxation frequency v& ac-
cording to the relation

(C 00 Co)c(v) =c
~1+(v/v )'

R

%e find vR =200 MHz, much too large for molec-
ular relaxation processes but lying approximate-
ly on the boundary separating the intermediate-
and high-frequency regions of Ref. 7. The fact
that this velocity dispersion apparently vanishes
far from T provides additional evidence that it
is not molecular relaxation but rather is charac-
teristic of the critical region as has been sug-
gested by Gammon, Swinney, and Cummins' for
the larger dispersion between ultrasonic data
and their hypersonic data.
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