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The sound velocity and attenuation of xenon near its critical point have been measured with a
pulsed acoustic interferometer which incorporates phase-sensitive detection and signal averag-
ing. Accurate data could be obtained over the frequency range from 0.4 to 7 MHz in spite of the
very large attenuation. Results are given in detail along a near-critical isochore and are also

reported along several isotherms.

I. INTRODUCTION

Ultrasonic investigations of a simple fluid near
its critical point can provide equilibrium informa-
tion about the thermodynamic behavior and dynam-
ical information about critical relaxation pro-
cesses.!'? At sufficiently low frequencies, the
sound velocity will equal the static adiabatic value
u(0) = (px 5)~'/% where p is the mass density and
Kg is the adiabatic compressibility. Thus, along
the critical isochore #(0) should go to zero asymp-
totically as €2 where €= T~ T, /T,and a is
the critical exponentwhich describesthe divergence
of Cl,.1 A variety of low-frequency resonance
methods have been used recently to determine the
limiting-velocity behavior near the critical points
of He,3 Ar,* and Xe.® In most cases the resonant
cavity has an appreciable vertical height, and
density gradients due to gravity must be taken into
account, ®

The present investigation was motivated by the
need for much better experimental data charac-
terizing the dynamical behavior in the critical re-
gion, Ultrasonic absorption and velocity disper-
sion were measured in the frequency range from
0.4 to 7 MHz along two near-critical isochores
for T> T, along both the liquid and the vapor side
of the coexistence curve for 7<T, and along sev-
eral isotherms. Xenon was chosen because it has
no internal degrees of freedom whose relaxation
might obscure the critical behavior and because it
hasa convenient critical temperature (7,=16.59 °C)
and pressure (P,=57.636 atm).” In addition, the
early acoustic work on xenon by Chynoweth and
Schneider® indicated a considerable frequency de-
pendence for the velocity near the critical point.

A wide variety of other measurements have been
made in the critical region of xenon, and these aid
in the interpretation of our results. In particular,
there are excellent PVT data’ and good C, mea-
surements.® Recent light-scattering results give
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the thermal diffusivity, !° the correlation range
and the isothermal compressibility,!* the heat-
capacity ratio C,/C,, 12 the surface tension, and the
shear viscosity.!® Hypersonic velocity and atten-
uation have been determined from Brillouin spec-
tra, 12,14

It is worthwhile to summarize the ultrasonic re-
sults of Chynoweth and Schneider® since they pro-
vide a background and comparison for the present
work, Velocity data over a temperature range
from 15 to 19 °C showed a sharp cusplike minimum
at about 16.8 °C, which is 0.2 °C above the ac-
cepted value of T,. In the immediate vicinity of
the velocity minimum, a dispersion of ~6% was
reported between the velocities at 0.25 and 1. 25
MHz. Attenuation values were given only for 0. 25
MHz, since the interferometric pattern was badly
distorted at higher frequencies. It was, however,
mentioned that the attenuation per wavelength ap-
peared to be almost independent of frequency near
the critical point.

The presence of velocity dispersion and very
large critical attenuation is related to the behavior
of the transport properties near a critical point,
Recently, Kawasaki'® has used the mode-mode
coupling formalism!® to predict the detailed be-
havior of sound propagation when the dominate
mechanism is the decay of a sound mode into two
heat modes. He gives not only the temperature
behavior but also the magnitude of the reduced ve-
locity dispersion and the critical sound absorption.
Kawasaki’s theory, which deals with the problem
in terms of a complex bulk viscosity, is closely
related to the early work of Fixman, who developed
his theory in terms of a complex frequency-depen-
dent specific heat. Indeed, Mistura'” and Garland,
Eden, and Mistura!® have derived the Kawasaki
results using a modification of the basic Fixman
model.

Our velocity and absorption data along the criti-
cal isochore for T'> T, have already been ana-
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lyzed'®® quite successfully in terms of mode-

mode coupling theory. The present paper will

give a more detailed account of that work (including
a discussion of the choice of the reduced tempera-
ture €), will present data obtained along the co-
existence curve and along various isotherms, and
will comment on the possible effects of gravity.

II. EXPERIMENTAL METHOD

A cross-sectional view of the ultrasonic inter-
ferometer cell is shown in Fig, 1, The two trans-
ducers were matched 1-MHz X-cut quartz trans-
ducers, which were polished for overtone use.
The upper one could be moved vertically by rota-
ting a precision micrometer thread in a captured
piston, This permitted an accurate variation in
the acoustic path length from less than 1 mm up
to 2 cm. The total volume of the cell (but not its
internal shape) was independent of the position of
the upper transducer. The temperature of the
cell was measured with a West model CT quartz
thermometer. The pressure was measured with
a Dynisco model No. PT119H strain-gauge pres-
sure transducer whose diaphragm was located at
a level 1 mm above the lower transducer. A small
magnetically driven stirrer mounted just below the
lower transducer was used to stir the xenon during
all the measurements. Limited tests indicated
that the results were insensitive to whether the
system was stirred or not. The entire cell was
immersed in a large bath of hydraulic fluid, whose
temperature could be regulated to within +1 m°C,
Complete details are given elsewhere, 2

It is obviously very important to know the tem-
perature and pressure accurately and with high
resolution, By counting the beat frequency of the
quartz thermometer for 10 sec, a resolution of
0.1 m°C was achieved. The absolute accuracy of
this thermometer, as calibrated by the manufac-
turer, should have been +0.01 °C. However, our
calibration at the triple point of water showed that
there were large zero-point corrections. Initially,
the calibration correction [T (true) - T(obs)] was
0.135°C. After 16 months, during which the iso-
chore measurements were made, this correction
had increased to 0.145°C. After another year,
during which time no experiments on xenon were
performed, the correction had changed from
0.145 to 0.264 °C. Over a period of 3 months
during which most of the isotherm measurements
were made, the correction increased from 0. 264
to 0.268 °C. It is presumed that the zero-point
shift changed gradually during the periods of mea-
surement. Unfortunately, this cannot be proven
conclusively since calibration of the quartz ther-
mometer was not feasible during a run.

The pressure transducer had a full-scale rating
of 1500 psi and was excited by a very stable
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10-V dc power supply.| The output of the trans-
ducer (3 mV /V full scale) was measured with a
Leeds and Northrup K-3 potentiometer. The max-
imum resolution for pressures near the critical
pressure was 0.1 uV/V, which corresponds to

0. 05 psi or approximately 5 parts in 10°. The
accuracy of the pressure values depends on a com-
bination of several error figures. The maximum
error due to nonlinearity, hysteresis, and nonre-
peatability was about 0. 15% of full scale. (Hys-
teresis resulted in an accumulated shift in the zero
point to higher values.) There was also an error
introduced by changes in the temperature of the
transducer, which was mounted in the same tem-
perature bath as the ultrasonic etalon. For a 1°C
temperature change there can be a zero shift of
0.3 uV/V and a shift in the sensitivity which is
equivalent to another 0.3 uV/V for a full-scale
pressure reading, Along the critical isochore the
expected value of (8P/8T), is 0.0350 mV/V., Thus
an uncertainty of 2% in this value would not be un-
reasonable, Along an isotherm the pressure

FIG. 1.

Ultrasonic interferometer cell.
operation, aluminum blocks (not shown) were installed
to fill most of the “dead volume.” The internal height
of the cell is 22 cm.

In actual
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changes were more accurate since the temperature
was constant and the pressure excursions were
small. Hysteresis amounted to less than 0.1 uv /v
for any isotherm. The most annoying character-
istic of bonded strain-gauge transducers is an
aging effect. When left under a deforming stress
the zero output can drift significantly; Lastovka
and Feke?' have determined a 3.4%/yr drift in the
zero point for a similar model strain-gauge trans-
ducer. However, there has been no assessment of
the effects of aging for the transducer used in this
experiment,

The density for an isochore was related to the
quantity (8P/# T), along the isochore by using the
PVT data of Habgood and Schneider.” Since the
variation of dP/dT along the coexistence curve is
very well established, it was possible to calibrate
the transducer during an isochore run (taking into
account the effect of temperature on the sensitiv-
ity). Then an evaluation of (8P/8T), above T, de-
termined the density to within 1%.

The very large signal attenuation near the crit-
ical point limits the accuracy of ultrasonic veloc-
ity and absorption measurements if traditional
pulse techniques are used. For this reason a
phase-sensitive-detection scheme which incorpo-
rates signal averaging was developed. Accurate
measurements of velocity and absorption could be
made with this new method even when the attenua-
tion was as large as 0.40 Np/wavelength (a typical
value near the critical point), A complete descrip-
tion of this technique and an illustration of its ap-
plication to xenon has been given elsewhere.?

The more precise point-by-point procedure de-
scribed previously?? was carried out at each fre-
quency for a given thermodynamic state of the
system. Then the temperature or the mean den-
sity was changed and the sequence was repeated.
Measurements of velocity with absolute accuracies
of +0.2% and of attenuation with accuracies of

+2% were routine. Better results could be obtained
under favorable conditions. Diffraction corrections
were negligible, and the signal was very seldom
noise limited. The principal problem was caused
by phase-coherent rf leakage. Because of the

very narrow-band amplification used in this ex-
periment, it was possible to work at frequencies
lower than the 1-MHz fundamental of the quartz
transducers. The receiving network had a good
response at exciting frequencies of 0.4 and 0. 55
MHz, and the phase-detection circuitry rejected
the 1-MHz signal very effectively.

After completion of all experiments a sample of
xenonwas withdrawnfrom the cell. An analysis by
gas-chromatographic techniques and flame photom-
etry (performed by the New England Analytical
Laboratory) showed that the only impurities pres-
ent were 13-ppm air and 5-ppm methane. There
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was no evidence of heavy-molecular-weight sub-
stances.

III. RESULTS

In a simple fluid there is a classical sound ab-
sorption which can be described by the Navier-
Stokes (NS) equation®

rwdne & AG - Ch

a, (NS) =7< + 5 >, )
where @, = a-X is the amplitude attenuation per
wavelength, « is the sound velocity at frequency
w, 7 is the shear viscosity, &, is the normal “non-
relaxing” bulk viscosity which is assumed to have
approximately the same magnitude as the shear
viscosity,#'#* A is the thermal conductivity, and
C,and C,arethe specific heatsat constant volume and
pressure. Although the shear viscosity and the
thermal conductivity are weakly divergent, the term
in the large parentheses is numerically quite small,
and the total attenuation is much greater than the
NS value near the critical point. For example,
@, at 1 MHz is over 1000 times «,(NS). However,
the @,(NS) value predicted by Eq. (1) can make a
significant contribution far from the critical point
where the critical ultrasonic attenuation due to
the relaxing bulk viscosity £(w) is very small. In
essence, we have divided the attenuation into a
background value «,(NS) which involves the non-
critical &, and a value «,(crit) which is related to
¢(w), the critical contribution to the bulk viscosity.
All a, values reported below are critical values,
i.e., observed values corrected by subtracting the
small @,(NS) contribution.'® Classical sound dis-
persion due to a divergent A/pC, term (i.e., de-
viation from adiabatic conditions) is completely
negligible, 2°

Figure 2 shows the temperature variation of the
1-MHz sound velocity along two near-critical iso-
chores and in the coexisting phases for tempera-
tures near T,. The smooth curve was obtained by
interpolation from Chynoweth and Schneider’s data
at 0.75 and 1,25 MHz.® The mean density in their
rather tall cell was equal to the critical density,
but since their measurements were made at the
bottom of the cell the local density must have been
greater than p,. In all these runs, the velocity
minima occur above 16.59 °C, the value which is
usually cited as the critical temperature. Chy-
noweth and Schneider’s velocity minima were at
16.79 °C for 0.25 MHz, 16.85 °C for 0.75 MHz,
and 16.91 °C for 1.25 MHz. In the present work,
the velocity minimum was not a function of fre-
quency. For the filling density p=0.95p,, the min-
imum velocity occurred at 16.90 °C; for p=1.01p,,
Troin=16.953 °C, All temperature differences AT
used in Fig. 2 and elsewhere in this paper corre-
spond to (T - T,,,), where T, is the temperature
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FIG. 2. The 1-MHz velocity along near-critical iso-
chores. The crosses represent data obtained at a
mean filling density of 1. 01p,; below T, these data refer
to the liquid. The circles represent data obtained at a
mean filling density of 0.95p,; open circles are used for
the liquid and closed circles for the vapor and super-
critical fluid. The solid line represents the behavior in

the liquid and supercritical fluid obtained by interpolation

of the data of Chynoweth and Schneider (see text).

of the velocity minimum,

Figure 3 shows the critical sound attenuation
per wavelength at 1 MHz as a function of AT for
the same two isochores. The smooth curve is the
result reported by Chynoweth and Schneider® at 0. 25

"MHz, the only frequency at which they were able

to obtain attenuation results. Their @, values show
roughly the same variation as the present 1-MHz
values but are considerable larger than they should
be.

The velocity and attenuation values for all fre-
quencies studied at p=1.01p, are given in Table I.
The smooth-curve variation of @, along this almost
critical isochore and along the liquid side of the
coexistence curve is shown in Fig, 4 for all fre-
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quencies up to 3 MHz. Note that these @, values
become almost independent of w near 7T,. The
peak @, values at 1 and 3 MHz correspond to at-
tenuations @ of 393 and 1215 dB cm", respectively.
Velocity and attenuation measurements have also
been made along several near-critical isotherms.
Figure 5 gives the pressure dependence of the
1-MHz velocity for isotherms at 16.73, 16. 84,
16.96, and 17.136 °C. The pressure is given in
units of mV/V, which represents the direct reading
of the pressure transducer. As discussed pre-
viously the absolute value of the pressure during
any given run is unknown since there are zero
shifts and thermal effects. In constructing Fig. 5,
the pressures of the velocity minima were adjusted
to occur at pressures which correspond to an ex-
tension of the vapor-pressure line.* In addition
to the isotherms shown in Fig. 5, a very exten-
sive set of data were obtained at 21.99 °C from an
initial pressure of 65 atm (p>p,) to a final pres-
sure of 1 atm. The minimum 1-MHz velocity along
this supercritical isotherm was 129.4 msec™.
This is in excellent agreement with the interpolated
value of 129.7 msec-! at that temperature on the
1.01p, isochore run. Furthermore, the value of
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FIG. 3. Critical attenuation per wavelength at 1 MHz

along near-critical isochores. The symbols are the
same as those used in Fig. 2. Note that below T, the
crosses represent data in the liquid phase while the
circles are for the vapor phase. The solid line repre-
sents the 0.25-MHz result reported by Chynoweth and
Schneider.
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176.6 msec™ obtained by extrapolation to zero
pressure at 21,99 °C agrees very well with the
calculated ideal gas value of (YRT/M)}2=176.5

msec™!, Although the 16.96 °C isotherm has the

lowest and sharpest minimum, the largest fre-

quency range was studied along the 17.136 °C iso-

therm. Numerical data for this isotherm are

tabulated elsewhere,?® but smooth-curve plots of
the velocity dispersion and critical absorption are
given in Figs. 6 and 7.

1V. DISCUSSION

The attenuation and velocity dispersion along
the 1.01p, isochore above T, ,, have been analyzed
previously®'* in terms of the mode-mode coupling
theory. The actual experimental data are reported
here for the first time (see Table I). We shall not
repeat the substance of the previous data analysis
or review the modified theoretical expressions
derived for the case of large dispersion near a

TABLE 1. Velocity and critical attenuation per wavelength for a mean filling density p=1.01p,. The temperature
difference AT =T —16.953 °C (see text).

Velocity (m sec™)

Attenuation per wavelength (Np)

AT 0.4 0.55 1 3 5 7 MHz 0.4 0.55 1 3 5 7 MHz
19.783 159,93 159,10 159.15 159.24 159.04 0.0016 0.0003 0.0006 0.0016 0.0017
14.782 151,91 151,48 151.44 151.70 151.46 0.0009 0.0010 0.0014 0.0018 0.0029
9.782 142,68 141.99 142.04 141.92 142.09 0.0013 0,0014 0.0035 0.0049 0.0062
7.282 136.73 136.15 136.09 136.71 136.00 0.0019 0.0024 0.0057 0.0098 0.0142
4.782 129.13 128.95 129.14 129.04 128.93 0.0031 0.0054 0.0136 0.0199 0.0281
3.782 125.35 125.17 125.47 125.47 125.39 0.0045 0.0081 0.0209 0.0321 0.0404
2.783 120.75 120.78 120.74 121.15 121.28 0.0088 0.0149 0,0366 0.0555 0.0617
1.782 114,88 114.83 115.32 115.80 115.49 0.0196 0.0320 -0.0690 0.0921 0.1305
0.782 105.89 106.28 107.66 106.57 0.0710 0.1000 0.1621 0.1984

0.682 104.66 105.14 105.95 110.28 0.0838 0.1167 0.1940 0.1949

0.582 103.30 103.96 105.20 109.44 0.1002 0.1354 0.2058 0.1648

0.482 101.94 102.51 104.62 107.11 0.1231 0.1604 0.2351 0.2599

0.383 100.26 101.25 103.52 105.62 0.1518 0.1919 0.2701 0.2312

0.283 98.54 99.84 100.71 0.1892 0.2293 0.3029

0.183 96.61 98.21 100.37 0.2449 0.2812 0.3495

0.082 94.35 96.37 103.09 0,3217 0.3521 0.3667

0.075 92.94 94.05 96.12 103.10 0.3506 0,3630 0.3850 0.4738

0.062 92.97 94,17 96,30 103.10 0.3519 0.3633 0.3897 0.4142

0.050 92.92 93.88 96.22 101.81 0.3616 0.3714 0.3977 0.4248

0.035 92.70 93.88 96,22 0.3613 0.3863 0.4048

0.026 94.90 97.52 102.46 0.3349 0.3537 10,3746

0.023 92.67 93.76 96.31 0.3780 0.3848 0.4092

0.008 92.79 93,76 96.22 0.3758 0.3873 0.4096 0.4473

0.001 95.55 97.52 103.10 0.3243 0.3516 0.3958

-0.003 92.81 93.82 96.12 104.05 0.3866 0,3951 0.4122 0.4752

-0.017 93.08 94.93 102.33 0.4210 0.4297 0.4131

—-0.019 93.37 94.67 96.86 0.3593 0.3731 0.3971 0.4585

—-0.028 95.35 97.61 102.46 0.3337 0.3578 0.3892

—0.029 93.63 94,94 96.96  104.37 0.3580 0.3664 0.3941 0.4261

—0.045 94.22 95.43 97.49 105.64 0.3411 0.3530 0.3790 0.4293

—0.062 95.55 97.61 103.10. 0.3391 0.3657 0.4216

—0.063 24.01 95.92 98.00 105.96 0.3261 0.3411 0.3657 0.4211

—=0.077 95.23 96.41 98.20 104.05 0.3115 0.3260 0.3575 0.4098

—0.093 96.06 98.20 104.62 0.3289 0.3550 0.3837

—0.099 96.10 97.02 98.99 105.96 0.2868 0.3035 0.3377 0.4135

—0.113 96.83 97.87 100.08 105.96 0.2721 0.2874 0.3184 0.3800

—=0.117 96.16 98.20 103.64 0.3280 0.3544 0.3996

—0.142 97.93 98.86 100.82 105.39 0.2464 0.2639 0.3033 0.3697

—0.169 98.91 99.68 101.40 105.39 0.2274 0.2474 0.2812 0.3474

—0.194 99.86 100.68 101.97 106.28 0.2109 0.2251 0.2671 0.3390

—0.221 100.61 101.52 102.82 106.28 0.1880 0.2085 0.2473 0.3352

—0.263. 102.13 102.74 104.16 106.91 0.1678 0.1823 0.2241 0.2977

—0.359 105.30 105.82 106.75 109.46 0.1185 0.1380 0.1763 0.2572

—0.558 110.99 .111.46 112,08 114.54 0.0642 0.0761 0.1116 0.1806

=0.759 115.47 116.72 118.13 120.77 0.0385 0.0437 0.0603 0.1149
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FIG. 4. Critical attenuation per wavelength for the
isochore p=1.01p,. The smooth curves represent the
a, values given in Table I at 3 MHz (-x-x~), 1 MHz
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critical point,!® It will suffice to say that good
agreement was obtained between theory and experi-
ment for both our ultrasonic and the available hy-
personic data.!?'!* This agreement was, however,
obtained by taking 16.953 °C (the observed tem-
perature of the velocity minimum) as the critical
temperature for the analysis of all the ultrasonic
data; i.e., the reduced temperature € correspon-
ding to a data point on this isochore was taken as
(T= Ty /Twine This choice was based on the as-
sumption, consistent with Eqs. (9)-(12) of Ref. 19,
that »(w) will vary in the same qualitative manner
as «(0) in the immediate vicinity of the critical
point, Thus x(w) at a finite w is assumed to
achieve its lowest value at the critical point,
Nevertheless, it is unclear why this value of T,,,
differs so greatly from the usually cited T, value
of 16.59 °C.

Systematic errors in the thermometer scale
should be less than 5 m °C for the 1.01p, isochore
since the quartz thermometer was calibrated at
the triple point both before and immediately after
the run. The possibility that impurities are re-
sponsible does not seem consistent with the ana-
lyses carried out after the experiment was com-
pleted. Another explanation would seem to be den-
sity effects caused by gravity.®® The vertical
separation between the transducers was only a few
millimeters for measurement near the critical
point, and the density gradient between them would
not be very large. However, the local density at
the height of the lower (stationary) transducer can

FIG. 5. The 1-MHz velocity
along several isotherms. The
pressure is in experimental units
(see text).
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FIG. 6. Velocity dispersion along the 17.136 °C iso-
therm. The smooth curves represent the differences
between velocities at 3 MHz (-x-X-), 1 MHz (solid
line), and 0.55 MHz (-+-+-) and those at 0.40 MHz. The
pressure difference is in experimental units relative to
the pressure of the velocity minimum,

change with temperature since the transducer is
not at the volumetric center of the quite complex
cell. For the isochore in which the mean filling
density was 0.95p,, the meniscus formed below
the transducers and the local density at 7, was
certainly less than p.. For the isochore with a
mean filling density of 1. 01p,, the meniscus formed
above the transducers and the local density at T,
could be appreciably greater than p,. There are;.

however, two reasons that such density effects due

to gravity should not amount to much. First of
all, the filling procedure was such that the density
was adjusted to give the lowest possible velocity
at a temperature near T,. The cell was then
closed and the mean filling density was determined
subsequently from (8P/87),. Second and most
important, Fig. 5 shows that the isotherm at
16.96 °C has a lower minimum value than any
other. Although the local density at the level of
the transducers is not known for these isotherms,
it is obviously a monotonic function of the pressure.
For the 1.01p, isochore, the 1-MHz velocities at
16.73, 16.84, 16.96, and 17.136 °C were 102.8,
100.1, 96.2, and 98.2 msec™, respectively.
These values are quite close to the corresponding
minimum values of 100.3, 95.6, 95.0, and 97.2

m sec™ shown in Fig. 5. Therefore, gravity ef-
fects do not seem to play a substantial role in
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modifying the results obtained along the 1.01p,
isochore. The final possibility is to challenge the
assumption that y(w) at a finite {requency will have
its lowest value at the critical point. However,
the use of 16.59 °C as T, in analyzing the ultrasonic
data would require that a very strong increase in
dispersion and decrease in critical attenuation
must occur rather suddenly in the region between
16.59 and 16,95 °C. Such an effect could not be
understood in terms of present mode-mode cou-
pling theory. Indeed, the choice of T,=16.59 °C
for the analysis of our ultrasonic data along the
1.01p, isochore would largely destroy the reported
agreement!® between the ultrasonic results and
both theory and hypersonic results. In summary,
the use of T, for the critical temperature in the
analysis of our isochore data seems to be an in-
ternally consistent choice which leads to agreeable
results, but the reason that T,,, is 0.36 °C above
the accepted T, value is completely unclear (see
note added in manuscript).

The attenuation data obtained below T, along
the 1.01p, isochore can be analyzed in a manner
exactly like that used above T,,. It has been shown
that a,(crit) above T,,, depends on the tempera-
ture and frequency through a single reduced vari-
able w* = w/«,. % In that analysis, the character-
istic frequency

. wp=(2A/pC,) 2 ()
0.4 —
03—
~ L
[N
0
o
> o2
<
01
o L
80 -60 40 20 O 20 40 60
P-R, (uVIV)
FIG. 7. Critical attenuation per wavelength on the

17.136 °C isotherm. The smooth curves represent the
values at 3 MHz (-x-X-), 1 MHz (solid line), 0.55 MHz
(=+=+-), and 0.40 MHz (dashed line). The pressure

-scale is the same as that used in Fig. 6.
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1.01p, isochore for T < Ty, as a function of reduced
frequency w*=w/wp. Data are shown at 0.4 MHz (closed
triangle), 0.55 MHz (open triangle), 1 MHz (closed dot),
and 8 MHz (open dot), with wp taken to be 14.6x 1012187,
The smooth curve represents the variation of a, ob-
served above Ty, (see Ref. 18). The choice of w)
=5.38x10'%?2 would give equally good agreement among
a, values at different frequencies.

‘for thermal diffusionwas represented by 5. 38 X 10%€?
sec™! and € was taken to be [T = Tpyol /T pine

If the same w;, expression is used for analyzing the
data below T,,, all @,(crit) values again lie on a
common curve when plotted against w*, Indeed,
the a, values for | T'— T\,,,| <0.35 °C are almost
symmetric about T, and the ¢, (crit)-vs-w* plot
below T,,, is essentially identical to the plot above
T.i. given previously. '®* However, this choice of
wp is not unique. One could also assume that all
data below T, were obtained in the coexisting
liquid. If, for simplicity, the correlation lengths
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in the coexisting vapor!! are assumed to equal those
in the liquid and recent data on the thermal dif-
fusivity along the coexistence curve?” are used, w D
can be represented by 14. 6x10'%€!-®" sec-!. A plot of
ozx(crit) vs w* based onthis choice of wj, is shown in
Fig. 8. Since the exponent 1. 87 does not differ greatly
from the previous choice of 2, the shape of the «,
variation does not change much, but all the w* val-
ues are shifted down by a roughly constant multi-
plicative factor of ~0,28. Unfortunately, velocity
dispersion cannot be analyzed in detail below T,,,
since there are no reliable «(0) values. Roughly
speaking, the dispersion between 0.55 and 3 MHz
appears to be symmetric about T, ,, although the
velocities themselves are not.

The temperature variation of the low-frequency
sound velocity along the critical isochore can be
compared with other data by calculating the con-
stant-volume heat capacity., The appropriate
thermodynamic equation is

T(oP/8T)% 3)
p£0) 1 - C,/Cp) ’

where u(0) is the zero-frequency adiabatic sound
velocity. The quantity (8P/87T), is well known along
the critical isochore from the PVT work of Habgood
and Schneider.” Near the critical point the quan-
tity (1 - C,/C,) is very close to unity and can be
determined from light-scattering intensity mea-
surements.?® Figure 9 shows the calculated vari-
ation in C, as a function of AT when #(0) is ap-
proximated by using the ~8-kHz velocity data of
Kline and Carome,® the 0, 25-MHz results of Chy-
noweth and Schneider,® and the present 0, 55-MHz

C,=

FIG. 9. Variation of
C, along the critical iso-
chore. The direct calori-
metric measurements of
Edwards, Lipa, and
Buckingham (Ref. 9) are
represented by the solid
line. The values cal-
culated by Habgood and
Schneider (Ref. 29) from
PVT data are represented
'by the dashed line, The

S, ‘acoustic results are at
20l T we__ ™8 kHz (squares), 0.25
MHz (dots), and 0.55 MHz
(crosses).
0 I S T W O W 1 1 T N U B A | 1 il S T N B | 1 J
0.05 o.l 0.2 0.5 1.0 20 [ 20
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velocities. The solid line represents the static C,
values obtained from direct calorimetric measure-
ments by Edwards, Lipa, and Buckingham.® The
dashed line shows the C,(T, p,) variation calculated
by Habgood and Schneider?® from the ideal gas val-
ues C,(T,0) and their extensive PVT data. This
technique is an excellent way to evaluate C, far
from the critical point, but the values close to T,
are overestimated. In each case for the acoustic
data AT was taken to be (T'- T,,,), where T, was
16.67 °C for the data at 8 kHz, 16.79 °C for the
data at 0. 25 MHz, and 16. 953 °C for the present
data. The measurement of the resonance frequency
of a 0.25-in. -high cell gave 8-kHz velocities which
were systematically 1.4 msec™ higher +han the
present 0.55-MHz values for AT values between
3.78 and 7.28 °C. In this region, both the 0.55-
MHz and the 8-kHz velocities should be effectively
“zero-frequency” values. Since Kline and Carome
have not included end corrections for their reso-
nant system, their results could easily be in error
by 1%. Therefore, we have reduced all of the 8-
kHz velocities by 1.4 msec™.

At temperatures far from 7', Fig. 9 shows that

there is excellent agreement between the C, values
determined from the PVT measurements and the
acoustic measurements. The calorimetric values
appear to be systematically high by 3.5 J mole™
°C-!, which is close to the uncertainty in their ab-
solute values.® Thus, all the results for C, are
consistent if the direct calorimetric values are
reduced by ~3.5 Jmole-! °C-!, As the critical
point is approached, C, as determined from sound-
velocity measurements deviates from the results
of static measurements when dispersion becomes
appreciable. The “rounding” occurs over the
widest AT range for the 0.55-MHz data and over
the smallest AT range for the 8-kHz data. The
effect of gravity on all these measurements is a
complicating feature®3? which becomes especially
important in the range AT <0.1. However, it can
be shown that even at 8-kHz velocity dispersion
will cause deviations from a limiting power-law
behavior at a higher temperature than that at which
gravity effects become significant, Incidentally,
a power-law fit to the low-frequency velocities
above AT =0.2 gave ~0. 2 for the critical exponent
a (uncorrected for gravity).

The velocity dispersion and attenuation shown in
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Figs. 6 and 7 along a supercritical isotherm are
typical of the results obtained along other isotherms.
The analysis of such results in terms of mode-
mode coupling theory is much more difficult than
the analysis along an isochore for at least two rea-
sons., First of all, the measurements were made
as a function of pressure, and it would be neces-
sary to use an equation of state to obtain » and o,
in terms of the density. Moreover, it is almost
impossible to account for the density gradients in
the system. (The shape of the cell is complicated
and not known precisely enough to allow one to use
an equation of state to predict the local density.)
Thus very near the critical point the relation be-
tween P and p is not well defined. Second, the cal-
culation of wj is difficult because both the diver-
gent and regular parts of the thermal diffusivity
must be considered. The regular part of the ther-
mal conductivity has a strong density dependence,
and the density must be well known before this part
can be estimated. Sengers and Keyes® have shown
that the divergent part of the thermal conductivity
obeys scaling along the critical isochore and along
the coexistence curve. It seems reasonable that
this scaling would hold anywhere near the critical
point. If so, the critical contribution to w, could
be determined. In view of these difficulties, it
does not seem worthwhile to attempt a mode-mode
analysis of the dynamical behavior along the iso-
therms.

The lack of local-density information (or even
absolute-pressure readings) is a serious impedi-
ment to the interpretation of isothermal data and
prevents our establishing the critical temperature
from our data without assuming that »(«) is a min-
imum at the critical point. It is most important to
resolve this point, and simultaneous measurements
of local density and ultrasonic velocity are now in
progress.

Note added in manuscript. Recent measurements
in the same cell using a standardized platinum re-
sistance thermometer show that the critical tem-
perature is 16.64 °C. Ultrasonic velocities at 0. 6,
1, and 3 MHz all approach a minimum value at the
critical point, The high values of T, ,, reported in
this paper and discussed in Sec. IV are almost
completely due to systematic errors in the quartz
thermometer used. Thus the validity of the anal-
ysis carried out in terms of |7 - T,,,! is confirmed.
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A mode-locked neodymium-glass laser with a fast shutter was used to study light scattering

from an absorbing liquid.

Two equal high-intensity beams from the laser intersected at a

small angle in the liquid, and the resulting stimulated diffractive scattering was observed.
Scattering was found on two time scales: a fast effect, developing within the 10-psec duration
of a mode-locked laser pulse, and a slow effect requiring many nanoseconds to develop. An
analysis is presented which shows the slow effect to be a combination of stimulated thermal

Rayleigh scattering and stimulated thermal Brillouin scattering.

The fast effect is explained

as a result of saturation of the absorbing liquid in an interference pattern.

I. INTRODUCTION

Molecular scattering of light, in the form of
Rayleigh, Rayleigh-wing, and Brillouin scattering,
is now known in both spontaneous and stimulated
versions. The stimulated scattering was first
demonstrated for Brillouin scattering by Chiao,
Townes, and Stoicheff.! Characteristic of their
experiment, and almost all of those that followed,
is the use of two light beams passing through the
same region of the material being studied. One

beam is a high-intensity laser beam, and the sec-
ond, at some angle to the first, is of very low in-
tensity.

In the sample, then, is an interference pattern
of electromagnetic fields caused by the two beams.
The fields are coupled to some property of the
sample (density, polarizability, etc.). Hence, the
condition of the sample is altered—in stimulated
Brillouin scattering (SBS), for example, a sound
wave is induced. The changed properties of the
sample, acting back on the light through the dielec-



