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tain R=(6,/6,) "%, Thus fission is predicted to
occur when the soliton goes from a region of
higher temperature into a region of lower temper-
ature (6, <6,), but the effect is much weaker
(thresholds are higher) than shoal-induced fission
of water waves.

A fission process qualitatively similar to that
discussed here is expected to occur also for en-
velope solitions described by the nonlinear para-
bolic equation,®® but that requires a separate in-
vestigation.
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Rayleigh Linewidth in SF; Near the Critical Point*

Tong Kun Lim and Harry L. Swinneyf{
Physics Depavtment, The Johns Hopkins University, Baltimove, Mavyland 21218

and

Kenneth H. Langley and Thomas A. Kachnowski
Department of Physics and Astvonomy, University of Massachusetts, Amhevst, Massachusetts 01002
(Received 1 November 1971)

In two entirely independent experiments we have measured the Rayleight linewidth for
SFg on the critical isochore and the results are found to be in strong disagreement with
previously reported measurements. Our linewidth data, after subtraction of background
terms, exhibit the same critical behavior observed in other fluid systems (¢ =0.61
+£0.04). Within the experimental uncertainty our results agree with linewidths calculated
from the Kawasaki theory with no adjustable parameters.

The fundamental question to be answered by
Rayleigh linewidth measurements on fluids near
the critical point is whether or not a dynamic
property such as the linewidth (the decay rate for
fluctuations in the order parameter for the phase
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transition) behaves similarly for different sys-
tems in the same sense that the static properties
are known to exhibit a similarity in critical be-~
havior for different systems. In an effort to an-
swer this question, there have been numerous
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measurements in the past six years of the Ray-
leigh linewidth for pure fluids and mixtures near
the critical point. In the hydrodynamic region the
linewidth is given by I'= xg® for a pure fluid and
I'=Dgq? for a binary mixture, where ¥ is the ther-
mal diffusivity, D is the binary diffusion coeffi-
cient, and g is the magnitude of the scattering
vector. (x=x/pc,, where A, p, and ¢, are the
thermal conductivity, density, and specific heat,
respectively.)

The results of linewidth measurements of the
thermal diffusivity (on the critical isochore) and
the binary diffusion coefficient (at the critical
concentration) were in most cases fitted by an ex-
pression of the form x=x,e ¢ (with e= |T-T,|/
Tc) in analogy with the simple exponential laws
known to describe the behavior of static proper-
ties of fluids. The values of the exponent ¢ ob-
tained for the four binary mixtures studied ranged®
from 0.59 to 0.68, while for CO, ¢ =0.73,% for
xenon ¢ =0.75,% and for SF; ¢ =1.26.* The mark-
edly different exponent for SF,, supported by ad-
ditional measurements on six near-critical iso-
chores, is contrary to the expected “universality”
of critical phenomena and consequently has been
a puzzle for several years.

Recently it has become clear® that there is a
large nonsingular background contribution to the
thermal conductivity, and the contribution of this
nonanomalous background should be subtracted
before the thermal diffusivity data are fitted by a
simple exponential law. Sengers and Keyes® have
reanalyzed the CO, linewidth data, taking the
background thermal conductivity into account,
and found that the correct exponent ¢ is 0.62
rather than 0.73. A similar analysis® of the
xenon data was found to reduce ¢ from 0.75 to
0.64. For SF,, however, Throdorakopoulos’
found that the inclusion of the background ther-
mal conductivity did not bring the SF; exponent
into accord with the results for other fluids.
Braun et al.® have recently presented new SF,
linewidth data for which ¢ =0.89, but as with the
earlier SF; data, the background correction does
not bring these data into agreement with the re-
sults for other fluids.

We report here the results of two additional SF,
linewidth experiments undertaken completely in-
dependently at the University of Massachusetts
(by K.H.L. and T.A.K., whose preliminary results
have been reported®) and at Johns Hopkins Uni-
versity (by T.K.L. and H.L.S.). Within the experi-
mental uncertainty, the two results are identical
and, in contrast to the previously reported SF;

linewidth measurements, our data agree with the
results for other fluids and with the Kadanoff-
Swift-Kawasaki mode-mode coupling theory.

The linewidth measurements at Johns Hopkins
utilized the same optical beating spectrometer
and apparatus previously used in studying carbon
dioxide and xenon.*® For SF,, 196 data points
were obtained along the critical ioschore over the
temperature range 0.001 <7 - T, <3.5°C, for
scattering angles 29.7°, 59.6°, 90°, 120.4°, and
150.3°. Most of the data (151 points), including
all the data for T- T, <0.3°C, were obtained for
6=90°, which corresponds to a scattering vector
q=1.5307x10° cm ™. The sample, containing
less than 50 ppm impurities, was 0.8% below p_;
T., measured with a precision of 0.0005°C, was
(45.586 £ 0.020)°C. '

The University of Massachusetts experiment
utilized the same collection optics, sample cell,
temperature control, and filling procedure as
described elsewhere.® ! Light scattered from
roughly a single coherence region at 6 =45.3° is
detected by a photomiltiplier, and the photoelec-
tron pulses are applied to the input of a digital
autocorrelation computer.” Pulses arriving dur-
ing a time increment are counted in a three-bit
register and the multiplications are carried out
in real time. Since the average number of pulses
per increment is much less than 1, the correlat-
or operates essentially as an unclipped “ideal”
correlator.'’ Over twenty linewidths were ex-
tracted from the exponential part of the intensity
(photocount) correlation function in the tempera-
ture range 0.009 < T - T, <4.02°C.

Our results for I'/g¢? on the critical isochore
are plotted in Fig. 1 along with the data of Sax-
man and Benedek® and Braun et al.® Our 6=90°
data for T— T, <0.2°C and 6=45° data for T- T,
5 0.1°C extend into the region very near T. where
the correlation range & (£=£,€7") is so large that
hydrodynamics must be supplanted by a more gen-
eral dynamical theory, as we shall discuss later.
However, the remainder of the data are in the hy-
drodynamic region (g¢ < 1) where the data from
all four experiments should fall on a single curve
describing the thermal diffusivity, x=I'/¢%. Note
that in the hydrodynamic region a few tenths of a
degree above T, our results differ from previous
experiments by as much as a factor of 3 or more.
Before comparing our results with the theoretical
predictions, we briefly review the theory.®

We assume that any physical property of a sys-
tem near the critical point can be written as the
sum of two terms: (1) the regular part, which is
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FIG. 1. T'/g%vs T ~T_ for SF; on the critical iso-
chore. Previous experiments: Braun et al, (Ref, 8),

0=17,5° (triangles); Benedek (Ref. 4), 6 =13.9° (squares).

Present experiments: Johns Hopkins, 6=90° (circles),
0=29.7°, 59.6°, 120.4°, and 150.3° (diamonds); Univer-
sity of Massachusetts, 6 =45.3° (inverted triangles).
Curves through our data are given by Eq. (2) using the
set of best-fit parameters.

the value the property would have in the absence
of any critical anomaly, and (2) the singular part,
which in the hydrodynamic region (¢& <« 1) diverg-
es to infinity or converges to zero as the critical
point is approached. Thus, for example, for the
thermal conductivity we can write x, =17 +1 %,
where the subscripts ¢ indicate the possible g de-
pendence of the singular part of the thermal con-
ductivity very near T,.

Generalizing the hydrodynamic result I'=(1/
pc,)q® to include a ¢ dependence in X and c,, and
separating A and ¢, into regular and singular
parts, we have

r=[x"/p(c,) 1+ T, %llc,) */lc,), ], (1)

where T,°=[x,%/pl(c,),*lq? is the singular part
of the linewidth. If the Ornstein-Zernike form is
assumed for the g dependence of (c,),® and (c,),,
(c,) g =¢,(g=0)/(1+4g%¢?), then (1) becomes

I'=(A"/pc,)q*(1+q%8%) + T 5[(c,)® /e, ], (2

where the absence of a subscript g on ¢, indicates
the ¢ =0 (thermodynamic) quantity. For our SF,
data the ratio (c,)®/c, differs from 1 by not more
than 6%; we shall refer to the first term on the
right-hand side of (2) as the “background” part
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of the linewidth, and the second term as the “sin-
gular” part.

In 1968 Kadanoff and Swift!? developed a mode-
mode coupling theory for the critical behavior of
transport coefficients, which Kawasaki® has ex-
tended to derive an expression for the singular
part of the linewidth that is applicable over the
entire domain from the hydrodynamic region to
the critical point:

T, ° =(kpT/61*E)K(qt), (3)

where K(x)=3[1+x2+(x®*—=x ") tan "% ] and £ and
n* are the Boltzmann constant and the high-fre-
quency shear viscosity, respectively. In the hy-
drodynamic limit, ¢g¢ <1, Eq. (3) becomes T,*
=(ksT/6m1n*£)g? hence the Kadanoff-Swift-Kawa-
saki theory predicts that the exponent ¢ that de-
scribes the critical behavior of the singular part
of the thermal diffusivity should be equal to the
correlation-length exponent v, a prediction which
is supported by the agreement between the mea-
sured values of v and the values of ¢ obtained for
binary mixtures and (after background correc-
tions) for CO, and xenon,

We have analyzed our linewidth data using (2)
with the Kawasaki form (3) for I',*, a procedure
which requires independent data for A", c,, &,
and 7*. From the data of Lis and Kellard™ and
Venart™ we found 1" (p,, T) =(3.31+1.8¢€) x10°% erg/
cm sec °C. The relation pc, =pc, +T(3P/3T)p2KT
was used to determine c,, where c, was obtained
from the data of Fritsch and Carome,’ and sev-
eral experiments were analyzed to obtain'® (8P/
87T),=0.854 atm/°C and™® 7 k,=(1.44x10 %) 125
atm ™%,

Puglielli and Ford'” have measured the correla-
tion length for SF,, obtaining £=1.5¢ %67 A  but
there have been no direct measurements of the
viscosity of SF; in the critical region; however,
Henry'® has examined the viscosity data that have
been reported for other fluids near the critical
point (xenon, CO,, argon, krypton, nitrogen, oxy-
gen, ethane, methane, and propane) and has es-
tablished a relation for the corresponding states,
7 (p, T,)/7(0, T,)=2.24+0,06. Combining the
latter result with the low-density SF; viscosity
data'® yields 1" (p,, T,) =347 uP, which is the val-
ue we will assume for n*.2°

As a first test of the theory, the temperature
dependence of the singular part of the linewidth
in the hydrodynamic region can be compared with
the predicted exponent relation ¢ =v. The data,
after the background is subtracted, are fitted by
a power law with ¢=0.61+£0.04, in good agree-
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FIG. 2. Comparison of present linewidth with theory.
The theoretical linewidth (solid curve) is the sum of a
singular term derived by Kawasaki (dashed curve) and
a background term (dot-dashed curve). The curves are
drawn for 6 =90° and the error bars represent the esti-
mated combined uncertainty in the measured parame-
ters used. University of Massachusetts data: 6=45.3°
(inverted triangles; data below T'—T_=0.1°C are omit-
ted for clarity). Johns Hopkins data: 6=90° (circles);
0=29.7°, 59.6°, 120.4°, and 150,3° (diamonds).

ment with the theory and with the results for
other fluids. The uncertainty in ¢ arises primar-
ily from the uncertainty in the background (15%);
our data (after averaging) have an uncertainty of
6%.

A more crucial test of the theory is a direct
comparison of the magnitude as well as the tem-
perature dependence of the linewidth data with the
theory. Such a comparison is shown in Fig. 2,
where the solid line is the theoretical curve ob-
tained by susbtituting the parameter values quoted
above into Eq. (2), with the Kawasaki form for
the singular part of the linewidth. The singular
and background parts of the linewidth, which sum
to give the theoretical linewidth, are shown for
6=90° in Fig. 2 by the dashed and dot-dashed
curves, respectively. The rms deviation of the
data for all angles from the theory is only 8%,
which is no larger than the estimated uncertainty
in the theoretical linewidths (indicated by the er-
ror bars).?!

We have also fitted our data by the theory using
a nonlinear least-squares fitting routine with n*,
£, and v as free parameters, obtaining n* =400
+30 uP, £,=2.16+0.50 A, and v=0.61x0.04,
With the viscosity fixed at n* =374 uP, the best-

fit parameters are £,=2.3+0.3 A and v=0.61
+0.04. The stated uncertainties arise primarily
from the rather large uncertainty in the back-
ground.

We have shown that, contrary to earlier re-
ports, the Rayleigh linewidth for SF, exhibits the
same critical behavior observed for other fluids,
and furthermore there is remarkably good agree-
ment between the linewidth data and the theoreti-
cal linewidth calculated by adding the background
contribution to Kawasaki’s result for the singular
part of the linewidth.

It is gratifying to find that the present data of
Benedek and co-workers (see the following Let-
ter) are consistent with the results we have dis-
cussed here and with those reported by Mohr and
Langley.®

We thank D. L. Henry, G. Feke, G. Hawkins,
and J. V. Sengers for helpful discussions and
G. B. Benedek for providing us with a table of
his data. Two of us (T.K.L. and H.L.S.) also
thank H. Z. Cummins for his encouragement and
support and for many stimulating discussions.

*Work supported by the National Science Foundation.

TNow at New York University, Department of Phys-
ics, 4 Washington Place, New York, N, Y. 10003,

ISee the reviews: H. Z. Cummins and H. L. Swinney,
in Progvess in Optics, edited by E. Wolf (North Hol-
land, Amsterdam, 1970), Vol. 8, p. 133; B. Chu,
Annu. Rev. Phys. Chem. 21, 145 (1970).

°H. L. Swinney and H. Z. Cummins, Phys. Rev. 171,
152 (1968).

%D, L. Henry, H. L. Swinney, and H. Z. Cummins,
Phys. Rev, Lett, 25, 1170 (1970).

‘G. B. Benedek, in Statistical Physics, Phase Tvan-
sitions and Supevfluidity, edited by M, Chretien ef al ,
(Gordon and Breach, New York, 1968), Vol. 2, p. 1,
and in Polavisation Matidve et Rayonnement, Livve de
Jubilé en I’honneur du Professeur A. Kastler, edited
by The French Physical Society (Presses Universi-
taires de France, Paris, 1969), p. 49, and in Pro-
ceedings of the Fouvteenth Intevnational Solvey Con-
fevence in Chemistry, edited by R, Defay (Wiley, Lon-
don, 1970); G. B. Benedek, J. B. Lastovka, M. Giglio,
and D. Cannell, in Critical Phenomena, edited by R. E.
Mills and R. 1. Jaffee (McGraw-Hill, New York, 1971).

5J. V. Sengers and P. H, Keyes, Phys. Rev. Lett. 26,
70 (1971). -

SH. L. Swinney, D. L. Henry, and H. Z. Cummins, to
be published.

"N. Theodorakopoulos, Ph.D. thesis, Brown Univer-
sity, 1971 (unpublished).

8p. Braun, D. Hammer, W. Tscharnuter, and P. Wein-
zierl, Phys. Lett, 32A, 390 (1970). (The data at 6 =90°
contain large scatter and are omitted from Fig. 1.)

R. Mohr and K. H. Langley, in Colloque Internation-

1779



VorLuME 27, NUMBER 26

PHYSICAL REVIEW LETTERS

27 DECEMBER 1971

al du Centre National de la Recherche Scientifique sur
la Diffusion de la Lumiére par des Fluids, Paris, 1971
(to be published).

R, Mohr, K. H. Langley, and N. C. Ford, Jr., J.
Acoust. Soc. Amer. 49, 1030 (1971). The correlator
was designed and built by N, C. Ford, Jr., and R. Asch.

g, Jakeman, J. Phys. A: Proc. Phys. Soc., London
3, 201 (1970).

121, P. Kadanoff and J. Swift, Phys. Rev. 166, 89
(1968).

13K, Kawasaki, Ann, Phys. (New York) 61, 1 (1970).

43, Lis and P. O. Kellard, Brit. J. Appl. Phys. 16,
1099 (1965); J. E. S. Venart, J. Sci. Instrum. 41, 727
(1964).

15k Fritsch and E. F, Carome, NASA Contractor
Report No, NASA CR-1670, 1970 (unpublished).

16w, H. Mears, E. Rosenthal, and J. V, Sinka, J.

Phys. Chem. 73, 2254 (1969). Earlier work is sur-
veyed in this paper.

%y, G. Puglielli and N. C. Ford, Jr., Phys. Rev. Lett.
25, 143 (1970).

Tp, L. Heni‘y, private communication, See also

H. Shimotake and G. Thodos, Amer, Inst, Chem, Eng.
J. 4, 257 (1958); W. Brebach and G. Thodos, Ind. Eng.
Chem, 50, 1095 (1958).

33, C. McCoubrey and N. M. Swingh, Tran. Faraday
Soc. 53, 877 (1957).

YE, S. Wu and W. W. Webb (to be published) have ob-
tained 7"(p,, T ) = 287+ 20 uP from surface-wave scat-
tering measurements on SFg.

211 the Wu and Webb (Ref. 20) viscosity is used, the
rms deviation of the data from the theory (with £ from
Ref. 17) is 20%; the deviation is especially large (32%)
near 7.

Spectrum and Intensity of Light Scattered
from Sulfur Hexafluoride along the Critical Isochore*
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We have measured the thermal diffusivity (D), the isothermal compressibility (kz),
and the pressure (P) along the critical isochore of sulfur hexafluoride over the tempera-
ture range 0.048°K< (T' =T,) < 2.4°K. We find that k;=1.26 x10"%T /T, ~ 1)71-235% 0.015
cm?/dyne and that (8P/8T), =[7.91+0.18(T —=T,) 0.1 x 10° dyne/cm? deg. We discuss
our measurements of D in terms of the Kadanoff-Swift-Kawasaki mode-mode coupling

theory.

Using the techniques of optical mixing spectros-
copy,’ we have measured the spectrum of light
scattered quasielastically from thermal entropy
fluctuations in sulfur hexafluoride at critical den-
sity over the temperature range 0.048°K<7 - T,
<2.4°K. From these measurements we have de-
duced the magnitude and temperature dependence
of the thermal diffusivity (D) along the critical
isochore. From the intensity of the scattered
light we have deduced the temperature dependence
of the isothermal compressibility (k,) along the
same path. Finally, we have measured the pres-
sure (P) as a function of temperature and have
obtained accurate values for (3P/87), on the
critical isochore.

In our experiment, light from an intensity-
stabilized He-Ne laser enters a high pressure
optical cell at an incidence angle of 2.42° to the
normal of the entrance window. A focusing lens
near the exit window of the cell images the scat-
tering region on the entrance aperture of a photo-
multiplier tube. A second aperture, located in
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the focal plane of this lens, selects (with angular
spread A6/6=0.1) the scattering angle (6) and
thereby determines the wave vector (K) of the
entropy fluctuation whose scattering is observed.
The alignment procedure is such that the scat-
tered rays accepted by the collection optics make
the same angle with the window normal as does
the transmitted beam. This procedure ensures
first that the scattering vector K is independent
of the index of refraction of the fluid and second
that the ratio of the intensity of the scattered
light collected to the intensity of the transmitted
beam is independent of optical attenuation in the
sample. In our experiment, K=8380 cm ™!,

The sample cell was filled to within 0.1% of
critical density with sulfur hexafluoride of im-
purity content <20 ppm. Temperatures were
measured with a platinum resistance thermom-
eter in accordance with the 1948 International
Practical Temperature Scale, and the critical
temperature (7,) was determined to be 318.707
+0.002°K by direct observation of the disappear-



