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Recent theoretical work has suggested that at high frequencies, there should be significant
departure from classical hydrodynamic behavior in simple fluids. In particular, the fre-
quency dependence of transport coefficients is no longer negligible and may introduce ob-
servable effects into the propagation of high-frequency sound. We have measured the sound
velocity of high-frequency phonons (1-3 GHz) in liquid argon and liguid neon along their vapor-
pressure equilibrium curves using the Brillouin scattering technique. The Brillouin spectra
were excited with a single~-mode argon-ion laser operating at 5145 or 4765 A and were an-
alyzed and detected with a Fabry-Perot interferometer and standard photoelectric techniques.
Hypersonic (~3 GHz) velocities observed in argon decrease linearly from 850 m/sec at 85 "K
to 742 m/sec at 100 "K and uniformly exhibit a small departure from low~frequency (1 MHz)
data obtained under the same thermodynamic conditions. This effect is in qualitative agree-
ment with theoretical-model predictions of a negative velocity dispersion at high frequencies.
Our measurements of the sound velocity in liquid neon are the first in this materisl by any
technique, and hence cannot be compared with ultrasonic values. The hypersonic velocity
in neon decreases not quite linearly from 620 m/sec at 24.9°K to 508 m/sec at 32°K. When
compared with results in other noble-gas liquids through corresponding-states arguments,
these data suggest the existence of measurable quantum effects in the hypersonic velocity of
liquid neon. In addition, an interesting change in slope of the velocity-versus-temperature
curve (of 17%) is observed at 28 “K.

I. INTRODUCTION Such information is difficult to obtain and yet is
very important for further development of theories
Although the technique of Brillouin scattering of the dynamics of the liquid state. Some recent
has been widely used to study very-high-frequency theoretical work has indicated the possibility of
sound waves in liquids, scant information of this nonclassical behavior for very-high-frequency
type is available for simple monatomic liquids. ' sound waves (i, e., departure from the predictions
Previous light scattering experiments on noble of the Navier-Stokes equations). Gillis and Puff?
liquids have been concerned with sound-velocity have shown that for w>w* (where w* is some
behavior near temperatures of phase transition, ' critical frequency in the liquid) sound waves propa-
rather than with possible effects due to frequency gate at some velocity intermediate between the
devendence of the liquid’s transport coefficients, adiabatic and the isothermal velocities, and that
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the sound absorption coefficient becomes [requen-
cy-independent in contrast to the quadratic fre-
quency dependence expected classically. Further-
more, Frisch,” and Berne, Boon, and Rice* have
shown that under certain very general assumptions
the linear response of a classical fluid becomes
wholly nondissipative in the very-high-frequency
limit. Thus, all transport coefficients (which,
like viscosity, express dissipation at low frequen-
cies) become purely imaginary as w-=, Conse-
quently, there should exist at very high frequencies
certain undamped excitations inthe classical fluid
such as shear waves, self-diffusion waves, and
temperature waves (second-soundlike waves). It
is quite well established that it is around frequen-
cies of the order of the reciprocal collision time,
l.e., w~T1,"'~10'"-10" Hz for noble-dense fluids
(like liquid argon), that dispersion phenomena
should be most important. On the other hand, it
is very difficult to predict a priori the value of
the critical frequency, above which these new ef-
fects are expected to be easily observable. Unfor-
tunately, it is presently not possible to perform
Brillouin experiments in the characteristic frequen-
Cy range we = 7" '; it is, however, of great inter-
est to investigate the sound propagation in simple
liquids at as high a frequency as possible.

The one critical frequency emerging from classi-
cal hydrodynamic theory is the so-called Lucas re-
laxation frequency®

™ T
W, =p ——ie—r ~10%2gec”?,
L “ns + 118)

where p is the density, vg is the sound velocity,
and 7 andn g are the shear and bulk viscosities,
respectively. If one assumes such a value for w*,
then, of course, w* >~wg, and the above-mentioned,
striking effects should not appear in the frequency
range accessible to Brillouin scattering. However,
even for lower phonon frequencies, one does ex-
pect some nonclassical behavior due to the onset
of frequency dependence for the transport and
thermodynamic coefficients which, at very high
frequencies, results in the simple purely nondis-
sipative behavior. If w* were in the GHz range,
there would be a domain w* < w=< we, where this
applies. Berne, Boon, and Rice' have formally
evaluated limiting forms of the frequency depen-
dence of such transport coefficients; but to evalu-
ate explicitly the behavior for low- and intermedi-
ate-frequencies one must resort to a model cal-
culation. ® All these points argue for the desir-
ability of measurements in the 10°-10'° Hz fre-
quency range.

Naturally, the monatomic liquids are most ap-
propriate for studying such effects, since their
acoustic properties should be unencumbered by
relaxation effects due to internal molecular de-
grees of freedom. Until now, however, the high-
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est-frequency sound waves studied in simple lig-
uids were in the MHz range. The Brillouin scat-
tering results, reported here, extend this range
by some three orders of magnitude. We have
measured the temperature dependence of hyper-
sonic velocities along the vapor-pressure equilib-
rium curve in liquid Ar and liquid Ne. For Ar,
our results in the 2-3-GHz range can be com-
pared to earlier 1-MHz ultrasonic experiments
performed under the same thermodynamic condi-
tions. For Ne, our Brillouin scattering results
constitute the first sound-velocity measurements
in this liquid by any technique.

Section II describes the experimental setup and
techniques, including the laser source, scattering
geometry, sample environment and temperature
control, and detection and frequency analysis of
the scattered light. Section III provides a sum-
mary of our results on the temperature and pres-
sure dependence of hypersonic velocities in lig-
uid Ar and Ne. In Sec, IV, our results are dis-
cussed in terms of recent theoretical speculations.
The upper limit on velocity dispersion in Ar, pro-
vided by these experiments, allows us to set a
lower limit for the critical frequency. For Ne,
this is not yet possible due to the absence of any
ultrasonic data on this liquid. Some speculations
on the size of quantum effects in the hypersonic
velocity are included, however, in the conclusions
of Sec. V.

Il. EXPERIMENTAL TECHNIQUE

To appreciate the tolerances on various experi-
mental parameters required for Brillouin scatter-
ing in simple cryogenic fluids, a brief review of
the basic equations for scattering of light by
acoustic phonons is in order, The Brillouin scat-
tering process is most simply viewed as an inelas-
tic collision between an incjdent photon (of fre-
quency », and wave vector k) and a thermally ex-
cited acoustic phonon (v, K¢), in which the phonon
is destroyed or excited (for anti-Stokes or Stokes
scattering, respectively) and a scattered photon
(v, l.b,) is emitted. Over-all momentum and en-
ergy conservation in the process requires that

Vo=V Y ,

- s St
(1)

2=kl*ksv

=

and

where the + and - signs correspond to the crea-
tion or the destruction of a phonon, respectively,
If, as is the case here, vg<y,, v, then |k, | =

| k,!, and the wave-vector triangle becomes an
isosceles triangle. One is then led directly to the
basic equation for the frequency shift Av observed
in Brillouin scattering,
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+Av=| vl—vzl = 2v1ns(vs)(n,/c)sin%9. (2)

where ¢ is the velocity of light in vacuum, @ is the
scattering angle (between the incident and scat-
tered wave vectors), wvg is the phase velocity of
the phonon with frequency vg, and 7, is the medi-
um’s refractive index at the incident frequency »,.
The experiment measures Av and 6; and, of
course, v, and n, must also be known. From
these, we infer vg, Since vg/c for a liquid is typ-
ically of order 107°, Av/v, is also of order 107®
for 8= fm With », in the visible part of the spec-
trum, one has

Ay~107°"x 10'*Hz = 10'° Hz,

Equation (2) implies the need for a very stable
and monochromatic light source and for a spec-
trometer of quite high resolution, The source for
the experiments described below was an argon-ion
laser, forced to oscillate in a single longitudinal
mode by replacing the rear mirror with a trian-
gular prism which forms a second optical cavity.
The device is similar in principle to that employed
by Smith, " although this particular scheme was
developed by Rigrod and Johnson." The prism is
coated so as to optimize the.cavity couplings. Its
over-all dimensions are such that the prism cavity
modes are separated by 7.5 GHz. Thus, only one
prism mode at a time lies under the gain curve of
the argon laser. The laser mode which oscillates
is that mode of the long cavity whose frequency
corresponds to the prism cavity mode. The prism
cavity is tuned and stabilized by enclosing it in an
oven whose temperature is maintained to within
~0.01 °K. Using this simple scheme and with no
stabilization on the long laser cavity, the laser
was made to operate on a single longitudinal mode
whose frequency excursions (due to fluctuations
in the long cavity) were less than 100 MHz. This
was deemed tolerable for these experiments, be-
cause the instrumental width of our Fabry-Perot
interferometer was of order 250 MHz (for a 7.5 -
GHz free-spectral range).

The single-frequency laser power we obtained
was typically 100 mW at 5145 A and 50 mW at
4765 A. The performance was essentially as ob-
tained by Rigrod and Johnson.® One advantage of
this single-mode prism in the argon laser is that
one may change laser wavelengths by the order
of 10% by simply rotating the prism. Our partic-
ular prism worked stably at either 5145 or
4765 A, at the experimental oven temperature
(34 °C). The obvious convenience of this feature
for Brillouin scattering is that one can examine
different frequency phonons without having to
change the scattering angle.

The rest of the apparatus (depicted in Fig. 1)
consists of a sample cell, described below, a flat

oot} ——{ ™ |- o

QuarTz
" PLATE
=]

LASER

K PREQUENCY
L_l PRISM

OVEN

FIG. 1. Experimental arrangement for Brillouin
scattering in simple liquids.

pressure-swept Fabry-Perot (FP) interferometer,
and a lock-in photoelectric scheme for detecting
the scattered light, The diameter of the FP plates
was 2 in., flat to better than-; A, and dielectri-
cally coated for 96% reflectivity at 5000 A. with
a 2. 0-cm Invar spacer corresponding to a free
spectral range of 7.5 GHz, the total observed in-
strumental width (laser plus FP) was ~340 MHz.
Pressure sweeping of the FP was achieved by
leaking Ar gas into the FP chamber through a nee-
dle valve preceded by a constant pressure-differ-
ential diaphragm to linearize the flow rate. An
§-20 photomultiplier was used as a detector.

The sample gas was liquified directly into the
scattering cell, which consists of a metal block
with three 1 -in. -thick quartz windows in contact
with the liquid. As shown in Fig. 2, the sample
temperature was controlled by cold gas flowing
from the reservoir Dewar through coils in the
block and by cartridge heaters imbedded in the
block., The vicinity of the desired temperature
was reached by adjusting the gas-flow rate. For
the argon experiments, the reservoir was filled
with liquid nitrogen. A continuous flow of cold
helium gas was used for the measurements in
liquid neon. Fine-temperature control was pro-
vided by the heaters which were automatically ac-
tivated by a Pt resistance sensor and a feedback
bridge circuit. The sample temperature remained
stable to within £0. 02 °K for periods of hours.
While the cell was provided with an additional
sensing resistor, the temperatures reported here
were obtained from the vapor-pressure readings
of the liquid vapor pressure in the cell, Calibra-
tion tests of the pressure gauge were done on each
filling of the cell by a triple-point measurement.

The sample gases were obtained from Baker
Chemical and were guaranteed to have <0, 002%
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FIG. 2. Sample chamber and cryogenic equipment,

impurity concentration. The gas was admitted to
a glass reservoir system in which it could be
stored, and to which it could be returned at the
end of each data run. This arrangement mini-
mized chances of contamination between runs.

In placing the various components of the experi-
ment, care was taken to ensure that the laser
beam was normally incident to the cell entrance
window and that the direction of observation was
normal to the exit window. The scattering angle
was measured by triangulation over distances of
the order of 5 m. The accuracy in determining
the scattering angle is +2’; corresponding to a
possible error of 0. 07% in sound-velocity deter-
mination [see Eq. (2)].

1. EXPERIMENTAL RESULTS

A. Hypersonic Velocities in Argon

A typical Brillouin spectrum for 5145 A laser
light scattered from liquid Ar is shown in Fig. 3,
taken for #= 90°14’ and T = 84.97 °K, with f/30
collecting optics. The Brillouin peaks are shift-
ed up and down by 2, 8828 GHz for anti-Stokes and
Stokes scattering, respectively. The central peak
is due to the quasielastic or Rayleigh scattering
from entropy fluctuations.” In a simple nonrelax-
ing fluid like Ar, the expected ratio of the Rayleigh
to the Brillouin scattering intensity is given in
first approximation by the Landau-Placzek ratio

Ar 84.97°K
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Ig/2Ip =y -1, where y is the ratio of the specific
heats. For liquid argon'® at 85 °K, y = Cp/C,,
- 2.19. The ratio observed in Fig. 3 is ~1.2, in-
dicating that stray light reflected inthe cell makes
a negligible contribution to the central component.

Scattering measurements were made in liquid
Ar at its vapor pressure ranging between 592.5
and 2470. 5 mm Hg, corresponding to temperatures
between 84. 97 and 100.15 °K. Because the sound
velocity varies with temperature, the phonon fre-
quencies observed for fixed scattering angle and
fixed laser frequency are different for different
temperatures. We were also able to observe
slightly different phonon frequencies at the same
temperature by changing the laser frequency. By
switching from 5145 to 4765 A excitation, phonons
differing in frequency by ~8% could be observed
without changing the geometry or the liquid condi-
tions. This procedure provided a check on the
reproducibility and absolute accuracy. The veloc-
ities measured with the different laser frequen-
cies at the same temperatures should be the same
when corrected for possible frequency dependence
of the liquid’s refractive index. In fact, within
experimental error, the present data agree with
our preliminary results obtained with a 6328 A
He-Ne laser.'' While no refractive index measure-
ments at 4765 or 5145 A have been reported for
Ar, we believe the values obtained by Abbiss el
al.'® at 5893 A are quite adequately accurate for
our purposes. An estimate of the dispersion in 7
is provided by a comparison of the 5893 A values
with the infinite wavelength value, taken as the
square root of the static dielectric constant, **
Figure 4 illustrates the comparison. Since these
results differ by only about 0. 1%, we expect the
variation of 7 between 5893 A and the laser wave-
lengths we employed to be entirely negligible
(~10-4%).

The experimental results for liquid argon are
summarized in Table L

The velocity data are uncorrected for line pull-
ing by the larger Rayleigh line. A theoretical in-
vestigation of this effect has recently been carried
out by Leidecker and LaMacchia for the case of

FIG. 3.
liquid argon, T'=84.97"K, 0=90"

Brillouin spectrum of
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FIG, 4. Temperature dependence of the refractive

index and of the vapor pressure of liquld argon along
the liquid-vapor equilibrium curve, Dashed curve:
P=fI(T), from X, Clark ef al,, Physica 17, 876 (1951).
Solid line: n=/f(T), at 5893 A, from C. P. Abbiss el al.,
J. Chem. Phys. 42, 4145 (1965). Circles: refractive
index at infinite wavelength as calculated from the

static dielectric constant, R. L. Ameyand R. H. Cole,

J. Chem. Phys. 40, 146 (1964).

Lorentzian lines. '* Were the total line shapes
(phonon plus laser plus FP) Lorentzian in our case,
the correction would be of the order of 1% accord-
ing to the evaluation by Leidecker and LaMacchia.
However, as is evident from Fig. 3, the total line
shapes fall off much faster than Lorentzians as
one departs from the center frequency, although
the falloff is not so rapid as that for a Gaussian
function, An estimate of the line pulling can be
made roughly as follows: Consider a Lorentzian
line sitting atop a linear tail which we take to rep-
resent the tail of the central component in the
vicinity of the Brillouin line. The intensity pro-
file for this combination is

I B(AVB)’

l(l’) o (A )} ( )3 (p- '.B)
VB + V—VB

nAuB

+4all-

(3)

)

1oh~1a+L,

rg-nlvg

vyt nlvg

"o -Ouy

FIG. 5. Ilustration of the line-pulling effect. RT is
the Rayleigh component linear tail, BL is the Lorentzian-
Brillouin peak, and LP {s the line pulling, sum of RT
and BL.

The meaning of the symbols in Eq. (3) should ap-
pear clearly from the representation of Eq. (3),
as depicted in Fig.5. Avpg is the half-width at
half-maximum of the Brillouin peak; a is the
difference between the intensities on the high- and
low-{requency sides of vy at a distance t+nlvpg
away, l.e., for v-vp=+ndvpg. Were there no
tail to the Rayleigh component, i.e., @ =0 in Eq.
(3), the maximum intensity would occur at v =vp,
with a peak value

I (I'B) = IB' 4)

In the presence of a linear Rayleigh tail (a# 0), the
frequency displacement of the peak intensity is
easily evaluated from Eq. (3) by a standard maxi-
mum calculation. To first order, one finds the
corrected value

Thle (a/IB)AuB/-b:. (5)

A glance at Fig. 3 reveals that a/Ig is less than
107* for n=4, and that 2Avg ~350 MHz. Thus,
the line pulling effect as evaluated above would
yield

TABLE 1. Frequency shift (Ay) and hypersonic velocity (usi In liquid argon along the vapor-pressure equilibirum

curve; scattering angle: 6=90"14",

Laser A(A) Pimm Hg) T('K (7 Av(GHz) v m/sec)
5145 592,56 84.97 1.2319 2.8822 849.6
5145 1012.5 90.12 1.2264 2.7561 815.9
6145 1590.56 94.95 1.2212 2.63056 782.1
6145 24706 100,15 1.2164 24824 741.6
4765 609.5 85,22 1.2317 3.1054 BAT 8
4765 1007.5 90,07 1.2265 2.9763 816.0
4765 1600.5 95.00 1.2211 2.8334 780.2
41765 2467.5 100,13 1.2153 2.6824 742.2
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-2 ~
5 3 1g X 107" MHz ~ - 0.1 MHz. (6)
Now for the case of the present work, the above
estimation, Eq. (5), certainly overestimates the
pulling effect as the observed peaks decay faster
than Lorentzians. One may therefore ascertain
that the correction to the frequency shifts dis-
played in Table I is smaller than 5 x 107*%, which
is negligible with respect to the total experimen-
tal error, Inview of the experimental conditions
(pressure, temperature) and of the errors made
in the measurements (scattering angle, frequency
shift, ...), the absolute velocity data are consid-
ered to be accurate to ~0,5%. Although the re-
producibility accuracy (indicated by comparison of
4765 with 5145 A data) is clearly much better;
it approaches 0. 2%,

Of primary interest in these experiments is a
comparison of the hypersonic (~2-3 GHz) veloci-
ties measured here with those at much lower (re-
quencies '* (~ 1 MHz), obtained by conventional ul-
trasonic techniques to determine the presence or
absence of velocity dispersion. The comparison
is illustrated in Fig. 6. One observes that the hy-
personic velocities are uniformly lower by ~0. 4%
than the ultrasonic velocities. This difference,
however, is just barely, if at all, outside the lim-
its of experimental error and could be due, de-
spite the precautions taken in the experiments, to
some systematic effect (possibly in absolute tem-
perature of the liquid) in either the low- or the
high-frequency measurements. In addition, ultra-
sonic data obtained by different authors'®~'® exhib-
its a spread of 0. 2% about the velocity values
quoted in Ref. 15. Al some temperatures, our
Brillouin data are only about 0. 2% lower than some
of the ultrasonic data,'” However, at no tempera-

ARGON SOUND VELOCITIES
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FIG. 6. Sound velocities in liquid argon, as a func-
tion of the temperature, along the vapor-pressure equi-
librium curve. Comparison of the ultrasonic data at
1.2 MHz (solid line) and the hypersonic values at 2.5-3.1
GHz (dashed line).
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ture in the 85-100 “K range do the ultrasonic and
Brillouin velocities overlap. With these experi-
mental reservations in mind, we note that theoret-
ically one predicts the existence of a negative
velocity dispersion for liquid argon at high fre-
quencies. A fuller discussion appears in Sec, IV,

B. Brilliouin Linewidths in Argon

The absorption of hypersonic waves in Ar is less
sensitive by an order of magnitude than velocity
to the expected effects of the high-frequency trans-
port coefficients discussed below. Also, our
measurement of Brillouin linewidths in Ar is con-
siderably less accurate than our measurement of
the Brillouin frequencies. Nevertheless, we were
able to observe broadening of the Brillouin com-
ponents. An average of all the runs at 5145 A and
85 °K indicates a total width at half-maximum of
the central component of 340 MHz, while the aver-
age total width of the Brillouin peaks is 357 MHz.
However, because the line shapes involved are not
Lorentzian as mentioned above, the correct sub-
traction procedure is only approximated by the
direct subtraction appropriate to Lorentzian func-
tions. Departure from the Lorentzian shape to-
ward the Gaussian shape results in a value of pho-
non broadening of the order of, but larger than,
17 MHz. Just how much larger depends on the
precise line shapes involved. Because of the fluc-
tuations in instrumental width arising from the
wandering of the single-mode laser frequency, it
was not deemed worthwhile to compute the phonon
linewidths by a numerical analysis of line shapes.
Thus, we can only say on this point that the Bril-
louin line broadening we observe in liquid argon
is consistent with the expected absorption of 3-GHz
phonons obtained by extrapolating from ultrasonic
measurements'® according to the classically pre-
dicted quadratic dependence of sound absorption
upon sound frequency. The measured ultrasonic
absorption' coefficient a/v?*=15%x10""" cm™" sec™
predicts a Brillouin linewidth of Avg=av/w of
~35 MHz for 3-GHz phonons at 85 “K. Because
these ultrasonic measurements imply the exist-
ence of a bulk viscosity in Ar of the same order
as the shear viscosity, one would expect precise
measurements of hypersonic phonon lifetimes by
Brillouin scattering to be of interest, *»*

C. Hypersonic Velocities in Neon

Our experimental results on liquid neon consti-
tute the first measurement of sound velocity in
this system by any technique. Neon was selected
for study rather than xenon or krypton because our
results in argon indicated that nonclassical behav-
ior is at most on the threshold of detectability in
the heavier noble liquids. Neon, however, might
appear as a better candidate for anomalous high-
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frequency behavior because it can be considered SO
a semiquantum fluid. Indeed, considering the de [
Broglie wavelength A, to be unity in arbitrary
units for helium and ~ 0 for xenon, one has A=0,13
for neon.® (For instance, the ratio of quantum to g
classical contribution to the self-diffusion coef-
ficient goes as the square of the ratio of the de
Broglie wavelength to the length parameter charac-
teristic of the intermolecular potential energy; -
this ratio, for liquid neon, is found to be ~10%). ®

In addition, some recent measurements in liquid

neon indicated a possible anomaly in the vicinity

REFRACTIVE WOEX
OF LIGUID e

Ve iri

of the normal boiling point (27. 2 °K) for the shear S e T
viscosity. @ e

Primarily ior this reason, our temperature FIG. 7. Temperature dependence of the refractive
measurements in Ne were made on a much finer index for liquid neon at infinite wavelength.

scale than for Ar. Table II summarizes our re-

sults from just above the triple point (77 =24.6 °K,

P;=324 mm Hg) to a few degrees above the normal is at most a few MHz = 0, 2% to the Brillouin shift.
boiling point, taken with 5145 A excitation. Abso- The central peak shown in Fig. 8 is stronger rel-

lute values of the velocities are dependent upon ative to the corresponding Brillouin peaks than
our use of the square root of the dielectric con- that one for liquid argon, as illustrated in Fig. 3.
stant as an approximation to the optical refractive On an absolute scale, however, it is weaker by a
index. The dielectric constant values are taken factor of ~5. The stray light contribution to Fig.
from Ref. 24 and are plotted in Fig. 7. As with 8 is probably larger than that due to scattering
argon discussed above, we expect this approxima- from entropy fluctuations in the liquid. For lig-
tion to introduce an error of £0.1%. To check uid neon® at 25.2 °K, Cp/Cy =2. Thus, Ip/2lg
the reproducibility of our measurements, some =1; and ~25% of the central component in Fig. 8
runs were also taken with 4765 A excitation. is due to entropy fluctuations scattering.
These results are summarized in Table IIL The relative efficiencies of the Brillouin scat-
A typical spectrum obtained for liquid neon at tering for Ar and Ne are found experimentally to
T=25°K is shown in Fig. 8. The velocity as a be 07 /0Ne~25. This agrees well with the ratio
function of temperature is plotted in Fig. 9. evaluated from thermodynamic calculation of scat-
Again, these velocities are uncorrected for line tering efficiencies, ~(n® - 1Pk Tp/Bs, with B¢ the
pulling due to the central component. For the adiabatic compressibility.
data shown in Fig. 8, similar arguments to those The absence of sound velocity measurements in
given above for the case of liquid argon indicate the MHz range for neon precludes our discussing

that the displacement of the Brillouin peaks toward anomalous velocity dispersion in this liquid from
the central peak due to the tail of the central peak the experimental viewpoint, However, the same

TABLE II. Frequency shift (Av) and hypersonic velocity (v ) in liquid neon along QQe vapor-pressure equilibrium
curve; 5145 A excitation; scattering angle: 6=91°43’, except for the data marked , where 0=90"14",

P(mm Hg) K n (est) Av(GHz) vg(m/sec)
360 24,90 1.09270 1.8921 620.7
400 25,17 1.09236 1.8799 616.9
450 25.50 1.09195 1.8650 612.3
490 25.75 1.09163 1.8490 607.2
540 26.02 1.09133 1.8304 601.2
547" 26.07 1.09123 1.8158 604.2
575 26.23 1.09105 1.8321 602.0
620 26.45 1.09080 1.8207 598.3
670 26.73 1.09041 1.8078 5943
730 27.00 1.09030 1.7897 588.4
737" 27.05 1.09002 1.7854 594.7
952* 28.05 1.08875 1.7300 576.9

1672"* 30.03 1.08607 1.6096 538.1

2522" 31.97 1.08315 1.5165 508.3
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TABLE IIl. Frequency shift (4») and hypersonic velocity (vsj in liquid neon along the vapor-pressure equilibrium

curve; 4765 A excitation, scattering angle: 6=90°"14",

Plmm Hg) TK 7 (est) Av(GHz) v¢(m/sec)
547 26,07 1.09123 1.9660 605.8
942 28.02 1.08880 1.8550 572.9
1672 30,03 1.08607 1.7536 542.9
2552 32.02 1.08308 1.6297 506.0

arguments, as for the case of liquid argon, hold
and predict a negative velocity dispersion of the
same order, i.e., ~107%%, for liquid neon. Per-
haps the most striking feature of Fig. 9 is the
change in slope of the sound velocity-versus-
temperature curve near 28 “K. Below 28°K, the
data show Av/AT = - 14,6 m/sec °K; while above
28°K, the slope is = 17.1 m/sec K. At present,
we have no theoretical explanation for this effect,
although we note that similar temperature effects
seem to exist for various transport coefficients
in liquid neon. In particular, the temperature de-
pendence of both the thermal conductivity®® and
the shear viscosity®® changes at 28 °K in neon.

On the other hand, neither the dielectric constant
nor the density exhibits unusual behavior in this
temperature range.® The intimate relation between
the transport properties and the sound velocity
and absorption suggest the existence of an inter-
esting physical effect in neon in the vicinity of its
normal boiling point. To elucidate this further,
we plan more accurate hypersonic velocity mea-
surements as well as attenuation (Brillouin line-
width) measurements in neon using improved ap-
paratus.

IV. DISCUSSION

From classical hydrodynamics, the semiphenom-
enological theory of light scattering from thermal
fluctuations in classical fluids predicts the analyt-

4y | BTIGH] 4

~20 =10 o )
FREQUENCY SHIFT

FIG. 8, Brillouin spectrum of liquid neon; 7T=25.17°"K;
0= 91"43'; laser wavelength is 5145 A.

ic form of the spectrum of the scattered light to
be a succession of three Lorentzians, respective-
ly centered around the incident light frequenty

w, (Rayleigh component), and around wy + wy
(Stokes and anti-Stokes lines).® In the procedure
of this calculation, an important point is the solu-
tion of the dispersion equation, which, to first or-
der and with very good approximation, exhibits
the roots"

__ 2
+ tvoks I‘sks 5

= 2
rRkss .

(7)

with I‘s=(2p)"-}ns+nB+K(Cv"—Cp")], (8)
and T, =— (9)
R pCp’

where v, is the low-frequency sound velocity, and
x is the thermal conductivity (the other symbols
have been defined in the preceding sections). Thus,
the phonon frequency is given by

w =tvoks; (10)
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FIG. 9. Hypersonic velocities in liquid neon as a
function of temperature, along the vapor-pressure
equilibrium curve.
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in other words one obtains the classical result
that the sound velocity at frequency wg is equal to
the low-frequency value vy, provided the hydro-
dynamic conditions are satisfied. Similarly, the
sound attenuation is found to be measured by the
Brillouin linewidth

Aw =2T k2, (11)
s s Ss

Now, the phonon frequencies measured in the pre-
sent work, ws~10'" Hz, are considerably higher
than those encountered in usual hydrodynamic (or
acoustic) experiments, although they are still in
the low-frequency range when compared to the
characteristic frequency we in simple fluids:
wg/wp~10"%, In other words, the hydrodynamic
limit is still valid here and the semiphenomeno-
logical approach mentioned above can be used.
However, I's and T'p, Egs.(8) and (9), are es-
sentially linear functions of the transport coef-
ficients, and it is now established that at high
frequencies, these coefficients should be replaced
by general transport functions % * leading to new
T functions of the form

l"(ws)=l"(ws)+il‘”(ws), (12)

where the real and imaginary parts refer, respec-
tively, to the dissipative and nondissipative parts
of the corresponding frequency-dependent trans-
port coefficients, as e.g., for the shear viscosity

ns(ws)=n's(ws)+in;'(ws) 2 (13)

Once this is recognized, the dispersion equation
and its solution are modified accordingly. The
details of the theory are reported elsewhere”;
here we merely quote the general form of the re-
sults. The hypersound velocity reads

. ), aa

AT ALK

2
£ /I‘one rs"k
v =v f1 Sk
s o

where I' ;2 is the zero-frequency quantity as
given by Eq. (8), and I'Y/T¢? is the lowest-order
correction (to which the calculation is restricted
here) arising from the frequency dependence of
the transport coefficients. The theory thus pre-
dicts the existence of a negative dispersion, which
is primarily due to the nondissipative (imaginary)
part of the transport coefficients at finite frequen-
cy. Similarly, a dispersion relation for the high-
frequency attenuation follows from the dissipative
part of the transport coefficients; one obtains
r’ r%\?
aw =21 % 2 14—+ 0f —=

s 38 v
r o
s

»  (15)

and similarly for I'p (i. e., for Aw R» the linewidth
of the Rayleigh peak). An estimation of the dis-
persion given by Eq. (14) for simple dense fluids
like argon and neon in the normal liquid range,

and for phonon frequencies ~10' Hz, predicts that

(zvs - vo)/vof_- 107¢, (18)

A nonclassical increase in the attenuation of the
same order of magnitude (A a/ag)a8g ~107*) fol-
lows [rom Eq. (15). This behavior is due to the
fact that the nondissipative part of the transport
coefficients is an odd function of the frequency,
i.e., in the low-frequency range and to the lowest
order, I'""/T°. 0(ww,), which is multiplied by
(rg/vg) to give the first dispersive term to the
hypersonic velocity = while the lowest-order cor-
rection to the attenuation is just the second signi-
ficant term of the expansion of the real part of the
transport function, which is even in the {requency,
i.e.,

/=1 *O«“’/"’c P). (17)

Both corrections are of the order of (Ikg/vg),
which implies that the dispersion equation must be
solved to the second order, *” as seen from the re-
sults displayed in Eqs. (15) and (16). As mentioned
above, the experimental error precludes our
drawing quantitative conclusions from the compari-
son of ultrasonic data and hypersound velocities

in liquid argon, However, there is reasonably
good evidence that a negative dispersion has been
observed, which is in qualitative agreement with
the theoretical prediction.

V. CONCLUSION

At present, the existence of negative dispersion
in liquid argon should be regarded as tentative,
but appears nevertheless quite plausible. While
this observation might indeed be the first experi-
mental indication for nonclassical hydrodynamic
behavior in a simple fluid, the desirability of fur-
ther theoretical investigation and complementary
experimental work on this problem is clear. So
far as the theoretical approach is concerned, more
accurate evaluations of the frequency-dependent
effects are in progress, and will lead to numerical
results which should be tested against experiment-
al data.

Experimentally, it seems worthwhile to improve
the accuracy of Brillouin velocity measurements
by at least a factor of 3. With the present appara-
tus, this could be achieved by stabilizing the long
laser cavity to reduce the ~100 MHz of wander in
the light frequency. Also, a thorough study of the
Brillouin spectra at very large and very small
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scattering angles might be of interest. With bet-
ter laser stability and an improved FP, accurate
Brillouin linewidth measurements could also be
made.

Of course, sound velocity measurements in the
MHz range in liquid neon would certainly be de-
sirable, especially because one might expect
quantum effects to play some role in eventual dis-
persion. Presently, it is, however, extremely
difficult to forecast the importance of such effects.
About all one can do is to estimate their magni-
tude from corresponding states principles. Along
the saturated vapor-pressure curve the reduced
velocity v; is a function only of the reduced tem-
perature T*,

v (T) = xv3(T*), (18)
with the reduction paramsater
x = (e/mi?, (19)

where € is the characteristic minimum of the in-
teraction potential curve, and m is the mass, For
two different molecular species obeying the theor-
em of corresponding states and taken at the same
reduced temperature, Eq. (18) yields (e.g., for
argon and neon)

"Ne(T) = (e /€ )12y,

NemAr ArmNe (7,

Ar corr)’

(20)

the sound velocity of liquid argon being taken at a
corrected temperature: T oopp = T€A /€ Ne-
Now, as already mentioned in Sec. III, neon exhi-
bits a weak, buat non-negligible quantum behavior
as compared to a classical fluid like argon. In-
deed, their respective, reduced de Broglie wave-
lengths are*®

A, *-0.035; A, **=0.352. (21)

Ar Ne

Here, considering the square of the A* parameter
follows from the fact that the expansion of the
scattering cross section for small and moderate
wavelengths is even in . Therefore, to account
for the quantum effects, Eq. (20) should be modi-
fied accordingly, **

Y, €

Ne )= (Enea /€A " Ne

P va(A ")/

), (22)

2 ]
".: (AAr‘ It Ar(Tcorr

Ar AND Ne

where v;(ANe")/v;(AAr")
=[1+(aA*)(ano3/a(A*P)AS 17, (23)

and AA*2=A

B
Ar. A

Ne‘ e (24)

The evaluation of the right-hand side of Eq. (23)
is quite involved, since the explicit dependence of
the sound velocity with respect to the de Broglie
wavelength is not known. An estimate is never-
theless possible from a graphical representation
of the available data for simple liquids. This
leads to a quantum correction of ~2% for the velo-
city in liquid neon as compared to liquid argon.
We have reported in Table IV the results of the
corresponding-states calculation. One should not
attribute too much importance to the quantitative
agreement between the experimental data and the
corresponding-states results for sound velocity,
Some indirect evidence for the importance of
quantum corrections in neon is given by the fact
that the simple corresponding-states argument
gives much better agreement for xenon, which
has no quantum effect (Axe**=0.004), than for
neon which does. In particular, based on our
measured velocities for argon and the value of
236. 6 °K for €x, one predicts

cs & 1/2
Ve (164 °K) = ((xemA l/ € ArmXe)

(U -
nM(as. 5K) = 646 m/sec.

This is in excellent agreement with the recently
measured value vy,””® (164 °K) = 635 + Tm/sec
reported by Gornall and Stoicheff.*® As seen from
Table IV, on the other hand, the corresponding-
states velocity without quantum corrections for
liquid neon is 3% higher than the measured velo-
city. The quantum correction reduces the differ-
ence from experiment to less than 1%. Thus, it
seems that the quantum effect in liquid neon is ob-
servable. How large a role such effects play in
velocity dispersion remains an open question,
however,
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TABLE IV. Evaluation of the sound velocity in liquid neon from the principle of corresponding states. The
numerical values of the parameters appearing in Eqs. (20) and (22) and used to calculate v, are those given in Ref. 22.

vscdc(m/sec) v,cnlc(m/ sec) v P(m/sec)®
T K |Eq. (20)] [Eq.~(22)]

25 636.4 623.9 618.0°
605.8¢

26 619.0 606.9 Soiab

27 600.0 588.2 588.4P
572.9°

L
28 580.3 568.9 s ob
29 560.6 549.6 5570

2 prom Tables II and II1.
b 5145 A excitation.
€ 4765 A excitation.
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