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Measurements of the Rayleigh-Brillouin spectra of light scattered by two classes of gaseous mixture; helium-xenon,
and helium-hydrogen and helium-deuterium, have been performed over a range of density, concentration, and wave
vectors. For He-Xe mixtures, under certain experimental conditions the data are accurately accounted for by a
complete two-component hydrodynamic theory and light scattering has been shown to be a good method to deduce
the thermal diffusion coefficient. We have thus determined in a quantitative way the range of applicability of the
hydrodynamic theory. On the other hand, when the partial density of helium is not too small, systematic deviations
between experimental and the calculated spectra are observed. These deviations can be understood in terms of
kinetic effects to be discussed in a subsequent paper. For He-H, and He-D, mixtures, the hydrodynamic theory is in
good agreement with our experimental data in the full range of densities and concentrations. We discuss the reason

for this different behavior for the two classes of mixtures.

I. INTRODUCTION

The dynamic structure factor S(g,w) of one-
component rare-gas fluids has been extensively
studied by light scattering® and coherent neutron
scattering? during the last decade at different den-
sity and wave-vector ranges. While the neutron
scattering measurements focused attention on
high-density regions (higher than the critical den-
sity) and studied density fluctuations of wave-
lengths of the order of atomic size, the light-
scattering experiments are generally confined to
the dilute-gas regime where the wavelength of
light (5000 A) is of the order of interatomic dis-
tances. In this very low-density region (number
density ~10'~10%° atoms/cm?) it was found that
the dynamic structure factors measured by light
scattering agree well with predictions of the
Boltzmann kinetic equation in both the kinetic
(gl> 1, I=mean free path) and hydrodynamic
(gl1<1) regime. Furthermore, the kinetic theory
calculations,® and a recent experimental result of
Ghaem-Maghami and May'‘® show that at low den-
sities the dynamic structure factor in the kinetic
regime is relatively insensitive to the interaction
potential between atoms for rare gases at room
temperature.

In a binary gaseous mixture, there are in gener-
al four parameters called Knudsen number Y,
(Refs. 4) which characterize the nature of density
fluctuations. The Knudsen number is proportional
to the ratio of wavelength of actual fluctuations to
wave-free path between collisions. We shall see
below that for a given binary gas mixture experi-
mental results can be classified by using two
Knudsen numbers between collision of like pairs,
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namely,

Yy i=aorb

~ ;I—l: ,
where [; is the mean free path between a like pair
and is approximately given by I, = (V2rn0?)"L. n,
is the number density of particle i and o; the
equivalent hard-sphere diameter. A kinetic behav-
ior of the mixture is generally expected if Y ,, and
Y,, are both smaller than unity. On the other
hand, a hydrodynamic behavior is. expected if any
one of Y,, or Y,, are much greater than unity.? In
Fig. 1 we indicate in a two-parameter space (¥,
vs Y,,) regions where various experiments have
been performed.

Relatively fewer experimental works have been
reported for two-component rare-gas fluids. The
earliest study of the He-Xe mixture up to 8 atm
pressure was reported by Gornall and Wang.®
They found that as an increasing amount of light
impurity He is added to Xe gas initially at 8 atm,
pronounced broadening and frequency pulling of
the Brillouin components result. They attributed
the effect to a strong hydrodynamic coupling be-
tween the sound wave and concentration diffusion
in the mixture. In Fig. 1 their experiment is in-
dicated by a black horizontal line denoted by A.
Clark® extended the study of the He-Ne mixture in-
to a nonhydrodynamic regime where Xe is dilute.
Translational motion of Xe in helium was then
modeled by a kinetic equation with a Fokker-
Planck collision operator. Satisfactory agree-
ment with light-scattering data was found. His
experiment is indicated by a rectangular box B.
More recently, Lao, Schoen, Chu, and Jackson’
studied Rayleigh-Brillouin scattering in gaseous
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FIG.1. A Yy, (or Y, ) vs Yy, parameter space which
serves to identify the hydrodynamic and kinetic refer-
ences. For the Xe-He mixture this experiment identi-
fied the shaded region to be the kinetic region while the
rest of the space is hydrodynamic. According to Boley-
Yip (Ref. 4) criteria the kinetic region is confined to
Yxe <1, Yy, < 1. Our experiment indicates that there is
an extra region bounded by the shaded area and the box
denoted by E where the kinetic description is definitely
needed. Box E is the region where the present experi-
ment is performed. Box B indicates Clark’s experi-
ment (Ref. 6) and C, A, D, respectively, represent
experiments of Lao et al. (Ref. 7), Gornall and Wang
(Ref. 5), and Bahardin et al. (Ref. 21).

mixtures of He-Kr and Ar-Kr up to pressures of
30 atm or so. Data were taken in the hydrodyna-
mic regime and thus were compared with two-com-~
ponent hydrodynamic theory of Cohen et al.?
Agreement was reported to be satisfactory. Their
experiment is indicated by a horizontal line C.

In this series of papers we plan to present ex-
tensive studies of three gaseous binary mixtures:
He-Xe, He-H,, and He-D,,® where the two-gas
components are either of large difference in
masses or of similar masses. Our experiments
on He-Xe mixture cover a wide range of densities
as indicated by a box E in Fig. 1. Although the
He-Xe mixture has already been studied before,
the experiments of Clark® were confined to a nar-
row domain where xenon is very dilute and its
mean free path Iy, is greater than ¢™, i.e., Yy, x,
<1. On the other hand, experiments of Gornall
et al.,’ were performed at high xenon density
where Yy,> 1. As can be seen from Fig. 1, some
of their results were obtained at rather low He
density and high-g values leading to Y,<1. It is
likely that some of their results would not show
the hydrodynamic behavior. Besides, their spec-
tra seem to be contaminated by a large amount of
stray light. The more recent experiments on the
mixture He-Kr by Lao et al.,” were performed in
a regime expected to by hydrodynamic. However,
the domain of Y values studied was very restric-
ted and some stray light seems to be present also
on their recording.
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Use of a very stable and sensitive experimental
setup involving frequency-stabilized high-power
laser source, high-finesse Fabry-Perot inter-
ferometers and, most importantly, stray light-
free scattering cells allows us to obtain a very
accurate determination of the S(g,w) profile. Then
an extensive measurement of the structure factor
covering a large domain of Yy, and Y, values is
of great interest in testing theoretical results on
the Maxwell-model kinetic theory* and its limiting
hydrodynamic® behavior in the He-Xe mixture.

In this first paper we mainly try to delineate the
validity of hydrodynamic theory for the He-Xe
mixture. In doing so we also identify a new region
in the parameter space where kinetic description
of the fluctuations is necessary. We shall empha-
size the role played in the hydrodynamic regime
by the coupling between temperature and concen-
tration gradients via the thermal diffusion coeffi-
cient K;. We shall then show that light scattering
is a good tool to measure K, in a large-mass-
ratio binary mixture.

Dynamical studies of mixtures with mass ratio
close to unity are also of interest. In this case it
is known'? that the thermal diffusion coefficient
K7 is fairly small if the interparticle potential
parameters of the two components are similar.
This is the case of He-H, and He-D, mixtures
(see Table I). When K, =0 the direct coupling be~
tween concentration and temperature fluctuations
vanishes, leading to a great deal of simplification
of hydrodynamic equations. Furthermore, at low
densities the nonideality corrections to thermody -
namic coefficients are small and these two sys-
tems can be used as a model system for testing
the perfect-gas hydrodynamic behavior.

II. THEORETICAL BACKGROUND

In a light-scattering experiment from a fluid
geometry of the experimental setup selects a
Fourier component of thermal fluctuations of the
local dielectric constant €(T,¢) with a wave vector
d according to the relation

d=x(k, -k,), (1)

where k’, and E, are the wave vectors of the inci-
dent and scattered light beams. In th_g case of
Rayleigh-Brillouin scattering |k; |~|k,|, and
magnitude of the Bragg wave vector q is given by
dmm . 6

|d| —— sing

X sing (2)

where A, n, and 6 are, respectively, the wave-

length (in vacuum) of the laser beam, the index of

refraction of the fluid, and the scattering angle.
The power spectral density S(d, w) of the scat-
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TABLE 1. Atomic polarizabilities, Lennard-Jones pa-
rameters, and transport coefficients for the studied
compounds.

He Xe H, D,
Polarizability a
(10 cm®) 0.204 3.999  0.82 0.82
(e/kp) (K) 10.12 299 33 39.3
cin A 2.576 4.055 2.968  2.948
7nin 10~ Poise 1.985 2.308  0.878  1.245
2

$Dyae 0 —:: atm 0.547  1.51 1.23

tered light is proportional to the Laplace-Fourier
transform of the autocorrelation function of the
fluctuations 6€(T,¢), i.e.,

S@,w)=2Re(0e@, w)oe(~4,0)), 3)

where w is the frequency shift in the scattering
process. For a dilute gaseous mixture, €(T,?)
can be expressed in terms of atomic polarizabili-
ties a, and @, and partial densities %, and n, of
the two species using the Clausius-Mosotti equa-
tion

€(T,t)= 1+ dm[am,(T, 1)+ am, (F,2)]. (4)

A simple calculation gives then the spectrum

S(d, w) in terms of the Laplace-Fourier trans-
forms S,,(q,w) (a,B8=a,bd) of the direct and cross-
correlation functions of the partial density fluctua-
tions 6n, and 6n, (Ref. 4):

- azng atnf
S )G o 5ol ) g g S0
20 ,0m8
b Sba(q ’ w) ’ (5)

Alng+ Ofny

where »? and n) are the mean values of partial
densities.

Boley and Yip* applied the method of the kinetic-
model solution of the Boltzmann equation to cal-
culate the partial density correlation functions
S4s(g, w) in a binary gaseous mixture of particles
interacting via the Maxwell repulsive potential
V,e(F) =K .o/ 4%, K ., being the strength of the po-
tential and 7 the distance between the two interacting
particles. They have shown that in this case the
spectra depend only on the following: (i) the mass
ratio M, /M,; (ii) the scaled frequency x,= w/

vV 2qv,; and (iii) the four Knudsen numbers Y ,, de-
fined as

_1.3Tng (2K, /M )2

Y
aa ﬁqva

(x=a,bd), (6)

0 /2
y“=M_ (@=B,B=a,b). (1)
\/_Z-qva
Here M, is the mass of particle @, v, = (ks T/
M, )2 the mean thermal speed of particle ¢, and
M=M,M,/(M,+M,) the reduced mass of the a-b
pair. :

Using the Maxwell model one can also express
the force constant K, in terms of shear viscosity
Ny of the pure gas a and K .5 in terms of the mutu-
al diffusion constant D,;. As a result we can then
compute both Y, and Y,; using the formula

.

= _Ii"_
Vaq=04T1—22 (8)
e 1 \ ksT Pg (9)
*"\(2x 0.8122)" | Mv,q (pDag)’

where p and p, (or pg) are, respectively, the total
and partial pressures of the gas mixture.

From (8) and (9) and values of transport coeffi-
cients given in Table I we obtain, respectively,
for the three mixtures

(Xe-He): Y, =23.8Y,, Y,,=0.84Y,,
(D,-He): Y,,=2.95Y,, Y,,=2.16Y,,
(H,-He): Y ,,=2.94Y,, Y,,=2.63Y,.

These relations show that for a given mixture it is
sufficient to use only a pair of Y, and Y, to classi-
fy the nature of the density fluctuations.

The scaling variables Y, defined this way ap-
pear to be a useful guide in discussing whether
thermal fluctuations obey the hydrodynamic equa-
tions or not. However, the criteria for hydrody-
namic behavior are much more complicated in a
binary fluid than in a one-component gas. In ad-
dition to the case where Y,; are all larger than
unity, there are other possibilities which have
been discussed by Boley and Yip as leading also
to hydrodynamic behavior (Table I of Ref. 4).

Theories for the spectrum of light scattered
from a binary mixture in the hydrodynamic regime
have been formulated by Mountain and Deutch?*
and, more recently, corrected versions have been
given by Cohen et al.® and Lekkerkerker and
Laidlaw.!? The expression (5) of the spectrum is
valid both in the kinetic and hydrodynamic re-
gimes, but a more suitable set of variables in the
hydrodynamic regime is the local fluctuations of
three statistically independent thermodynamic
variables: pressure 6p(T,¢), concentration oc (¥, ),
and 6¢(F, 1) =6T (T, ¢) - (T 4/p,C JOp(T,t).

T,, p, are the equilibrium values of temperature
and mass density, Cp and o, are, respectively,
the specific heat and the thermal expansion coeffi-
cient at constant pressure, and 67(T,t) the local
temperature fluctuation.
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Using the total mass density p=Mn,+ M,n, and
the concentration ¢ =M,,na/p, one can rewrite (4)
as

€=1+ 47rp<c£;7“—+ (l—c)-—) (10)
a b

The total density p is a function of the three ther-
modynamic variables p, ¢, and c. One finds, by

Taylor expansion, the local fluctuation of the di-

electric constant which has the following expres-
sion:

5e(T,t)= ( )[(%)Méqs( t)+(6p)n5p(£t)]
()22, Jeen
-2 (5o

where
(ie_)=e-1 (G_e - 4np, (CPRTY
op/. P, ' \bc o\M, M,

op\ _ _ Ou
(6¢>P.c #zPo> <6p)¢c (50)¢P ~Po (5P)r.c

X, and u, respectively, are the adiabatic compres-
sibility and the chemical potential.

In terms of the new set of variables the spec-
trum of scattered light is given by a sum of nine
terms:

S(g,w)>2Re 2 (

i,4=1

(;f)F,, a,iw)( 8X,|%),
(12)

where the X, are the variables p,c,o, (|oX Ak
their mean-square fluctuations, and F;(a,iw) the
Fourier-Laplace transform of the normalized
correlation function of the fluctuating variables
X,; and X;.

In the hydrodynamic regime, the three 6X; to-
gether with the local longitudinal velocity v(T,t)
form a complete set of variables which obeys the
four linearized hydrodynamic equations (density,
concentration, energy, and longitudinal momen-
tum conservation equations). The Fy,(q,tw) are
then the ij elements of the inverted hydrodynamic
matrix. Detailed expressions of both 4 x 4 hydro-
dynamic matrix M(q,iw) and approximate eigen-
values of it can be found in Ref. 8.

In the case of a gaseous mixture where the
sound frequency is not much greater than the dis-
sipation rates of heat and concentration fluctua-
tions, the normal frequencies given by solution of
the dispersion equation det|M(q,iw)|= 0 depend
strongly on couplings between the sound, thermal
diffusion, and mass diffusion modes. Then ap-

proximate solutions of the dispersion equation
given by Cohen et al.? and Lekkerkerker and
Laidlaw!? are no longer valid and a complete solu-
tion has to be performed. The Rayleigh-Brillouin
spectrum is then the weighted sum of three direct
correlation functions (pp,cc,¢¢) and the three
cross-correlation functions (pc,p¢d,c¢). Each
term involves the four normal modes of the sys-
tem. The cross terms have a zero contribution to
the total integrated intensity owing to the statisti-
cal independence of the variables at initial time.

An accurate numerical calculation of S(g,w) re-
quires a precise knowledge of both thermodynamic
and transport coefficients. Inspection of the hy-
drodynamic matrix in Ref. 8 reveals that the two
most important thermodynamic coefficients are
specific heat ratio ¥ and (64/6c),r. The former
depends essentially on the first- and second-order
temperature derivatives of the second virial co-
efficient while the latter depends on the virial co-
efficient itself. These quantities can be calcula-
ted for a Lennard-Jones (LJ) gas mixture accord-
ing to procedures given in Hirschfelder, Curtiss,
and Bird.!° As for the transport coefficients Dy,
D,,, and 7 most of them have been measured with
good precision for noble gas mixtures in the temp-
erature and pressure range of this experiment.
When experimental data are not available we use
the Chapnann-Enskog expressions for the LJ gas
mixture.® 1°

III. EXPERIMENTALS

The setup for the Brillouin scattering experi-
ment is schematically depicted in Fig. 2. A beam
from a stabilized single-mode argon-ion laser
(Spectra Physics Model 171) operating at 5145 A
with a power of 800 MW is focused by a lens L, in-
to a high-pressure scattering cell C. This cell
was designed by Dr. Cazabat! ® previously for
studying light scattering from very-low-pressure
gases which require an extremely low stray light
coming from the interior of the cell. The cell is
made with a brass body and consists of four long
arms each with a length of about 20 cm (volume
=~ (0.5 L) closed at the ends by coated high-pressure
quartz windows. Inside the cell there are two
apertures to further limit stray light from enter-
ing the scattered direction. Each cell is designed
for a specific scattering angle 6 and its comple-
ment 7 — 9. During the course of the experiment,
four cells are used which allow selection of the
scattering angles: 30°, 45°, 60°, 90°, 120°, 130°,
and 150° with the wave vector ¢ ranging from
0.6x 10° cm™ to 3.0x 10° cm™.

The scattering cell is filled with high-grade -
gases supplied by Societe Air-Liquide using high-



1578 . L. LETAMENDIA et al. 24

e

—|— 02 K’—]
b, P| Pg
! CFP 1 Y

[- 4
l ]
™ ' o LASER FREQUENCY <
- ly STABILIZATION
+o
D3 <
ed
PHOTON COUNTING @
AND —] L COMPUTER
SCANNING DEVICE MCA
I
| HVv SuPPLY

FIG. 2. Schematic diagram of the Rayleigh-Brillouin
scattering setup. A crucial item for the present experi-
ment is the stray light free cell C.

pressure handling equipment described by Veld-
kamp.? Partial pressure of the heavier component
and the total pressure of the mixture are mea-
sured with either a pressure-voltage calibrated
transducer or a Bourdon gauge. Molar composi-
tion of the sample is computed from the virial
equation of state of a Lennard-Jones mixture.
Potential parameters used for various gases are
given in Table I.

The scattered light is focused onto a pinhole D,
by a lens L, and the pinhole is then imaged by a
lens L; onto the center of a confocal Fabry-Perot
interferometer (CFP 1) through a limiting aperture
D, of 1 mm. The CFP 1 has a finesse of about 50
and a spacing of 5.41 cm which can be piezoelec-
trically scanned. The outgoing beam from CFP 1
is then focused by a lens L, onto a pinhole D, ly-
ing in front of a low dark counts EMI 6256 S Pho-
totube (PM). The photocounts are processed by a
photon discriminator and fed into a 1024 channel
analyzer (MCA) which stores and displays the da-
ta. The CFP 1 and MCA memory advance are
synchronously scanned with a 1000 steps step-by-
step ramp generator.

The response of the piezoelectric transducer in
the CFP 2 has to be corrected for nonlinearity:
for this purpose, the profile of the voltage saw-

tooth used for sweeping the transducer is made
cubic in time. The linearity of the scanned fre-
quency versus time is then better than 0.5%. Ac-
curate measurements of the spectra require an
instrumental line width of less than 30 MHz.
Acoustic noise arising principally from cooling
water of the laser tube produces frequency jitter
greater than 30 MHz and furthermore, sometimes
the lasing mode jumps. In order to stabilize the
laser frequency, the following device has been
used: two pin photodiodes P, and P, receive, re-
spectively, a part of direct light from the laser
and a part of laser beam which goes through a
temperature controlled (+ 0.01° C) confocal Fabry-
Perot (FP) interferometer CFP 2. The two sig-
nals are fed into a difference amplifier followed
by a high-voltage amplifier, and output of the
latter is then applied to a piezoelectric transducer
attached to the back mirror of the laser. This
serves to lock the laser frequency to the CFP 2
cavity frequency. Furthermore, the very slow
thermal drift of the laser frequency is corrected
for by a temperature control of the optical length
of the laser cavity. The jitter of the laser output
frequency is then reduced to less than 3 MHz dur-
ing a period of several hours.

The combined laser and Fabry-Perot instru-
mental profile is then measured by recording
light scattered from a dilute solution of polysty-
rene spheres. The true linewidth of the spectrum
lies in the kHz domain and was checked by using
light beating spectroscopy. The combined instru-
mental profile has been accurately fitted to an
Airy function with a linewidth of 20 MHz [full
width at half maximum (FWHM)]. ,

In the case of He-Xe mixtures at high-He densi-
ty and also for the He-D, and He-H, mixtures, a
high-finesse (greater than 60) Tropel piezoelec-
trically scanned plane FP interferometer has
been used.

In order to maintain the stability, all “optical
parts” of the instrumental setup are tightened on a
large (2.2 m X 1.4 m) granite table which is isola-
ted from acoustic noise of the building.

Recordings of the light coming from an empty
scattering cell show a flat background coming
from thermal noise of the detector (~5 counts s™)
alone and no peak at the laser frequency is ob-
served. This assures us that the data are not
contaminated by stray light. This, however, is
not the case of all experiments previously re-
ported.>™ Therefore, in our case, comparison of
the experimental data to the theory needs only one
normalization parameter which can be either the
integrated intensity of the spectrum S(g, w), or,
more conveniently, the peak height of one of the
Brillouin lines.
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IV. EXPERIMENTAL RESULTS

Three binary mixtures have been studied: Xe-
He, D,-He, and H,-He, at various total pressures
and compositions. The choice of the constituents
was made with consideration of obtaining a large
range of variation of the atomic mass ratio: My,/
My,=33; My, /My,=1; My ,/My,=0.5. This para-
meter plays an important role in determining the
dynamics of concentration and pressure fluctua-
tions in a mixture as will be discussed in Sec. V.

In this paper we mainly discuss results obtained
under conditions where parameter Y, of Xe (or
D, or H,) is always greater than unity. It should
be noted that the spectra are “hydrodynamic” for
all pure Xe, H,, and D, at the start of a series of
experiments in the full range of pressure and
wave vector used.

Table II summarizes all thermodynamic states
where measurements were made for the Xe-He
system. Partial pressure of xenon ranges from
1.82 to 8.5 atm while partial pressure of He was
varied from zero to a maximum of 26 atm.
Temperature was uniformly at 293 K. All four
Knudsen numbers were calculated according to
Egs. (8) and (9). X4, denotes mole fraction of
xenon gas in the mixture, 6 the scattered angle,
and H and NH indicate, respectively, that the
spectrum is well fitted with hydrodynamic theory
or not.

Measured spectra and their comparison with
hydrodynamic calculations for most of the ther-
modynamic states listed in Table II are given suc-
cessively in Figs. 3-7. Experimental results are
indicated by dots and theoretical results by solid
lines. Based on these figures and the last column
in Table II, a nonhydrodynamic region in the Y 4 -
Yy, Parameter space is constructed. It is the
shaded parabolic region contained in the rectangu-
lar region denoted by E where all our experiment-
al data lie.

Table III summarizes all the data available for
H,-He and D,-He systems. It is to be noted that
every one of the spectra is well fitted by the hy-
drodynamical theory. No kinetic region is found
within the Y range explored by our experiments.
The corresponding spectra and their comparison
with hydrodynamic calculations are given in Fig.
8 for H,-He and Fig. 9 for D,-He mixtures.

V. DISCUSSION

A. Xe-He binary mixture

1. Validity of the hydrodynamic equations
In this paper we shall mainly discuss results ob-
tained under conditions where parameter Y,, =Yy,
is always greater than unity. This means initial

partial pressures of Xe gas are all greater than
1 atm. Experiments were done with increasing
He partial pressures from 0 to.100 atm (Ref. 9)

. which correspond to changing Y ,,=Yy, from 1 to

20. Table I contains only part of the results for
which the partial pressure of He is up to 26 atm.
We are interested in detecting deviations from the
hydrodynamic behavior at smaller values of Yy,
depending on the initial magnitude of Y 4,. Inspec-
tion of Figs. 3-7 shows that the pure Xe spectra
in the beginning of each graph always show a well-
structured Rayleigh-Brillouin triplet indicating
the hydrodynamic behavior. As soon as some
amounts of the He are added the Brillouin lines
become strongly damped and seem to disappear
at higher He mole fraction.  Furthermore, Figs.
3-T show that for a given amount of xenon gas
there is an intermediate range of helium concen-
tration where the spectra deviate substantially
from hydrodynamic calculations. The deviation
from hydrodynamic behavior is characterized by
an appearance that the experimental spectra are
more structured than the hydrodynamic predic-
tion. The damping of Brillouin peaks, as an in-
creasing amount of the light impurity He is added,
can be understood qualitatively in the nonhydro-
dynamic regime as follows. The Brillouin com-
ponents in Xe-He mixtures largely represent
sound-wave propagation in xenon gas because of a
peculiarity of very large polarizability of xenon
atoms as compared to He atoms. Sound-wave
propagation represents a collective oscillation of
xenon atoms as a result of collisions among them.
Addition of impurity atoms disrupts collisions be-
tween xenon atoms and hence the sound propaga-
tion in them. Light impurity atoms are most ef-
fective in these disruptive collisions because their
thermal speeds are large. We shall discuss this
aspect of the problem more quantitatively in the
next paper. In the hydrodynamic regime where
one does not talk in terms of the partial structure
factor Sy,-x.(q, @) (see Sec. II), one can explain
the damping of sound in terms of an increased
strength of coupling depends strongly on a para-
meter in the hydrodynamic matrix which is
D,,K3(du/dc), p. As we shall explain later in
subsection B that for a binary mixture where
mass ratio of the atoms is large, the thermo-
dynamic derivative (8 u/8c),, is proportional to
the mass ratio. This is the case for the Xe-He
mixture.

Experimental data on viscosity,'* thermal con-
ductivity,** thermal diffusion,!® and mutual diffu-
sion coefficients?? are available for this mixture at
some compositions. These results are used to
calculate the best values of the LJ potential para-
meters € and o as listed in Table I. This set of
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TABLE II. Calculated values of the 4 Knudsen parameters Y,, for the He-Xe mixture at
different pressures, compositions, and scattering angles (§=90° and 6=30°). The last col-
umn indicates whether the hydrodynamic theory agrees (H) or disagrees (NH) with the ex-
perimental results.

Helium-xenon mixture

Py, (atm) Py, (atm) Yxe Yhe Ye-nte YHe-xe Xxe 6
1.82 ‘0 1.635 Pure Xenon 1.377 1.0 90 H
1.82 0.39 1.635 0.071 1.688 1.377 0.82 90 NH
1.82 2.65 1.635 0.474 11.44 1.377 0.40 90 NH
1.82 5.95 1.635 1.079 25.76 1.377 0.237 90 H
1.82 9.40 1.635 1.711 40.64 1.377 0.16 90 H
1.82 25.94 1.635 4.715 112.3 1.377 0.067 90 H
3.75 0 3.363 Pure Xenon 1.0 90 H
3.75 0.56 3.363 0.094 2.424 2.833 0.87 90 NH
3.75 1.81 3.363 0.329 7.83 2.833 0.68 90 NH
3.75 3.51 3.363 0.638 15.19 2.833 0.52 90 NH
3.75 6.45 3.363 1.173 27.9 2.833 0.37 90 NH
3.75 11.78 3.363 2.142 50.96 2.833 0.24 90 H
3.75 21.5 3.363 3.91 93 2.833 0.15 90 H
5.97 0 5.353 Pure Xenon 1.0 90 H
5.97 0.57 5.353 0.104 2.466 4.195 0.91 90 NH
5.97 1.25 5.353 0.227 5.409 4.195 0.83 90 NH
5.97 3.8 5.353 0.691 16.44 4.195 0.62 90 NH
5.97 4.17 5.353 0.758 18.04 4.195 0.599 90 NH
5.97 9.17 5.353 1.667 39.68 4.195 0.40 90 H
7.32 0 6.564 Pure Xenon 1 90 H
7.32 1.59 6.564 0.289 6.882 5.531 0.82 90 NH
7.32 3.28 6.564 0.596 14.19 5.531 0.69 90 NH
7.32 7.14 6.564 1.298 30.89 5.531 0.52 90 NH
7.32 10.42 6.564 1.894 45.09 5.531 0.42 90 H
7.32 13.14 6.564 2.382 56.86 5.531 0.37 90 H
6.47 0 15.83 Pure Xenon 1.0 30 H
6.47 2.20 15.83 1.092 25.99 13.340 0.753 30 H
6.47 3.85 15.83 1.912 45.48 13.340 0.63 30 H
2.66 0 6.51 Pure Xenon 1.0 30 H
2.66 1.11 6.51 0.551 13.11 5.487 0.7 30 NH
2.66 6.9 6.51 3.426 84.16 5.487 0.28 30 H
8.5 0 20.81 Pure Xenon 1.0 30 H
8.5 4.0 20.81 1.986 47.26 17.34 0.68 30 H
8.5 4.99 20.81 2.482 58.96 17.34 0.64 30 '"H
8.5 5.4 20.81 2.680 63.80 17.34 0.62 30 H
8.5 6.2 20.81 3.029 71.70 17.34 0.59 30 H
8.5 6.8 20.81 3.377 80.35 17.34 0.57 30 H

[

parameters are then used to compute transport
coefficients for the actual exberimental conditions.
Likewise we can use the parameters to calculate
the second-order virial coefficient and thus also
the nonideality corrections to the thermodynamic
coefficients. At the largest Xe density, these cor-
rections can reach as much as 7% especially for
compressibilities and specific heat ratio.

The “theoretical” hydrodynamic spectra are
then convoluted with the instrumental profile for
comparison with experiments. They are shown
as solid lines in Figs. 3=7. Good agreements are

observed for two ranges of concentrations: (i) at
very low molar fraction of He (Xy,<0.05). These
spectra are not shown because there is no signi-
ficant departure from spectra of pure Xe; (ii) at
molar fractions of He higher than a “critical”
value which depends on the partial pressure of
Xe. For example, at Py,=17.32 atm the “initial”
value of the He mole fraction is X;,=0.55. In
Fig. 1 we show in the Y x,-Y, parameter space
where the hydrodynamic behavior is not observed
by a shaded region. The points of discussion
above correspond to the shaded region above the
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FIG. 3. Rayleigh-Brillouin spectra of He-Xe mixtures. Dots are experimental points and solid lines are results of
hydrodynamic calculations as described in Sec. II. All spectra are taken at T =293 K. Each curve refers to different
gas compositions, but all taken at the same g =1.725% 10° cm~! and Py, =1.82 atm. (a) Pye =0 atm; (b) Py, =0.39 atm;
(c) Py, =2.65 atm; (d) Py, =5.93; (e) Py, =9.4 atm; (f) Py, =25.94 atm. The small bar in the center of each graph
represents the combined frequency resolution of the spectrometer.

horizontal line Yx,=1.6.
For the range of experimental conditions we
have in Xe-He mixture, Boley and Yip* gave cri-

teria for validity of the hydrodynamic description.

They are
(@) All Yx,, Yyo) Y xerier Yre-xe” 1)
(b) Yx.> 19 Yx.-x-u> 17 YH.-x0> 1! YH0< 1.

From Table I we see the criterion (a) is certainly
valid. However, the criterion (b) is clearly not

obeyed by our data. Possible reasons for failure
of the criterion (b) are that K, is appreciably dif-
ferent from zero in the Xe-He mixture; and that
at higher densities the nonideality corrections for
the thermodynamic coefficients are important.
Boley and Yip solved the Boltzmann equation for
the Maxwell-model potential which is known to be
consistent only to the perfect-gas behavior for

its equilibrium properties and it predicts K
which is identically zero.
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FIG. 4. Rayleigh-Brillouin spectra of He-Xe mixtures at ¢ =1.727x10° cm~! and Py, =3.75 atm. (a) Py, =0 atm; (b)
Pye=0.56 atm; The dotted line represents experimental data. The solid line represents hydrodynamic calculation. See

Fig. 3 for additional legend.

2. Thermal diffusion coefficient

In order to test the sensitivity of light-scatter-
ing spectra to the value of K, we compute theoreti-
cal spectra for different values of K,. We show in
Fig. 10 one such result for Py,=5.97 atm and Py,
=3.78 atm which corresponds to Y,=5.76 and Yy,
=1,14, There is a good agreement between exper-
imental data and the theory for K,=0.321 whiclis
a value inferred from experimental data of Saviron
et al.,”” on K,. This value also agrees with the
kinetic-theory result computed with the LJ para-

meters of the Xe-He mixture to a few percent.

We give in Table V the values of integrated inten-
sities A, and A, and linewidth ", and T', of the two
central modes for K,=0.321 and K, =0 (corres-
ponding to the Maxwell model).!° Label 1 refers
to the broader line. As K, is increased from zero
the net result is an interchange of intensities be-
tween lines 1 and 2 resulting in sharpening of the
central line. On the other hand, the integrated in-
tensity of the Brillouin line remains almost un-
changed (e.g., term B of Table V) whereas its
width decreases significantly and its center shifted
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FIG. 5. Rayleigh-Brillouin Spectra of He-Xe mixtures at ¢ =1.727x10° cm™! and Py, =5.97 atm. (a) Py, =0atm; ®)R,,
=0.56 atm; (c) Py, =1.24 atm; (d) Py, =3.80 atm; (e) Py, =4.16 atm; (f) Py, =9.17 atm. See Fig. 3 for additional legend.

to higher frequency.

In order to explain the sensitivity of the calcula-
ted spectra to the value of K, let us come back to
the hydrodynamic equations. From Onsager sym-
metry laws, the heat flux 3q is coupled to the con-
centration gradient grad ¢ of the component 1 by
the coefficient!®

o
'poDuKT(’%)I »’

whereas the mass flux of 1 is coupled to grad 6T
via a coefficient

K
"'poDu -T—: .

The coupling parameter between the two central
modes, 6= (K2/T,Cp)(81./8C)r,p, vanishes when
K,=0, thus removing the coupling and the fre-
quencies become, respectively, I';=D,q?, T,
=D,,q*. Furthermore, we observe that when K,

# 0 the associated thermodynamic coefficient
(8/8¢)y, p becomes relevant. This coefficient has
a strong dependence on the mass ratio M,/M, as
it can be seen from the expression of (8 /8¢y, p
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for an ideal gas mixture!® [in our experiments,
the weakness of nonideality corrections on (5 u/
8c)p,r allows us to discuss this point in terms of
the simpler expression]:

5 __1 [Mx+M,(1 —x)]”RT
oc/p,p *¥(1-x) (M.M,)? 0
x*_ M, RT,

(=]
1l-xM, M, "’

where the second line is valid if x is not too small
and M,/M,> 1. Hence a large mass ratio M,/M,
produces an enhancement of the concentration-
temperature coupling. Owing to this effect, it is
possible to infer K, from light-scattering experi-

ments with an accuracy of better than 20%. This
is illustrated in Fig. 10.

B. D,-He and H,-He binary mixtures

For the two cases the mass ratios M,/M, are,
respectively, 1 and 0.5 (label 2 refers to He). A
new problem appears due to the fact that one of
the components is diatomic: thermal equilibrium
between the internal degrees of freedom of vibra-
tion and rotation and the translational motion re-
quires a finite time when the translational temp-
erature is suddenly modified. Extensive studies
of dynamical behavior of H, and D, have been per-
formed by May et al.,'” and of H, by Cazabatet al.!®
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=1.11 atm; (c) Py, =6.9 atm; Py, =8.5 atm; (d) Py, =4.0 atm; (e) Py, =4.99 atm; (f) Py, =6.8 atm. See Fig. 3 for addi-

tional legend.

The vibrational and rotational temperatures are,
respectively, ~8,,,=85 K, ~6,,,=6130 K for H,;
~00:=42 K, ~6,,=4335 K for D,; at room. temper-
ature none of the excited vibrational levels are
significantly populated and only the first rotational
levels are populated. Desai and Kapral® have
proposed a model for gases [translational hydro-
dynamics (TH)] in which thermalization occurs
from relaxation and diffusion of the internal ener-
gy. For the mixtures there are two channels of
relaxation: (i) H,-H, (or D,-D,) collisions, (ii)
He-H, (or He-D,) collisions; the respective rates
are (Z,,7,,)* and (Z,7,,)™ where the 7;; are the

mean collision times between particles 7 and j;
rough values of the 7,; are easily deduced from
the corresponding Y,;;; Z;, is the average number
of collisions i-j which are necessary to thermalize
the rotational degrees of freedom; Z,, has been
evaluated by Cazabat!® for H,, values of Z , are
known for both He-H, and He-D, collisions from
theory as well as experiments?’: the values range
around 100.

The value of the diffusion rate of internal energy
is unknown for the H, (or D,) molecules in the mix-
ture, but since the self-diffusion coefficient of H,
and the mutual diffusion coefficient of the mixture
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TABLE III. Calculated values of the 4 Knudsen numbers Y,, for He-H; and He-D, at differ-
ent pressures, compositions, and 90° scattering. The last column (H) indicates that the spec-

trum can be accurately fitted to hydrodynamic theory.

Hydrogen-helium mixture

P Hy (atm) Pye (atm) YHz YHe Yﬂz'ﬂe YHe-Hz XH2
11.13 0 3.205 Pure Hydrogen 1.0 H
11.13 1.22 3.205 0.221 0.651 8.43 0.895 H
11.13 3.65 3.205 0.639 1.954 8.43 0.751 H
11.13 9.19 3.205 1.671 4.923 8.43 0.529 H
11.13 27.17 3.205 4.94 14.56 8.43 0.29 H
11.13 37.14 3.205 6.752 19.906 8.43 0.233 H

Deuterium-helium mixture

Pp, Py, Yp, Yo Yp,-ne Yy, Xp,

11.22 0 3.225 Pure deuterium 1.0 H

11.22 1.82 3.225 0.325 1.129 6.96 0.861 H

11.22 2.72 3.225 0.493 1.685 6.96 0.805 H

11.22 6.35 3.225 1.153 3.937 6.96 0.639 H

11.22 24.78 3.225 4.501 15.37 6.96 0.312 H

11.22 53.28 3.225 9.69 33.05 6.96 0.174 H

He-H, are of the same order (12), we take D,,q°

as an approximate value for the diffusion rate of
internal energy. These three rates are to be com-
pared with w, which is the characteristic frequency
of the translational degrees of freedom. A crude
calculation gives 7w, 10 for both He-H, and
He-D, in the range of pressure and composition
studied. 7, is the effective relaxation time in-
cluding three processes:

T:%f= (T3 Z 1) +(115Z 15) " + D0

This rough analysis shows that the Brillouin lines
correspond to the high-frequency limit of the sound
velocity, where exchanges of energy do not occur
between rotational and translational degrees. The
theoretical spectra have been calculated using
hydrodynamic equations with thermodynamic and
transport coefficients in which H, (or D,) are taken
as monoatomic.?

These are relevant conclusions from comparison
between theoretical spectra and experimental data.
First, good agreement' with the hydrodynamic the-
ory are obtained over the whole range of experi-
ments even at low partial pressure of He, where
Yy ne and ¥y _y, are <1. This observation seems
to be in contradiction with the corresponding fea-
tures on the He-Xe mixtures. However, this re-
sult may be understood from a simple argument.
First, since masses and potential parameters
(Table I) of He and H, (or D,) are rather close to
each other, addition of small amounts of He in H,
(or D,) should not disturb too much the dynamic
behavior of the fluid because there are a number

of relevant conclusions derived from comparison
of theoretical spectra and experimental data. They
are as follows. First, good agreement with the
hydrodynamic theory is obtained over the whole
range of experimental conditions, even at low par-
tial pressure of He where Yy, and Yy, _,, are both
less than unity. This is in sharp contrast with the
corresponding observed features on the He-Xe
mixtures. According to Boley and Yip* conditions
for validity for hydrodynamic description are the
following:

(i) All Y’s greater than 1,
(i) Y, and Y, > 1, Y,and ¥ <1,
(ili) ¥,, Y,,, ¥,,>1, Y,<1,

where a refers to H, or D,, and b to He. Our ob-
servation, as shown in Figs. 8 and 9 and sum-
marized in Table III, is in complete agreement
with the above criteria.

We can also give a more physical argument.
Since masses and potential parameters (see Table
I) of He and H, (or D,) are rather close to each
other, addition of small amounts of He in H, (or
D,) gas should not disturb too much the dynamic
behavior of the fluid because He-He, H,-H, (or
D,-D,), and He-H, (or He-D,) collision cross sec-
tions are not significantly different. Therefore,
the mixture could be described approximately by
one Knudsen number which depends only on total
density of the mixture. For our experimental
conditions this Knudsen number is always greater
than 1.

Another important point is that for both H,-He
and D,-He mixtures, Ky and (81/8¢)p, r are both
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FIG. 8. Rayleigh-Brillouin spectra of the H,~He mixture at g =1,727%10° cm™1, Py,=11.13 atm. (a) Py, =0 atm; (b)
Py, =1.22 atm; (c) Py, =3.65 atm; (d) Py, =9.19 atm; (e) Py, =27.27 atm; (f) Py, =34.14 atm. See Fig. 3 for additional

legend.

TABLE IV. Calculated parameters for the Xe-He mixture at Px,=5.97 atm, Pg,=3.8 atm,
scattering angle 6=90°; wavelength A=5145 A; Ty; Iy; I'p are, respectively, the half-width
at half maximum of the two central modes (integrated intensities & and o) and of the Bril-
louin lines (frequency shift wp, integrated intensities 2B, antisymmetric term B’ ). Iy, Ty,

Ip, and wy are in MHz; a3+ a,;+2B=100.

Iy (7} I ¥ Q9 FB B B wp
Hydrodynamic
result, 131 35.9 274 24.4 153 19.8 15.6 550
Best fit to
101 58 1090.0 11.8 97.2 14.6 12.6 531

the spectrum
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very small. Therefore, the coupling parameter 6
between the two central modes is also small. Un-
der this condition, one can assign the two central
modes to be respectively a heat-diffusion mode
and a concentration-diffusion mode. When concen-

tration of He is small (X;;,<0.2) the intensity of
the concentration-diffusion mode is very small and
a precise measurement of width of the central line
gives directly the thermal diffusivity D, of the
mixture.

TABLE V. Integrated intensities o; and o, when half-width at half maximum I'; of the two
central modes for K;=0 and K;=0.321 (Px,=5.97 atm, Py,=9.17 atm).

a4 Iy (MHz) a, I, (MHz) B B’ Iy (MHz) wpg (MHz)
Kp=0 0.359 283 0.228 133 0.206 0.188 166 534
Kp=0.321 0.10 180 0.679 146 0.11 0.121 223 686
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FIG. 10. Illustration of sensitivity of the Rayleigh-
Brillouin spectra to variation of thermal diffusion co-
efficient K, in the case of the He-Xe mixture. This
spectrum istaken atg=1.727x 10° cm™! for a mixture
Yxe=5.76 and Yy, =1.14. The dotted line represents ex-
perimental data.. The straight line represents hydro-
dynamic calculation with Kp/=0.321. The dashed line
represents hydrodynamic calculation with 3Kp. The
slashed line represents hydrodynamic calculation with
Kp=0. The slash-dotted line represents hydrodynamic
calculation with 5 K.

In the case of the D,-He mixture, as the He con-

“centration is increased frequencies of the two cen-
tral modes approach each other and cross at a
total pressure of 14.3 atm (with D, partial pres-
sure at 11.2 atm, Xy,=0.23). After the crossing
the strength of the concentration-diffusion mode
" increases sharply and becomes greater than the
thermal -diffusion mode. The intensity of the con-
centration-diffusion mode is 35% and the thermal -
diffusion mode is 25% of the total intensity. This
ratio stays roughly constant with further increases
in He concentration. Consequently, light-scatter-
ing spectrum can be used to extract both Dz and
D,, to about 5% accuracy.

VI. CONCLUSION

In this paper, new experimental results on three
binary mixtures (Xe-He, H,-He, D,-He) have been
reported. For the first mixture, good agreements

LIGHT-SCATTERING STUDIES OF MODERATELY DENSE GAS... 1589

have been obtained between experiment and hydro-
dynamic theory when (i) all 4 Knudsen numbers
Y,, are greater than 1; (ii) at low-He densities
(Ygo<<1, the 3 others ¥,,>1). In other situations
kinetic effects are observed.

Occurrence of kinetic effects in Xe-He mixtures
has been discussed by Clark® in regimes where
Yy, is <1. Kinetic effects have also probably been
observed by Baharuddin et al.?! in Kr-He mixtures
at moderate densities at back-scattering geometry.
Their experiment corresponds to line D in Fig. 1.
In the hydrodynamic regime, spectral shapes have
been found to be sensitive to the value of the ther-
mal-diffusion coefficient K, and light scattering
can be used as a tool for measuring this parame-
ter. Since for the Maxwell model Kr=0, the usual
assertion that the dynamic structure factor S(g, w)
of a binary gaseous mixture is insensitive to in-
termolecular potentials does not apply to the case
of Xe-He mixtures where the mass ratio is very
different from unity.

For He-H, and He-D, mixtures, a crude hydro-
dynamic model which assumes that H, and D, be-
have as monoatomic particles under a condition
(w pTpor > 1) satisfactorily fits the experimental
results. Furthermore, in contrast to the Xe-He
mixtures, dependence on K of the spectral shape
is weak for both H,-He and D,-He mixtures.
Therefore, at low densities the light-scattering
spectra can be used to test the hydrodynamic limit
of the two-component Boltzmann equations based
on the Maxwell-model potential. Agreement with
detailed mathematical analysis of such a model is
found to be excellent.
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