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Light-scattering studies of dynamical processes in disparate mass gas mixtures
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Results of light-scattering experiments on helium and xenon gas mixtures are presented for a
large range of wave vectors, densities, and compositions. In the experiments these variables are
varied independently from each other. In this manner we are able to show that the hydrodynamic
eigenfrequencies, reduced with respect to the product of the wave vector k and the adiabatic sound
velocity c„are a function of the product of the wave vector and the mean free path lH, only. By
comparing the experimentally obtained dispersion curves and the predictions of the hydrodynamic
theory, we find that the value of kl„, at which the theory ceases to be valid is independent of the
composition. We show that the longitudinal current-current correlation function co I(k, co) is a use-

ful function in the study of light-scattering spectra that are featureless. For large reduced wave vec-
tors we find a sound mode that is solely supported by the fluctuations in the xenon density. This is
the slow sound mode.

I. INTRODUCTION

Light-scattering as well as neutron-scattering experi-
ments have contributed much to our understanding of
the dynamical properties of matter. ' Both experimental
techniques yield information about the wave-vector and
frequency dependence of the dynamic structure factor
S(k, co). However, the wave vectors k that are accessible
in neutron scattering are typically three orders of magni-
tude larger than those that are probed in light-scattering
experiments. Therefore the results obtained in these ex-
periments complement each other. In the study of the
condensed phase light scattering can be used to obtain
several macroscopic properties [the small wave-vector
limit of S(k, co)].' Neutron scattering yields informa-
tion about the manner on which S(k, co) passes over from
the hydrodynamic regime (ko & 2tr; cr represents the
hard-sphere radius of the particles) to the kinetic regime
( k cr ) 27r ). On the other hand, in gases a similar
changeover between these two wave-vector regimes can
be found when the product of the wave vector and the
mean free path approaches unity. This wave-vector re-
gime is accessible by light scattering provided that a
proper choice of the thermodynamic circumstances is
made. ' In this paper we will study the wave-vector and
density dependence of the light-scattering spectrum of
binary gas mixtures. The relationship of the light-
scattering spectrum I(k, co) of a binary mixture and the
partial dynamic structure factors is given by

I(k, co) -=a', x,S»(k, co)+2ct,ct,+(x,x, )S»(k, co)

+ct2x2S22(k, co) .

Here a; and x; represent the polarizability and the mole
fraction of component i, respectively. In Eq. (1.1) we
have neglected the influence of temperature fluctuations.

The molecular dynamics of a binary gas mixture is, to
a large extent, determined by the mass ratio m, /m2 of

the components, which —according to simple kinetic
theory —causes a difference in the thermal velocities U, of
the particles: v, / v=2+(m /2m, ). On a macroscopic
scale the effect of a large difference in mass is a strong
correlation between concentration fluctuations and fluc-
tuations in the pressure and the entropy. This correlation
will affect the line shape of the Rayleigh-Brillouin spec-
trum, even at wave vectors for which the small wave-
vector limit of the hydrodynamic theory is valid.

Most of the light-scattering experiments on binary gas
mixtures that have been performed up to this mo-
ment ' ' followed the same procedure. Spectra were
measured of successive gas mixtures that were prepared
by adding helium to a fixed quantity of a heavier inert
gas, thereby changing, simultaneously, concentration and
density. The scattering angle remained fixed during these
experiments. Up to this moment, not much attention has
been paid to the measurement of dispersion relations.
Baharudin et al. " have published the wave-vector
dependence of the Brillouin lines for the He+Kr gas
mixture (mK„/mH, -=20) with a krypton mole fraction
x&„=0.8, and they have shown that the Brillouin shift
can be described by the simplified hydrodynamic model
of Gornall and Wang' and Lekkerkerker and Boon. ' A
nonlinear dispersion curve is established by us experi-
mentally in a He+Xe gas mixture, and we have shown
that the curvature of the dispersion relation depends on
the density. '

In a recent publication we have studied extensively the
wave-vector dependence of the eigenmodes of the hydro-
dynamic matrix for binary gas mixtures. We have found
that deviations from the linear dispersion relation
z,"=c,k become more pronounced as the mass ratio of
the components becomes larger. Especially in the case of
the He+Xe gas mixture the hydrodynamic theory pre-
dicts that the dispersion relation may exhibit a local
minimum at k&0 for xx, & 0.45, while for xx, & 0. 16 for
certain wave vectors the sound wave may even cease to
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propagate. These features of the dispersion relation
occur for wave vectors ko =O(0.001). This contrasts
with the dispersion relations which are observed in a
great variety of systems in the condensed phase, '

where a dip in the dispersion curve is found at ko. =-2m.
We expect that the nonlinearity of the dispersion rela-
tions is related with the onset of the change from the hy-
drodynamic regime to the kinetic regime.

Another intriguing phenomenon that has been found
recently in disparate mass mixtures is the occurrence of a
fast sound wave supported by the light particles. ' ' The
first evidence of this behavior was found in a mole-
cular-dynamics simulation of the Pb+ Li mixture
(mpb/m L;

—=30). ' Recently, a fast sound mode has been
measured by Montfrooij et al. in a liquid He+Ne mix-
ture using neutron scattering.

In this paper we will present experimental data con-
cerning nonlinear dispersion relations in He+Xe gas
mixtures. Our aim is to establish the deviations from the
linear dispersion relation z,

"=c,k, and to investigate
whether for intermediate and "large" wave vectors evi-
dence can be found of a sound wave which is supported
by only one species of particles. We will also test the pre-
diction of the hydrodynamic theory that the eigenfre-
quencies z of the hydrodynamic matrix reduced with
respect to c,k are a function of the quotient of the wave
vector and the density. Finally, we will make an assess-
ment about the range of wave vectors for which the hy-
drodynamic theory is valid. To achieve our goal we per-
form our experiments and data analysis in a way which
differs from most of the previous studies of similar sys-
tems. ' ' In our case it is essential that we measure
light-scattering spectra I(k, co) as function of the wave
vector or the density without varying simultaneously the
composition of the mixtures. Also, rather than an overall
line shape analysis, we will focus our attention to the
wave-vector (or density) dependence of several features of
I(k, co).

II. THEORY

The wave vector of the fluctuations that are probed is
determined by the scattering geometry:

4~n . 0
k = sin —,

2 ' (2.2)

where A, , n, and 0 stand for the wavelength of the incident
light, the refractive index of the medium, and the scatter-
ing angle, respectively.

First we consider I(k, ~) in the limit of small wave vec-
tors. For gas mixtures, "small" is used in the sense of be-
ing small compared to the reciprocal of the mean free
path. Then the line shape can be described as a sum of
Lorentzians, one for each eigenmode. For one-

The frequency distribution of the scattered light is
determined by the time dependence of the fluctuations of
the dielectric constant 5e:

I(k, co)= f dt e' 'I(k, t) CC f dt e' '(5e(k, 0)5e( —k, t) ) .

(2.1)

component fluids the Rayleigh line is given by a single
Lorentzian (the thermal mode). In the case of binary
mixtures, a second Lorentzian, which is due to the con-
centration fluctuations, is needed for the theoretical
description of the Rayleigh line. ' ' The sound modes
give rise to the Brillouin lines. The resulting expression
for the Rayleigh-Brillouin triplet is

ZD+ ZD
vrI(k, co) = A~+ + A~

ZD+ +CO ZD +CO

+ [ A,'+z,'+ 3,'~ (co+z,") ]
(z,'} +(co+z,")

(2.3}

Here zD+ and z, +=z,'+iz," represent the eigenfrequencies
corresponding to the diffusive and propagating eigen-
modes of the hydrodynamic matrix. Using perturbation
theory one finds in the limit of very small wave vectors '

z~+ =
—,
'

I (Dr+'ND }

+[(Dr %'D ) +4(—%'—1)DDz]' I k.
z, + =+ic,k

(2.4)

+—,
' D„+(y—1)Dr+c,p

a P2D

with

Tcp

Bp
clc

p) T

Bp Bc
BC T BP

kT~T+
pep

(2.5)

The quantities in these equations are the following: D is
the binary diffusion constant, D, the kinematic viscosity,
DT the thermal diffusivity, kT the thermal diffusion ratio,
p the pressure, p the mass density, c the mass concentra-
tion of the light component (in our case helium), T the
temperature, c, the adiabatic sound velocity, c the heat
capacity per unit mass, a T the thermal expansion
coefficient, and p=(p, /m, —p2/m2) difference in the
chemical potential per unit mass of the two components.

The light-scattering spectrum will become featureless
as the wave vector changes from small to large values.
This may make the interpretation of I(k, cu) troublesome.
However, the function co I(k, co) has well-defined peaks
for all wave vectors, even in the intermediate wave-vector
region where the hydrodynamic theory predicts sound-
propagation gaps. lt should be noted that co I(k, co) is
closely related to the longitudinal current-current auto-
correlation function. For the peak positions co (k) of
co I(k, co) analytic expressions are known for both the
small and large wave-vector limits. ' ' ' In the small
wave-vector limit it is possible to represent cu I(k, co) as a
combination of Lorentzians, similar to Eq. (2.3):
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2 ZD+ ZD—
mco I(k, cu) ——AD+zD+ —AD zD

ZD+ +CO ZD +CO

with

—fB,'z,' B,"(cu+z,")]
(z,') +(co+z,")

(2.6)
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SW

p AMP-

8,'= A,'(z,' —z,
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" )+23,'z,'z," .
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I(k, cv ) ec g
x;(Be/Bn, )„

exp[ —
—,'(cu/ku, ) ],

&2mkv;
(2.7)

with i =Xe,He, and n; and v;=Q(ksT/m;) represent-
ing the number density and the thermal velocity of
species i, respectively. For the helium-xenon mixtures
considered here

xx.(Be/Bnx, )'„„,T vx +~xH (Be/BnH ),T vH

(2.8)

(polarizability ratio is ax, /aH, ——20; ux, /v H,
-=—,').

Thus we find that in the large wave-vector limit I(k, co)
can be properly represented by a single Gaussian which
described the free Aight of a xenon particle. In this
Gaussian limit it is easy to show that the~eak positions
of co I(k, cu) are located at cv (k)=vx, k&2. '+ '

One of our aims is to establish the wave-vector regime
in which the hydrodynamic theory is valid. In order to
perform this task we will compare our experimental re-
sults with the predictions of the hydrodynamic theory
formulated by Cohen et al. ' Therefore we will analyze
our experiments using Eq. (2.3), as well as determine the
peak positions of cu I(k, co) In this pape. r we will focus
our attention especially on the wave-vector dependence
of the sound mode. The calculation the wave-vector and
density dependence of the eigenfrequencies of the hydro-
dynamic matrix which correspond to the sound mode, is
similar to the calculations we published earlier. '

We will present the results of the data analysis as a
function of the reduced wave vector klH„where lH,
represents the mean free path of a helium particle:

He I ~n fXXeaXeHe( He ™red) + 2XHeaHe] I

(2.9)

In the small wave-vector limit we find that the peak posi-
tions of cv I(k, cv) are located at the same frequency as
the Brillouin lines: cv (k)=z,"=c,k. Since cu I(k, co) has
well-defined peaks for every wave vector, it can be a use-
ful tool in our attempt to study the deviations from the
small wave-vector limit of the hydrodynamic theory.

In the limit of very large wave vectors the motion of in-
dividual particles is monitored by the light-scattering ex-
periment. Then, due to the Doppler broadening by the
Maxwellian velocity distributions of the different parti-
cles, the frequency spectrum is no longer a Rayleigh-
Brillouin triplet, but a combination of Gaussians located
at o)=O."

PC

FIG. 1. The experimental setup, as used for the density-
dependent measurements (with an exception of series 5a). Ab-
breviations used: L, lens; M, mirror; PR, prism; F, fiber; C, sam-
ple cell; CO, collimator; PM, photomultiplier; DISCR, amplifier
and discriminator; P, pulse generator; AMP, amplifier; SW,
acousto-optical switch; PC, computer.

In Fig. 1 a sketch of the light-scattering setup is given.
An argon-ion laser, operating single mode at 514.5 nm
and with an output of 250 mW, is used as a light source.
A vertically polarized laser beam is focused by lens L1
into the center of the cell. The scattering angle 0 is deter-
mined by the location of mirror M1, and can be calculat-
ed using trigonometric relations. The scattered radiation
is direction to a Fabry-Perot interferometer. The spectra

TABLE I. A review of the mixtures we have studied. In our
experiments we have varied either the wave vector k or the total
pressure p.

XXe

0.53+0.02
0.53+0.02
0.79
0.61
0.45
0.38
0.22

Initial
total

pressure
(bar)

41.8
9.9

41.3
38.3
37.8
35.2
38.7

Variable
parameter

k

Plate
separation

(cm)

4.60
4.60
9.0
6.49
3.49
3.49
3.49

Here, Ox, =0.3963nm, cTH, =0.263 nm (Ref. 24), and
crx, H, =(ox,+a H, )/2, while n denotes the number den-
sity and m red the reduced mass: w red Ixe He

(mx, +mH, ). By presenting the eigenvalues of the hy-
drodynamic matrix, which are related to the observed
widths and shifts of the light-scattering spectrum, as a
function of klH„ the main density dependence of these
quantities is given by the product klH, . It is easy to show
that klH, has only a slight composition dependence, so it
is a straightforward matter to compare the results ob-
tained for different compositions. We will show here that
this definition of the reduced wave vector yields a simple
condition for the validity of hydrodynamics.

III. EXPERIMENT



7304 G. H. WEGDAM AND H. M. SCHAINK

are measured with a Burleigh RC-110 Fabry-Perot or a
homemade version. Both interferometers are equipped
with Oat plates, and can be scanned piezoelectrically.
The linearity of the scanned frequency versus time is
better than 2%. The plate separation is measured with
calipers; the free spectrum range of all the experiments is
given in Table I. Data are collected in a Burleigh Das-1
data acquisition-stabilization system, which also main-
tained the interferometer alignment. We have measured
the light-scattering spectra simlutaneously with the in-
strumental profile of the interferometer. This is done
with the aid of an acousto-optical switch which is trig-
gered by the acquisition unit. The switch produced a
light pulse which is led to a position on the optical axis of
the interferometer by means of a glass fiber. In this
manner we measured interferograms which in the first or-
der contained the instrumental profile and in the second
and third order a spectrum of the light scattered by the
sample.

In our experiments we have chosen the plate separa-
tion of the Fabry-Perot interferometer in such a manner
that the shift of the Brillouin lines with respect to the
Rayleigh line is always smaller than —,

' of the free spectral
range between two successive orders. The plate separa-
tions are given in Table I. The free spectral range can be
calculated with AcoFsR=~c/d, where c and d represent
the velocity of light and the plate separation, respective-
ly. The finesse has a typical value of Au„sR/
hen„wHM -=50, or better.

The wave-vector-dependent measurements are per-
formed using a scattering cell which consists of a careful-
ly polished quartz cylinder that can be moved by transla-
tion stages in all three directions. For the density-
dependent measurements we have used a sample cell
which was designed for a 90' scattering geometry. A
more detailed description of the sample cells is given else-
where. Both cells are connected to a gas handling sys-
tem and a pressure gauge.

The experiments are performed at room temperature
(T=294 K).

In our experiments high-grade gases are used, obtained
from Air Products and Messer Griesheim. The gas mix-
tures are made using the following procedure. First, the
sample cell is filled with xenon up to a pressure px, and
then helium is added up to a total pressure p„,-=40 bar.
The mixture is allowed to equilibrate for a few days. Us-
ing an equation of state up to the third virial coeKcient,
we have calculated the density and the composition of the
mixture, as well as the thermodynamic quantities needed
for the hydrodynamic description. Details of these calcu-
lations are given elsewhere. ' '

IV. DATA ANALYSIS AND RESULTS

In Fig. 2 we show several Rayleigh-Brillouin spectra of
two series with different compositions: xx, =0.45 and

xx, =0.22. It can be seen from Fig. 2 that the spectral
features become less distinct as the reduced wave vector
increases (the density is lowered). For the mixture with

xx, =0.45 the Brillouin lines can be distinguished for all
reduced wave vectors considered here (klH, (0.8). This
is also the case for mixtures with a higher xenon concen-

FICi. 2. (a) Several experimental Rayleigh-Brillouin spectra
as a function of the density. Thermodynamic circumstances:
T=294 K, xx, =0.45. Curve a: p =2. 8 bar, kl H, =0.77; curve
b, p=5. 6 bar, klH, =0.64; Curve c, p=9.0 bar, klH, =0.24;
curve d, p = 17.4 bar, klH, =0.12; curve e, p =37.8 bar,
klH, =0.06. (b) Several experimental Rayleigh-Brillouin spectra
as a function of the density. Thermodynamic circumstances:
T=294 K, xx, =0.22; Curve a, p =6.4 bar, klH, =0.35; curve
b, p =18.3 bar, klH, =0.12; curve c, p =38.7 bar, klH, =0.06.
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tration. In this respect, a difference is obtained regarding
the klH, dependence of the light-scattering spectra mea-
sured on the mixture with xx, =0.22. The light-
scattering spectra of the (xx, =0.22) mixture become
featureless when klH, exceeds 0.15.

An experimentally obtained light-scattering spectrum
is a convolution of the instrumental profile of the experi-
mental setup, and a line shape due to the processes which
are probed:

, Cs
(ms-')

400

300

200

I,„~,(k, ro) =I;„st,(co)&&I(k,co) . (4.l)

In order to extract the values of z; from our experiments,
we have used the following procedure. We have approxi-
mated I(k, ni) as a sum of three Lorentzians and
I,„~,(k, co) was calculated by convoluting I(k, co) with the
simultaneously measured instrumental profile. The y
merit function of the experimental line shape and the cal-
culated I,„,(k, co) is minimalized with a simplex routine.
These results served as input for a second fitting pro-
cedure in which the asymmetric contribution to the Bril-
louin lines is included. The amplitude of the asymmetric
contribution is calculated using the sum rule' "

2z,"A, =zD AD+2z, 'A,' . (4.2)

In Eq. (4.2) AD, A,', and A,
" represent the amplitudes of

the Rayleigh line, Brillouin lines, and the asymmetric
contribution, while zD, z,', and z,

" represent the width of
the Rayleigh line, the attenuation factor, and the propa-
gation frequency of the sound mode, respectively [see also
Eq. (2.3)]. Throughout the fitting procedure, we have as-
sumed that the Rayleigh line can be described by a single
Lorentzian. One may question this ansatz. However, on
the basis of our calculations we can conclude that the
Rayleigh line is always dominated by one of the two pos-
sible diffusive modes (D+ and D —), for almost all wave
vectors. In the small wave-vector region where the am-
plitudes of both the diffusive modes are of the same order

100 '

0 0.2 0.4 0.6 0.8 1.0

XXe

FIG. 4. Sound velocity as a function of the xenon mole frac-
tion for various He+Xe mixtures at a pressure p-=38.9 bar.
The rectangles are experimental results: c, =co/k. The drawn
line represents the result of c, calculated with the equation of
state.

of magnitude, then we find that the value of zD+ draws
near to za . Therefore, one may conclude that the rep-
resentation of the Rayleigh line by a single Lorentzian is
a reasonable assumption. More detailed information con-
cerning the Rayleigh line can only be obtained using
light-beating spectroscopy.

In Fig. 3 we illustrate the inhuence of the asymmetric
contribution to the Brillouin lines on the shifts and
widths, as obtained from two series of density-dependent
measurements (xx, =0.61 and xx, =0.45). As can be
seen from Fig. 3, the fitting procedure with only

Zs/k

~ ~

~y~ ~

10

5.

+
+ +

0.0-
Q2 Q4 Q6

0-(
0.2 0.4 0.6 0 8

XX

FIG. 3. Comparison of the shifts and widths the Brillouin
lines before and after the correction for the asymmetric contri-
bution to the Brillouin lines. The ratio (co„„—co„„,„)/co„„„„is
plotted as a function of kIH, (density-dependent experiments).
He+Xe mixture, T=294 K, xx, =0.45. Dots, width of the
Brillouin lines; crosses, Brillouin shift.

FIG. 5. The normalized attenuation factor z,'/k as a func-
tion of the xenon mole fraction for various He+Xe mixtures at
a pressure p =—38.9 bar. The rectangles are experimental results.
The drawn line represents the result of z,'/k calculated with
Eq. (2.13). The dashed line represents the ideal gas limit.



7306 G. H. WEGDAM AND H. M. SCHAINK

Lorentzians yields values for the Brillouin shift which are
approximately 2 —20%%uo smaller than those values which
are found when the asymmetric term is taken into con-
sideration. For the width of the Brillouin lines the
difference between the results of the two fitting pro-
cedures is more drastic. The derived width can become
80% larger when the asymmetric contribution is taken
into account. Unless stated otherwise we will show
throughout the remainder of this article the attenuation
factor z,

' and the propagation frequency of the second
mode z,

" (i.e., the real and imaginary parts of the eigen-
value z, ). They are the width and the shift of the Bril-
louin lines corrected for the asymmetric term and there-
fore the "true" propagation frequency and attenuation of
the second mode.

At a total pressure of 39 bar the Brillouin lines are well
separated from the Rayleigh line for most compositions
(xx, )0.3). The wave-vector dependence of the sound-
propagation frequency derived from the Brillouin shift
conforms to a straight line at this relatively high pres-
sure. ' The composition dependence of the propagation
frequency and the attenuation factor at a pressure of 39
bar is shown in Figs. 4 and 5. The solid lines are results
of the thermodynamic and hydrodynamic calculations
presented in a previous publication. In the calculations
we used input parameters which are based on experimen-
tally determined virial and transport coeScients (see
Refs. 6, 13, and 22). There are no adjustable parameters.
From the calculations we deduce that the value for the ZS (a)

attenuation factor z,
' in the small wave-vector limit is

largely determined by the last term of Eq. (2.4):
(pc, P) (Bp/Bc )~ rD I.n this term the osmotic compressi-
bility (Bp/Bc)~ T is very sensitive to small variations in
the virial coefficients used to calculate this quantity. This
can be inferred from the difference between the values
calculated with the virial equation of state and the ideal
gas values which are represented as the dashed line in
Fig. 5. The discrepancy observed between the calculated
and experimental value at xx, =0.22 has to be attributed
to an incorrect value for the virial coefficients. Rather
then to adjust the value to fit the data we used the experi-
mental value for the virial coefficient for all calculations,
since at lower densities the discrepancy becomes negligi-
ble. It is in the low-density region that the interesting
phenomena are observed. Notwithstanding the
differences the experimental results give evidence of the
validity of the small wave-vector limit at 39 bar.

As the pressure is lowered the Rayleigh and the Bril-
louin lines broaden significantly, ' while the propagation
frequency tends towards values smaller than c,k. In Fig.
6 the wave-vector dependence of the propagation fre-
quency and the attenuation factor of the sound mode is
shown for a He+Xe mixture with a pressure of 9.9 bar
and xx, =0.53+0.02. ' The experimental results are

(10s)

1.0

0.75

0
x

Op px x
~ e

8 xxxx„
I x x x x

x g x

2.5

0.0

0.5

I*
zs

0.0 0.& 0.2
k lH

2.5
0.0 0.1 0.2

0.2

FIG. 6. Brillouin shift co(k) and the width of the Brillouin
lines I"(k) for the He+Xe mixture with xx, =0.53+0.02 and
p=9.9 bar as a function of the wave vector. The drawn line
represent the results of a hydrodynamic calculation for
xx, =0.53. The dashed lines represent the small wave-vector
limit of the hydrodynamic theory. The vertical bar indicates
the half-width at half maximum of the instrumental profile.
0, Brillouin shift, not corrected for the asymmetric contribu-
tion; V, Brillouin shift corrected for the asymmetric contribu-
tion, using Fig. 3; X, Brillouin width, not corrected for the
asymmetric contribution; g, Brillouin width corrected for the
asymmetric contribution, using Fig. 3.

0.0
0.0 0.& 0,2

FIG. 7. A comparison between wave-vector-dependent
(crosses) and density-dependent experiments (squares) on the
He+Xe mixture with xH, =0.53+0.02, as a function of the re-
duced wave vector klH, . (a) The reduced propagation frequency
(z,") =z,"/c, k; (b) the reduced attenuation factor
(z,')*=z,'/c, k. The results of the wave-vector-dependent experi-
ments are also shown in Fig. 6. The drawn line represents the
small wave-vector limit.
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compared with the results of a (wave-vector-dependent)
hydrodynamic calculation for a mixture with xx, =0.53.
It can be seen that a linear dispersion is no longer
sufficient to describe the wave-vector dependence of the
propagation frequency. Similarly, the attenuation factor
deviates from the klH, dependence in the small wave-
vector limit. The experimental results agree qualitatively
with the hydrodynamic predictions.

In a previous paper, we have shown that the reduced
eigenvalues of the hydrodynamic matrix z' =z/(c, k ) are
proportional to k/p as long as the ideal-gas approxima-
tion is valid. Thus it is possible to obtain dispersion rela-
tions by plotting the reduced propagation frequencies and
attenuation factors as a function of the reduced wave vec-
tor kIH„where klH, is varied by changing the density.
But for the experimental convenience, this method has
the advantage that a larger klH, domain is accessible
than when the scattering angle is varied. An experimen-
tal comparison between the two methods, for a He+Xe
mixture with xx, =0.53+0.02, is given in Fig. 7. We
have used here the data also shown in Fig. 6 (p =9.9 bar;
k ranges from 9.2X10 m ' to 2.22X10 m '), together
with data from experiments in which the pressure of the
mixture varied from 41.8 bar to 9.9 bar
(k=1.99X10 m '). ' Although the reduced propaga-
tion frequencies obtained in the density-dependent exper-
iments tend to fall somewhat below the shifts which were
measured while k was varied, it is clear that z'(k) does
scale with klH, .

In the next part of this paper, we present the results of
the density-dependent experiments. The reduced wave-
vector dependence of the reduced propagation frequency
(z,")*=z,"/(c, k) is shown in Fig. 8. For the mixtures
considered here the (z,")' becomes smaller as kIH, in-
creases. The reduction of the propagation frequency be-
comes more pronounced as the xenon mole fraction de-
creases. Comparing the reduced propagation frequency
with the prediction of density-dependent hydrodynamic
calculations, one finds for reduced wave vectors up to
klH, =0.25, a reasonable correspondence between theory
and experiment. However, the hydrodynamic theory
overestimates the damping of the sound mode as klH, be-
comes larger than 0.3. For large kIH, the shift tends to-
wards the ideal gas value c,k of pure xenon. This is the
manifestation of a "slow" sound mode. For a mole
fraction xx, =0.45, one finds for small values of klH, the
experimental points above the theoretical curve. This is
again due to an incorrect value of the virial coefficients as
pointed out above at Fig. 5.

In Fig. 9, we compare the experimental results con-
cerning the reduced sound mode attenuation factor
(z,')*=z,'/c, k with the calculated value of (z,')'. For
small reduced wave vectors we find that the reduced at-
tenuation factor increases linearly with klH„ in agree-
ment with the prediction in the small wave-vector limit of
the hydrodynamic theory. For mixtures with xx, =0.61
and xx, =0.45 a quantitative agreement is found with the
theoretical predictions for small klH, . For the mixture
with xx, =0.22 in the same k1H, region we find only a
qualitative agreement. The klH, dependence of the re-
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FIG. 8. Reduced propagation frequency as a function of the
reduced wave vector. The squares are our experimental results.
The drawn line represents the result of a density-dependent hy-
drodynamic calculation of z,". The horizontal bar represents
the value of the ratio c,(xe)/c, (mixture). (a) xx, =0.61; (b)

xx, =0.4; (c) xx, =0.22
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duced attenuation factor of the sound mode undergoes a
change in slope in the region 0.2 ~ klH, + 0.3. This
change, which can be observed both in the experimental
and calculated results, becomes more pronounced as the
xenon mole fraction decreases. However, in the case of
the mixtures with xx, =0.45 and xx, =0.22, the reduced
wave vector at which this change takes place seems to
coincide with the klH, value at which the hydrodynamic
description starts to deviate from the experimental re-
sults.

In Fig. 2 is illustrated that the light scattering spectra
can become rather featureless when klH, exceeds 0.15.
As a result the spectra are difficult to analyze and this
gives rise to an uncertainty in the parameters which are
extracted from the experiments. However, the function

co I(k, co) can be analyzed easily for all reduced wave vec-
tors. In Fig. 10 we show a few examples of cu I(k, cu) of
the He+Xe mixture with xx, =0.22. The baseline is es-
timated by averaging over a number of points on the bor-
ders of successive orders of the interferogram. The re-
duced peak positions co" (k) =co (k)/c, k of co I(k, co) the
mixtures with xxe =0.79, xxe 0.61, xxe
xx, =0.38, and XX,=0.22, are shown in Fig. 11 plotted
as a function of the reduced wave vector klH, . The hy-
drodynamic calculation of z,

"* predicts the peak posi-
tions of co I(k, co) well up to klH, ——0.2. For all the mea-
sured dispersion relations of co (k) a significant deviation
from the calculated dispersion is obtained when klH,
exceeds 0.3. It can be seen that when the dispersion rela-
tion deviates from the hydrodynamic values it tends to-
wards the values of the Gaussian limit, vx, &2/c„which
is larger than the calculated value of (z,

")*.
Summarizing the results, we have concluded on the

basis of ample experimental evidence that the reduced
propagation frequency and reduced attenuation factor
are to a good approximation a function of the quotient of
the wave vector and the density only. We applied this
observed scaling behavior by presenting the results of
wave-vector-dependent experiments as well as density-
dependent experiments as a function of the reduced wave
vector khH, . In this way we are able to measure disper-
sion relations over a range of klH, values that is not ac-
cessible by experiments in which only the scattering angle
is varied. We have found that a transition from hydro-
dynamic to kinetic behavior occurs for the reduced wave
vectors 0. 18 & klH, &0.3. The same transition is found in
the reduced wave-vector dependence of the peak posi-
tions of cu I(k, co). This function appears to be extremely
useful when the light-scattering spectrum becomes
featureless. Finally, for large reduced wave vectors we
have found that the sound-propagation frequency tends

0
0 0.2 0.4

I

0.6 0.8 1,0
kl He

1.0
1*

ZS (cj
0.8

0.6

0.4.

02 6

(b)

0
0.2 0.4 0.6 0.8 ~.0

klHe

FICs. 9. Reduced sound-mode attenuation factor as a func-
tion of the reduced wave vector. The squares are our experi-
mental results. The drawn line represents the result of a
density-dependent hydrodynamic calculation of z,'. The vertical
bar indicates the reduced half-width at half maximum of the in-
strumental profile. (a) xx, =0.61; (b) xx, =0.45; (c) xx, =0.22.

FIG. 10. Several examples co I(k, u). Thermodynamic cir-
cumstances: xx, =0.22, T=294 K. Curve a, p =6.4 bar,
klH, =0.35; curve b, p=18.3 bar, klH, =0.12; curve c, p=38.7
bar, k1H, =0.06. The corresponding line shapes J(k, co) are
shown in Fig. 2(b).
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cates the Gaussian limit. (a) xx, =0.'79; (b) xx, =0.61; (c) xx, =0.45; (d) xx, =0.38; (e) xx, =0.22.
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towards the value of c,k of pure xenon. This is the slow
sound mode which is supported by the xenon density
fluctuations.

V. DISCUSSION

In this paper we studied the density and wave-vector
dependence of the Rayleigh-Brillouin spectrum of binary
noble gas mixtures consisting of components with a large
disparity in mass. We found that the dispersion of the
sound wave may, under certain circumstances, deviate
from the linear dispersion law z,"=c,/k. These devia-
tions from the small wave-vector limit become more ap-
parent as the concentration of the lighter component of
the gas gets larger. A review of the location in the
klH, -xx, plane of our density-dependent measurements
(represented by squares) is given in Fig. 12, together with
the composition dependence of three features that are
predicted by the hydrodynamic theory. The black areas
in Fig. 12 designate the predicted location of the sound
propagation gaps in the klH, -xx, plane. For He+Xe
gas mixtures with xx, &0.45 the theory predicts a value
for the reduced wave vector klH, for which the "group
velocity" dz,"/dk becomes equal to zero. These values
of kIH, are represented in Fig. 12 by line I. Also shown
in Fig. 12 are the klH, values for which the amplitude of
the Brillouin line is predicted to become larger than the
amplitude of the Rayleigh line. The composition depen-
dence of these klH, values is given by line II. On the
basis of our experimental results, we are able to deter-
mine the range of klH, values for which the hydrodynam-
ic theory is valid. From Fig. 11 it can be deduced that
the hydrodynamic description of the peak positions of
co I(k, co) ceases to be valid when klH, exceeds klH, —=O. 2.
These particular values are represented in Fig. 12 by a
big, black dot. The reduced wave-vector dependence of

"Xe
1.0-—

ED 0
Q.4 ~

P 2 IRREls ~ I

0
0 0.2 0.4 0.6 0.8

kl He

1.0

FICx. 12. Comparison of the location of our measurements in

the klH, -xx, plane (squares), and the location of the phenomena
predicted by the hydrodynamic theory. The black dot
represents the klH, -xx„value at which we have observed the

first deviation from the hydrodynamic theory. Black area, no

propagating modes; line I, zero group velocity dImz, /dk=0;
line II„ the amplitude of the Brillouin line equals the amplitude
of the Rayleigh line.
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Q.4 ~
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0
0 0.2 0.4 0.6 0.8
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FIG. 13. Comparison between our experimental results (hor-
izontal lines) and those of Letamendia et al. (Ref. 5). The black
dot represents the klH, -xx, value at which we have observed the
first deviation from the hydrodynamic theory. g, Letamendia
et al. , hydrodynamic line shape (H); ~, Letamendia et al. ,
nonhydrodynamic line shape (NH). (See also Fig. 12.)

the various quantities that we have obtained from the
spectral line shape I(k, co) also support the suggestion
that the hydrodynamic theory is valid up to
klH, =—0.2+0.07. This value of klH, appears to be in-
dependent of the composition, and is considerably small-
er than the klH, value at which the Rayleigh line and the
Brillouin lines are predicted to have equal amplitudes
(line II in Fig. 12).

Shown in Fig. 13 are the (klH„xx, ) values for which
Letamendia et al. have measured Rayleigh-Brillouin
spectra. The squares represent the measurements for
which they found the line shape in accordance with the
hydrodynamic theory, while the crosses represent the
measurements which could not be explained by the hy-
drodynamic theory. From Fig. 13 it can be seen that a
good correspondence is obtained between our results and
those of Letamendia et al. , except for mixtures with
xx, &0.25.

In liquid noble gases, an anomalous deviation from
linear positive dispersion has been found due to mode
coupling. ' " Our measurements do not indicate simi-
lar effects to occur in low-density gas mixtures.

In one-component gases no dramatic change in the
wave-vector dependence of the dispersion curve can be
observed as the wave vector changes from kl «1 to
kl =0(1). This prediction is more or less confirmed by
our finding that the deivations of linear dispersion be-
come smaller as the xenon concentration increases. For
large reduced wave vectors, the measurements indicate
that the shift of the Brillouin lines tends towards the
value of z,"(k)=c,k of pure xenon.

In this context we mention the computer simulations
of a Li+ Pb mixture performed by Bosse et al. ' and the
calculations of Campa and Cohen. ' Their results indi-
cate that for sufficiently large wave vectors propagating
waves in the density of the heavy particles, and propaga-
ting waves which are supported by the light particles (fast
sound), are present. Up to this moment most attention
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has been paid to the fast sound mode. ' Such a propa-
gating fast sound mode cannot be measured by light
scattering in the He+ Xe gas mixture, since helium
scatters light very poorly. ' ' Our experiments have re-
vealed that for large wave vectors a slow sound wave is
present which is supported by the heavy particles (i.e., xe-
non).

In a previous paper we have used the concept of two
propagating modes in order to present a simple, intuitive
model which provides us with an idea why the sound
modes are significantly damped when xx, )0.5. This
model predicts the existence of a intermediate composi-
tion region 0. 15 ~xx, ~0.5 in which neither the fluctua-
tions in the xenon density not the fluctuations in the heli-
um density dominate the dynamics of the mixture. This
agrees with the prediction by Bowler and Johnson who
predict one "critical composition" for sound propagation
at around xx, —=0.5.

In Ref. 6 we used kinetic arguments to show that the
damping of the eigenmodes must be attributed to a tran-
sition from a system dominated by heavy particles to a

system dominated by light particles. The concept of such
a transition is also supported by thermodynamic argu-
ments. In Ref. 6 we have shown that the composition
dependence of (Bp/Bc)„T has a sharp peaked extremum
around xx, -——0.02. Since p is the first-order derivative of
the Gibbs free energy, one may conclude that the transi-
tion we are dealing with is analogous to a continuous
phase transition. It should be remembered that
(Bp/Bc) T is one of the quantities which, to a large ex-
tent, determine the shape of the sound dispersion curve.
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