PHYSICAL REVIEW
LETTERS

VOLUME 63

18 DECEMBER 1989

NUMBER 25

Observation of Fast Sound in Disparate-Mass Gas Mixtures by Light Scattering

G. H. Wegdam, Arjen Bot, R. P. C. Schram, and H. M. Schaink

Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127,
NL-1018 WS Amsterdam, The Netherlands
(Received 1 September 1989)

We performed light-scattering experiments on a mixture of hydrogen and argon. By varying the den-
sity of the sample, we can probe the range of reduced wave vectors in which Campa and Cohen [Phys.
Rev. A 39, 4909 (1989)] predicted, in dilute disparate-mass gas mixtures, the onset of a mode supported
by the light particles: the fast sound mode. The presence of the additional sound mode can be estab-
lished most conveniently by analyzing w2/ (k,) rather than I(k,®). Our results for the shift of fast and

slow sound match the theoretical predictions very well.

PACS numbers: 05.20.—y, 33.20.Fb, 51.70.+f, 78.35.4+c

Recent investigations have revealed a sound mode
which, at sufficiently large wave vectors, is carried by the
lightest particles only. This mode is often referred to as
“fast sound.” Bosse et al.! were the first who identified
this phenomenon. In their molecular-dynamics study of
LipsPbo,, they have shown that the partial dynamic
structure factor of the lithium particles exhibits a dis-
tinct peak at a frequency which is much higher than that
of the ordinary sound mode. The other partial dynamic
structure factors are featureless at the fast sound fre-
quency, indicating that the effect is due to dynamical
processes in lithium only. More recent work concerning
the fast sound mode include kinetic calculations,?> new
molecular-dynamics simulations,* and the first experi-
mental observation of fast sound by neutron scattering.’
Most of this work is restricted to mixtures at liquid den-
sities. However, Campa and Cohen have pointed out
that a fast sound mode is also to be expected in dilute
gas mixtures, and that it can be measured by light-
scattering spectroscopy.® In this Letter we will present
the first experimental results concerning fast sound in di-
lute gas mixtures.

The relation between a light-scattering spectrum and
the partial dynamic structure factors S;;(k,w) is given
by

I(k,0)~atx,S11(k,0)
+2a1a:(x1x3) ‘/ZSlz(k,w)

+a22x2S22(k,a)). (1)

Here x; represents the mole fraction of component i.
From Eq. (1) it is evident that the spectral line shape
I(k,w) is affected by the partial dynamic structure fac-
tor of the light component only when the polarizability
aight is not too small. Therefore our experiments are
performed on a gas mixture with a small polarizability
ratio: Hy+Ar (aa/an,= 2).6

In our experiments we use an argon-ion laser operat-
ing single mode at a wavelength of 514.5 nm and at an
output power of 200 mW. A Fabry-Perot interferometer
analyzes light scattered under an angle of 90°. The free
spectral range of the interferometer is 1.00%10'! rad/s
and its finesse is 40. Details of the setup can be found
elsewhere.””® The experiments are performed at room
temperature (7 =292 K).

We have studied light-scattering spectra of a H,+Ar
mixture with xo;=0.23 £0.02 in the pressure range 0.1
MPa < p <4.78 MPa. In earlier studies’”'® we have
shown that the eigenvalues of the hydrodynamic matrix,
which determine the shape of I(k,w) for small wave vec-
tors, are a function of the product of wave vector k£ and
mean free path /. We will use the mean free path of a
hydrogen molecule:

Iy, = {x ac0Rert, (M /mrea) 2+ V2xu,0831 71, ()

with 04, =0.3659 nm, oy,=0.2760 nm,® oarm,=(cA:
+o0u,)/2, and mgq represents the reduced mass
Mred =marmuy,/(Mmar+my,). It should be noted that the
mean free path is inversely proportional to the number
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FIG. 1. I(k,w) at fixed k at various thermodynamic cir-
cumstances. From bottom to top: k/u,=0.04 (p =4.78 MPa),
kin,=0.21 (p =0.88 MPa), and klw,=1.87 (p=0.10 MPa).

density n. Then, using this scaling property it is possible
to obtain ‘“‘dispersion relations” over a larger range of
kly, values than is possible by varying the wave vector
through the scattering angle only. In particular, we are
interested in the way in which quantities that can be ex-
tracted from 7(k,w) will deviate from their kK — O values
as the reduced wave vector k/y, increases.

In Fig. 1 we show light-scattering spectra of H,+ Ar
mixtures at various densities. It is clear that spectra tak-
en at low pressures appear rather featureless due to ex-
cessive broadening. The broad wings serve as a qualita-
tive indication of the occurrence of fast sound. The ex-
act shape of the wings can be studied in more detail
when spectral line shape is multiplied by w2 The func-
tion w?I(k,w) is closely related to the longitudinal
current-current autocorrelation function.!! This func-
tion has well-defined peaks for all wave vectors, even
when the Brillouin lines are no longer discernible. In our
study of He+Xe mixtures we have shown that in the hy-
drodynamic region the peak position in w2/ (k,w) follows
closely the wave-vector dependence of the propagation
frequency of the sound mode.”® In the limit of very
large wave vectors the spectral line shape I(k,w) can be
represented by a sum of two Gaussians due to the veloci-
ty distributions of the two species of particles.!! As a re-
sult w?/(k,w) can become a doubly peaked function
with maxima near i,szk\/f and = vak~2, where v;
represents the thermal velocity of component i:
vi=(kgT/m;)">. It depends on the composition of the
mixture and the polarizabilities of the components
whether or not both maxima can be detected simultane-
ously in a light-scattering experiment.
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FIG. 2. w?I(k,w) at fixed k at various thermodynamic cir-
cumstances. From bottom to top: k/n,=0.04, klu,=0.21,
klu,=1.87, and the limit kln,— oo.

In Fig. 2 some examples of the function w?I(k,w) are
shown typical for the various k/y, regions. At high den-
sities (i.e., small k/p,) a peak of w?/(k,®) is located at a
frequency that is slightly higher than the shift of the
Brillouin lines. We will refer to the absolute maximum
of w?I(k,w) as w,, (k). From Fig. 2 it is evident that
as the density decreases high-frequency contributions to
*I(k,0) become more pronounced. For the region
kly,> 0.35 the function w?I(k,w) consists of two un-
resolved contributions. We will refer to the peak position
of the low-frequency contribution as w,, (k). At the
largest reduced wave vector probed, the high-frequency
contribution at @, (k) is centered near =+ uvykv2,
while the low-frequency contribution at ®,, (k) is cen-
tered around the frequency which corresponds to the
thermal velocity of pure argon. For comparison we also
show the calculated shape of w?/(k,w) in the limit of
very large wave vectors. It can be seen that the experi-
mental line shape of w2/(k,®) converges to the line
shape which corresponds to the large wave-vector limit
of I(k,w), although it never reaches it in the density re-
gime we have studied.

In Fig. 3 we have plotted the behavior of e, (k) and
wm2(k) as a function of the reduced wave vector.
Throughout this Letter quantities that are labeled with a
superscript * are reduced with respect to cg;k, where
¢; =579 m/s is the experimentally determined value of
the adiabatic sound velocity of the mixture in the limit
kly,— 0. We can extract wp,,1(k) throughout the full
kly, range and we observe that its value increases with
increasing reduced wave vector. On the other hand,
opm 2(k) can be extracted for k/y,>0.35 only, and in
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FIG. 3. The reduced peak positions of w?/{k,w) as a func-
tion of the reduced wave vector. The horizontal bars indicate
frequencies that correspond to the thermal velocities of hy-
drogen and argon. X, wm (k) =0m1(k)/csk; YV, wm2(k)
=a),,,‘z(k)/c,k.

that range it does not show much dispersion. Such be-
havior is not found for He+Xe mixtures.”® For these
mixtures (polarizability ratio axe/ape=20) the light-
scattering spectrum is dominated by the contributions
from the fluctuations in the xenon density. As a result
only one contribution can be observed in the shape of
0?I(k,w). In He+Xe mixtures we have found that the
position of the peak in w?I(k,w) shifts to lower frequen-
cies as the reduced wave vector increases.”® The quali-
tatively different behavior of the peak positions of
w?I(k,w) in Hy+ Ar indicates that a fast sound mode is
indeed observed in this mixture.

Having thus established the existence of two contribu-
tions for large k/y,, we proceed to a detailed analysis of
the spectrum itself. We are now looking for the frequen-
cies of the propagating modes which can be compared
with the calculations of Campa and Cohen.® To this
end, we fitted our light-scattering spectra by a convolute
of the experimentally determined instrumental profile
and a sum of Lorentzians:

1(k,0) =Tinar (@) *Re X 4;/(i0—2;) |, (3)
J

where j=D,s+,f*+ and A; represents the wave-
vector-dependent amplitude of the jth eigenmode and z;
the wave-vector-dependent jth eigenfrequency. The
eigenfrequencies z;+,z;+ of the sound mode and the
fast sound mode and the corresponding amplitudes are
complex: z;j+ =z/*iz/' and A;+=A4/xiA/. The
imaginary part of the complex frequency z; is the propa-
gation frequency of eigenmode i. It can be seen that Eq.
(3) reduces to the well-known expression for the
Rayleigh-Brillouin triplet!! when the amplitudes of the
fast sound mode As+ =0. In our fitting procedure we
have used the sum rule X;4;z; =0, ”%!2 and we have tak-
en into account the shape of I(k,w) as well as the shape
of w?I(k,w). For small reduced wave vectors we have
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FIG. 4. The reduced propagation frequencies z.' (k) and
z/'" (k) as a function of the reduced wave vector. The drawn
lines are extracted from Fig. 1 of Ref. 6. A, 2" (k)
=2"(k)/csk; @, 2} (k) =z}'(k)/csk.

found that I(k,w) and w?I(k,®) can be fitted well with
the expression of the Rayleigh-Brillouin triplet (i.e.,
As+ =0). However, for large reduced wave vectors it is
necessary to use a second propagating mode in order to
analyze w?I(k,w).

In Fig. 4 we have plotted in the reduced wave-vector
dependence of the reduced propagation frequencies
2" (k) and Zf'"(k), which we have extracted from our
experiments. For kl/y,<0.25 only one propagating
mode can be distinguished, while at high k/y, there are
obviously two propagating modes. In the limit of small
reduced wave vectors, the eigenfrequency of the propa-
gating mode equals the produce of the wave vector and
the adiabatic sound velocity of the mixture. It can be
seen that this eigenfrequency becomes smaller as the re-
duced wave vector increases. Around k/y,=0.3 a second
propagating mode emerges. However, it is not possible
to determine unambiguously the k/y, value at which this
happens since the error bars in the frequencies and am-
plitudes are rather large in this k/y, region. For
kly,> 0.35, the two eigenfrequencies are well separated.
For kluy,=1.87 we find that zf+/k =1214 m/s and
zy'+ /k =317 m/s. These values of z/+ /k and z;'+ /k are
close to the adiabatic sound velocities calculated for pure
hydrogen (c,=1306 m/s) and pure argon (c,=318
m/s),'® respectively. Therefore, we conclude that the
fast sound mode propagates mainly through the hydro-
gen, while the slow sound mode propagates through the
argon. Our experiments show that the slow sound mode
is a continuation of the hydrodynamic sound mode. This
behavior of the sound mode is similar to that of the only
sound mode that can be detected in He+Xe mixtures.
For the H,+ Ar mixture we find, in addition to this slow
sound mode, a fast sound mode emerging in the wave-
vector region in which Navier-Stokes hydrodynam-
ics 1014 ceases to be valid.

In Fig. 4 we compare our experimental results with
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the calculations of Campa and Cohen.® We find a good
correspondence to their sound mode (in Ref. 6 labeled
with s) and their kinetic mode (in Ref. 6 labeled with
k). The small quantitative differences might be ex-
plained by two effects. First, the composition of the mix-
ture in our experiments was slightly different from that
in the calculations of Campa and Cohen. Second, the
neglect of internal degrees of freedom in hydrogen might
cause subtle deviations in propagation frequencies and
amplitudes of the sound modes. '>1®

We conclude that our experiments give evidence for
the existence of a fast sound mode in dilute disparate-
mass gas mixtures. Our results concerning 0wl (k,w)
show clearly that the manifestation of a fast sound mode
is related to a decoupling of the eigenmodes which
occurs as the limit is approached in which I(k,w)
reflects the dynamics of individual particles. Such a
decoupling might be expected in any mixture with com-
ponents which differ in mass. However, a fast sound
mode can be detected more clearly when the difference
in mass becomes larger, though for observation by light
scattering it is essential that the difference in the polari-
zability of the components is not too large. Therefore, a
less favorable polarizability ratio must be compensated
by the mass ratio. As an example, we have performed
light-scattering experiments on a mixture of H;+Xe
(xxe=0.17%0.02, axe/an, =5, mxe/mu,=65). These
experiments have revealed for large reduced wave vec-
tors a shape of w?/(k,w) in which the contributions of
hydrogen and xenon are well resolved. We will present a
further analysis of this system in the future.
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