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Light scattering in gas mixtures: Evidence of fast and slow sound modes
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Camps and Cohen [Phys. Rev. A 39, 4909 (1989)l have predicted that dilute, binary mixtures
of gases with disparate masses should exhibit a (fast) sound mode whose velocity is considerably
greater than expected on the basis of conventional hydrodynamic theory, and which should be ob-
servable via light-scattering experiments. Effects that are consistent with this prediction were ob-
served in the Brillouin spectra of the H2+Ar system, but were not detected for the case of
CH4+SF6. Results for the SF6+H2 mixture demonstrate the existence of an analogous slow-

mode contribution to the spectrum.

The suggestion' that a fast sound mode can exist in

binary mixtures of noble-gas liquids when the two molec-
ular species have widely different (i.e., disparate) masses
has been confirmed by neutron-scattering experiments, 2

which are capable of probing the appropriate wave-vector
regime. More recently3 it has been proposed that the cor-
responding ea'ect should also be present in binary mix-
tures of gases at low density and in the wave-vector re-
gime accessible by light-scattering techniques. The Bril-
louin scattering experiments and calculations described in
this paper provide evidence for the existence of a fast-
mode contribution in the spectrum of H2+Ar mixtures
which, however, is difficult to detect. Spectra of CH4
+SFs as obtained under comparable conditions did not
exhibit a similar behavior. By comparison, corresponding
effects which can be identified with an analogous slow-
mode contribution to the spectrum were found to be readi-
ly observable in the case of SFs+H2 mixtures.

The fast mode is interpreted' as one which propagates
only in the lighter of the two species when the mole frac-
tion of the heavier species is relatively low ( 0.3) and
under conditions which conform to the approximate cri-
terion kit-kl2-1, where lt is the mean free path for the
lighter species, I2 is the mean free path for the heavier
species, and k 2tr/A is the wave number of the sound be-
ing probed. One thus envisions an experiment where the
sample cell is first charged with a fixed number density of
the lighter species which is high enough so that a well-
defined Brillouin peak is observed in the scattered-light
spectrum, and this spectrum is subsequently monitored as
successive increments of the heavier species are added.
Qualitatively, the predicted ' behavior (for low concen-
trations of the heavier species) is that a spectral peak will
persist at a position (frequency shift) which is not deter-
mined by the density of the mixture as normally expected,
but which remains substantially unchanged. This is indi-
cative of a fast sound mode which continues to propagate
in the lighter species only. One expects, however, that the
heavier species will contribute to the attenuation of this

mode, so that the observed spectral feature will become
broader and perhaps unrecognizable.

Given that the minimum value of the probed wave-
length A in a Brillouin scattering experiment is -250 nm

(at a scattering angle of 180'), it turns out that the ap-
propriate conditions can be satisfied for mixture pressures
of order 10 bars or less, provided the mole fraction x2 of
the heavier species is kept sufficiently small. There is,
however, the observational requirement that the permissi-
ble range of x2 values be large enough so that the corre-
sponding changes in the mean density of the mixture give
rise to readily measurable changes in the characteristics of
sound propagation that are normally expected for a mix-
ture, e.g., the velocity. Otherwise, a possible fast-mode
contribution to the spectrum would not be distinguishable
from the (normal) contribution of the mixture. With the
above constraint on A, this dictates that in most cases the
partial pressure of the lighter species should be kept as
low as possible while maintaining a readily detectable
Brillouin signal.

In the theoretical formulation of the problem' the
scattered light intensity is expressed as a sum of three con-
tributions, the first two of which are associated respective-
ly with the lighter and heavier species alone, while the
third is a mixed term

I(k, ta) —a] x /5 /] (k, ta) +a2x 2522(k, to)

+2a)a2 Jx)x2S)2(k, to) .

Here the S;t are partial dynamic structure factors, a; are
molecular polarizabilities, the x; are mole fractions, and k
(as above) and to are the probed wave number and angu-
lar frequency, respectively. Throughout the remainder of
this paper we adhere to the convention established in this
equation, whereby the subscripts 1 and 2 refer to the
lighter and heavier species, respectively. It is clear from
Eq. (1) that, for given x;, the a; values are important in
determining which (if any) of the three contributions will
dominate the spectrum. In particular (while recognizing
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that heavier molecules have generally higher polarizabili-
ties), observation of the fast-mode associated with the first
term is facilitated by an a~ value that is at least compara-
ble to a2. The combination of H2 and Ar, with a mass ra-
tio of 1:20, represents a reasonable compromise in this
respect (a2/a~ =2), and it is this suggested mixture that
was chosen for initial investigations. As mentioned above,
experiments were also performed with the mixtures
CH4+SF6 and SF6+Hz. In the latter case emphasis was
placed on investigation of the slow-mode contribution cor-
responding to the second term in Eq. (1).

The spectra were obtained using incident radiation pro-
vided by an Ar+ laser (Coherent Radiation Innova Model
90-5) operating in a single-cavity mode with a nominal
wavelength (A,o) of 514.5 nm and a power output in the
range 300-500 mW. The spectrometer consisted of a
scanning Fabry-Perot interferometer (Burleigh Model
RC-110), a cooled photomultiplier detector (ITT
FW130), photon counting electronics, and a combined
data-acquisition and Fabry-Perot control system (Bur-
leigh Model DAS-1). The scattered radiation was
prefiltered (using a grating monochromator) to reject
unwanted Raman radiation, and the spectra were ob-
tained by a repetitive scanning process with accumulation
times ranging from 5 to 24 h. All experiments were per-
formed at room temperature (293 K) using a sample cell
which permitted a choice between scattering angles (8) of
157.5' and 22.5'. The former angle was used in most ex-
periments and corresponds to a probed wavelength
A 2ko/sin(8/2) 262 nm. Pressures were measured via
Bourdon-tube gauges with an estimated accuracy of
~0.05 bar, and particular care was taken to ensure that
all gases were properly mixed before the spectral accumu-
lation process was begun.

As implied above, the criterion used to detect a fast-
mode contribution to a given spectrum was to compare the
frequency shift of the observed spectral peak with that
determined from the well-known Brillouin equation, ron

4rr(v, /Ao)sin(8/2), where the sound speed v, for the
mixture is calculated in the limit k 0 via the basic rela-
tion v, (V /Mx, )'~2. Here V is the molar volume of
the mixture, M is the average molecular weight, and x, is
the adiabatic compressibility. For mixtures of com-
ponents with very different molecular weights, the largest
correction to the ideal-gas value for the sound speed is due
to the molecular weight of the mixture being different
from that calculated on the basis of partial pressures.
Consequently, the measured pressures were first used to
calculate different mixture compositions (i.e., the x s) via
the virial equation of state, with terms involving virial
coefficients beyond the second being ignored. Second viri-
al coefficients were calculated using the method of Hay-
den and O' Connell. For each series of experiments
(where different mixture compositions were obtained by
incremental addition of one species to an initially pure
sample of the other species), the molar volume of the ini-
tially pure component at the initial pressure was calculat-
ed first. The x s for subsequent mixture compositions
were then determined subject to the constraint that the
partial volume of the initial pure component maintain its
original value. Sound speeds were calculated using the

virial form,

RT l+ BP
M RT

2

1 —R I+~
R dT

o d 8x C' —pT
dT

—
1 —

1

(2)

where p is the (total) pressure, C~ is the ideal-gas heat
capacity, and 8 is the second virial coefficient for the mix-
ture.

The values of kl ~ and klan, which are used to character-
ize the sample conditions, were calculated using the fol-
lowing expression for the mean free paths in a binary
mixture:

l; ' J2rrn;cr2+(1+m;/mj)'~ rrnzo~j. (3)

Here n; and nj are the partial number densities, o; and o~
are the hard-sphere diameters for the two species of mass
m; and mj, and cr;J (o;+aj)/2.

H2+Ar

Spectra for this mixture were obtained for three
different base pressures p~ of H2. The o values (in nm)
that were used in the calculations were a~ 0.297,
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FIG. 1. Selected scattered-light spectra for mixtures of H2

and Ar with a fixed H2 partial pressure (p~) of 6.3 bars, and
fractional concentrations (x2) of Ar as indicated. The central
Rayleigh peak has been removed to permit stacking of the spec-
tra on an appropriate scale. Only the (Stokes) region of down-
shifted frequencies is shown, with the frequency shifts normal-
ized to unity at the position of the Brillouin peak for x2 0. The
solid triangles indicate the estimated peak positions of the ob-
served Brillouin features, while the open triangles designate. the
normalized shifts that were calculated (see text) for k ~ 0. The
arrow indicates the position of the Brillouin peak for xq 1. The
scattering angle was 157.5'.
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(72 0.340. The mixture conditions are listed as follows:

0 ~ x2 ~ 0.25, 0.27» kl ~
» 0.21, kl2=0.07, p ~ 9.0 bars,

O~x2~0. 18, 0.32» kl~»0. 27, kl2=0.09, p~ 7.7bars,

0 ~ x2 ~ 0.17, 0.39~ kl )
~ 0.33, kl2=0. 10, pi 6.3 bars.

Evidence of a fast-mode contribution to the spectrum in
the lower part of the x2 range was observed in all three
cases. The best results were obtained for pi 6.3 bars,
and this case is shown in Fig. 1. Here it can be seen that,
while a distinct spectral feature is identifiable only for
x2 ~ 0.1, it is nevertheless apparent that the peak position
on the scale of normalized frequency shifts remains essen-
tially unchanged with increasing x2, and differs consider-
ably from the calculated (k 0) values as described
above. This behavior is consistent with theoretical predic-
tions. The obvious diiculty experienced in detecting
the fast-mode contribution as a well-defined spectral
feature is most probably associated (i) with a relative po-
larizability a2lai that favors the dominance of the second
and third terms in Eq. (1) and (ii) with the low absolute

I

value of ai leading to low signal levels in the density range
of interest. Investigations of the CH4+SF6 mixture were
undertaken with the latter point in mind.

CH4+SFg

The polarizability of CH4 is approximately three times
greater than that of H2 so that lower pi values are accessi-
ble while maintaining a strong signal. The value s of
aila2 for this mixture is very nearly the same as for the
H2+Ar case, while m2lm i 9 is lower by roughly a factor
of 2. The hard-sphere diameters used in the calculations
were (in nm) ai 0.389, o2 0.468. Spectra were record-
ed for two values of pi (in bars) as follows:

0~x ~0.27, 0.23~ kli ~0.17, kl2=007, pi 6.3 bars

O~x ~030, 0.39~ kli&028, kl2=0. 11, pi-3.7bars.

It should be noted that conditions for the lower pi case
are similar to those of Fig. 1 for H2+Ar. Nevertheless,
no significant fast-mode contribution was detectable in ei-
ther case; i.e., the observed frequency shifts of the spectral
peak did not differ significantly from the values calculated
for k 0. An understanding of this result must await fu-
ture theoretical calculations: perhaps the mass ratio is too
low for the effect to be observable.

SFg+H2

This mixture, with m2lmi 73, was chosen for the in-
vestigation of a possible slow-mode contribution associat-
ed with the second term in Eq. (1). On intuitive grounds,
this contribution was presumed to be observable in the

I

I

same regime of kli and kl2 values as above, but with

xi ~ 0.3. The mixture takes advantage of a large dispari-
ty in polarizability (a2la&=6) which favors the domi-
nance of the S22 term of Eq. (1). In fact, for the noted
range of xi values, this large polarizability effect can be
expected to reduce the contributions from the first and
third terms of Eq. (1) to a negligible level. In other
words, to a good approximation the experiment is sensitive
to light scattering from the heavier species only, and any
mode which propagates exclusively in this species should
be identifiable without ambiguity as the only (shifted)
feature in the spectrum. The wide separation between the
Brillouin shifts for xq 1 and x2 0 is also of importance
in this connection. The conditions for two separate exper-
iments were as follows:

0~x~ ~0.50, 0.59~ kl2~0. 11, 1.2» kl~»0. 66, p2 1.7bars,

0 ~ x ~
~ 0.84, 0.74» kl2» 0.03, 1.3» kl ~

» 0.23, p2 1.3 bars.

The first case is shown in Fig. 2 where it is clear that,
although some broadening is evident, a distinct spectral
feature persists over the complete range of x~ values in-
vestigated. In view of the above comments, there can con-
sequently be no doubt that a well-defined mode exists
which propagates exclusively in the heavier species.
Furthermore, the frequency shift of the peak is essentially
independent of xi, and a large discrepancy develops be-
tween the observed and calculated (k 0) values of' the
shift at the upper limit of x~. Although the theory has
not yet been applied to elucidating the properties of this
(slow) mode, it can be assumed by analogy with the fast-

I

mode predictions that qualitative agreement exists. It
remains to be seen whether agreement is preserved in
matters of detail.

Figure 3 represents a further investigation of this
phenomenon with the principal differences being (i) that
the scattering angle was changed from 157.5' to 22.5,
thereby probing a range of k values which is lower by a
factor of —4, and (ii) that a wider range of xi values was
employed. Although the wave-vector regime is less favor-
able, it is nevertheless clear that the effect persists for low
values of x~, with the observed peak position conforming
to the calculated (k 0) value only at the upper limit of
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FIG. 2. Stokes spectra for SF6+H2 with a 6xed SF6 partial
pressure (p2) of 1.7 bars and fractional concentrations (x~) of
H2 as listed. The scattering angle was 157.5'. The Brillouin

peak for xi 1 occurs at a normalized shift of 8.5. The triangu-
lar markers have the same meaning as in Fig. 1.

x~ where the third term in Eq. (1) begins to play a dom-
inant role.

In brief, a fast-mode contribution to the light-scattering
spectrum of H2+Ar mixtures has been detected under
conditions predicted by theory. The negative result ob-
tained for CH4+$Fs mixtures raises the question of what
is meant by disparate masses, i.e., what is the minimum
value of rn2t'mi required for the effect to be observable?
One might also question whether the hard-sphere model

2 3

Normalized shift

FIG. 3. Stokes spectra for the same mixture as in Fig. 2, but
with p2 1.3 bars and a scattering angle of 22.5'. The triangu-
lar markers have the same meaning as in Figs. 1 and 2.

of the theory is applicable for this mixture. An analogous
slow-mode contribution to the spectrum of $Fs+H2 mix-
tures has been clearly identified, and it is concluded that
this mode is, in general, much more readily observed be-
cause of the highly favorable polarizability ratios that can
be achieved for a variety of different mixtures.
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