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1(c) for various values of D and (a /a;)'. In

all these calculations the structure factor ob-
tained by Henshaw" at 84'K was used. The
effect of variations in D on the shape of the
peak height curve is small and is therefore
not shown in Fig. 1.

The full width at half-peak height and the max-
imum intensity of the observed spectra are
shown in Figs. 1(d) and 1(e), respectively, as
functions of scattering angle and wave-vector
transfer. Q is calculated assuming that both
the incident and the scattered neutron wavelength

0
is 4.1 A. Vertical bars in Fig. 1 indicate er-
rors in the counting statistics and horizontal
bars represent the angular resolution of the
spectrometer. The solid lines in Figs. 1(d)
and l(e) are the curves obtained from Eq. (3)
for the values of the parameters shown.

The value used for the ratio of the scatter-
ing lengths is the one reported by Henshaw, "
and the value used for the diffusion constant
should be compared with the values I' = 2.43
&&10 ' cm'/sec and D =3.5X10 ' cm'/sec,
obtained by Naghizadeh and Rice" at T = 90 and
T = 100'K, respectively.

The agreement between the predictions of
Eg. (3) and the experimental results must be
considered satisf actory. The "theoretical"
value for the width depends strongly on the ex-
act shape of S(Q) which was not available at
the appropriate temperature. The peaks in

S(Q) are expected to broaden when the temper-

ature increases and this will decrease the fluc-
tuations in the calculated width and also in the
peak height. Use of a structure factor obtained
at 94'K could therefore be expected to improve
the agreement.

The author is indebted to Professor %aller
for valuable discussions on the subject matter
of this paper.

*Present address: Argonne National Laboratory, Ar-
gonne, Illinois.
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PROPAGATION OF SOUND IN MONATOMIC GASES

J. Foch* and Q. E. Uhlenbeck
The Rockefeller University, New York, New York

(Received 12 September 1967)

Since the days of Kirchhoff, the velocity of
propagation and the absorption of sound in gas-
es are usually derived from the Navier-Stokes
hydrodynamical equations. For monatomic
gases the results are especially simple. One
finds for the velocity U and the absorption co-
efficient in amplitude n, as function of the fre-
quency +, expansions of the form

Uo/U = 1—a, $ +a,$—

aUo/co =b,g
—b~)'+ ~ ~ ~,

where
(2)

with p and p, the mass density and viscosity
coefficient of the gas, respectively, and U,
= (5kT/3m)'". The coefficients a; and b& are
constants if one assumes that the heat conduc-
tivity K is related to p, by

15 k
K= P. ~4 m

which is closely fulfilled for all monatomic
gases. One obtains

b, = 7/6; a~ = 141/72; b2 = 1559/432;
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etc.
From the point of view of the kinetic theory

of gases, the hydrodynamical equations are
obtained from the basic Boltzmann equation
for the distribution function f(r, v, t) of the mol-
ecules by a successive approximation meth-
od, the Chapman-Enskog development, which
proceeds in successive powers of a uniform-
ity parameter which is of the order of the rel-
ative change of the macroscopic variables
(average velocity and/or temperature) over
a mean free path X of the molecules. Now
note that the parameter $ in (1) is of order
a/A if A is the wavelength of the sound, since
p, -pX(v) with (v) a, mean thermal velocity, and
(v)-U, . Therefore $ is just the expansion
parameter used in the Chapman-Enskog devel-
opment; and since from the point of view of
this development the Navier-Stokes equations
are only valid up to first order in $, only the
coefficient 5, can be trusted.

To obtain the correct values for a~, b2, etc. ,
one could start from the higher order hydro-
dynamical equations, of which the second or-
der has been derived in detail by Burnett. This
can be and has been done, but it is very involved,
and it is much simpler to go back to the Boltz-
mann equation and to seek solutions for f of
the form

(4)
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FIG. 1. Comparison between theory and experiment
for the initial frequency dependence of the phase veloc-
ity U in neon.

where f, is the Maxwell distribution and h«1.
This was pointed out by Wang-Chang and Uhlen-
beck, ' who applied this method to the so-called
Maxwell model, which assumes a repulsion
between the molecules -1/r'. However, since
with (4) the Boltzmann equation becomes

I'-i&a +i (K ~ v)]h =J(h), (5

0.2
ett

where J(h) is the linearized collision operator,
one can find & as a function of the wave num-
ber K by a direct perturbation calculation in
which K=1/A is the small parameter. The
integral equations occurring in successive or-
der are of the same type as those occurring
in the Chapman-Enskog development, and they
can be solved for any intermolecular potential
by the same successive approximation meth-
od. ' One finds that the dispersion law can again
be put into the form (1) and that the coefficients
a; and 5; are almost universal, that is, almost
independent of the intermolecular .potential and
almost independent of the temperature. Their
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FIG, 2. Comparison between theory and experiment
for the initial non-Kirchhoffian frequency dependence
of the absorption coefficient n in neon.
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etc. These are in fact the values for the Max-
well model and they agree with the results of
Wang-Chang and Uhlenbeck. For a 1/xs re-
pulsive potential, the coefficients are temper-
ature independent, and they are slowly increas-
ing functions of the force index s, differing
from the values (6) by less than 10% for s = ~
(hard-sphere model). For a Lennard-Jones
(12-6) potential, the coefficients are weakly
temperature dependent but the deviations from
(6) are never more than 7%. This insensitiv-
ity to the intermolecular potential makes a sig-
nificant comparison with experiment possible,
especially since the correct values of a, and

b2 are considerably different from the Navier-
Stokes values (3).

In Figs. 1 and 2, the experimental values3
for the initial frequency dependence of U and
for the deviation from the first (Kirchhoff) val-
ue of the absorption coefficient in neon are
plotted against $'. The lines labeled Burnett
and Super-Burnett refer to the values (6); they

clearly represent the initial slope of the exper-
imental curves much better than the Navier-
Stokes values (3).

*Current address: Bell Telephone Laboratories, In-
corporated, Holmdel, New Jersey 07733.

~C. S. Wang-Chang and G. E. Uhlenbeck, Report of
the Engineering Research Institute, University of Mich-
igan, 1952. This report will be reprinted in Studies
in Statistical Mechanics (North-Holland Publishing
Company, Amsterdam, The Netherlands, to be pub-
lished), Vol. IV.

2See J. Foch, dissertation, Rockefeller University,
1967 (unpublished). Parts of this dissertation will be
incorporated in an article by G. W. Ford and J. Foch
on the propagation of sound which will also appear in
Studies in Statistical Mechanics (North-Holland Pub-
lishing Company, Amsterdam, The Netherlands, to
be published), Vol. IV.

M. Greenspan, J. Acoust. Soc. Am. 28, 644 (1966).
We are indebted to Dr. Greenspan for sending us tab-
les of the original data on which Figs. 1 and 2 are
based.

OBSERVATION OF ANOMALOUS ELECTRON HEATING IN PLASMA SHOCK WAVES*

A. W. DeSilva and J. A. Stamper
Department of Physics and Astronomy, University of Maryland, College Park, Maryland

(Received 18 August 1967)

Direct observations are reported of the electron velocity distribution throughout the re-
gion traversed by a magnetic shock wave in a plasma. In one case, the electron heating
rate is greater than 10 times that predicted from normal and compressional effects.

In ordinary magnetohydrodynamic shock waves,
known resistive (electron-ion collisions) and
viscous (ion-ion collisions) processes account
for the dissipation of the initial shock-frame
streaming energy. In low-density plasmas
such binary collision processes may be unable
to provide the dissipation, and a form of anom-
alous dissipati, on due to collective plasma in-
teractions takes over. We report here mea-
surements that show the occurence of such
anomalous dissipation.

A technique for obtaining electron velocity
distributions, and hence heating rates, is the
analysis of light scattered from the plasma
when it has been illuminated by an intense source.
The source used is a 200-MW Q-spoiled ruby
laser, focused into the plasma to probe a small
( 1 mms) volume with 20-nsec time resolution.
Spectral analysis of the scattered light yields

the one-dimensional electron velocity distri-
bution in a direction defined by the difference
between the wave vectors of the incident and
scattered light. The electron density profile
through the shock follows from the area under
the scattered light profiles.

Scattering measurements were made on the
nonlinear compressional waves produced in
an electrodeless discharge tube. Results of
magnetic-probe and emission-spectroscopic
investigations of waves in this device have been
reported. ' A large-amplitude, radially con-
verging compressional wave is induced in a
previously formed plasma by a rapidly rising
current flowing in a wide, single-turn strap
wrapped around a 10-cm-diam quartz tube.
The laser beam is parallel to, and 1.8 cm off,
the axis. Scattered light collected at 90' to
the incident beam direction is analyzed by tun-
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