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EVIDENCE FOR THREE-BODY FORCES FROM THIRD VIRIAL COEFFICIENTS
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The three-body dispersion force or triple-
dipole interaction for three atoms has been cal-
culated by third-order perturbation theory, ' by
the variational method, ' and from the classical
Drude model. ' The interaction energy is

M „,= v(r„rmsr„) (1+3 cosy, cosy, cosy, ), (1)

where r
&

are the sides and y; the interior angles
of the atomic triangle. For identical atoms, v
= 3a p, /4 where n is the polarizability and p. the
coefficient of the two-body dispersion potential
(-pr '). Evidence for w», was sought by Kihara
et al.4 who calculated the correction to the third
cluster integral b3 and also the small quantum
correction. The nonadditivity correction to 5, is

land (~, 6) potential. '
We have calculated hb, and ~C from Eqs. (1)

and (2) using the Sutherland model for u~&. The
Sutherland potential has a hard core of diameter
o and an attractive term -p.~ for r & a, and is
customarily used with the assumption that p. o '
«kT. Equation (1) is inaccurate at close dis-
tances where higher multipoles contribute and
where two or more atoms overlap. 7 Although
the overlap forces are known to be nonadditive,
there is no simple expression available to rep-
resent w», for small r,&. Equation (2) shows
that the three-body interaction at close distances
will contribute little to the value of the integral

1 ~Q. .

expl, - "l. expl- l-l d~, dr, dT„kT ~ kT
(2)

where u,j is the complete two-body interaction
[customarily represented by the Lennard-Jones
(12, 6) potential]. Assuming Eq. (1) to hold for
arbitrarily small rf& and using the (12, 6) potential
for M~&, Kihara et al. evaluated Ebs numerically
and compared their results with experimental"
5, values obtained from the second and third
virial coefficients B(T) and C(T). The correc-
tion improved the agreement for all the noble
gases except Xe. This way of comparing with
experiment tends to obscure the significance of
the three-body forces. The uncorrected 5, values
do not differ much from the "experimental" values
because the latter are partly based on B(T) data
which the (12, 6) potential has been adjusted to
fit. It is preferable to compare C(T) values
rather than bs values.

At low temperatures the measured values of
C(T) for the noble gases show large deviations
(-60 /~) from values calculated with the (12, 6)
potential assuming additivity. These discrep-
ancies appear much too large to be experimental
error. However, the (12, 6) potential not only
reproduces B(T) data fairly accurately but also
accounts for transport properties with nearly
the same potential parameters. The discrep-
ancies are only slightly reduced by using the
(9, 6) instead of the (12, 6) potential' and are en-
hanced when C(T) is calculated with the Suther-
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Fig. 1. Reduced third virial coefficient versus re-
duced temperature. All values of e and 0 were taken
from Hirschfelder et al. [J. O. Hirschfelder, C. F.
Curtiss, and R. B. Bird, Molecular Theory of Gases
and Liquids (John Wiley @ Sons, Inc. , New York, 1954),
p. 1110]. Uncertainties in fitting compressibility data
with the virial expansion affect the C(T) values by 10 Ic

or less. The Xe data of Beattie et al. have been re-
fitted, but only the high T* values are affected.
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because of the steep rise of the two-body po-
tential. ' The hard core of the Sutherland model
provides an automatic cutoff for M)», when rz& & v.

By expanding the exponentials in Eq. (2) the
integral can be eva. luated analytically for the
Sutherland model. The first two terms of the
expansion of exp[~(r)/k T] when r & o, i.e. ,

1+(p/kT)r ', give a better approximation to
the exponential expression for the (12, 6) poten-
tial than the unexpanded formula. The correction
to the third virial coefficient, obtained analyti-
cally in "corresponding states" form, is

bC*=(15o /4T )[1+(2.1067-0 0693.n )/T ], (3)

where C is the reduced value of C, T the re-
duced temperature, and e the reduced polariza-
bility. We set p=4eo and b, =2m''/3. Then
C =C/bo', T =kT/e, and @*=a/vs=0. 05 for
most noble gases. The Lennard-Jones param-
eters cr and & can be approximately identified with
the Sutherland parameters cr and e as defined.
When adjusted to fit B(T) data, they have nearly
the same numerical values.

Figure 1 shows a plot of C vs T for the (12, 6)
potential assuming additivity. The correction
AC, obtained from Eq. (3), is also plotted and

it is seen that the experimental points tend to
agree with the corrected curve. Thus Eq. (3),
which contains no adjustable constant, removes
most of the disagreement at low temperatures.
The error incurred in using the Sutherland model
for hC is a small correction on a correction.
%e conclude that the third virial coefficients of
the noble gases provide evidence for the predicted
three-body dispersion forces.
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Furthermore, the triple-dipole forces will be more
influential than the three-body overlap forces at the
low temperatures for which the discrepancies occur.
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In a great number of plasmas such as arcs, pos-
itive columns, PIG discharges, etc. , it has been
observed that the diffusion in a direction trans-
verse to a static magnetic field B is anomalous
in that it does not decrease monotonically' ' like
B~. In plasmas of the type just mentioned, one
generally assumes the existence of a static longi-
tudinal electric field E and a direct current I, both
of which are parallel to 8; however, in other plas-
mas the existence of the directed current I has
not been demonstrated with certainty. Kadomtsev
and Nedospasov' have recently proposed an explan-
ation for anomalous diffusion which is based on
the existence of a directed current I. Our purpose
is to show that anomalous diffusion seems also to
occur in plasmas where a directed current I does
not exist; namely, in an rf discharge.

Glass tubes of length -60 cm and of diameter P

varying from 1.25 cm to 5 cm were placed in a
solenoid of length l. -40 cm. The magnetic field
was variable from zero to approximately 1000
gauss. The electrodes to which the rf voltage
was applied were separated by approximately 40
cm, and consisted of strips of copper foil wrapped
around the outside surface of the glass cylinder.
A leak valve was used to vary the pressure and

type of gas in the glass tube. The working pres-
sure was in the range of 20 microns to 200 mi-
crons of Hg and was measured with a MacLeod
gauge. Hydrogen and argon were the two gases
utilized in the experiment. In Fig. 1, the experi-
mental setup is presented.

The applied rf voltage is of the order of 200
volts peak to peak and is maintained constant.
It is furnished by a O. l-k% rf push-pull oscillator
operating at 23 Mc/sec. The plasma density is


