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stand why helium does not experience plasma
resonance in the pressure range between 150 and
300 Torr, where a doubly ionized plasma would
be resonant. Because of the factor 10 difference
in ionization cross section" and the factor 2 dif-
ference in ionization potential between He and
He', the avalanche ionization rate for the two
species will be vastly different. Therefore a
large cone-shaped region of singly ionized,
slightly underdense, plasma will first form in
front of the focal spot. This will defocus the
light and prevent it from reaching a high intensi-
ty for a long enough time to produce the doubly
ionized plasma. This reasoning does not apply
to nitrogen and argon, because the difference in
ionization cross section" between successive
stages of ionization is much less.

I would like to thank R. Godwin and G. H. Mc-
Call for many valuable discussions.

J.Nuckolls, L. Wood, A. Thiessen, and G. Zimmer-
man, Nature (London) 289, 189 (1972).

P. K. Kaw, J. Dawson, %. Kruer, C. Oberman, and
E. Valeo, Kvantovaya Elektron. 1, No. 3, 3 (1971) [Sov.
J. Quantum. Electron. 1, 205 (1971)]; M. N. Rosenbluth,
B.B.White, and C. S. Liu, Phys. Bev. Lett. 81, 1190
(1972).

B. P. Godwin, Phys. Bev. Lett. 28, 85 (1972); J. P.
Friedberg, B.W. Mitchell, B.L. Morse, and L. I. Bu-
dsinsky, Phys. Rev. Lett. 28, 795 (1972).

E. Yablonovitch and J. Goldhar, Appl. Phys. Lett. 25,
580 (1974).

5H. S. Kwok and E. Yablonovitch, Bev. Sci. Instrum.
46, 814 (1975).

6E. Yablonovitch, Phys. Bev. A 10, 1888.(1974).
YE. Yablonovitch, Phys. Bev. Lett. 31, 877 (1978).
8L. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964)

[Sov. Phys. JETP 20, 1807 (1965)].
~D. B. Cohn, C. E. Chase, W. Halverson, and B. Lax,

Appl. . Phys. Lett. 20, 225 (1972); E. Yablonovitch, Appl.
Phys. Lett. 29, 122 (1979).

~OSee the articles by L. N. Koppel and B.A. Armistead,
in Advances in X-say Analysis, edited by W. L. Pickles,
C. S. Barrett, J.B.Newkirk, and C. O. Bund (Plenum,
New York, 1975), Vol. 18.

Based on data from B.C. Elton, NBL Technical Re-
port No. 6541, 1967 (unpublished), and No. 6788, 1968
(unpublished) .

E. Segr6, ¹cleiand Particles (Benjamin, New
York, 1965).

~3E. Yablonovitch, to be published.
~4Yu. P. Haizer, Usp. Fiz. Nauk 108, 429 (1972) [Sov.

Phys. Usp. 15, 688 (1978)].
~~H. S. W. Massey and E. H. S. Burhop, Electronic and

Ionic ImPact Phenomena (Orford Univ. Press, London,
1969}, Vol. 1.

6C. W. Allen, Astrophysical Quantities (Athlone
Press, London, 1978).

Propagation of Ion-Acoustic Waves in a Two-Electron-Temperature Plasma*
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The propagation of ion-acoustic waves (IAW) in a double-electron-temperature plasma
is investigated both experimentally and theoretically. It is found that the presence of even
a small fraction of the lower-electron-temperature component can dominate the behavior
of the waves. The results have important implications both for the use of IAW as a diag-
nostic tool for measuring electron temperature and for the interpretation of turbulent IAW
spectra.

In this paper, we examine the propagation of
linear ion-acoustic waves (IAW) in a plasma
whose electron velocity distribution may be rep-
resented by the superposition of two Mmvvellians. '
Such electron distributions are rather frequently
encountered. For example, hot turbulent plas-
mas of thermonuclear interest often have high-
energy tails; strong electron-beam-plasma in-
teractions can result in such electron distribu-
tions; and very often, simple hot-cathode dis-
charge plasmas also have double-electron-tem-

perature distributions. "' The latter type of plas-
ma is used in the present study because it is
steady state, quiescent, and the plasma param-
eters are easily varied over a fairly wide range.

%hen two groups of electrons at different tem-
peratures are present, the Langmuir-probe cur-
rent characteristic shows a distinct break in the
electron-retardation region. An example is giv-
en in Fig. 1. The procedure for determining both
the temperatures and the densities of the two elec-
tron distributions is well known. '
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for the low-temperature and h is for the high-
temperature component, and the other symbols
have their usual meanings. The validity of de-
scribing the electron components as two fluids is
justified on the grounds that processes which pro-
duce such electron distributions have time scales
much shorter than the relevant ion time scale.
Equations (1) are linearized with the assumptions
of no drift and that all first-order quantities vary
as exp[i(kx —~t)]. The following linear disper-
sion relation is found:

0.1 t

-6
I I

0 Z

PROBE VOLTAGE (Vj

FIG. 1. An example of a Langmuir-probe character-
istic for a plasma with a double-electron-temperature
distribution.

sE/sx = (q/e, )(n, n„—n, „), —

where the subscript s refers to the species, l is

Physically, one would expect IAW to be sensi-
tive to the presence of another group of electrons
with a different temperature, since, for plasmas
having ions which are relatively cold compared
to the electrons, the restoring force for IAW is
provided by the pressure of the electrons. To
see how the wave behavior is modified, it is nec-
essary to calculate an "effective" electron tem-
perature for the plasma. The calculation required
is quite similar to the one for the one-electron-
temperature case. For simplicity we use the
fluid approach. This approach is well known and
is found to provide the correct dispersion rela-
tion (except for collisionless damping, which is
not of immediate interest here). We find theoret-
ically that the IAW speed is more strongly influ-
enced by the low-temperature electron component
than by the high-temperature component, with
the degree of domination by the low-temperature
component becoming extreme as the two temper-
atures become far apart. Our experiments ver-
ify this result within the range of parameters
available.

A brief outline of the calculation is presented
below. The plasma is described by the one-di-
mensional multispecies fluid equations and Posi-
son's equation. They are

en, /st + 8(n, v, )/Bx = 0,

ev 1 Bp BvS + ~ S+v S ~S
et nsms BX ' X ms

2 2 ~ 2CO; Q7 i GO& &

~2 k2g 2 ~2 k2g 2+~2 k2g 2 ~

e l el'

where a, represent the respective rms veloc-
ities. This reduces to the usual linearized elec-
trostatic-wave dispersion relation when only one
electron temperature is present. ' For IAW, we
have a; «a&/k «a, . Equation (2) may be reduced
to

(u/k = (yK, T„,/m, .)"',
where

T,ff =n, T„TeI,/(n « T,)+n, i T,i),
k and KB are the wave number and Boltzmann con-
stant, respectively, and n, ia the total electron
density. The expression given by Eq. (3) has the
identical form of the one for a one-electron-tem-
perature plasma, but with the effective electron
temperature instead of the usual temperature of
the single electron component. The effective tem-
perature is seen to depend on both the tempera-
tures and fractional densities of the two compo-
nents.

To obtain a feel for the relative importance of
the two electron groups for the IAW speed, we
take a typical hot-cathode argon discharge plas-
ma with T,„™3T„, where T„-1eV, and both
groups are present in equal numbers. This gives
T,f&=1.5 eV, which is appreciably closer to the
low temperature. As the temperature of the two
components becomes further apart, the relative
importance of the high-temperature component
becomes even smaller. For example, if T,„-~
and n„/n, „ is finite, the upper limit on the value
which the effective temperature can assume is
given by

T ff
= (n g /neg )T (5)

Thus, even if the cold component makes up only
10/~ of the total electron density, T«~ cannot be
higher than 10T„, regardless of how hot the oth-
er 90% of the electrons are!

1350



VOLUME )5, NUMBER 20 PHYSICAL REVIEW LETTERS 17 NOVEMBER 1975

GAS IN

4~& (W .I, i I

TR ANSMITTE R

GRID

lg

TO PUMP

MOVABLE
PROBE

FILAMENT ~ ~ANOOE

I I

2.5

A

2.0

Cl

K
CI

C3

I

1.5

FIG. 2. Experimental apparatus for ion-acoustic-
wave propagation studies.
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This result would seem to have important im-
plications, for example, in the employment of
IAW as a diagnostic tool in a hot-electron plasma
which might have a cold component; or in the
proper interpretation of the low-frequency IAW
spectrum of a turbulent plasma having a low-tem-
perature component; or in the utilization of IAW
for ion heating by Landau damping, for example.
In short, in any physical process or interactions
where IAW play an important role, a small cold-
electron component can be expected to have sig-
nificant effects.

The experiment was performed in a weakly ion-
ized, hot-cathode, discharge-type, quiescent ar-
gon plasma with typical densities between 10 and
10' cm ' (see Fig. 2).~ Plasma is created when
energetic primary electrons from the filament
have ionizing collisions with background neutral
atoms. The plasma then diffuses into the center
part of the glass cross to form a uniform region
about 20 cm in diameter. Wave propagation takes
place in this central region. The discharge con-
ditions were varied to produce a wide range of
variation of T,„/T„and n,„/n„.

IAW were excited by the application of a nega-
tive pulse to a planar copper grid immersed in
the plasma. " A linear wave with 5n/n& 1% was
produced. A movable cylindrical probe detects
the waves as they propagate through the plasma.
A time-of-flight technique was used to measure
the IAW. phase velocity. " The results are sum-
marized in Fig. 3. From the measured electron
temperatures and densities of the two groups, an
effective temperature is determined. The sub-

FIG. 3. Observed ion-acoustic speed versus that
calculated from the effective electron temperature giv-
en by Eq. (4).

seEIuently calculated IAW phase velocity given by
EEI. (3) is plotted against the observed phase ve-
locity. For perfect agreement, the slope of the
curve should be 1. The solid line corresponds to
the least-squares fit, and has a slope of 1.01. In
our experiment, T,„/T„ranged from less than 2

to about 5, while n,„/n„ranged from about ~ to
3. This gives a variation in Tgf f of from less
than 1 eV to almost 3.5 eV. Over this range, the
agreement between theory and experiment is ex-
cellent.

With the range of variation of plasma paramet-
ers that can be readily obtained with our argon
discharge plasma, we have verified the predic-
tion of EEI. (3). We intend to test the theory over
even wider ranges of T,„/T„and n,„/n„. The
effect on the IAW dispersion by the low-temper-
ature-electron group is overwhelming, even when
this group represents only a small percentage of
the total electron population. This effect may ex-
plain discrepancies observed between electron
temperatures calculated from observed IAW
speed and electron temperatures obtained by op-
tical techniques which, in general, do not dis-
tinguish between the two groups of electrons with
different temperatures. Furthermore, our re-
sults imply that a detailed knowledge of the elec-
tron distribution function is required for inter-
preting the turbulent IAW spectrum in hot turbu-
lent plasmas. In summary, our results suggest
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that the presence of an electron group with a low-
er temperature has an important effect on IAW
and waves in which electron pressure is the dom-
inant restoring force.

A possible interesting application might be to
use a cold-electron source to stabilize IAW in-
stabilities via Landau damping due to the expect-
ed reduction of the wave phase velocity by the
cold electrons. By the same token, such manip-

. ulation of the IAW dispersion by the introduction
of a cold-electron component could lead to rapid
ion heating due to preferential wave energy depo-
sition into the ions.
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A study of the temperature dependence of the absorption coefficient in amorphous di-
electrics below 10 cm ' has enabled us to identify two level configurations from thermal
population changes. We also find that the anomalous low-frequency modes in glasses con-
sist of widely spaced manifolds of energy levels.

Measurement of the thermal properties of
glasses at low temperatures has provided exper-
imental evidence that anomalous low-frequency
modes occur in amorphous materials. " The lin-
ear temperature dependence of the specific heat
which occurs in glasses below a few degrees kel-
vin is interpreted as arising from these anoma-
lous modes whose frequencies lie below 4 cm '.
Both the nonlinear ultrasonic attenuation' around
0.1 cm ' and the anomalous sound-velocity mea-
surements' around 0.01 cm ' at very low temper-
atures have established that the modes at those
frequencies are very anharmonic and that the den-
sity of modes is consistent with the specific-heat
measurements. " In addition to these special
modes, Brillouin-scattering experiments' have
shown that there are regular well-behaved trans-
verse and longitudinal phonons in this frequency
region as well. To account for these special
modes a tunneling model has been proposed' ' in
which atoms, ions, or groups of particles quan-

turn mechanically tunnel between two or more
equivalent sites. The linear dependence of the
specific heat has been obtained from this model
by including a statistical distribution of barrier
heights and asymmetries for the local potential.
One straightforward prediction which this model
makes is that the temperature dependence of the
far-infrared absorption coefficient should be de-
termined by the occupation numbers of a small
number of energy levels associated with the tun-
neling manifold. For example, a distribution of
infrared-active two-level systems will produce
an infrared absorption which decreases with in-
creasing temperature in a well-defined way.

In this Letter, we describe the first measure-
ments of the temperature-dependent absorption
coefficient of amorphous dielectrics in the far in-
frared at frequencies between 2 and 10 cm '. We
find the decrease in absorption expected for two-
level systems in a restricted temperature and
frequency range. Our more detailed measure-
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