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Effects of Electron-Neutral Collisions on Propagation of Electron Plasma Waves
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The propagation of electron plasma waves was studied experimentally in the regime
where electron-neutral collisions dominate. It was found that the effects of collision not

only enhance the damping of the wave, but also increase the wave number for a given

frequency. These results are compared with some theoretical models.

Most experiments on the propagations of small-
amplitude electrostatic electron waves in a plas-
ma may be divided into two cases: (i) in one di-
mension, and (ii) with finite transverse dimen-
sion. ' Experimental results for both cases cor-
respond to linearized theoretical dispersion rela-
tions for electron waves in collisionless plasmas.
There has been little work on a collisional case
although some theoretical work has been done.
In this paper we present studies on the effects of
collisions between electrons and neutral atoms
upon well-defined one-dimensional electrostatic
electron waves. It has been found that the damp-
ing rate for the amplitude increases and the wave-
length becomes smaller with increase of the colli-
sion frequency. These results are discussed with
the aid of some theoretical models, and it is found
that the "effective" collision frequency for the
wave is larger than the collision frequency be-
tween the particles.

The experiment was performed using the space
chamber' at the Institute of Space and Aeronauti-
cal Science, University of Tokyo (2 m in diame-
ter and 4 m in length). Two pairs of plasma
sources were set face to face at both ends on the
axis of the tank. These consisted of mesh anode
and hot bundles for the cathode (both 15 cm in
diameter). The density and temperature of the
plasma were measured by a Langmuir probe and
are found to be homogeneous across the chamber.
The plasma density n, was in the range of 1.0
-2.0x 10'/cm', and the electron temperature T,
was in the range of 3-5 eV, depending on the neu-
tral gas pressure As a re. sult, the Debye length
was about 1 cm. Most of the experiments were
carried out in argon (helium was also used). The
pressure of the gas in the chamber was varied
from 1x 10 ' to 1~ 10 ' Torr, while the electron
density of the plasma was kept almost constant
by adjusting the discharge current in both plasma

sources.
An electrostatic electron wave was excited by

a transmitter, which consisted of three grids 15
cm in diameter. The direction of the propagation
was chosen perpendicular to the axis to avoid ef-
fects due to a small amount of electron beam cur-
rent produced at the discharges in the plasma
sources. A Faraday cup was used as a receiver;
this was 10 cm in diameter and consisted of two
mesh grids and a collector. The outer grids of
the transmitter and the receiver were grounded.

A signal was picked up by another mesh grid
and collector, and fed into a wide-band amplifier,
and a balanced mixer as is usual. ' The distance
x between the transmitter and the receiver was
varied from 7 to 80 cm by moving the position of
the transmitter rather than the receiver; this
was because the disturbance of the plasma, due
'to the transmitter, is much smaller.

The rf voltage applied on the transmitter grid
was less than about 0.3 V peak to peak so that
ey/kT, (0.1, so that no nonlinear effects were
expected to be observed. The frequency of the
excited wave was changed from 8 to 26 MHz to
cover the range of &e/~~ from 0.9 to 2.0 (&u is the
frequency of the excited wave, co~ the electron
plasma frequency).

Typical raw data as drawn by an X-~ recorder
are shown in Fig. 1. The electron density and
the wave frequency were the same for both these
cases (v/&v~=1. 8); the argon pressure was (a) 2.8
x10 ~ Torr and (b) l.lx10 Torr. It should be
noted that the effects of electron-neutral colli-
sions on the propagation of the wave are (i) to in-
crease the damping of the wave and (ii) to de-
crease the wavelength with increasing collision
frequency.

The dispersion relation is obtained by normaliz-
ing the real and the imaginary parts of the wave
number by the Debye wave number for different
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FIG. l. Typical raw data for the wave propagations;
for both, the frequency is 16 MHz, and the plasma fre-
quency u&/2~ = 12 MHz. The argon gas pressures are
(a) 2,8 &10 Torr, and (b) 1.1&&10 Torr.

ru/u&, and is plotted as shown in Figs. 2 and 3.
The collision frequency is calculated from the
collision probability of electrons at the thermal
velocity with argon atoms. '

Theoretically, the dispersion relation for an
electrostatic electron wave in a collisionless
Maxwellian plasma may be written as

l = (&c '/k2 v ') Z'&u/k v, ,

where v, is the electron thermal velocity, and ~'
is the derivative of the plasma dispersion func-
tion. This dispersion relation is solved numeri-
cally' for real ~ and complex k; the real part of
k is shown by the solid line in Fig. 2. When col-
lisions are rare (mean free path longer than the
distance between the transmitter and the receiv-
er) the experimental points agree with this one-
dimensional and coll'. sionless-case theoretical
curve. The damping rates al.so agree with the
theoretical values from the Vlasov model. This
shows that the wave excited in the low-pressure
regime is a well-defined one-dimensional electro-
static electron wave. '

As the collision frequency increases and the
mean free path becomes shorter than the propa-
gation distance, it is found experimentally that
both the real and imaginary parts of the disper-
sion relation are altered. The change in the
imaginary part of the wave number shows the

enhancement of the damping rate. This is parti-
cularly strong when the frequency of the wave is
close to the plasma frequency. The reason why
the damping rate k; becomes large at v =(d~ is
explained by the fact that the group velocity of
the wave v, becomes very small so that v/v, =k;,
becomes large. We assume the experimental
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FIG. 3. Effect of the collision on the imaginary part
of the wave number. Here the wave frequency is fixed:
~/~&=1.2. The solid lines correspond to the models
(a), Q), and (c), respectively.

FIG. 2. Dispersion relations for the wave, where the
normalized collision frequency is a parameter. Solid
line, theoretical curve given by Eq. (1).
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damping rate of the wave (k;) is given by
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where 7 is the collisional time (&=1/v). This
gives the ordinary dispersion relations in two
extreme cases; (i) e'=&@~'+3k'v, ' (for r-~),
and (ii) ~' = &u~'+ -', k'v, ' (for &- 0 and with the
last term the momentum-transfer term dropped).
The effect of the collisions appears through the
change of the adiabatic compression from one-
dimensional to three-dimensional as well as
through the momentum transfer.

By comparing the experimental points with the
theoretical curves in Fig. 3, we see that curve
(c) agrees best with the experiments. Thus one
can expect a change of y with the collision fre-
quency. Associated with the change in y is an
enhanced damping and a shift in the real part of
the wave number. '

For the real part of the wave number, the ex-
perimental points are difficult to understand if

where k;, and k&~ are those due to collisional and
Landau damping, respectively. We plotted k;, in
Fig. 3 as a function of v/&u~ for &u/v~~= 1.3. From
both Figs. 1 and 2 we see that there is an appre-
ciable increase of the wave number with increas-
ing collision frequency.

It is quite difficult to solve the detailed kinetic
equations for the collision regimes involved here.
We have tried to explain these results theoretical-
ly by using three different fluid models:

(a) An electron fluid model obeying an adiabatic
law with y = 3 (one degree of freedom involved)
and with momentum transfer due to electron neu-
tral collisions.

(b) An electron fluid model with y = —,
' (complete

isotropization of the electron distribution function)
and momentum transfer due to electron neutral
collisions.

(c) An electron fluid model with different tem-
peratures parallel and perpendicular to k with
temperature relaxation and momentum transfer
due to electron neutral collisions.

The dispersion relations for the three models
are, respectively,

we compare these results with the theoretical
results of Bogdanov and Willett, ' for according
to their theory the real part of the wave number
does not change so much when v/v~, a 0.5. Equa-
tion (2c) shows that as v increases the real part
of k, k„/kn, increases and also we have propaga-
tion at frequencies lower than +~.

Thus, the characteristics of Eq. (2c) explain
the experimental results qualitatively. Quantita-
tively, we cannot expect perfect agreement be-
cause the experiments overlap the collisionless
regime with k/kD-1, where the fluid model is
not valid; this regime is well described by the
Vlasov model. If we compare the data on k„with
the results of Eq. (2c) quantitatively, then the
"effective" collision frequency v, ~f for electrons
with neutrals appears to be larger than would be
calculated from available cross sections. The
ratio v, qf/v =x is about 3-8, if we compare the
real part of the wave number from the experi-
ments with the results of the theory. The origin
of the "enhanced" collisions is not understood
now, but the following model' has been proposed.
The wave is formed by a number of electrons in
the plasma, and most of them have a slower ve-
locity than the thermal velocity. These slow elec-
trons suffer scattering by the neutral atoms or
low-frequency noises in the plasma, produced by
the discharge in the plasma sources. If the low-
frequency noise becomes large when we increase
the gas pressure, this may explain the enhance-
ment of the collisions. In usual dc discharge ex-
periments in an inert gas in this pressure regime
(10 '-10 ' Torr), it has been known that low-fre-
quency noise (around ar») appears in a limited
pressure range. One problem remains: Choos-
ing v, f& to give the correct real part of k will
give too large a value for k;. Thus though model
(c) appears to be the most satisfactory, it does
not completely explain the observations.

The authors wish to acknowledge Professor
T. Itoh and Professor K. Takayama for their en-
couragement, and Professor K. Nishikawa for
his fruitful discussion. They also thank Mr. S.
Kojima and Mr. T. Kawahara for their help with
experiments.

This work was performed under the collabora-
tion research program at the Institute of Space
and Aeronautical Science, University of Tokyo,
Tokyo, Japan.

*Permanent address: Institute of Plasma Physics,
Nagoya University, Nagoya, Japan.



VOLUME 28, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1972

)EVork supported by the U. S. Atomic Energy Commis-
sion under Contract No. AT(30-1}-1238.

G. van Hoven, Phys. Rev. Lett. 17, 169 (1966); H. Derf-
ler and T. C. Simonen, Phys. Rev. Lett. 17, 172 (1966).

J. H. Malmberg and C. B. Wharton, Phys. Rev. Lett.
13, 184 (1964), and 17, 175 (1966).

3Y. Nakamura and M. Ito, Phys. Rev. Lett. 26, 350
(1971).

S. C. Brown, Basic Data of Plasma Physics (Mass-

achusetts Institute of Technology Press, Cambridge,
Mass. , 1959).

H. H. Kuehl, G. E. Stewart, and C. Yeh, Phys. Flu-
ids 8, 723 (1965).

J. W. S. Rayleigh, The Theory of Sound (Dover, New
York, 1945), 2nd ed.

J. L. Bogdanov and J. E. Wellett, J.Appl. Phys. 41,
26Oi (&970).

K. Nishikawa, private communication.
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A method is described of directly coupling an optical beam to surface excitations.
Using this technique the frequency and linewidth of surface plasmons in doped germanium
and in gold and surface phonons in calcium molybdate are determined. The method also
allows the dispersion curve to be measured.

Surface plasmons are wave-type excitations
which can exist at the surface of a metal or doped
semiconductor. " These excitations were first
detected by electron scattering from thin metal
foils. ~ Similar surface phonon excitations have
been detected by slow-electron reflection spec-
troscopy. 4 Recently an indirect optical beam in-
teraction has been reported for the case where
the surface is roughened either in a random man-
ner' or by ruling a grating. ' Theoretical attempts
to fit such optical experiments are considerably
hampered by the complications introduced by the
roughness itself. ' The present paper shows a
very direct method of coupling to surface modes
of plasmon, phonon, exciton, or mixed character.
The surface remains undisturbed and the method
allows the coupling to be calculated exactly,

A surface plasmon or surface phonon wave is
characterized by an electric field which oscillates
in time and varies sinusoidally in directions
along the surface but falls off exponentially in
the directions perpendicular to the surface. Fig-
ure 1 shows the spatial pattern of the electric
field. In the figure, k is the wave vector along
the surface. The actual form of the electric field
for large k is

E —E (~ + fs)ei(kxmt )e -0 [g [

where x and z are unit vectors as shown in the
Fig. 1(a)~ The dispersion curve for surface plas-
mons is illustrated in Fig. 1(b).' For k large
compared to v/c but still very much smaller
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FIG. 1. (a) Spatial dependence of the electric vector
for a surface plasmon or phonon. The wave propagates
along the x direction and has maximum amplitude at
the interface between the two media. (b) Surface plas-
mon dispersion curve for an air-metal interface. For
an air-dielectric interface, the small-k part of the
curve can drop only as far as the frequency where ~

has its pole.

than k F,
' the dispersion curve becomes horizontal

and is asymptotic to the frequency determined by

Re[a(ar)] =- 1.
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