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Collisionless Electron Heating in an Inductively Coupled Discharge
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We present self-consistent simulations and analysis of the electron heating processes in an in-
ductively coupled discharge. The results show that collisionless electron heating is predominant
at pressures of 10 mTorr or less. The collisionless excitation mechanism is a warm plasma efr'ect,
analogous to the anomalous skin eAect in metals.

PACS numbers: 52.80.Pi, 52.50.—b, 52.65,+z, 52.75.—d

Babat [1] introduced the distinction between H dis-
charges and E discharges. These are both types of
high frequency or radio frequency (rf) discharges, but E
discharges —or capacitively coupled discharges —are ex-
cited by a directly applied electrostatic field, whereas H
discharges are sustained through an electromagnetic in-
teraction between the plasma and a current flowing in a
nearby antenna. H discharges are often referred to as in-
ductively coupled. Capacitively coupled discharges have
been widely discussed in recent years, particularly be-
cause of the occurrence of non-Ohmic electron heating [2].
Ohmic heating is effective only when the electron collision
frequency v is substantially larger than the angular driv-
ing frequency u. However, an E discharge can be main-
tained by a collisionless interaction between electrons and
the moving rf sheaths when v/~o = 1 [3]. Recent demon-
strations [4—6] that a dense inductively excited plasma
can exist when v/ur + 0.1 suggest that there is a pow-
erful collisionless heating process in H discharges. This
Letter shows definitively that there is such a mechanism.
We begin by outlining a version of the accepted [7,8] the-
ory of Ohmic excitation of H discharges. By comparing
this theory with the results of a self-consistent kinetic
simulation, we show that the collisional heating model
is inadequate when v/u 1. The collisionless heating
that then occurs is described by the Vlasov-Maxwell ki-
netic theory [9,10]. Finally, we present simulation results
for discharge parameters of practical interest, and hence
show that the conditions for collisionless heating can be
satisfied in experiments, particularly those of [4—6].

H discharges characteristically have a complicated
geometry —the discharge usually either encloses or is en-
closed by an inductive coil [7,8], which forms the rf an-
tenna. Moreover, the presence of a voltage across the coil
usually entails some residual capacitive coupling which
may not be negligible in practice. We wish to discuss the
field-plasma interaction without regard to these features,
and we do this by adopting a one-dimensional model in
which a plasma is enclosed between two infinite plane
walls separated by a distance I along the x axis. Since
both walls are held at ground potential, capacitive cou-
pling is strictly eliminated from this configuration. We
assume that the wall at x = L reflects electromagnetic
radiation, and we represent the inductive excitation by

launching a plane electromagnetic wave into the plasma
from the origin; any reflected radiation that returns to
the origin is absorbed there. The wave is considered to
be sourced from a linear current density flowing in the
y-z plane. We fix the wave polarization by arbitrarily
choosing the y direction for this current, hereafter de-
noted Q„. Then the boundary condition for the fields at
the origin is H, = J„' and the equations to be satisfied
within the plasma are

where J„ is the plasma current density and B, = poH, .
We assume that all these quantities have a harmonic time
variation with angular frequency w, and we take it that
~ && w„, where a„ is the plasma frequency, so that the
displacement current term need not appear in Eq. (1). It
is convenient to characterize the absorption of power by
the plasma using the surface impedance (—:(E„/H, ) =o.
We can write the time-averaged power absorbed by the
plasma P in terms of the real part of (, denoted by ('.

where

tanh kL,
k

(4)

If we assume that the plasma has uniform electron den-
sity n, and conductivity cr = nee /m, (v + iso), where e
and m, are the electronic charge and mass, then by set-
ting J„=o.E„we can eliminate Bg, Hp and J„ from
Eq. (1) to form the ubiquitous [4,7,8,11] complex wave
equation

d2Ey —$(dpo(TEy = 0.
dg

With the approximations already mentioned this equa-
tion may be solved for E„and B, may then be found
from one of the equations in (1). Hence the collisional
surface impedance, („can be shown to be
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and P = (1 + v2/uz) i~2. The real part of the surface
impedance predicted by Eq. (4) is shown in Fig. 1, as a
function of v. We next compare these analytical results
with a simulation based on the particle in cell algorithm
with Monte Carlo collisions (PIC-MCC) [12—14]. The
essentials of this well-known technique as it has been ap-
plied to E discharges are described elsewhere [14]. We
have added a numerical solution of the electromagnetic
field equations for E„and B, using the Langdon-Dawson
advective algorithm [12]. For comparison with Eq. (4)
only the response of the electrons was considered; the
ions were represented as a uniform neutralizing back-
ground charge. The plasma density was held constant by
specularly reflecting electrons from the boundaries and
a constant electron collision frequency was imposed. All
collisions were assumed to be elastic. The geometry and
orientation of the field components were as in the ana-
lytical model described above. This simulation entails
all the assumptions leading to Eq. (4) except the cold
plasma approximation. The results of the simulation are
also shown in Fig. 1. It is clear that when v + u the sim-
ulation is in excellent agreement with Eq. (4). However,
when v & ~, the simulation data depart from the analyt-
ical result. As we show below, this signals the breakdown
of Eq. (3) and the onset of collisionless heating.

The collisionless electron heating is a warm plasma ef-
fect. In a cold collisionless plasma each electron samples
the electric field at a single location in space, and since
the field has a harmonic time variation it averages to
zero everywhere, so no energy can be gained. However,
if the electrons are in thermal motion, they sample the
field along some trajectory and in general the field does
not average to zero along a trajectory. The field is con-
fined to the skin depth layer, of width 6, so if an electron
can traverse the skin depth layer in a time that is short

Jy(x, t) = dx'

where Z(x, t) is some effective conductivity. We can avoid
an explicit integration over time by the presumption of
harmonic time variation, and so rewrite Eq. (3) as

d F" —i~pp dx' Z(x —x')E„(x') = 0. (8)

The distributed conductivity Z(x) is determined by suit-
ably linearizing the Vlasov-Maxwell equations [9,10]. As-
suming a Maxwellian electron velocity distribution, and
making other approximations which are valid when con-
dition (6) is satisfied, Eq. (8) can be solved for the case
of a half-infinite plasma with a boundary at the origin
that specularly reflects electrons [10]. The result for the
surface impedance is

2p p(dna '/ 1

3 (9)

where b~ is a skin depth, defined as

2k~T, I c
arm, )

compared to the period of the field, then it will gain net
energy from the field. This situation arises when

~6 & (k~T, /m, )'~,
where T, is the electron temperature and k~ is Boltz-
mann's constant. An immediate consequence of this non-
negligible thermal motion is that a field applied to one
part of the plasma at some time can affect the current
everywhere in the plasma at all later times, so we can no
longer write J„=crE„, but instead [9,10]
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FIG. 1. The real part of the surface impedance ( as a func-
tion of the ratio of the electron collision frequency v to the
angular excitation frequency u. The solid curve shows the re-
sult of the simulation discussed in the text, while the dashed
curve is the prediction of Eq. (4). Relevant plasma parame-
ters are L = 4 cm, n, = 10 cm, u = 2m x 13.56 MHz, and
in the simulation T, = 5 eV, in the low collision frequency
limit.

The assumption that the plasma is half infinite is valid
when

6 &L. (11)
This condition is not strongly satisfied under the cir-
cumstances of Fig. 1, and consequently the low pres-
sure limit of the surface impedance shown is substan-
tially smaller than the value predicted by Eq. (9). The
surface impedance calculated from the simulation ap-
proaches the prediction of Eq. (9) to within a few percent
when b~/L & O. l as shown in Fig. 2.

The inequalities (6) and (11) imply interesting scaling
relations. For a plasma of fixed size, density, and tern-
perature, there is a finite range of frequencies that allows
effective collisionless excitation. At excessively high fre-

quency, electrons cannot traverse the skin depth in a rf
period; then (6) is not satisfied. At excessively low fre-

quency, the skin depth is larger than the plasma size and
(ll) is violated. Together, these conditions imply that,
for a plasma of fixed size and temperature, there is a
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FIG. 6. The ratio v/~ as a function of pressure, as calcu-
lated by the self-consistent simulation discussed in the text.
In conjunction with Fig. 1, this figure shows that collisionless
heating dominates for pressures less than 10 mTorr in argon.

place in hundreds, rather than thousands, of cycles. This
was necessary because the large plasma density imposed
a small integration time step. We held the boundary cur-
rent density Q„constant at 600 A m ~ and varied the gas
pressure in the range 0.5 to 20 mTorr. Figures 4 and 5
show something of the character of the converged solu-
tions. Across the indicated range of pressure, the electron
temperature varied from 10 eV to 4 eV, the plasma po-
tential from 30 V to 20 V, and the plasma density from
10 cm to 10~ cm . However, the parameter of
present interest is vice, which is shown as a function of
pressure in Fig. 6. Comparison with Fig. 1 shows that
the critical pressure for the onset of collisionless heat-
ing is 10 m Torr. At these electron temperatures, the
role of the Ramsauer-Townsend effect [3] is small, so the
threshold pressure for other gases is expected to be sim-
ilar.

In summary, there is an important collisionless heat-
ing mechanism in H discharges which is closely analogous
to the anomalous skin effect, a moderately famous phe-
nomenon in metals [20]; the present study seems to be the
first report of the anomalous skin effect as important in a
classical plasma. These warm plasma effects require the
Vlasov-Maxwell formalism for their analytical descrip-
tion, as we show above. A corollary of wide importance
is that the complex wave equation (3) is not valid in the
collisionless regime v ( w, and therefore even sophisti-
cated models that entail it [ll] will not be universally
valid. Warm plasma effects are properly included only
when the thermal motion of electrons is closely coupled
to the field solution, as in Eq. (8) or in the electromag-
netic PIC simulation used in the present investigation.
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