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Heating Mode Transition Induced by a Magnetic Field in a Capacitive rf Discharge
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(Received 30 November 1995; revised manuscript received 6 February 1996)

We show that a recently proposed pressure model of collisionless heating in capacitive rf discharg
predicts that a small magnetic field (,10 G) applied transverse to the electric field will induce a heating
mode transition from a pressure-heating dominated state to an Ohmic-heating dominated state. T
prediction is confirmed by kinetic simulations and experiments.

PACS numbers: 52.50.Gj, 52.65.Rr
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Under appropriate conditions a capacitive rf discha
can be excited in large part by a collisionless elect
heating mechanism, long believed to be a stochastic
teraction between the discharge electrons and the ti
varying electric fields that are found in the plasma shea
The sheaths in a capacitive discharge present a pote
barrier that is large compared to the typical energies
plasma electrons, so when an electron enters a sh
it is likely to be reflected back into the plasma. Sin
the sheath fields vary in time, the interaction between
electron and the sheath is usually not conservative and
electron can gain or lose energy. Under certain assu
tions the energy change can be shown to be positive on
average [1–4]. This model of the electron-sheath inter
tion is appealing—indeed almost compelling. Howev
in [5] we brought it in question: We constructed a mod
plasma with periodic boundary conditions but othe
wise analogous to a capacitive discharge plasma and
showed that collisionless heating persisted in the mo
system. We further showed that the collisionless hea
could be associated with the compression and rarefac
of electrons flowing through the inhomogeneous plas
This effect we described as pressure heating. These
sults show that the collisionless heating remains when
sheath fields are absent, and therefore that the stoch
heating model is at least incomplete. (Note that we h
use the term “collisionless heating” to refer to the u
doubted phenomenon, and “stochastic heating” and “p
sure heating” to describe contending explanatory mode
In this Letter we extend this argument to show that
pressure heating model predicts a novel effect—the
currence of a heating mode transition in the presence
weak magnetic field. The pressure heating model imp
that the collisionless heating component can be es
tially removed by a transverse magnetic field of as little
10 G. This is of interest in itself and because a general
tion of the stochastic heating model predicts anenhance-
mentof collisionless heating in the presence of a magne
field [6]. We have explored this issue both experimenta
and using kinetic simulations. The results are consis
with the pressure model predictions—we find no indic
tions of enhanced collisionless heating when the magn
field is applied. On the contrary, we find evidence o
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collisionless to Ohmic heating mode transition analogou
to the one that can be induced by increasing the discha
pressure [7].

The generalization of the pressure heating model of [
to a magnetized discharge consists essentially of introdu
ing the magnetic field into the force terms in the momen
tum and energy balance equations, and a magnetic-fi
dependent electron thermal conductivityke into the energy
balance equation such that

kes0dykesvcd  1 1 v2
cyn2

e , (1)

where kes0d  kBTeymene, ne is the electron neutral
collision frequency,Te is the electron temperature,vc

is the angular electron cyclotron frequency, andvrf is
the angular driving frequency. The analysis of [5] ca
be repeated for these generalized equations. We find
generalized result for the ratio of the time-averaged an
space-integrated pressure heating and Ohmic heating to
[cf. Eq. (6) of [5]]

Ppressure

POhmic


5
16

L
x0

fs1 1 g2b2dGg21, (2)

where L is the half-width of the discharge,x0 is a pa-
rameter (defined exactly in [5]) characterizing the spac
dependence of the electron density and time-averaged e
tron temperature,b  3vrfx2

0y8k̄es0d, g  1 1 v2
cyn̄2

e ,
G  1 1 v2

cysv2
rf 1 n̄2

e d, and the barred quantities are
space and time averaged. Equation (2) shows that the
tio of pressure heating to Ohmic heating goes rapidly
zero when some threshold magnetic field is exceeded, sin
PpressureyPOhmic , v26

c for vc sufficiently large. The ab-
solute magnitude of the pressure heating also diminish
as the magnetic field is increased. The stochastic heat
model has also been generalized for the magnetized c
in [6], with the result that

Pstochastic 
1
2

meneythjusj
2 vc

psn2
e 1 v

2
rfd

µ
ne 1

vc

p

∂
,

(3)

where us is the sheath edge velocity amplitude andyth

is the electron thermal speed, so that whenvc is large
Pstochastic , v2

c andPstochasticyPOhmic is independent of
the magnetic field, since in the cases we consider here
© 1996 The American Physical Society 2069
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variations ofus and yth are relatively unimportant. Al-
though this expression is not valid for weak magnetic fie
with vc & vrf, ne we should expect to find enhanced st
chastic heating whenvc * vrf, ne.

Our simulation is based on the particle in cell algorith
with Monte Carlo collisions (PIC-MCC) [8–10], as in [5]
The results we discuss here were obtained from a boun
simulation extended along thex axis with a uniform mag-
netic field applied in thez direction and no fields in the
y direction. Collision frequencies appropriate for a d
charge in argon gas at 10 mTorr were used in the Mo
Carlo collision handler. The electrodes were assumed
absorb all incident particles, and the discharge was dri
by a current source with an amplitude of1 mA cm22

at angular frequencyvrf  2p 3 13.56 MHz. We se-
lected the numerical parameters to satisfy the usual sta
ity and accuracy conditions for explicit PIC codes [8,10
Figure 1 shows the time-averaged electron heating a
function of the applied magnetic field. It is clear that th
bulk heating increases monotonically with the magne
field while the heating in the sheath regions varies in
more complicated way. The heating in the sheath regi
is not entirely collisionless; we need to separate the co
ponents due to different processes to obtain a clear pict
The total heating in this bounded system may be regar
as composed of the collisionless heating, Ohmic heat
and evaporation cooling associated with the escape of e
trons to the walls. The Ohmic heating can be calcula
using the Langevin conductivity while the cooling term ca
be estimated by noting that the majority of electrons th
escape do so when a sheath is fully collapsed, or nearly
At this time the potential between the bulk plasma and
wall is approximately the floating potential [11]. Hence w
can separate the time-averaged and space-integrated p

FIG. 1. Results from the PIC-MCC simulation described
the text. The time-averaged electron heatingkJ ? El as a
function of applied magnetic field expressed as the ratio of
cyclotron frequencyvc to the driving frequencyvrf.
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into the three parts denoted in Fig. 2, which shows that
collisionless heating component indeed diminishes mo
tonically as the magnetic field is increased. The absol
value of the ratio given by Eq. (2) is in only fair agree
ment with the simulation results; from the simulation w
havePcollisionlessyPOhmic , 2 in the absence of the mag
netic field but when appropriate parameters are inser
into Eq. (2) we findPpressureyPOhmic , 1. Given that the
plasma density and temperature profiles assumed in
derivation of Eq. (2) are approximations limited in acc
racy by the functional forms ofnesxd and Tesxd adopted
in [5], this is reasonable agreement. The parametric va
tion with the magnetic field is in much better agreeme
as Fig. 3 indicates. The magnetic field induces a heat
model transition analogous to the effect of increasing
pressure [7], and the analogy extends to the change in
character of the electron energy distribution function whi
has the well-known bi-Maxwellian form [7,12] when th
B field is absent and changes to a Druyvestyn-like sha
with a sharp increase in the effective temperature wh
the magnetic field is applied. This transformation of th
electron energy distribution function can be seen in expe
ments [13]. It may seem surprising that there is no ov
indication of the electron cyclotron resonance in these da
but the resonance appears in the electric field in the b
plasma, shown in Fig. 4, which passes through a mi
mum atvc  vrf. This feature is less clear in the analyt
model results (also shown in Fig. 4), in which the elect
field connected with the pressure effect masks the elec
cyclotron resonance.

FIG. 2. The time-averaged and space-integrated power de
ered to the electrons as a function of the applied magne
field expressed as the ratio of the cyclotron frequencyvc to the
driving frequencyvrf. The solid line shows the total power
the dashed line shows the evaporation cooling termPevaporation,
the dotted line shows the collisionless heatingPcollisionless,
and the dot-dashed line shows the Ohmic heating termPOhmic.
All the component terms are computed as described in the t
the total power is taken directly from the PIC-MCC simulatio
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FIG. 3. The ratio of the collisionless heatingPcollisionless to
the Ohmic heatingPOhmic arbitrarily normalized at the origin.
The solid line is the pressure-heating prediction from Eq.
and the symbols denote the ratio of the simulation results sho
asPcollisionless andPOhmic in Fig. 2.

The experiments were performed on a capacitively c
pled rf discharge formed in 10 mTorr of argon betwe
a pair of plane stainless steel electrodes of approxima
10 cm radius and 7.5 cm separation. One electrode
grounded while the other was driven with a rf voltage a
frequency of 13.56 MHz. The voltage was adjusted d
ing the experiments to maintain a constant current of 1
Both electrodes were enclosed in a stainless steel vac
chamber. A continuously variable and approximately u
form magnetic field was applied to the discharge reg
using a pair of Tesla coils, the arrangement of which d
livered magnetic fields of up to 20 G; larger fields we
produced by applying permanent magnets to the outsid

FIG. 4. The amplitude of the electric field at the dischar
midplane, from pressure-heating theory (solid line) and
simulation (symbols).
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FIG. 5. Experimental measurements (symbols) of the eff
tive electron temperatureTe at the midplane of the discharge
compared with the results of PIC-MCC simulation (solid line
for the experimental conditions described in the text.

the vacuum chamber. While the magnetic field was var
the plasma was characterized using tuned Langmuir pro
and a microwave interferometer [14]. Here we report on
the most essential results; details have appeared elsew
[13]. In Fig. 5 we show the effective electron temper
ture measured by the Langmuir probe, compared with
results of a PIC-MCC simulation with parameters appr
priate to the experiment. There is evidently a sharp rise
the temperature produced by the magnetic field, with go
agreement between simulation and experiment. Figur
shows the electron density measured by the Langm
probe and by microwave interferometry. These data sh
a collapse in the electron density that the simulation do

FIG. 6. Experimental measurements of the electron density
the discharge midplane using the Langmuir probe (triangl
and the microwave interferometer (diamonds), for the expe
mental conditions described in the text.
2071
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not predict adequately. We note that this problem occ
also in simulations of unmagnetized discharges whe
heating mode transition threshold is crossed [12], and h
magnetic confinement effects contribute and are exag
ated by the use of a one dimensional simulation. Th
is a striking parallel between these experimental res
and those of [7], where the pressure induced heating m
transition was first reported. It seems inevitable that
should interpret our data as showing a heating mode t
sition also—the one predicted above by the pressure m
of the collisionless heating mechanism. We have exten
our computational and experimental investigations to m
netic fields substantially larger than those reported here
to ,100 G) and we have not found any evidence for c
lisionless heating scaling according to Eq. (3).

These results have a significance that goes further
the theory of magnetized capacitive discharges. Ortho
stochastic heating models applicable to unmagnetized
charges [1–4] locate the electron heating at the sheath
and associate it with the large electric fields that occu
the sheath. Consequently, it is usually thought permiss
to neglect the relatively weak electric fields in the plas
adjacent to the sheath, and nearly all non-self-consis
treatments do neglect these fields. Against this view,
showed in [5] that these presheath fields are responsibl
the powerful collisionless heating process that we ca
pressure heating. This conclusion was somewhat pres
in [15,16]. The pressure heating mechanism was sho
[5] to account for at least a large fraction of the collisionle
heating that is observed in capacitive rf discharges. Ho
ever, it remained as a possibility that there are two he
ing mechanisms, and that some of the collisionless hea
could be described as stochastic. We believe that the
sults of the present Letter substantially reduce the rem
ing scope for this case. If there is any collisionless heat
that is not pressure heating, we have shown that it ha
scale in the presence of a magnetic field in a way con
tent with Eq. (2) and this is not the scaling that is presen
2072
rs
a
re

er-
re
lts
de
e
n-
el

ed
g-
up
-

an
ox
is-
ge

in
le
a
nt
e

for
d
ed
n

s
-
t-

ng
re-
in-
g
to

is-
ly

predicted for stochastic heating [6]. In spite of succes
(e.g., the excellent agreement with experiments of [4]),
stochastic heating model is therefore in difficulty. We no
in closing that the results in this Letter have another im
plication: We have shown that a capacitive rf discharge
measurably perturbed by a magnetic field less than an o
of magnitude larger than the geomagnetic field. It is n
difficult to inadvertently produce such a field. Evidentl
care needs to be taken to ensure that this does not occ
precision experiments.
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