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The dynamics of mode transition from the electrostatic~E! to electromagnetic~H! mode of a
radio-frequency argon inductively coupled plasma~ICP! in atmospheric pressure is investigated,
both experimentally and theoretically. High-speed~4500 f/s! camera imaging is performed to
investigate the dynamics ofE–H discharge mode transition. The temporal plasma loading
impedance of Ar inductive discharges at theE–H transition stage is also observed to investigate the
transition dynamics. The experimental observations reveal that the formation of the multiple
streamerlike electrostatic discharge paths followed by the strong ring-shaped azimuthal discharges
leads to ignite the high-pressure~around 1 atm or more! ICPs. The time scale ofE–H discharge
mode transition is estimated by using proposed models and the estimated results are compared with
that of the experimental one. It is found that the estimated results agree well with that of the
experimental one. ©2004 American Institute of Physics.@DOI: 10.1063/1.1635650#

I. INTRODUCTION

High-pressure radio-frequency~rf! inductive discharges
have drawn considerable attention from a diverse group of
researches over the last few decades due to its wide range of
operating conditions and various industrial and commercial
applications.1–4 However, so far, attention has been given to
heating, sustainment, and stabilization of rf induction plas-
mas. But, when operated at high pressures~around 1 atm or
more!, initial startup is one of the most important issues to
ignite the discharge of induction thermal plasmas, as the
starting of high-pressure rf plasma torches are hard, and a
high-voltage initiation is usually required.4 So far, several
techniques, such as dc arc jet5 and low-pressure small-size
plasma torch,6 are used to initiate the high-pressure rf induc-
tive discharges. But, these hybrid plasma torches character-
istically operate at power levels of 50 to 100 kW or even
more, where the dimensions of the second- stage high-power
unit make it difficult to initiate and operate in a stable
manner.4 Therefore, the initiation of high-pressure rf induc-
tive discharges with moderate rf power is an interesting and
challenging issue, and with that in mind, we have investi-
gated the high-pressure~1 atm! inductively coupled plasma
~ICP! discharges at the ignition stage.

It has already been established that typical rf-generated
plasmas are operated in two well-known modes: A capaci-
tively coupled or electrostatic mode~E mode! and induc-
tively coupled or electromagnetic mode~H mode!. Recently,
attention has been renewed to investigate the dynamics of
this E–H discharge mode transition and many theoretical
and experimental works have been conducted, but mainly for
very low-pressure~mTorr range! discharges,7–12 because of
the simple and easy generation, and diagnostics of low-
pressure ICPs. The hysteresis andE–H discharge mode tran-

sition in low pressure~;150 mTorr! ICPs have been re-
ported by Kunjeet al.7 and Turneret al.,8 taking the power
balance argument and possible nonlinear mechanisms into
account for sustaining the plasmas. Three-dimensional opti-
cal emission spectroscopy with computer tomography is used
by Myoshi et al.9 to explain theE–H discharge mode tran-
sition in low-pressure~;300 mTorr! ICPs. The dynamics of
mode transition in low-pressure~50 mTorr! low-frequency
~460 kHz! Ar and N2 ICPs are reported by Ostrikovet al.10

by observing the plasma images using a charge coupled de-
vice ~CCD! camera with a long exposure time~approxi-
mately 17 ms!. The initial startup of high-pressure Ar induc-
tive discharges is reported by Uesugiet al.,12 by observing
the plasmas using only the CCD camera, and also without
explaining the physical mechanism and transition properties
of E–H discharge. However, by using the conventional CCD
camera, it is very difficult to observe theE–H discharge
mode transition mechanism since the transition time is very
short. Besides, in the papers mentioned above, theE–H dis-
charge mode transition time, which is very important factor
for the generation of induction plasmas, is not estimated or
modeled. Therefore, the motivation of this work is to inves-
tigate the time needed for the mode transition, and the tran-
sition properties together with theE–H mode transition
mechanism of atmospheric pressure Ar induction plasmas in
a frequency range of 0.5–1.5 MHz with a moderate rf power
of about 2–10 kW. The mode transition time is estimated by
using proposed models in this constraint and the estimated
results are compared with that of the experimental one.

II. EXPERIMENTS

The schematic diagram of experimental setup is depicted
in Fig. 1~a!. In the present experiment, a static induction
transistor~SIT! inverter power source, the equivalent circuit
of which is shown in Fig. 1~b!, with a frequency range ofa!Electronic mail: razzak@ees.nagoya-u.ac.jp
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0.2–2.0 MHz and a maximum output power of about 20 kW,
is employed to generate Ar induction thermal plasmas in
atmospheric pressure. An induction coil consisting of seven
turns of a copper tube of 1/4 inch outer diameter is used as
the loop antenna. The plasmas are sustained in a cylindrical
Pyrex glass chamber with an internal diameter of 70 mm and
length of 200 mm. Ar gas is injected both axially and swirly
into the torch vessel with a total flow rate of 20–30 litter/
min. The neutral gas pressure is controlled by using a me-
chanical rotary pump, and measured with a total pressure
gauge. The rf power level, which is limited by the cooling
capability of the system, is modulated with a 100 ms square
wave pulse~extended up to 5 s!. Repetitive spark discharge,
using the spark discharge technique,12,14 with a repetition
frequency of 500 Hz and duration of 30 ms, is applied simul-
taneously with the rf pulse to initiate the discharge. This task
is performed by using a simple automobile spark plug,
placed at the center of the top flange of the vacuum chamber
~shown in Fig. 1!, with a high-voltage transformer circuit. A
matching network is employed to optimize the plasma load-
ing impedance and power coupling efficiency. A
‘‘FASTCAM- ultima SE’’ high-speed camera with a frame
speed of 4500 f/s, located at the center of the discharge
chamber and perpendicular to the discharge axis~shown in
Fig. 1!, is used to observe theE–H transition dynamics.

CCD camera imaging is also performed to investigate the
discharge from the bottom by setting it beneath the torch
vessel.

III. ELECTROSTATIC-TO-ELECTROMAGNETIC
TRANSITION DYNAMICS

The dynamics ofE–H discharge mode transition ob-
served by the high-speed camera imaging can briefly be de-
scribed as follows: At the start of ignition, highly mobile
electrons are accelerated and picked up energy from the ap-
plied electrostatic field,Ẽz , the average intensity of which is
high enough~in the present experiment;120 kV/m! to ex-
cite and ionize the working gas thereby developing the mul-
tiple streamerlike discharge paths~E discharge! at the top of
the torch chamber and very close to the inner surface of the
discharge chamber@Figs. 2~a!a and 2~b!~left!# due to the
strongerEz near the torch surface. Then, the discharge paths
connect among the streamers due to the induced electric
field, Ẽu ~in the present experiment;2.5 kV/m!. But, the
electron oscillating kinetic energy by these electric fields is
not high enough to ionize the working gas. At this stage,
collisional heating occurs due to the strong axial electrostatic
field, which gives enough energy to the electrons. The in-
duced azimuthal electric field promotes diffusive and/or con-
vective drift motion for electrons in the azimuthal direction.
These energetic electrons produce ionization and make elec-
trically conducting bridges between neighboring streamers
and transform the streamers into the ring-shaped azimuthal
~H! discharge paths@Figs. 2~a!b,c and 2~b!~middle!#. The
conductive ring makes it possible to induce the azimuthal
current and to inject the Joule power into the ring-shaped
plasma. For the time being, theH discharge develops inward
and downward thereby forming the steady-state plasmas
@Fig. 2~b!~right!# due to Joule heating with the azimuthal rf
current. From Fig. 2~b!, it is seen that the discharges develop
near the inner surface of the discharge vessel because of the
strongerEz and Eu near the torch surface than inside the
chamber. From the experimental observation by fast camera

FIG. 1. Schematic diagram of experimental setup.

FIG. 2. Observation of mode transition dynamics by the high-speed camera
imaging ~a! and CCD camera imaging~b!.
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imaging, theE–H discharge mode transition time is found to
be about 500–1000ms. This mode transition time can also be
observed from the temporal plasma loading impedance,
which will be described later in Sec. VI.

IV. ELECTROSTATIC–ELECTROMAGNETIC
TRANSITION MODELING

A. Development of electrostatic discharge

Strong electrostatic field,Ez develops due to high rf
power supply. Electrons are accelerated and collided with
other gas molecules, especially with neutral particles, and
gain energy from this applied electrostatic field to ionize
neutral particles. The electrostatic field can be written as

Ez5uEzuej ~vt1w!, ~1!

where v is the driving angular frequency,w is the initial
phase of average electric field, anduEzu is the amplitude of
the electrostatic field, which is approximately given by

uEzu5
uVcoilu

d
5

vLcoiluI rfu
d

, ~2!

whereLcoil is the inductance of the rf coil,uI rfu is the ampli-
tude rf coil current, andd is the vertical antenna length. We
assume that the electron impact ionization is the dominant
ionization process in the present condition, which is written
as

Ar1e→Ar112e. ~3!

The ionization mechanism can be described as follows:
Initial electrons collide with the neutral particles and produce
electron–ion pairs. The direction of motion of electrons de-
pends on the polarity of the electrostatic field. The formed
electrons, together with the primary electrons, repeat this
processes and produce more free electrons. Therefore, cumu-
lative ionizations can take place by the electrons along the
direction of the electrostatic field to make streamers. The
collision and ionization mechanisms are modeled as shown
in Fig. 3~a!.

Now, the electron kinetic energy is given byW
5meuv0u2/2, whereme is the electron mass andv0 is the
electron oscillating velocity under the effects ofEz and
electron–neutral collisions. The complex form of this oscil-
lating velocity is given by

v05
euEzu

me~ j v1nen!
ej ~vt1w!, ~4!

where e is the electronic charge, andnen is the electron–
neutral collision frequency. The typical value ofnen in the
present condition is 2.531011Hz, which is much higher than
v (;106), so that Eq.~4! can be rewritten as

v05
euEzu
menen

ej ~vt1w!. ~5!

Therefore, the time-dependent heating power for an electron
due to electron–neutral collision under the electrostatic field,
Ez is given by

P~ t !5e Im@v0#•Im@Ez#. ~6!

Using Eqs.~1! and ~5!, Eq. ~6! can be rewritten as

P~ t !5
e2uEzu2

menen
sin2~vt1w!. ~7!

As mentioned in Sec. III, the electron heating is neces-
sary to reach the electron kinetic energy to the ionizing po-
tential of Ar to have the ionization. This electron heating
time can be calculated by using the power balance equation
for electrons, which can be written as

dW~ t !

dt
5

e2uEzu2

menen
sin2~vt1w!2nen

2me

mi
W~ t !, ~8!

where the first term on right-hand side of Eq.~8! represents
the input power due to the electrostatic field,Ez and the
second term represents the loss power due to electron–
neutral elastic collision with the ion mass ofmi . Here, we
neglect the loss due to the inelastic collision, because we are
discussing the time scale when the electrons achieve the en-
ergy capable for ionization. Now, the analytical solution of
Eq. ~8! is

W~ t !5L~12e2Mt!2N$2v sin~2vt12w!

1M cos~2vt12w!2~2v sin 2w

1M cos 2w!e2Mt%, ~9!

where

L5
e2uEzu2mi

4me
2nen

2
, M5

2me

mi
nen ,

and

N5
e2uEzu2

2menenH S 2menen

mi
D 2

14v2J .

However, each electron has its own phasew so that we
should take the average overw for the electron cloud to
rewrite Eq.~9! as

FIG. 3. Development ofE andH discharge.
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^W~ t !&w5L~12e2Mt!'LMt. ~10!

Therefore, the approximate value of electron heating
time, theatto have single ionization, that is, to reach the elec-
tron kinetic energy to the ionizing potential of Ar, can be
estimated from Eq.~10! as

theat5
eF i

LM
5

2menenF i

euEzu2
, ~11!

whereF i is the ionizing potential of Ar. The electron heating
time versus electron energy gain is plotted in Fig. 4 and we
should focus only on the initial phase of this figure. Under
the present conditions (f 51 MHz andp5100 kPa), the typi-
cal average value of electron heating time is estimated 4.5
31029 s, which is very much shorter than that of the rf
period (;1026 s). Since the ionization time estimated by the
ionization cross section (10211s in the present condition! is
much shorter than the electron heating time (4.531029 s),
the ionization starts as soon as the electron energy reaches
the ionizing potential of Ar and, therefore, multiple thin
streamerlike discharge paths develop in the axial direction,
which is called the electrostatic discharge orE discharge as
shown in Fig. 2~a!, due to the cumulative ionizations by the
strong electrostatic field,Ez .

Now, the drift displacement of an electron traveling dur-
ing the electron heating time in the axial direction to have
one ionization event can be written as

lz5E
w

w1theat euEzu
menen

sin~vt1w!dt. ~12!

The value oflz can be averaged overw to rewrite Eq.~12! as

l̄z5A^lz
2&w'

euEzutheat

A2menen

. ~13!

The typical value ofl̄z calculated from Eq.~13! is found to
be 225mm.

B. Transition from electrostatic-to-electromagnetic
mode

The azimuthal electric field,Eu , is induced inside the
discharge vessel due to the oscillating magnetic field pro-
duced by the applied coil current. The discharge paths con-
nect among the streamers thereby forming ring-shaped dis-
charges as shown in Fig. 3~b! due to this induced electric
field in the azimuthal direction, which can be written as

Eu5
ueu
l

5

U2 dF

dt U
2pr

5

d

dt
* B•dS

2pr
. ~14!

With d/dt5 iv,

uEuu5
v* B•dS

2pr
5

Bzvpr 2

2pr
5

Bzvr

2
. ~15!

Applying Ampere’s circuital law, Eq.~15! can be rewritten as

uEuu5vm0rH z/25m0vrnI r f /2, ~16!

wherer is the radius of torch of inner surface,n is the num-
ber of antenna turns per meter, andI rf is the rf coil current.

The connection mechanism between neighboring
streamers@shown in Fig. 3~b!# can be described as follows:
The formed electrons, which gain sufficient energy from the
applied electrostatic field,Ez to ionize other neutral particles,
move slightly in the azimuthal direction. The direction of rf
electric field which these formed electron face may be the
same as or opposite to that of the old electrons since the
phase is a random number between 0 and 2p Therefore, the
probability of moving these electrons may be in either direc-
tion, clockwise, or counterclockwise depending on the phase
and the direction of the alternating azimuthal electric field,
Eu . The movement of these formed electrons can be treated
as stochastic due to the random collisions with the neutral
particles. These electrons, together with the primary elec-
trons, repeat this process and produce more free electrons,
which move diffusively in the azimuthal direction. This pro-
cess continues until the electrically conducting bridge be-
tween neighboring streamers has been formed. Therefore, we
may define this phenomenon as the collisional diffusion pro-
cess, and under this condition, the characteristic time to con-
nect between two neighboring streamers can be written as

tc5
du

2

2D
, ~17!

where du is the typical distance between two neighboring
streamers inu direction ~2.5 mm in the present condition!
andD is the diffusion coefficient, which can be expressed by

D5
L2

2t
, ~18!

where L is the characteristic diffusion length andt is the
characteristics diffusion time. Using Eq.~18!, Eq. ~17! can
be rewritten as

tc5S du

L D 2

t. ~19!

FIG. 4. Estimation for electron heating time from the development of elec-
tron kinetic energy in time.
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Equation~19! is considered to be the characteristic time
needed for theE–H discharge mode transition. In this equa-
tion, the most important thing is to define the characteristics
diffusion time,t and the characteristic diffusion length,L. In
the present operating condition, we found the electron heat-
ing time for a cascading birth of electrons (4.531029 s) is
much longer than the so-called electron impact ionization
time (;10211s) and the electron–neutral collision time
(;10212s). Therefore, we may choose the electron heating
time, theat as the characteristics diffusion time,t. On the
other hand, the azimuthal position of formed electrons, either
clockwise or counterclockwise with respect to the original
position of old electrons, depends on the phase of the azi-
muthal rf electric field as described in Sec. IV A. Therefore,
we may choose the characteristic diffusion length,L as the
drift displacement of the electron which traveled during the
electron heating time in the azimuthal direction to have one
ionization event, which can be written as

lu5E
w

w1theateuEuu
menen

sin~vt1w!dt. ~20!

The value oflu can be averaged overw to rewrite Eq.~20!
as

l̄u5A^lu
2&w'

euEuutheat

A2menen

. ~21!

The typical value ofl̄u estimated from Eq.~21! is found 5.6
mm. Using Eqs.~11! and~21!, the first candidate of the time
needed for theE–H mode transition can be found from Eq.
~19! as

tc15S du

lu
D 2

theat5
menenuEzu2du

2

eF i uEuu2
. ~22!

On the other hand, during the half cycle of rf field, many
electrons have been formed in the azimuthal direction due to
multiple ionizations. This process continues until the electri-
cally conducting bridge between neighboring streamers oc-
curs. Under this condition, we may choose the characteristic
diffusion time, t as the rf period,T, and the characteristic
diffusion length,L as the mean excursion length,xu in the
azimuthal direction during the half cycle of the rf period,
which can be written as

xu5E
0

T/2 euEuu
menen

sin~vt1w!dt. ~23!

The value ofxu can be averaged overw to rewrite Eq.~23! as

x̄u5A^xu
2&w'

A2

p

euEuu
mevnen

. ~24!

Therefore, using Eqs.~11! and~24!, the second candidate of
the time needed for theE–H mode transition can be found
from Eq. ~19! as

tc25S du

xu
D 2

T5
vp3me

2nen
2 du

2

e2uEuu2
. ~25!

Finally, during the half cycle, the induced electric field
can be considered as dc because a half periodT/2 is quite
long compared with the time needed for one ionization
event. We assume that such an ionized plasma is convected
with the effective electron kinetic energyWu51/2mevu

2. Un-
der this condition, the third candidate of the characteristic
time needed forE–H mode transition can be written as

tc35
du

cs
, ~26!

wherecs is the effective ion sound velocity due to ambipolar
drift and is given by

cs5AWu

mi
5

1

A2
Ame

mi
vu , ~27!

with vu as the oscillating velocity due to the induced electric
field, Eu and is given by

vu5
euEuu
menen

ej ~vt1w!. ~28!

Using Eq.~27!, the time needed for theE–H mode transition
can be found from Eq.~26! as

tc35
du

vu
A2mi

me
. ~29!

V. COMPARISON BETWEEN ESTIMATED
AND EXPERIMENTAL RESULTS

According to our proposed models described in the pre-
vious section, Eqs.~22!, ~25!, or ~29! can be considered as

TABLE I. Typical parameters forE–H transition modeling.

Plasma parameter Value

Electron–neutral collision frequency,nen 2.531011 (Hz)
Electron-impact ionization frequency,nen

i

~with electron energy of 20 eV!
1011 (Hz)

Electron heating time for single ionization,theat 4.531029 (s)

TABLE II. Typical discharge parameters forE andH mode.

Discharge parameter E mode H mode

Oscillating velocity,vz andvu 703 103 (m/s) 1.753 103 (m/s)
Electric field,Ez andEu 1003 103 (V/m) 2.53 103 (V/m)
Mean excursion length,xz andxu 5 3 1023 (m) 1253 1026 (m)
Drift displacement of electron,lz andlu 2253 1026 (m) 5.63 1026 (m)
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the time scale (tc) needed for theE–H discharge mode
transition. The typical discharge parameters in the present
operating conditions~atmospheric pressure Ar plasma with 1
MHz driving frequency! are shown in Tables I and II. The
typical values oftc calculated by Eqs.~22!, ~25!, and ~29!
are found to be 900ms, 400ms, and 550ms, respectively,
which are in the same order of magnitude.

On the other hand, from the experimental observation by
fast camera imaging described in Sec. II, theE–H discharge
mode transition time is found to be about 500–1000ms.
Therefore, theE–H discharge mode transition times esti-
mated from our proposed model~400–900ms! agree well
with that of the experimental result~500–1000ms!. How-
ever, at the moment, we are not sure about the process,
which is dominant among these three candidates. The first
two models are based on the diffusive motion of electrons
while the last one is based on the convective ambipolar drift
motion of electrons in the azimuthal electric field, which
may have the highest possibility in the present condition. For
better judgment, we may compare the dependence of rf
power on the mode transition time estimated from Eqs.~22!,
~25!, and~29! with those from the experimental observations
by keeping the pressure fixed at 20 kPa, as shown in Fig. 5.
It is noticed that the mode transition time decreases with
increasing the rf input power, and the mode transition time
calculated from the last model@Eq. ~29!# is in good agree-
ment with that of the experimental one than the other two
approaches. Therefore, the last approach is considered to be
the most convincing one.

VI. PLASMA LOADING IMPEDANCE

Since the plasma heating mechanism is essential for
high-pressure induction plasmas and the plasma resistance is
the crucial quantity for heating mechanism and power cou-
pling in induction plasma,13 we measure the temporal plasma
loading impedance at the transition stage, as depicted in Fig.

6 to investigate the dynamics of theE–H discharge mode
transition. The loading impedance was obtained by the ratio
of voltage to current of the dc power supply of the SIT in-
verter circuit, as shown in Fig. 1~b!. For the definition of rf
plasma loading impedance, the readers are referred to Ref.
14. The development of theE discharge,E–H mode transi-
tion, development ofH discharge and, finally, the formation
of steady-state thermal plasmas can be seen clearly from the
dynamic plasma loading impedance since the slope of the
curve changes at every mode as shown in Fig. 6. It is noticed
that the plasma loading impedance~or power absorbed by
the plasma! at the start of ignition, i.e., in theE-discharge
region is not high enough for plasma heating. But, the incre-
ment of loading impedance changes remarkably after the
E–H mode transition, i.e., in the region of the development
of the H discharge.

The grossE–H mode transition time, which is deter-
mined by various factors, such as ionization, Joule heating,
loss mechanisms, etc., is found to be about 500–1000ms. In
the present experiment, the vacuum impedance, i.e., the load-
ing impedance without plasma, the loading impedance ofE
and H discharge of atmospheric pressure Ar induction
plasma are found to be about 0.15, 0.15–0.25, and 0.25–3.0
ohm, respectively.

It can also be mentioned from Fig. 6 that no growth of
loading impedance will be found if there is no development
of theH discharge in the case of Ar–N2 plasma, because the
H discharge failed to be maintained due to an imbalance
between the input energy gain and the strong radiative and/or
convective energy loss due to high enthalpy nitrogen gas
content. This will be discussed in another paper.

VII. CONCLUSIONS

In this article, the temporal development of atmospheric
pressure rf~0.5–1.5 MHz! Ar inductive discharges at the
E–H mode transition stage and its transition properties, to-
gether with the transition mechanism, are investigated ex-

FIG. 5. rf power dependence of mode transition time~comparison between
experimental and theoretical results at a fixed pressure of 20 kPa!.

FIG. 6. Temporal plasma loading impedance of Ar induction plasma at
atmospheric pressure.
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perimentally and analytically. From our experimental inves-
tigation, it is noticed that, in atmospheric pressure rf
inductive discharges, first, the multiple streamerlike dis-
charges are developed axially in theE mode and then, the
streamers are transformed into the strong ring-shaped azi-
muthal discharges in theH mode to develop the steady-state
induction thermal plasmas. It is also found that, unlike the
low pressure ICPs,7–11 high-pressure rf inductive discharges
start to develop from the inner surface of the torch vessel as
shown in Fig. 2~b! due to the stronger induced electric field
near the torch surface. From the experiment, it is also clear
that theE–H discharge mode transition dynamics can also
be observed from the behavior of the plasma loading imped-
ance.

In this article, we also presented a plasma model with
three different proposals to estimate the time scale of the
E–H discharge mode transition and compared the estimated
results with that of the experimental one. It is found that the
estimated transition times using the proposed models~400–
900ms! agree well with that of the experimental result~500–
1000ms!.
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