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The dynamics of mode transition from the electrostdfg to electromagneti¢dH) mode of a
radio-frequency argon inductively coupled plas(h@P) in atmospheric pressure is investigated,

both experimentally and theoretically. High-spe@$b00 f/9 camera imaging is performed to
investigate the dynamics ofE—H discharge mode transition. The temporal plasma loading
impedance of Ar inductive discharges at theH 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-pressuaround 1 atm or mopelCPs. The time scale dE—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 Physic§DOI: 10.1063/1.1635650

I. INTRODUCTION sition in low pressurg~150 mTory ICPs have been re-
ported by Kunjeet al.” and Turneret al.® taking the power

High-pressure radio-frequendyf) inductive discharges palance argument and possible nonlinear mechanisms into
have drawn considerable attention from a diverse group Oiccount for sustaining the plasmas. Three-dimensional opti-
researches over the last few decades due to its wide range 4| emission spectroscopy with computer tomography is used
operating conditions and various industrial and commerciaby Myoshi et al® to explain theE—H discharge mode tran-
applicationsl.‘4 However, so far, attention has been given t0sjtion in low-pressuré~300 mTor) ICPs. The dynamics of
heating, sustainment, and stabilization of rf induction p|aSTn0de transition in |0\N-pressur60 mTonj |ow-frequency
mas. But, when operated at high pressuggsund 1 atm or (460 kH2 Ar and N, ICPs are reported by Ostrikaat al°
more, initial startup is one of the most important issues tOby observing the p|asma images using a Charge Coup|ed de-
ignite the discharge of induction thermal plasmas, as thgice (CCD) camera with a long exposure tim@pproxi-
starting of high-pressure rf plasma torches are hard, and @ately 17 mg The initial startup of high-pressure Ar induc-
high-voltage initiation is usually requirddSo far, several tjyve discharges is reported by Uestaial,*? by observing
techniques, such as dc arc’jeind low-pressure small-size the plasmas using only the CCD camera, and also without
plasma torcl?,are used to initiate the high-pressure rf induc- explaining the physical mechanism and transition properties
tive discharges. But, these hybl’ld plasma torches Characte@f E—H discharge_ However, by using the conventional CCD
istically operate at power levels of 50 to 100 kW or evencamera, it is very difficult to observe tHe—H discharge
more, where the dimensions of the second- stage high-powefiode transition mechanism since the transition time is very
unit make it difficult to initiate and operate in a stable short. Besides, in the papers mentioned aboveEthE dis-
mannef. Therefore, the initiation of high-pressure rf induc- charge mode transition time, which is very important factor
tive discharges with moderate rf power is an interesting angor the generation of induction plasmas, is not estimated or
challenging issue, and with that in mind, we have investi-modeled. Therefore, the motivation of this work is to inves-
gated the high-pressufé atm) inductively coupled plasma tigate the time needed for the mode transition, and the tran-
(ICP) discharges at the ignition stage. sition properties together with thE—H mode transition

It has already been established that typical rf-generateghechanism of atmospheric pressure Ar induction plasmas in
plasmas are operated in two well-known modes: A capacia frequency range of 0.5—1.5 MHz with a moderate rf power
tively coupled or electrostatic mod& mode and induc-  of about 2—10 kW. The mode transition time is estimated by
tively coupled or electromagnetic modd mode. Recently,  ysing proposed models in this constraint and the estimated
attention has been renewed to investigate the dynamics @ésults are compared with that of the experimental one.
this E—H discharge mode transition and many theoretical
and experimental works have been conducted, but mainly for
very low-pressurémTorr rangé discharge$;*? because of Il EXPERIMENTS

the simple and easy generation, and diagnostics of low-  The schematic diagram of experimental setup is depicted
pressure ICPs. The hysteresis d&neH discharge mode tran- i, Fig. 1(a). In the present experiment, a static induction

transistor(SIT) inverter power source, the equivalent circuit
dElectronic mail: razzak@ees.nagoya-u.ac.jp of which is shown in Fig. (b), with a frequency range of
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SIT inverter power supply Circuit for impedance matching FIG. 2. Observation of mode transition dynamics by the high-speed camera
& AR VLT v rfeoil imaging (a) and CCD camera imaging).
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: Reoit CCD camera imaging is also performed to investigate the
;| DC voltage : discharge from the bottom by setting it beneath the torch
Lei 1 vessel.
L S Ill. ELECTROSTATIC-TO-ELECTROMAGNETIC
TRANSITION DYNAMICS
The dynamics ofE—H discharge mode transition ob-
(®) . X . .
served by the high-speed camera imaging can briefly be de-
FIG. 1. Schematic diagram of experimental setup. scribed as follows: At the start of ignition, highly mobile

electrons are accelerated and picked up energy from the ap-
plied electrostatic fieldE,, the average intensity of which is
high enough(in the present experiment120 kV/m) to ex-

. cite and ionize the working gas thereby developing the mul-
0.2-2.0 MHz and a maximum output power of about 20 kW’tiple streamerlike discharge patfs dischargg at the top of

IS employgd to generate Ar |nd.uct|on_ therm.al' plasmas "he torch chamber and very close to the inner surface of the
atmospheric pressure. An induction coil consisting of Sever{'jischarge chambdiFigs. 2a)(® and 2Zb)(left)] due to the

turns of a copper tube of 1/4 inch outer dllame-ter IS u.sed.ag rongerkE, near the torch surface. Then, the discharge paths
the loop antenna. The plasmas are sustained in a cyllndncg nnect among the streamers due to the induced electric

Pyrex glass chamber with an internal diameter of 70 mm anﬂeld E, (in the present experiment2.5 kv/m). But, the
- e . . ) 0 . . y
length of 200 mm. Ar gas is injected both axially and swirly electron oscillating kinetic energy by these electric fields is

into the torch vessel with a total flow rate of 20-30 litter/ not high enough to ionize the working gas. At this stage
min. The neutral gas pressure is controlled by using a M€y jigjonal heating occurs due to the strong axial electrostatic
chanical rotary pump, and measured with a total pressurggq \which gives enough energy to the electrons. The in-

gauge. The rf power level, which is limited by the cooling qyced azimuthal electric field promotes diffusive and/or con-
capability of the system, is modulated with a 100 ms squargective drift motion for electrons in the azimuthal direction.

wave pulseextended up to 5)sRepetitive spark discharge, These energetic electrons produce ionization and make elec-
using the spark discharge technidde; with a repetition  trically conducting bridges between neighboring streamers
frequency of 500 Hz and duration of 30 ms, is applied simul-ang transform the streamers into the ring-shaped azimuthal
taneously with the rf pulse to initiate the discharge. This tasI(H) discharge pathfFigs. 2a)®@),® and 2b)(middle)]. The

is performed by using a simple automobile spark plug.conductive ring makes it possible to induce the azimuthal
placed at the center of the top flange of the vacuum chambeyurrent and to inject the Joule power into the ring-shaped
(shown in Fig. }, with a high-voltage transformer circuit. A plasma. For the time being, thédischarge develops inward
matching network is employed to optimize the plasma loadand downward thereby forming the steady-state plasmas
ing impedance and power coupling efficiency. A [Fig. 2(b)(right)] due to Joule heating with the azimuthal rf
“FASTCAM-ultima SE” high-speed camera with a frame current. From Fig. @), it is seen that the discharges develop
speed of 4500 f/s, located at the center of the dischargrear the inner surface of the discharge vessel because of the
chamber and perpendicular to the discharge &ti®wn in  strongerE, and E, near the torch surface than inside the
Fig. 1, is used to observe thE—H transition dynamics. chamber. From the experimental observation by fast camera
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@ Electron O Neutral particle @ Positive ion Now, the electron kinetic energy is given bw
=mg|vol|?/2, wherem, is the electron mass ang, is the
electron oscillating velocity under the effects & and
electron—neutral collisions. The complex form of this oscil-
lating velocity is given by

elE]

=— 2  pllette) (4)
Me(j 0+ vep)

Uo

where e is the electronic charge, ang,, is the electron—
neutral collision frequency. The typical value of, in the
present condition is 2810 Hz, which is much higher than
o (~10°), so that Eq(4) can be rewritten as

elE,|

Un=——@llotte) (5)
0 MeVen
(a) E-discharge (b) H-discharge Therefore, the time-dependent heating power for an electron
due to electron—neutral collision under the electrostatic field,
FIG. 3. Development oE andH discharge. E, is given by
P(t)=elm[vg]- IM[E,]. (6)

imaging, theE—H diSCharge mode transition time is found to Using Eqs(l) and (5)’ Eq (6) can be rewritten as
be about 500—100@s. This mode transition time can also be

2|F |2
observed from the temporal plasma loading impedance e’|E,|"

SRS . : " P()= Sif(wt+ ). 7
which will be described later in Sec. VI. ® MeVen (0t te) @)

As mentioned in Sec. lll, the electron heating is neces-

IV. ELECTROSTATIC-ELECTROMAGNETIC sary to reach the electron kinetic energy to the ionizing po-
TRANSITION MODELING tential of Ar to have the ionization. This electron heating
A. Development of electrostatic discharge time can be calculated by using the power balance equation

o ) for electrons, which can be written as
Strong electrostatic fieldE, develops due to high rf

power supply. Electrons are accelerated and collided with ~dW(t)  €’[E,|?
other gas molecules, especially with neutral particles, and dt  Mgven
gain energy from this applied electrostatic field to ionize
neutral particles. The electrostatic field can be written as

2m
Sir?(wt+ go)—venTW(t), (8)
where the first term on right-hand side of E§) represents
the input power due to the electrostatic fiel, and the
E,=|E,Jel“tt¥) (1)  second term represents the loss power due to electron—
neutral elastic collision with the ion mass of . 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)=L(1—e MH—N{2w sin2wt+2¢)

where w is the driving angular frequencyy is the initial
phase of average electric field, alf,| is the amplitude of
the electrostatic field, which is approximately given by

|VcoiI| _ wl—coilllrf|

B o = e @

whereL . is the inductance of the rf coill 4 is the ampli-

tude rf coil current, andl is the vertical antenna length. We +M cod2mt+2¢)— (2w sin 2¢

assume that the electron impact ionization is the dominant +M cos 2p)e” M1, 9)
ionization process in the present condition, which is written
as where
Ar+e—Art +2e. (3 L e’|E,|*m, M 2me
-2 1 = v
. . . . . 2.2 . ens
The ionization mechanism can be described as follows: AMgve, m;

Initial electrons collide with the neutral particles and produceand
electron—ion pairs. The direction of motion of electrons de-

pends on the polarity of the electrostatic field. The formed e?|E,|?
electrons, together with the primary electrons, repeat this N= Von) 2 .
processes and produce more free electrons. Therefore, cumu- 2meven[( ) 2]

i

lative ionizations can take place by the electrons along the
direction of the electrostatic field to make streamers. Thedowever, each electron has its own phaseso that we
collision and ionization mechanisms are modeled as showshould take the average over for the electron cloud to
in Fig. 3a). rewrite Eq.(9) as
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200 B. Transition from electrostatic-to-electromagnetic
mode
The azimuthal electric fieldg,, is induced inside the
s\lsor discharge vessel due to the oscillating magnetic field pro-
% duced by the applied coil current. The discharge paths con-
5 nect among the streamers thereby forming ring-shaped dis-
£ 100 charges as shown in Fig(l8 due to this induced electric
2 field in the azimuthal direction, which can be written as
-
[}
& do| d B.dS
S R S ' _ I | at/ B y
P : O T 2mr 2mr (14
Ionizing potential of Ar :
0 i i : H With d/dt=1iw,
0 0.2 0.4 0.6 0.8 1
45 10° Time (s) x10” ofB-dS B,wnr? B,or 15
Theat = 4.9 X S | 0| - 24 - 20t - 2 ( )
FIG. 4. Estimation for el heating time from the devel f elec- . o .
tron kinetfc“g"na;'f;'; iﬁrt;;c_tron eating time from the development of elec Applying Ampere’s circuital law, Eq(15) can be rewritten as
|E gl = wuorH /2= powrnl /2, (16

wherer is the radius of torch of inner surfacejs the num-
ber of antenna turns per meter, angdis the rf coil current.
Therefore, the approximate value of electron heating The connec’qon_ mechanism betw(_aen ne|ghbor|.ng
time, 7,,05,t0 have single ionization, that is, to reach the elec-Stréamerdshown in Fig. 8)] can be described as follows:
tron kinetic energy to the ionizing potential of Ar, can be The formed electrons, which gain sufficient energy from the

(W(t)),=L(1—e MH~LMt. (10

estimated from Eq(10) as applied glectrqstatic fie_IcEZ to ion_ize qther neutrgl pa}rticles,
move slightly in the azimuthal direction. The direction of rf

ed; 2Meven®; electric field which these formed electron face may be the

Theat™ | M~ W, (13) same as or opposite to that of the old electrons since the

phase is a random number between 0 andlBerefore, the

whered; is the ionizing potential of Ar. The electron heating Probability of moving these electrons may be in either direc-
time versus electron energy gain is plotted in Fig. 4 and wdion, clockwise, or counterclockwise depending on the phase
should focus only on the initial phase of this figure. Underand the direction of the alternating azimuthal electric field,
the present conditiond &€ 1 MHz andp= 100 kPa), the typi- Es- The movement of these formed electrons can be treated
cal average value of electron heating time is estimated 4.8s stochastic due to the random collisions with the neutral
X107 %s, which is very much shorter than that of the rf particles. These electrons, together with the primary elec-
period (~107°s). Since the ionization time estimated by the trons, repeat this process and produce more free electrons,
ionization cross section (I8's in the present conditions ~ Which move diffusively in the azimuthal direction. This pro-
much shorter than the electron heating time ¢418 °s), ~ cess continues until the electrically conducting bridge be-
the ionization starts as soon as the electron energy reachB¥een neighboring streamers has been formed. Therefore, we
the ionizing potential of Ar and, therefore, multiple thin may define this phenomenon as the collisional diffusion pro-
streamerlike discharge paths develop in the axial direction¢ess, and under this condition, the characteristic time to con-
which is called the electrostatic dischargefbdischarge as Nect between two neighboring streamers can be written as
shown in Fig. Za), due to the cumulative ionizations by the 2
strong electrostatic field;, . =_", (17)

Now, the drift displacement of an electron traveling dur- 2D

ing the .eleptron heating time ip the axial direction to ha"ewhered0 is the typical distance between two neighboring
one ionization event can be written as streamers ind direction (2.5 mm in the present conditipn

Tc

¢+ Theat € E,| andD is the diffusion coefficient, which can be expressed by
_ ea zl .
= L meVenSIH( wt+ @)dt. (12 A2
D=—, (18
2T

The value of\, can be averaged overto rewrite Eq.(12) as
where A is the characteristic diffusion length andis the

o= N2 ~ elE,| Theat 13 characteristics diffusion time. Using E(L8), Eq. (17) can
z— < z>¢~ \/— . ( ) b .
2MgVen e rewritten as
The typical value oﬂ; calculated from Eq(13) is found to ;- % ZT (19
be 225um. C VAT
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Equation(19) is considered to be the characteristic time TABLE I. Typical parameters foE—H transition modeling.
needed for th&—H discharge mode transition. In this equa-
. . U . .. Plasma parameter Value
tion, the most important thing is to define the characteristics
diffusion time, r and the characteristic diffusion length, In ~ Electron—neutral collision frequencyer, 2.5x10" (Hz)

. .. i i i i 1
the present operating condition, we found the electron heafs'ectron-impact ionization frequency, 10" (H2)
i ime for a cascading birth of electrons (%50 °s) is with electron energy of 20 &V
Ing time fo 9 AT 2/ 2 Electron heating time for single ionizatiomnyey 4.5x1079(s)
much longer than the so-called electron impact ionization
time (~10 !s) and the electron—neutral collision time
(~10 *2s). Therefore, we may choose the electron heating
time, 7ot @S the characteristics diffusion time, On the o 2 elE,|
other hand, the azimuthal position of formed electrons, either ~ X,= V(X3),~— (24

. . . . T MeWVep
clockwise or counterclockwise with respect to the original erren

position of old electrons, depends on the phase of the aziFherefore, using Eq$11) and(24), the second candidate of
muthal rf electric field as described in Sec. IV A. Therefore,the time needed for the—H mode transition can be found
we may choose the characteristic diffusion lengthas the  from Eq.(19) as

drift displacement of the electron which traveled during the ) 3.2 2 2

electron heating time in the azimuthal direction to have one _ %) _ o™ Meredy

o . : T2 = T=—"—0 (25
ionization event, which can be written as Xg e?|E4|?
¢+ Theat €| E ¢ Finally, during the half cycle, the induced electric field
9=f » sin(wt+ ¢)dt. (200 can be considered as dc because a half peFi@dis quite
] eVen

long compared with the time needed for one ionization

as with the effective electron kinetic energy,=1/2mev 5. Un-
der this condition, the third candidate of the characteristic
_ 5 e|E 4| Theat time needed foE—H mode transition can be written as
No= <M>ﬁ\/§m—- (21) g
eer Tes= ot (26)
S

The typical value ong estimated from Eq(21) is found 5.6 _ o _ .
um. Using Egs(11) and(21), the first candidate of the time Wherecs is the effective ion sound velocity due to ambipolar
needed for th&—H mode transition can be found from Eq. drift and is given by

o Vi S @
cs=\=—=—=\ =V
dy meVen| Ezl 2d§ ° m \/E m; 0

2
T1=| | Theat ————5—- (22
ot ()\a) heal” ed;|E,|? with v 4 as the oscillating velocity due to the induced electric

) i field, E, and is given by
On the other hand, during the half cycle of rf field, many

electrons have been formed in the azimuthal direction due to b= eEy|
multiple ionizations. This process continues until the electri- 7 Meven
cally conducting bridge between neighboring streamers OCUsing Eq.(27), the time needed for thE—H mode transition
curs. Under this condition, we may choose the characteristi(c‘an be fo'und,from Eq(26) as
diffusion time, = as the rf period,T, and the characteristic
diffusion length,A as the mean excursion lengtky, in the dy, [2m
azimuthal direction during the half cycle of the rf period, Tc3zv_0 me (29
which can be written as

el(otte) (28)

V. COMPARISON BETWEEN ESTIMATED

T2
Xa:f ;lsf’l sin(wt+ ¢)dt. (23  AND EXPERIMENTAL RESULTS
0 e¥en

According to our proposed models described in the pre-
The value ofx, can be averaged overto rewrite Eq.(23) as  vious section, Eqs(22), (25), or (29) can be considered as

TABLE II. Typical discharge parameters f& andH mode.

Discharge parameter E mode H mode
Oscillating velocity,v, andv 70 % 10° (m/s) 1.75x 10° (m/s)
Electric field,E, andE,, 100 % 10° (V/m) 2.5% 10° (V/m)
Mean excursion length, andx, 5x 10 3(m) 125% 10 ¢ (m)
Drift displacement of electron,, and\ , 225X 10 ¢ (m) 5.6x 1075 (m)
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. 5
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FIG. 6. Temporal plasma loading impedance of Ar induction plasma at

o ) atmospheric pressure.
FIG. 5. rf power dependence of mode transition tifeemparison between

experimental and theoretical results at a fixed pressure of 20 kPa

6 to investigate the dynamics of tie-H discharge mode

the time scale £.) needed for theE—H discharge mode transition. The loading impedance was obtained by the r_atio
transition. The typical discharge parameters in the presert voltage to current of the dc power supply of the SIT in-
operating conditiongatmospheric pressure Ar plasma with 1 VErter circuit, as shown in Fig.(h). For the definition of rf
MHz driving frequency are shown in Tables | and Il. The plasma loading impedance, the readers are referred tQ Ref.
typical values ofr. calculated by Eqs(22), (25), and (29) 14. The development of thie dlschargeE—H mode trans.|—
are found to be 90Qus, 400us, and 550us, respectively, 1N, development o discharge and, finally, the formation
which are in the same order of magnitude. of steady-state thermal plasmas can be seen clearly from the

On the other hand, from the experimental observation bylynamic plasma loading impedance since the slope of the
fast camera imaging described in Sec. I, EheH discharge  Curve changes at every mode as shown in Fig. 6. It is noticed
mode transition time is found to be about 500-1Q@@  that the plasma loading impedanter power absorbed by
Therefore, theE—H discharge mode transition times esti- the plasmaat the start of ignition, i.e., in th&-discharge
mated from our proposed modét00—900us) agree well region is not high enough for plasma heating. But, the incre-
with that of the experimental resuf600—1000us). How- ~ ment of loading impedance changes remarkably after the
ever, at the moment, we are not sure about the procesg,—H mod.e transition, i.e., in the region of the development
which is dominant among these three candidates. The fir§t the H discharge. o o
two models are based on the diffusive motion of electrons  The grossE—H mode transition time, which is deter-
while the last one is based on the convective ambipolar drifffined by various factors, such as ionization, Joule heating,
motion of electrons in the azimuthal electric field, which 0SS mechanisms, etc., is found to be about 500-300n
may have the highest possibility in the present condition. Fofh€ present experiment, the vacuum impedance, i.e., the load-
better judgment, we may compare the dependence of #9 impedance without plasma, the loading impedancg of
power on the mode transition time estimated from Egg), and H discharge of atmospheric pressure Ar induction
(25), and(29) with those from the experimental observations Plasma are found to be about 0.15, 0.15-0.25, and 0.25-3.0
by keeping the pressure fixed at 20 kPa, as shown in Fig. ®hm. respectively. _ _
It is noticed that the mode transition time decreases with !t can also be mentioned from Fig. 6 that no growth of
increasing the rf input power, and the mode transition timgoading impedance will be found if there is no development
calculated from the last mod€Eq. (29)] is in good agree- Of theH discharge in the case of Ar-plasma, because the
ment with that of the experimental one than the other twd discharge failed to be maintained due to an imbalance

approaches. Therefore, the last approach is considered to Bgtween the input energy gain and the strong radiative and/or
the most convincing one. convective energy loss due to high enthalpy nitrogen gas

content. This will be discussed in another paper.
VI. PLASMA LOADING IMPEDANCE
VII. CONCLUSIONS

Since the plasma heating mechanism is essential for
high-pressure induction plasmas and the plasma resistance is In this article, the temporal development of atmospheric
the crucial quantity for heating mechanism and power coupressure rf(0.5-1.5 MH2 Ar inductive discharges at the
pling in induction plasma> we measure the temporal plasma E—~H mode transition stage and its transition properties, to-
loading impedance at the transition stage, as depicted in Figiether with the transition mechanism, are investigated ex-
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