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Abstract—Solving a time-dependent two-dimensional local gent processing and automation are still in the forefront of re-
thermodynamic equilibrium (LTE) model simulation of Ar and  search endeavors.
Ar-H > atmospheric pressure, a high-power RF-inductionthermal - p ;s modulation technique for induction thermal plasma

plasma was performed. The effects of shimmer current level ITP) discharge i new roach wher lid-state devi
(SCL) in pulse-modulated mode and hydrogen concentrations on (ITP) discharge is a new approac ere solid-state devices

different flow fields were predicted. The radiation intensities of are used in generating high-amplitude and high-frequency coil
Arl (751 nm) for different SCL were calculated from the tem- current. The use of solid-state devices not only improves the
perature fields. For the same operating conditions as simulation, matching efficiency, but also offers the easy control of plasma
pIasrPa was successfully get”erated in pylze-mto?ulated tr_noc:e ;ndenergy. Control of plasma energy by changing duty factor (DF)
spectroscopic measurements were carried out to investigate the . : ;

e?fects of SpCL upon temporal plasma properties. Responge times ©" shimmer currer_1t level (SCIT)’ keeping the maximum power
(rising, falling, on-delay, and off-delay time) of temporal radiation level unchanged, is an attractive method for controlled plasma
intensity were crosschecked for both experimental and simulated operation. Pulse-modulated plasma may have potential indus-
ones. The rising time increased gradually with the decrease of trial applications in plasma nitriding, pulsed laser deposition,
SCL, though the falling time remained almost unchanged with pylsed plasma surface treatment, pulsed ion beam treatment,

SCL. For example, for Ar plasma at 86%, 79%, 72%, 65%, 50%, .
and 40% SCL trr)le rising ti?nes were 2.70 3.0 03.4 3(.)4 3.6(5) and03.8puISEd CVD, and pulsed magnetron sputtering. A number of

ms, respectively. And for Ar—H, plasma (2.4% H;), at 87%, 77%, authors have proposed theoretical models for the LTE [1]—[3]
72%, 63%, 55%, and 45% SCL, rising times were 2.5, 3.0, 3.0, 3.4, and non-LTE [4]-[6] conditions of RF-induction plasmas in a
3.7, 3.9, and 4.0 ms, respectively. Hydrogen inclusion slowed downsteady-state approach. A few works have been reported eluci-
the plasma response during the off-to-on pulsing transition at dating the transient characteristics of RF-ITP [7]-[12]. In our
lower SCL and constricted the plasma axially. Finally, part of the previous work [13], for time-domain control of argon—hydrogen

simulated results was compared with experimental determinations o L I
and acceptable agreements were found. The discrepancies, inPlasma properties in pulse-modulated mode the critical/limiting

few cases, explicated mainly that the LTE assumption did not Values of off-times for corresponding on-times have been
prevail in pulse-modulated plasma, especially around the on-pulse reported both experimentally and numerically.
transition. In this paper, we present both simulated and experimental
Index Terms—Duty factor, integrated radiation intensity and re- ~ determinations reflecting the transient responses of argon and
sponse time, local thermodynamic equilibrium (LTE), non-LTE, hydrogen-admixed argon plasmas. The effects of SCL and hy-
pulse-modulated induction plasma, shimmer current level (SCL).  drogen concentration upon the spatial distributions of temper-
ature and other plasma parameters were investigated. Time-de-
pendent integrated radiation intensities of atomic argon at 751
nm for different SCL were predicted from the temporal temper-
S a source of high enthalpy and high density of chemicgiyre fields and these intensities were used to calculate different
species, induction thermal plasma has become an impgssponse times. Pulse-modulated plasma was generated with
tant tool in new materials processing and destruction of toxgl;gon (100 I/min) and a nonhomogeneous mixture of argon—hy-
waste materials. Although some applications of radio frequengyogen (100/2.5 I/min) as working gas, injecting through the
induction plasma technology, such as plasma vapor depositigheath channel of the induction plasma torch. A specially de-
plasma cutting, atmospheric and vacuum plasma spraying, ighed torch having eight-turn coil with a large axial length of
already well established, current research activities are mainly4 mm was used to maintain the discharge. Note that the long
for the Optimization and refinement of these processes; Intero” |ength must improve the materials processing, since a par-
ticle will be in plasma-contact for longer time. Spectroscopic
measurements of temporal radiation intensities of Arl (751 nm)
Manuscript received February 14, 2001; revised November 19, 2001. - ¢ different SCL were carried out. Different response times were
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Fig. 1. Concept of pulse-modulated induction thermal plasma. \]/g §
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[I. CONCEPT OFPULSE MODULATION 13.2 mn/]:
The concept of pulse modulation of coil current for the gen- Wall T
eration of induction thermal plasma is described in Fig. 1. Here a 10 mm
the radio frequency coil current is amplitude-modulated with s
a low-frequency (several tens of Hertz) pulsing signal and the mn ! .
modulated current is supplied to the coil, which surrounds the &
plasma torch. Noting Fig. 1, the SCL and DF are defined the * +
following: Water Water
SCL) :Ampli_tude of current pulse duri_ng off-ti.nﬁe) 100 Egéfﬁetgrcsr?i?:éi?ndis?r?]rl?lgltig;t.he torch with definitions and dimensions of the
~ Amplitude of current pulse during on-tirtie
T
DF (%) ==—"2— x 100
(%) Ton+ Tont TABLE |
whereT,, andZ,y are on and off times of pulsing signal, re- OPERATING CONDITIONS
spectively. No. of coil turns = 8 Pressure = 760 torr
The most attractive and unique features of pulse modulation  Frequency = 450 kHz Pulse on-time = 10 ms
are: Forward Power = 30/27 kW | Pulse off-time = 5 ms
1) input power to plasma can be controlled by changing only Duty factor=67%

the amplitude of the pulsing signal instead of the high

2) ?nmﬁlt'tugv?/g??f flges?]l::réca{f;g gg;rtfgﬁg din time domai Calculation Procedure:Calculation was performed for an
b pcor?trollin thpe duty factor (changing either on-time OllgF-ITP torch whose schematics with the definitions of the pa-
y 9 y ging rameters used in the simulation are described in Fig. 2. Oper-

off-time) of pulsing signal; ating conditions are listed in Table I. The time step of each iter-

3) periodic changes of different particle density (electrongtion was 10Qu(s) throughout the calculation. The calculations

ions, neutral atoms, molecules, etc.) in accord with the . . . ; .
. . i were carried out for a nonuniform grid system having 36 radial
pulsing signal, )
and 92 axial nodes.

4) successive application of very high and low eleCtromag_Thermodynamic PropertiesThermodynamic properties of

netic fields as well as heat flux introduces nonequilib- ) ; T .
argon and hydrogen gases required for simulation include vis-

rlum.effects, which might be very useful in materials IorO(':osity, electrical conductivity, thermal conductivity, mass den-
cessing. . " e
sity, specific heat at constant pressure, and radiative loss coef-

ficient. The first five properties were taken from [16] and the
radiative loss coefficient of argon was taken from [17]. The ra-

The model considers coil current pulsation instead of powdiative loss coefficient of hydrogen was not available in litera-
to have similarity with the experiment and it is based on oture. However, it is anticipated that an estimate must be better
last publication [14]. This model solves the time-dependetitan the total neglect. Therefore, the radiative loss coefficient
conservation equations along with the vector potential forof hydrogen was considered the same as that of argon for any
of Maxwell's equations, as listed in the Appendix, using theemperature. Nevertheless, a database for radiative loss coeffi-
SIMPLER algorithm of Patankar [15]. The algorithm is basedient of hydrogen was generated based on the work of Tanaka
on the control volume scheme for solving the transport equet-al. [18] and used for a test calculation. Comparing the tem-
tions of incompressible fluids. The reasonable assumptions gratature, calculated using radiative loss coefficient of hydrogen,
boundary conditions are the same as those described in [14]with that predicted in this work, the maximum difference was

I1l. M ODELING
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TABLE I while the off-pulse ends. These figures reveal how the hottest
ColL. CURRENT FORAR AND Ar—H, PLASMAS AT DIFFERENTSCLS core of plasma shrank both axially and radially with the
Ar Plasma Ar-H, Plasma decrease of SCL. The shimmer current level is a measure to
specify the effective input power, sufficient to maintain plasma
SCL(%) | Coil Current [A] | SCL(%) | Coil Current [A] discharge, without extinction for a certain pulse off-time. When
10 189.3 100 2139 the shimmer current level was decreased, the input power to
87 164.9 87 186.3 '
75 1499 77 166.0 plasma, during off-pulse, decreased, which in turn caused to
72 136.5 72 155.0 decrease the plasma temperature. The decrease of temperature
65 122.7 63 136.0 at significantly lower SCL was more profound in ArzH
jg 32:3 ig 191;'75 plasma compared with that in Ar plasma (see the figures for

45% SCL). This behavior of Ar—H plasma is explained as
follows. Molecular hydrogen needs energy for dissociation.

found at 10%. Thus, we assume that the error caused due toden the SCL is very lowvz. 45%), the power loss in

diative loss coefficient would be less than 10%. hydrogen dissociation (0.15 kW) is pretty significant compared
to the total plasma power (1.4 kW), and therefore the overall
A. Simulated Results plasma temperature was found to decrease rigorously.

. . ) The effects of hydrogen inclusion upon the radial tempera-
In simulation, we fixed the plasma power at 27 kW beforg, o fie|qs at some distinct axial positions & 58, 130, and

pulsation, considering the 90% overall effic?ency of thg 350 mm) are depicted in Fig. 5(a). In general, plasma tempera-
vgrter-feed power supply unit that was used in the experime(te is high in the coil region:(= 60 — 240 mm) because RF
with 30-kW forward power. It was fou_nd that at a Con:tagﬂasma is fed through the coil and hence the electromagnetic
power of 27 kW, the coil current was increased by 13% fGfq|qs in this region are very strong. In the coil region, the effect
2.4% H, inclusion. The tabulated coil current for argon angf H, inclusion upon the plasma temperature was found to be

hydrggen-admixgd argon pIa;mas at 27 kW of plasma POWELs significant (see the figure fer= 130 mm) compared to the
for different SCL is presented in Table Il. The steady-state Ccfgmperature at above & 58 mm) or below £ = 250 mm) the

currents for pure argon and 2.4% hydroge_n—admixed arg@gi. 1t is also seen from Fig. 5(a) that the lddmixing effect is
plasmas were 189.3 and 213.9 A, respectively. The h|gi}5r

. o onounced around the radial position2¥5 mm < r < 32
specific heat and thermal conductivity of hydrogen versus those,, ¢o; any axial position of plasma. Thus, the &timixing ef-

of argon and the dissqciation of molepular hydrog_en.were th@ct is found to be profound around the highly dissociation/ion-
main reason for such increase of coil current; as in inductioy, ;o range of temperature (40008000 K) for the reason ex-
plasma, coil current is the only way through which plasma ﬁained above. The axial temperature profiles describing the H

empowered externally. admixing effects upon argon plasma, at three different radial po-

The spatial distributions of temperature for a complete Cyc%?tions ¢ = 0,17.5, and30.5 mm), are presented in Fig. 5(b).

of pulsed power are des_cribed in Fig._ 3(a) and (_b) for Ar anfhe effects of H inclusion upon the plasma temperature drop
Ar-H; plasmas, respectively. These figures, which are drayp, e very significant near the walk (= 30.5 mm) along the

for 72% SCL, cle_arly gxplaln the repetlyve nature of_pulsm%rch length; here, bidissociation played the major role. Hy-
plasma. Comparing Fig. 3(a) and (b), it can be noticed thglygen inclusion effect upon the plasma temperature was almost
the hottest cores of plasma became larger due to @i ke on the axis of symmetry-(= 0) and at the middle from
sion. Moreover, for the inclusion of molecular hydrogen, thﬁxis of symmetry and walk{z. » = 17.5 mm): plasma tempera-
high temperature zones except the hottest core shrank overd{}e jecreased both above and below the coil region, where both

whole cycle. The_se_ effects.indic.ate t_hat plagmg has a,tenqeaﬁt}éociaﬂon and ionization had the impact on such behavior.
to concentrate within the mid-coil region, which in turn implies The variation of axial velocity of flow with time at two spe-

effect [19]. For such characteristics, molecular gas is usually , mm) than that of at midcoil regionz(= 132 mm). The

used to shrink plasma and thus to protect walls from high temaition of H, reduced the relaxation time of axial velocity at

perature. The heat loss reduction results from the temperatyre 514 mm during both on and off-pulsing transition

decrease by the hydrogen dissociation near the torch wall. ASThe time-dependent integrated radiation intensity of atomic

described earlier at the beginning of this section, this is a Coé‘r'gon spectral line (751 nm) for Ar and ArsHplasmas was

stant-power plasma of 27 kW and thus hydrogen inclusion has,jicted from the temporal temperature distributions using the
increased the coil current by 13% due to the necessary energyfghrowing equations:

H- dissociation with maintaining energy balance. On the other Ro

hand, hydrogen inclusion reduced the heat loss through the torch I :27r/ I(T,7)rdr 1)

wall in the mid-coil region, as plasma was constricted in this re- 0

gion due to hydrogen inclusion. and
The effects of SCL on the spatial distribution of temperature

for Ar and Ar-H, plasmas are described in Fig. 4(a) and (b),

1 hegAN(T) =B,
respectively. These distributions are obtained for an instant A7

) ==z

)
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Fig. 3. Spatial distribution of temperature at 72% SCL for (a) Ar and (b) Arpldsmas, at distinct time instants over a cycle of pulsing signal.
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Fig. 4. SCL effect upon the spatial temperature distributions of Ar (a) and AtbHplasmas predicted at the end of off-pulse.
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Fig. 5. Hydrogen admixing effects upon the (a) radial and (b) axial temperature distributions of Ar plasma.
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wherel is the integrated radiation intensity at a particular axigdartition function, respectively,, is the upper energy levet,
position, 4 is Planks constant; and A are velocity and wave- is the Boltzmann’s constant, afidis the temperature.

length of light, respectivelyg is the statistical weightA is Fig. 7(a) and (b) represents the SCL effects upon the time-de-
the transition probability for spontaneous emissidi{’) and pendent integrated radiation intensity of Arl for Ar and Ar-H
Z(T) are temperature-dependent particle density and interpésmas, respectively. These results were obtained at an axial
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g’ ol - Fig. 8. Definitions of different response times of plasma.
> sl
g found almost similar in both plasmas, although the minima were
10K . \ fully discrete. The reason is that the coil current, which feeds

—
")

T the plasma, was the same during on-time for any SCL but it was
0 4 8 12 16 20 24 28 32 . . . . )
Time [ms] different during off-time for different SCLs, due to which the
Fig. 6. The variation with time of the axial velocity of the flow at (a) mid-coilPlasma energy and thus the temperature was different. At lower
region and (b) 10 mm below the coil end along the center line of the dischaiB€L, plasma power and thus temperature was lower; therefore,
(r=20). the integrated intensity dropped to lower level.
Different response times or characteristics times such as

@ on-delay, rising, off-delay, and falling time were calculated
= scL: from the temporal radiation intensity illustrated in Fig. 7.
20k 877;,\ The response/characteristics times are schematically shown

in Fig. 8. The on-delay time is the time required to raise the
intensity from base level to 10%, after triggered-on by the
pulsing signal; similarly, off-delay time is the time required
for the intensity to drop to 90% from maximum level just
after triggered-off of the pulsing signal. The rising and falling

15f

1.0

0.5F 0%

Radiation Intensity [kW/m.sr]

00— e times are the times needed for the intensity to raise from 10%
0 4 8 1%_ 16 20 24 28 32 to 60 and to drop from 90% to 40%, respectively. During the
ime {ms} on-pulse, the collision between electron and heavy particles is
® the dominating mechanism of energy exchange. Thus, the rising
25 v T —T T T . . ..
oL time reflects the effectiveness of the collisional process. On
20} the other hand, during off-pulse, the collision as well as slow

conduction and convection processes cause the energy transfer.
So, falling time is a measure of the effectiveness of these
processes. On-delay and off-delay times are the measures of
ease of state change during off-to-on pulse and on-to-off pulse

1.5+

1.0F

Radiation Intensity [kW/m.sr]

03 o transition, respectively. In other words, on-delay and off-delay
P A times depend on the depth of the power level. The calculated
O e B response times can be seen in later figures (Figs. 13 and 14)

Fig. 7. SCL effect upon time-dependent integrated radiation intensities of AfeCause these times were compared with the experimentally
(751 nm) for (a) Ar and (b) Ar—ki plasmas, predicted at 10 mm below the endbtained response times there in Section V. Regardless, the

coil. theoretical predictions did not reveal any significant effect upon
the on-delay and off-delay times for the inclusion of hydrogen
position of 214 mm (10 mm below the coil end). The colliin argon plasma. The on-delay time was found to decrease
sional excitation process between electron and heavy particéghtly with the increase of SCL, whereas the off-delay time
takes very little time (about 10's) and the de-excitation procesgemained almost unchanged with SCL. From the rising time
through photon emission was extremely fast as the lifetime pifofile it was found that the plasma response became a bit
excited state was very short (less tharm1€) [20]. Thus, the slower due to the inclusion of hydrogen at lower SCL. However,
relaxation time of the spectroscopic radiation process was né&gsL or hydrogen admixing did not affect the falling time.
ligible. Hence, the temporal change of integrated radiation in-
tensity corresponded to that of plasma itself. It can be seen IV. EXPERIMENTAL APPROACH
from the figures that the hydrogen inclusion in the argon plasma
dropped the integrated intensity range because the temperaﬁjre
happened to decrease at some radial points due,to¢lu- Fig. 2 describes the schematic geometry and dimensions of
sion. The maxima of the intensities corresponding to SCLs wete induction plasma torch. The torch has a standard config-

Experimental Setup
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(a) Spectroscopically measured temporal pulsing signal, (b)
dulated current waveform peaks, and (c) radiation intensity of atomic argon
at 10 mm below the end coil for Ar-Hplasma.

Fig.9. (a) Spectroscopically measured temporal pulsing signal, (b) modulay_.ai 10
current waveform peaks, and (c) radiation intensity of atomic argon at 10 . .
below the coil-end for Ar plasma.

uration of two co-axial tubes of 370-mm length surroundegl . A, and Ar—
by a water-cooled RF-coil. The inner diameter of the inn
quartz tube and the outer diameter of the outer Pyrex tu
are 70 and 95 mm, respectively. In order to protect the tor
from overheating, cooling water was passed through in t

upward direction between the quartz and Pyrex tubes. Thetow s increased by the inclusion of hydrogen into argon plasma.

]tlas thre.e.inlefts, nallr;:ely ﬁarr:ier, plasma,. qnd Sgeﬂth Chr?nﬁ"ﬂ plasma density drops due to addition of hydrogen in the
or gas injection, although the gas was injected through e, niasma. Eventually, the dissociative recombination re-

shea(;h cltg)annel AWithl.g S0swirl f“f.rf'? th?_uggéesro\sl\l;ﬁsw?; ﬂ::e actions [21] are responsible for the loss of charged particles
gas distributor. A solid state amplifier ( SMS, FUllie electron. The details of the reaction rates are beyond the

Electric Co., Ltd.) was employed for the power supply. Th cope of this article. The reaction rates discussed by Tanaka and

MOSFET-empone_d inverter-feed power source cc_mtinuou akuta [22] for transien$ Fy plasma show that the time con-
supplied the electric power of 50 KW (maximum) with & N0Mg, s for various species are within microsecond order. The

inal frequency of 450 kHz and has a high matching efficiengy e of these time constants is far below the order seen in
of about 90%. The RF current was amplitude-modulated 3‘(

H, plasmas are presented in Figs. 9 and 10, re-
pectively. The point of measurement was 10 mm below the
Gwnstream coil{ = 214 mm). The operating conditions are
same as those used in simulations (Table 1). It can be seen
m Figs. 9(b) and 10(b) that the magnitude of coil current

. : : asma fluctuation, where time constants are in the range of
a low-frequency (67 Hz) pulsing signal to achieve curre

lsati Th dulated > | h lied illisecond order. Therefore, the dissociation and recombina-
pulsation. The modulated current signal was then supplied {8, rates would slightly affect the findings for time constants.

the (Ij?l?—co!ls thré)ugh a Se”ﬁfs LC resonanceAcwcun,_ W:"Ch WEP induction plasma, electrons from the induced electromag-
used for impedance-matching purposes. An optical Systeme fie|d primarily absorb the electrical energy transferred to

with a spatial resolution of 1 mm was employed to obtain tr}ﬂe plasma and thus the only way for energy input to plasma

plasma edmiss_ion. Atomic irgon line i?;[)egﬁ\ijtyyei;gngnégg through the coil current. The thermal conductivity of hydro-
measured using a monochromator ( . enated-argon plasma must be higher compared with that of

and detected by a photomuiltiplier (Hamamatsu R1104) of 70, nlasma because hydrogen has higher thermal conduc-
ns response time. The detected signal was digitized and stoggel, therefore, the coil current has to rise in order to com-

by a m_uI_tlchanneI d'g'“z?‘r (DL706E, Yokogawa Electric CO'ZJensate the enhanced thermal conduction loss as well as the
with minimum sampling time of 0.3(s) per address. loss of electron due to dissociative recombination of hydrogen.
Figs. 9(c) and 10(c) show the SCL effects upon temporal radi-
ation intensities of Ar and Ar-kplasmas, respectively. It can
Spectroscopically measured temporal radiation intensitiesh realized from the figures that on-delay and rising times were
Arl (751 nm) along with the pulsing signal and coil currenincreased with the lowering of SCL in both plasmas but this

B. Spectroscopic Measurements
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Fig. 11. Hydrogen admixing and SCL effects upon the minimum ané g
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ki
24

increase was strong in Ar-Hplasmas. SCL, however, did not
have any effect upon the other response times. Hydrogeninc  ool——t—t 1 1+ 1 . 1 . L . Jgg
sion into argon plasma [comparing Figs. 9(c) and 10(c)] slowe ' § 12Time1[16ns] S
down plasma response and this effect was found severe at lower

SCL. In general, the intensity was decreased by the inclusion @)

of Hy, as shown in Fig. 11. The minimum levels of intensity Ar-H,

for the hydrogenated-argon plasma decreased very profoundly = 20 SCL 2% 0.8
with the lowering of SCL compared with those in argon plasma, £, 2% o AL(T51nm) 0772
whereas , H-inclusion did not have any significant effect on the E ' IYES
maximum levels for the decrease of SCL. 212 los &
£ k]
2 04'g
V. COMPARISON OFEXPERIMENTAL AND SIMULATED RESULTS 5 08 S 2
k) xperimental 103 =
. . - . . = =]
For the better comprehension and justification of the devia- % 0.4} Theoretical 02 &
tion between simulated and experimental results, parts of the = P P SR VIS SIS S B PP
0 4 8 12 16 20 24 28 32

simulated results are compared in this section with those of ex- Time [ms]
perimental determinations.
Experimentally measured radiation intensity of Arl (751 nm) ®)
for both Ar [Fig. 12(a)] and Ar-H [Fig. 12(b)] plasmas are Fig. 12. Comparison of experimental and simulated radiation intensities of
compared with those of numerical predictions. The operatiﬁﬂgvstlhgrgg’“‘gn(daiA:r 3?2 (ntq’)mA)'r_H plasmas, measured/predicted at 10 mm
conditions for both experiment and simulation were the same as
described in Table I. Both in experimental and numerical predic-
tions, the magnitude of intensities changed almost at the sali®® was, in general, higher in theoretical predictions than that
order with the current pulse. For Ar-Hplasma, the ratio of found in experimental measurements. The stronger nonequilib-
maximum to minimum levels of intensity was 3.1 in experimerftum conditions of practical plasma just before on-pulsation and
and 3.7 in theory, though the response was faster in experimdy@ar-equilibrium condition just before off-pulsation were re-
And those ratios for Ar plasma in experiment and theory wef@onsible for such characteristics of response times. The com-
4.0 and 5.7, respectively. parative study of this section can be summarized in the fol-
Response times of plasma were also calculated from the sp@#ing points.
troscopically measured intensity for both Ar and Apqplasmas 1) Atthe end of off-pulse, practical plasma stays in nonequi-
following the definitions elucidated in Fig. 8. librium condition because the cooler region of plasma is
The broken lines of Fig. 13 show the experimentally deter-  very likely to be in a nonequilibrium condition. Around
mined SCL effects upon the response times: on-delay, rising the end of off-pulse, the plasma temperature becomes low
and off-delay and falling time, for Ar plasma. The broken lines for the following reasons: a) during off-pulse power input

in Fig. 14 present the same effects for Ag-plasma. The ex- is at minimum level and hence temperature drops and b)
perimental findings show that on-delay time became longer at  the continued injection of cold gas through the sheath
lower SCL in both Ar and Ar—H plasmas; this time was ex- channel at insignificant power input enhances the cooling
tremely long in Ar—H plasma, at 40%. High thermal conduc- action of plasma.

tivity and heat capacity of molecular hydrogen gas in Ay+HP 2) At the beginning of on-pulse, due to the sudden applica-
strongly cooled down the plasma at significantly lower SCL (at tion of on-pulse, electrons are accelerated by the high-
or below 55%) during off-pulse, hence it needed longer time to  input energy and thus plasma deviates from equilibrium
heat up the hydrogen- admixed plasma. As was seen in theory, condition. This nonequilibrium situation dies out with
the rising time decreased gradually with the increase of SCLin  time when energy balance between electrons and heavy
the experiment too, but the falling time was almostunchangedin  particles is reached.

both Ar and Ar-H plasmas. From comparison between theory 3) Our numerical model considers equilibrium (LTE) con-
and experiment it was found that rising time during on-pulsa-  dition. Therefore, the numerical predictions have been



HOSSAINet al: COMPARATIVE STUDY OF TRANSIENT CHARACTERISTICS OF ARGON 335

Ar Plasma

5 Numerical 5 Numerical
—_ -~ ©-- Experimental -- ©-- Experimental
2] —_—

4t ] 4t ]
£ &
L
£ sl 1oz sl -
> E
= 2f 18 2¢ 1
-] -= @ TN
T Rz} © —-Q-v--0
S 1t 1 & 1t _

0 0 1 ; L 1 1

S 5
Q 3+ 4 - 4
5 157 |
) £
£ 1 15 1t .

O 0 Il L 1 I

Shimmer Current Level [%]

40 S0 60 70 -8 90
Shimmer Current Level[%)]
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Fig. 14. Comparison of experimental and simulated response times of,Astaldma measured/predicted at 10 mm below the coil-erd 214 mm).

found to differ with the experimental findings due to theoower as well as heat flux by changing SCL from 100% to
above two effects. 40%. For the same operating conditions, a two-dimensional

4) The discrepancy between theoretical and experimentiahe-dependent LTE model was solved to predict temporal
results has been lowered with the inclusion of gas behavior of plasma fields and thus to compare with the experi-
in argon plasma because stronger nonequilibrium pheental results. It was found both in theory and experiment that
nomena of argon plasma moves toward weaker noneghirdrogen inclusion (2.4%) in argon plasma:

librium phenomena by the high thermal conductivity, heat
capacity, and the dissociative recombination [20] of hy-
drogen in the H-admixed argon plasma.

VI. CONCLUSION

1) slowed down plasma response at lower SCL, especially
during on-pulsing transition;

2) caused a decrease in plasma temperature;

3) shrank plasma axially;

4) drove stronger non-LTE plasma toward weaker non-LTE.

Experiments were carried out with a plasma reactor havingPractical pulse-modulated plasma deviated from the LTE
huge coil length (144 mm) and MOSFET-employed ineondition, even at atmospheric pressure, especially at the
verter-feed power source. It was possible to control plasmageinity of off- to on-pulsing transition, and attained an almost
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