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Responses of a Long-Coil Pulse-Modulated
Induction Plasma

K. C. Pau] Member, IEEEM. M. Hossain Student Member, IEEEY. Hashimoto, Y. Tanaka, and
Tadahiro SakutaMember, IEEE

Abstract—Radio-frequency inductively coupled plasma in that time domain control of thermal plasma will proliferate
a pulse modulated approach was generated by a MOSFET its application in diverged areas. Time-dependent control of
inverter supply of high electric efficiency. The plasma torch has plasma is capable of controlling both the plasma power and the

an extremely long coil region of 153 mm, which is an attractive ies d . ith ti that material . ldb
feature for advanced materials processing, especially for better species density with time, so that materials processing could be

and more efficient vaporizing of solids. The operating conditions Upgraded by controlling operation conditions.
were: argon flow of 80 or 90 L/m at atmospheric pressure; supply ~ Despite a huge application of thermal plasma technology in

power of 30 kW; and pulse on-time of 10 ms at 67% duty factor. materials processing, some researchers haven been working
Spectroscopic measurements were carried out to determine the to use this technology for fundamental study of high-pressure

temporal plasma properties, including the effects of shimmer . . . LT
current level (SCL) upon the spectral intensities. Additionally, discharges [2], [3], which usually occur in a gas circuit breaker

a time-dependent two-dimensional numerical model was solved (GCB). Transient plasma gives an idea on different response
for the same operating conditions employed in the experiment times of plasma, and these would be representative of the

to predict and compare the plasma properties. Pulsed plasma so-called “time constants” of circuit breaker arcs. Please note
dissipation sustained for a minimum SCL of 43% for 80 L/m gas that time constants are considered very important by a GCB

flow-rate, and at any level below 43%, the plasma disappeared. . -
Temporal variation of argon line intensities at 751 and 763.5 €hdineer, because these values represent how fast a gas medium

nm is similar, though the upper level intensity of the former one 0f GCB can respond with any transition in power systems.
was significantly stronger than the latter. Intensified change of Until today, there are a very few experimental revelations
intensity is found at lower SCL because of higher change in the on plasma behavior for transient approach. Investigation on
coil current and, in turn, in the plasma power. The predicted 5 qjent extinction conditions in an inductively coupled argon
intensity of the 751-nm argon line showed similar behavior to the .

plasma, by Meubus [4]; power modulation (0.6-1.8 kW of

experimental intensity though the response around the instant of X
on-pulsation is somewhat slower. plate power) effect on electron’s temperature and density of an

Index Terms—Puty factor, integrated radiation intensity, local 18-mm diamater |nduct|yely coupled plasma (ICP)_, by De Regt
thermodynamic equilibrium, pulse-modulated induction plasma, €t @l- [5]; spectrochemical analyzes for modulation, by Fey
response times, shimmer current level, skin depth. et al. [6]; and coil current modulation effect upon the atomic
argon line intensity at 751 nm by Sakwggal.[7] and Ishigaki
et al.[8], are some works to be noted.

A few reports on numerical predictions have also been found
ULSATION in thermal plasma is a newer approach, whichn the literature. These numerical models usually solve the con-
finds many importances in the applications of thermalervative equations of mass, momentum, and energy simultane-

plasma technology. The thermal plasmas are in extensivasly. Indeed, such numerical approach costs only a fraction of
industrial and research applications, [1] and the trend is alway® cost required in any experimental approach and, thus, these
pronouncing. So far, the applications of thermal plasmasodels find substantial importance among researchers. Steady-
are mostly of the steady-state operation. It is an anticipatistate predictions are, however, enormous so far [9]-[14]. In the
transient approach, one-dimensional model of Sagiaih [15],
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le le Q Ltd.) was employed for the power supply. The inverter-type
‘ power source continuously supplies the electric power of 30
kW (maximum) with a nominal frequency of 450 kHz, and has
l D I:I a high matching efficiency of 85%. The inverter source works
] by a MOSFET. Implementation of a MOSFET has the merits
n “’L’ L over other solid state devices for inverter are: 1) MOSFET has
I, only one carrier (hole or electron), so that it responds fast; 2) it
can be operated at high frequency around megahertz range; and
3) it is voltage-controlled, so that it is workable at a high power
level. Transmission of the electrical power from the inverter
to the plasma was made by a serieS resonance circuit.
< L, The RF power was pulse modulated by imposing an external
> pulsed signal to achieve current pulsation; the rising time of
the exciting current is as short as of 0.2 ms. An optical system,
U with a spatial resolution of 1 mm, was employed to obtain the
plasma emission, which was transmitted through an optical
fiber. Atomic argon line intensities at 751 and 763.5 nm were
measured using a monochromator (JOBIN YVON HR-320)
i and detected by a photomultiplier (Hamamatsu R1104) of 70
ns response time. The detected signal was stored in a personal
computer through a digitizer (Autonics APC 510) of a 50 ns
per address minimum sampling time.

% i
&
—r O
|

I1l. SPECTROSCOPICALLYMEASURED RESULTS

Fig. 3 shows a set of spectroscopically measured data for (a)
pulsed signal intensity; (b) coil current; and (c) atomic argon
line intensity. These results correspond to a 63.1% SCL, and
80 L/m flow-rate. Other operating conditions are mentioned in
Table I. The definition of the SCL and duty facterare as of

[7]

Fig. 1. Schematic geometry of the RF-ICP torch.

1
. SCU%] = =22 x 100 1)
efficiency. The plasma was operated at a reactor pressure of Ion
760 torr, supply power before pulsation of 30 kW, total gas flognd
rate of 80 or 90 L/m_through the sheath channel, and pulsing nl%] = _ don % 100 2)
signal of 10 ms on-time with 67% duty factor. Spectroscopic Ton +1on

measurements are done to see the time-dependent behavior, of . .
) : X wherel,, and7,, are on-time current and time, adgy and
plasma using two spectral lines of atomic argon at 751 a

763.5 nm, respectively. The shimmer current level (SCL) effect™ are the on-time current and time, respectively.
S : : The supply power was 30 kW (measured by the wattmeter
upon the plasma behavior is determined both experimentall

and theoretically using the spectral intensity of 751-nm line. inStalled upon the supply) while th.e plasma was continuous, or
steady, without any pulse modulation. During pulse mode oper-

ation, the coil current was modulated periodically at a frequency
of 67 Hz (10 ms on-time and 5 ms off-time, thus the period is
Schematics of the induction plasma torch are depicted 15 ms). The input power to plasma during the pulse mode op-
Fig. 1. The dimensions of the torch are listed in Table |. Theration was not possible to measure, and, thus, unknown. It is
torch has a standard configuration of two co-axial tubes e&en from the coil current response [Fig. 3(b)], that the coil cur-
370 mm in length, and it is surrounded by a water-cooled REnt did not respond instantaneously with the pulsed signal, but
coil. The inner diameter of the inner quartz tube and the outeeeded a time to follow. This time can be termed as response
diameter of the outer pyrex tube are 70 and 95 mm, respectiveigne of the coil current. The response time is found to be same at
The induction coil consists of ten or eight turns, and the lengboth pulse on- and off-times of 0.2 ms. Reactive nature of the RF
of the coil region is an extremely large 153 mm, the longest metwork is mainly responsible for such time-lagging response
the world according to our best knowledge. The torch has thregthe coil current. Radiation intensity of atomic argon line also
gas inlets (carrier, plasma and sheath), though we injected gasponded with a time lag compared to the pulsed signal. This
through the sheath channel only with swirl from the outer slotkelayed response of the atomic argon line intensity is for two
of the gas distributor. The setup used in the experiment for tbbvious reasons: 1) radiation intensity had a response time to
measurement of temporal plasma fields is shown in Fig. 2.fallow the changes incurred by the pulse modulation and 2) de-
solid state amplifier (HFO030W45MS, Fuji Electric Companylayed response of the coil current consequently delays the re-

Il. EXPERIMENT AND MEASURING TECHNIQUE
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TABLE |
TORCH DIMENSIONS AND OPERATING CONDITIONS FOR THECONSTANT POWER PROFILE CASE
Ri= 1 mm Q= 0
R,;= 2 mm Q=0
R;= 34 mm Q, = 80 o0r 90 slpm Ar
Ry= 35 mm L= 60 mm
Rc= 58 mm L,= 213 mm
dez= 14 mm L;= 370 mm
Wall Thickness = 5 mm Pressure = 760 Torr
No. of Coil Turns= 100r 8 Forward Power = 30 kW
f= 450 kHz Duty Factor, n = 67%
Pulse on-time = 10 ms Pulse off-time = 5 ms

Position of measurement
(10 mm downstream of the coil end)

Induction thermal plasma

Optical fiber Optical fiber

Monochromator = ) Monochromator
HR-250 ' HR-320 =
Slit 0.02 mm Camera Camera  Slit 0.1
1 : mm Input power ! mm
Delay/Pulse | Pulsing signal " Photomultiplier
—ee e T
Generator
Arl (751.5 nm)
chl
Personal Multi-channel Continuum (756.5 nm) h2 Personal
computer . computer
optical system Power Current
MAX-3000 source — ch3
(1024 ch) Pulsing signal hd
A= 750 ~ 850 nm Digitizer APC-510

Sampling time 50 ns

Fig. 2. Optical system used for the spectroscopic measurements.

sponse, since the radiation signal is, intrinsically, supposedth® radiation intensity between the two levels. Another effect of
follow the input power or the coil current. The spectral intenSCL is that the radiation intensity takes a little longer time to re-
sity apparently attained steady-state value during on-time of thgond with the pulsated change of the coil current for on-time.
pulsed signal at about 6 ms after the transition. But it passAtllower SCL, more drop in the plasma temperature, as well as
through complete transition during off-time. The response timeslume, happens during off-time, so that an additional time is
of radiation intensity for on- and off-time modulations are foundequired to raise plasma temperature or volume at a level equiv-
as 4 and 3 ms, respectively. Definitions of the response times aftent to higher SCL. However, the response time of the argon
explained clearly later in Fig. 12. line intensity did not vary with SCL considerably during pulse
The SCL effect upon the radiation intensity of atomic argoaoff-time, because the upper level of coil current during on-time
line at 751 nm is depicted in Fig. 4. It is perceivable from this the same for all SCL's, so that the plasma state is similar
figure that the variation of radiation intensity becomes strongtr (though not exactly due to difference in plasma state during
with the decrease of SCL. The lower value of SCL means tl-time) immediately before the off-pulsation.
lower current level during off-time of the pulsed signal. Since Experiments were carried out for another set of operating
the upper current level during on-time is the same, the loweonditions: 90 L/m total flow rate; constant SCL of 62%; 8 coil
SCL, thus, causes a bigger current fluctuation by the pulse madrns; and all other conditions were the same as in Table I. The
ulation. The bigger coil current fluctuation should make largéime-dependent change of Arl line at three radial positiens (
difference of plasma power levels between on-and off-time3, 17.5 mm, and 26.25 mm) were measured at mid-coil region
which will eventually be responsible for a larger variation ofz = 136.5 mm) for two lines at 751 and 763.5 nm, and are
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© Spectral intensity 0'000 1b 2.0 3I0 4'0 50
20} A (751 nm) Time [ms]

2 200 Fig. 5. Time-dependent change of spectral intensity at three radial positions
; 160 (r =0, 17.5 and 26.25 mm) at mid-coit (= 136.5 mm) for (a) 751-nm line

g and (b) for 763.5-nm line.

3 120

5

intensity profiles are of similar pattern for the both lines. The
response of spectral intensity is found faster at 17.5 mm

®
(=

L 1 H 1 1 L

4 5 1 6 20 4 B’ 3 than those of the other two positions, and it is significantly slow
Time [ms] atr = 26.25 mm. For instance, the response time of intensity
a.E‘yT = 17.5 mm is found as 3.17 ms, whereas, it is 4.5 and

Fig. 3. Spectroscopically measured time-dependent (a) pulsed signal intens . .
(b) magnitude of coil current, and (c) radiation intensity of atomic argon lin2.89 ms at- = 0, and 26.25 mm, respectively. Thus, it can be

N
o

(751 nm) at 10 mm below the downstream coil 223 mm). inferred that pulsed plasma does not respond uniformly over the
spatial positions, and the response is slower in the cooler region
3.0 P T e e e of plasma. It has been realized by researchers [24] that cooler
- Al 751nm SCL= {4 region of plasma usually stays at the non-LTE condition, indi-
25 - 100% - cating a possible interlink between the slower response and the
— 3 9429 4 non-LTE situation of cooler plasma.
2 20 82.3% Fig. 6 depicts the comparison between the time-dependent
= spectral intensities at 751 and 763.5 nm for three radial po-
g 15 sitions: Fig.6(a)r = 0 (on the axis of symmetry), Fig.6(b)
é r = 17.5 mm, and Fig.6(c} = 26.25 mm. The 751-nm line is
2 10k stronger for any radial position than the other, but both of them
% ‘ respond almost at the same phase with respect to the change
Y ‘538';“:;“03 756 nm , - \ in operating conditions. Thus, selection of the spectral line does
' not effect the determination of plasma properties. Therefore, our
0.0 numerical part is arranged for the 751-nm line only, and it even-

0 4 8 12 16 20 24 28 32 tually represents cumulative plasma properties.

Fig. 4. SCL effect upon the temporal radiation intensity at 10 mm below the IV. TIME-DEPENDENTMATHEMATICAL MODEL

downstream coil{ = 223 mm). The numerical model is based on [18]. The time-dependent
conservation equations of mass, momentum, and energy along

presented in Fig. 5(a) and (b), respectively. The figure showsth the vector potential form of Maxwell’s equations are solved

that the intensities at = 17.5 mm are stronger than the in-simultaneously.

tensity at the other two radial positions. Axisymmetric thermal .

plasmas are typically strong around the middle from the axis Assumptions

of symmetry ¢ = 0) and wall. This is the obvious reason for It was assumed that the plasma flow is 2-D and axi-sym-

the stronger spectral intensity at= 17.5 mm. However, the metric, laminar and incompressible, the ICP is in the state of
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125 (a) 120 L I " l I S(I:L:94.:% l J
— r= g
=
g, 100y 1 100 b .
= 751.0m
g 0.75 —

S £ s0f i
i 050F E SCL.77.5%
2 = 60
= 025t &
B 5
= 0.00 : s ' . 3 4
0 10 20 30 40 50 2
Time [ms] 2
= 20
®
1.25 SCL:43.1%
—_ r=17.5 mm 0
3 1.00t 751 nm ' ' L ' N
= 0 5 10 15 20 25 30 35
§ 0.75 Radial position [mm)]
L
= 050}
g Fig. 7. SCL effect upon the radial distribution of Joule heating density at
E 025} mid-coil (z = 136.5 mm) and at the end of off-time.
<
3 0'000 10 20 30 40 50
Time [ms] D. Results and Discussions
© . . .

1.25 The numerical calculations are done for a 10-turns coil and
= 100} 1=26.25 mm 80 L/m gas flow rate, keeping all other operating conditions the
= same to Table I. Here, the spectral intensity of a 751-nm argon
£ 0751 line is calculated along-with other plasma properties, and the
E os0l predicted intensity thus obtained is compared with the corre-
§ 751 sponding experimental intensity. Using the power profile pro-
g 0B MW gram of the ICP code, the coil current was first determined cor-
® 0.00 763.5 nm ' ‘ responding to the active plasma power, and this was found to

0 10 20 Time [flg] 40 50 be 145 A. For the 30-kW forward power, we assumed that the

active plasma power would be 25.5 kW, which is 85% of the
Fig. 6. Comparison between the spectral intensities of 751-nm and 763.5-ﬁpr|¥ powe_r. .NOte that the inverter power supp_ly has a good
lines at mid-coil ¢ = 136.5 mm) for three radial positions: (@) = 0, (o) Matching efficiency of more than 85%. The coil current for
r =17.5 mm, and (c)r = 26.25 mm. 25.5 kW plasma power is corresponding to the upper level cur-
rent of the pulsed signal and it is dropped appropriately to make

local thermodynamic equilibrium (LTE), and optically thin. Fur{he desirable SCL.

thermore, viscous dissipation and displacement currents werdnduced effect of externally applied magnetic field on plasma

assumed to be negligible, and each coil turn was consideredi€dds is naturally strong around the mid-coil region. So, the
be planar. SCL effect upon the radial distribution of the Joule heating

density at mid-coil is determined and presented in Fig. 7.
Plasma dissipation is the maximum aroung 22 mm, which
is within the skin-depth region of plasma [1]. The figure also
. . . . . _infers that lowering of SCL directly decreases the amount of
The governing eq_uatlons, .Wh'Ch are listed in Appe_ndlx 'ﬁ‘orwarded, as well as active, plasma power. For 94.2% SCL,
were solved numerically using the SIMPLER algorithm 0{he maximum value of the Joule heating density is predicted as
Patankar [21]. The algorithm is based on a control-volumg g 7, \nwnt, and it is 11.81 MW/ for 43.1% SCL.
f|n|te-d|ffere'nce scheme for solymg the transport equations o The effect of SCL upon the temperature at mid-cail £
mcom_pres_smle f|UIdS._ CaI_cuIa_tlons were perforr_ned for a 31%6.5 mm) is shown in Fig. 8 for two radial positions: (a) on the
(in » direction) by 93 (inz direction) nonuniform grid system. axis of symmetry = 0) and (b) at- = 17.5 mm. The temper-
ature change became stronger with the decrease of SCL at both
radial positions because of stronger change of operating con-
dition via lowered SCL. However, the on-time responses were
Thermodynamic and transport properties of argon at atmaifferent in nature at these two radial positions: the tempera-
spheric pressure were obtained from [22], and the radiation ldese on the axis of symmetry is found to be larger around the
data from [23]. It was assumed that the effect of pressure @st 4 ms of the on-time for lower SCL but it attains more or
thermal and electrical conductivities, specific heat at constdass similar magnitude around the ending-duration of on-time
pressure, and viscosity is negligible. Density and volumetricrat » = 17.5 mm. The temperature decreased gradually with
diation losses were assumed to vary linearly with pressure. the lowering of SCL during off-time for both radial positions.

B. Computational Procedure

C. Thermophysical Properties
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T — SCL942% 72500+
— 9450 / SCL:82.3% E
=3 ~ N i = 2000
= 9400 “ =
§ N— e Z 1500
g 9350 \/ SCL77.5% g
2 £
%' 9300 v s 5 1000
= \ $CL631% =
9 050l S 500 /AN ;
% SCL:56.7% S 7, - / !
& 92001 \// \\/i SCL:46.9% ) 0 L Lo ) L L :
- T 0 4 8 12 16 20 24 28 32
9150 L L L L P —— Time [ms]
0 4 8 12 16 20 24 28 32
Time [ms] , o . . .
Fig. 10. SCL effect upon the temporal radiation intensity of atomic argon line
(b) (751 nm) at 10 mm below the downstream ceil£ 223 mm).
10400 T T T T T T T
—_ 10200»‘% surrounded by the coil compared to the other parts of plasma.
B :// NS That’'s why the temporal temperature at mid-coil, around where
é’ 10000 \/ scLazas” |\ the externally applied fields are stronger, is found to respond
g o8 00-‘ : OSeLTSE rapidly than at 10 mm below the downstream coil. The weak
g scui plasma atz = 223 mm can not reach a constant temperature
&= 9600-\/ ScLes1% during on-time due to characteristic inertia prevails in the weak
g el SCL:56.7%. plasma
é 9400 SCL46.9%
9200 ' . oy . s V. COMPARISONBETWEEN EXPERIMENTAL AND THEORETICAL
0 4 8 12 16 20 24 28 32 RESULTS
Time [ms]

The integrated argon line intensity at a particular axial posi-

Fig. 8. SCL effect upon the time-dependent temperature at mid-coie( tion can be calculated numerically by the following relation:
136.5 mm) and (a)- = 0 and (b)r = 17.5 mm.

Rg
10000 . — : . e — I, =27 / T, rydr 3)
L - 0

g 9800 == SCL94.2% == | where
2 N(T
% 9600 I(T, 7’) —_ C ( ) C_E”/kT. (4)
E 9400 SCL82.3% VA (T)
E ‘ o Here, I(T, =) is the temperature-dependent spectral intensity
g 20 ~scLasin \ for a particular radial positior¢’ = hcvg, A, /47, is to account
2 000 SCL 56.7% all constants;N(7) and Z(7") are the temperature-dependent
A~ L SOA69% 1 particle density and internal partition function, respectivély;

8800 | ! N L ' 1 A

h . . " > - = = = is the energy of the level; arfdis the Boltzmann’s constant.
Time [ms] The numerically obtained intensity of the Ar line at 751 nm
is illustrated in Fig. 10 for the axial position of 10 mm below
Fig. 9. SCL effect upon the time-dependent temperature at 10 mm below the downstream coilz( = 223 mm). This figure illustrates
downstream coil{ = 223 mm) and: = 17.5 mm. the SCL effects upon the calculated intensities and is compa-
rable with the experimental results of Fig. 4. As found in ex-
Since plasma response is profound within the skin-depth ggeriment, on-time response becomes a little slower with the de-
gion of plasma, temperature fields are found to respond rapidaisease of SCL. The intensities measured experimentally and cal-
and strongly at = 17.5 mm (which is within the skin-depth culated theoretically for 63.1% SCL are compared in Fig. 11.
region). A similar set of temporal temperature distribution iBoth the experimental and theoretical results change magni-
shown in Fig. 9 forz = 223 mm (10 mm below the down- tudes at almost the same order( /0.39 = 3.6 in experiment;
stream coil) and = 17.5 mm. In nature, the effect of SCL was5.58/1.7 = 3.3 in theory) with pulsation. One major discrep-
the same as the one discussed following Fig. 8(b). However, tecy found between these two results is that the rising time of
temperature did not attain a similar value during the on-timthe numerically predicted intensity is longer than that of the ex-
rather decreased gradually with the decrease of SCL. And therimentally measured intensity. This discrepancy would be due
response of temperature was slower compared to the casetodhe LTE assumption in the model. It is an understanding that
ticed at mid-coil ¢ = 136.5 mm). The externally applied mag-plasma deviates from the LTE condition even at a high (atmo-
netic field through the load coil is the input to the plasma argpheric) pressure [24], significantly around the cooler region of
any change of this field will transfer rapidly to plasma-regioplasma. During the end of off-time, plasma temperature drops
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to a lower value due to insignificant power input, as well as du 3 6
to the cooling effect by the cold gas-flow and, thus, the plasm.£ 5
would be in non-LTE condition. Nevertheless, the introductior g
of power by the on-pulsation inadvertently deviates plasma fror.Z 4
LTE condition. There is a physical understanding that the suj
plied energy to plasma is absorbed by the electrons first, ai
this energy is then transmitted to all other species through coll 2 S
sions between electrons and other species until energy balar 40 0 e chi?[%] %0 100
is reached. For this reason, it is assumed that electron tempe
ture is, at least, initially higher than the heavy particle tempere 0 (b) —O— Experimental
ture. Under these circumstances, the radiation intensity (whic [ T 7 T T T T —A—Theoretical
is basically governed by the electron temperature of plasma) 8 [
non-LTE plasma responds faster practically than the theoretic ; i
one of LTE plasma. It can also be attributed that both the expeg 5
imental and theoretical responses of plasma during off-time a';* 6 -
almost same. Around the end of on-period, plasma at high ter.E
perature stays almost into LTE condition, and hence, the plasr &
responses for both experimental and theoretical cases are ali’z

Response times are determined, both experimentally and tf
oretically, from the spectral intensities for both on- and off-
times. The definitions of these response times are illustrate 2 4'0 : Io T SN TS S W—"
clearly in Fig. 12. The response time for on-time is the time re 3 60 70 80 20 100
quired by the intensity to reach from 10%—90% level of the max- Shimmer Current Level[%]
imum value, and for off-time, it is the time reqUired by the inFig. 13. SCL effect upon experimental and theoretical response times and
tensity to reach 90% to 10% level of the minimum value. Fig. 1&mparison between them: (a) for on-time and (b) for off-time.
shows the SCL effect upon the response times: Fig.13(a) for
on-time and Fig.13(b) for off-time. Response times for on-time
pulsation are, in general, higher (about double) in theoretical
predictions than those found in experimental determinations.Experimental diagnosis was carried out for an ICP system
But for off-time pulsation, the theoretically predicted responseorking with a MOSFET-employed inverter power supply and
times are almost equal to the values found from experimental @etorch of very long coil length (153 mm). The plasma under
terminations. However, the trends in change of response tinprgsing mode was generated with an 80 or 90 L/m of argon
with the SCL are found identical in both experiment and theofiow-rate through the sheath channel. For the same operating
for both pulsations. The stronger nonequilibrium effects of pracenditions, a two-dimensional time-dependent LTE model of
tical plasma around on-pulsation,and near-about equilibrium é&P code was solved to predict temporal behavior of plasma
fect around off-pulsation, are the reasonable interpretations fads and to compare with the experimental measurements. The
the predicted nature of response times. findings can be summarized as follows.
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1) The plasma power, as well as the plasma temperature, cah time;
be controlled according to necessity in time domain by p pressure;
changing the SCL or the lower value of coil current. 7 viscosity;
2) Thereis alimit of SCL below of which plasma disappears « thermal conductivity;
for other particular operating conditions; itis 43.1% at 80 A enthalpy;
L/m argon flow rate for this specific ICP torch with the T temperature;
operating conditions listed in Table 1. u velocity vector with three components in the axial
3) Plasma properties by 751- and 763.5-nm argon lines are (u), radial(v), and azimuthal direction@w);
seen similar so that line selection would not effect the j current density vector;
plasma diagnosis. B magnetic induction;
4) Plasma is found to respond a bit slowly after on-time at E electric field;
lower SCL, and it is the additional time needed by the de- i° volumetric radiation loss.

creased temperature (of off-time) to attain the temperatureThe electromagnetic fields and current density were calcu-
level corresponding to the higher SCL temperature at thged from the vector potential form of the Maxwell’s equations.
end of off-time. And the SCL effect upon plasma responsgne vector potentialA(r, ¢), is defined as
after off-pulsation is negligible because the plasma stays
about similar condition by the similar coil current level B=nH=VxA (A-4)
just before off-pulsation. where
5) Plasma usually deviates from LTE, especially around the g magnetic field intensity:
on-time, and the degree of deviation depends on SCL.,. position vector;
Therefore, the response times for on-pulsation, predicted,, . _ 4 x 10~7(H/m) permeability of free space.

by the LTE model, are found to be longer than those of o 5 standard induction plasma torch with conventional coil
practical plasma due to non-LTE situation of plasma, gometry (as seen in Fig. 1), it is reasonable to assume that the

well as SCL effect mentioned in the last item. electric field and, thus, the vector potential has only tangential
component [9]. The electric fieldsy), axial and radial compo-
APPENDIX A nents of magnetic fieldq. andH,.), and vector potential{,)
BAsIC TIME-DEPENDENTEQUATIONS are co-related as follows:
The time-dependent conservation equations for the transpor% — iwmA 0o— 10 A Ho— OAg
of mass, momentum and energy are as follows: 6= Ttwae Jolls = Tar (rde); poH, = — 9,
« conservation of mass (A.5)
1 Dp +V-u=0 (A1) The Joule heating and axial and radial Lorentzian forces are
p Dt written as
. i . 1
conservation of momentum P =2 o[, B
1) r-momentum %
Dv  dp 19 ( ) 8 ( du B =5 nooR[EgH
Ppi = Tar PVt L e ) T \Par i
o pu? i L. = 3 pooR[EgHY) (A.6)
—— + — j xB),. (A2-a . . . .
r? + T +( ) ) wherer, 8, andz are the radial, tangential, and axial coordinates,
2) z-momentum respectively, anér is the real component.
p& _ 0y, 1V 1 3 <w)8v> APPENDIX B
Dt 9z o 9z BOUNDARY CONDITIONS

0 Ou . "y . :

+ <u ) +({(xB). (A.2-b) The boundary conditions for conservation equations of mass,

momentum, and energy [(A.1)-(A.3)] were: at the inlet, gas

3) §-momentum temperature was given as 300 K and uniform velocity profiles
Dw pow  10(pw) 9 sw were assumed based on thg given fI0\_/v rates; on the axis of sym-
Por = VpVuw — .8 THa (7—) (A.2-C) metry, the symmetry conditions were imposed; on the walls, the
) no-slip condition was assumed, and the outer wall temperature
* conservation of energy was given as 350 K; and, at the exit, axial gradients were set

Dh . . equal to zero.
P = V-wVT+j-E—-R (A-3) The vector potential is zero on the axis of symmetry since the
electric field is zero. At the inlet, exit, and the wall of the torch,
where . - i
D/Dt = 8/9t+u.V substantial derivative; the following boundary condition was assumed:

v gradient operator in cylindrical coordinates; o Ho J' 1) 5,
p plasma density; Ap(r, 8) = /\ A (B.1)

oL [ =]
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where the integral extends over all the current carrying regio
in space, including the coil. Equation (B.1) was further simpl
fied and was written explicitly in terms of the complete elliptic
integrals [20].
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