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A radio frequency (rf) inductive discharge in atmospheric pressure range requires high voltage in the initial
startup phase and high power during the steady state sustainment phase. It is, therefore, necessary to inject high rf
power into the plasma ensuring the maximum use of the power source, especially where the rf power is limited. In
order to inject the maximum possible rf power into the plasma with a moderate rf power source of few kilowatts
range, we employ the immittance conversion topology by converting a constant voltage source into a constant current
source to generate efficient rf discharge by inductively coupled plasma (ICP) technique at a gas pressure with up to
one atmosphere in argon. A novel T-LCL immittance circuit is designed for constant-current high-power operation,
which is practically very important in the high-frequency range, to provide high effective rf power to the plasma. The
immittance conversion system combines the static induction transistor (SIT)-based radio frequency (rf) high-power
inverter circuit and the immittance conversion elements including the rf induction coil. The basic properties of the
immittance circuit are studied by numerical analysis and verified the results by experimental measurements with the
inductive plasma as a load at a relatively high rf power of about 4 kW. The performances of the immittance circuit are
also evaluated and compared with that of the conventional series resonance circuit in high-pressure induction plasma
generation. The experimental results reveal that the immittance conversion circuit confirms injecting higher effective
rf power into the plasma as much as three times than that of the series resonance circuit under the same operating
conditions and same dc supply voltage to the inverter, thereby enhancing the plasma heating efficiency to generate

efficient rf inductive discharges.
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1. Introduction

Inductively coupled plasma (ICP) technique is one of the
methods to generate high-pressure radio frequency (rf)
discharges. The concept of ICPs are not new and their
generation [1-3], modelling [4,5], characterization [6,7],
processing [8,9] and applications [10,11] have been reported
in many literatures since the last few decades with the
intention of achieving each goal. Although the idea of
induction heating was first introduced by Hittorf in 1884 [1],
the full concept of induction plasmas and their applications
were reported by Reed in 1961 [2,3], and after that a lot of
works were conducted by the scientists and researchers all
over the world to provide these plasma reactors in the several
fields of applications. But, most of these researches were

conducted for low-pressure ICPs, since the initiation and
generation of low-pressure ICPs require low-voltage and low-
power with their simple and easy diagnostics technique.
However, there has been increasing the interest in the
potentiality of high-pressure (near atmospheric pressure
range) induction plasmas during the past decades in a
diversity of researches because of their high-temperature and
high-reaction activity, and wide range of applications such as
material processing, spray coating of metals and ceramics,
thin films deposition, waste materials destruction, and
disposal of harmful gases (NOx, CO,, O3, CFC etc.) that are
responsible for global warming and environmental pollution.
But, high rf voltage and high rf power are the most important
requirements for the generation and sustainment of high-
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pressure (near atmospheric pressure) radio frequency
discharges [11]. And because of high-efficiency and high-
power operation, high-power semiconductor devices, such as
static induction transistor (SIT) inverter power source has
become popular in the last decade due to their applications to
various kinds of induction heating and plasma generation [12-
18]. But, at high operating frequencies in the MHz range, rf
system shows transient and strongly dynamic behavior due to
the presence of reactive components in the power source [19],
and non-linear coupling and dynamic interaction between the
plasma and the rf source [20,21]. Inherent problems are,
therefore, observed in the radio frequency (1f) power source
during high-pressure induction plasma generation [22,23].
During the generation of rf inductive discharges using
the conventional series resonance circuit [18], initially an
electrostatic discharge (E discharge) develops by the strong
axial electrostatic field (100-200 kV/m in atmospheric
pressure) due to the high rf voltage on the induction coil for
several hundred microseconds, and then a rapid transition
from electrostatic to electromagnetic mode occurs after
developing the electromagnetic discharge (H discharge) due
to induced electric field to form the volumetric induction
plasmas [20,21]. A rapid increase of the coil loading
resistance and decrease of the effective coil inductance are
observed during the mode transition period of the generated
plasmas. The loading resistance in the E mode is very small
due to a weak coupling between the plasma and rf source,
and becomes high in the H mode due to the growth of the
inductive plasma. The rf coil current, therefore, drops abruptly
when the load changes from the E to H mode due to the
resistance rise. The rf coil current also decreases due to
plasma reaction by the induction current flows in the
azimuthal direction but opposite to that of the rf coil current,
which decreases the induced flux. Therefore, the effective coil
loading inductance and hence the reactance decreases in the
H mode. As a result, the frequency and phase are shifted from
their resonance value during the H mode by a value of about
30 kHz and + n/6 radian, respectively with a driving
frequency of 1.2 MHz at atmospheric pressure [22].

Vac

Converter

Efficient Radio Frequency Inductive Discharges in Near Atmospheric Pressure

M.A. Razzak et al.

Therefore, the total load, which is resistive without plasma
due to a resonance tuning becomes slightly inductive in the E
mode and slightly capacitive during the H mode, thereby
increasing the switching losses of the SIT inverter elements
present in the rf system. Hence the inverter output strongly
deteriorates, thereby decreasing the dc-rf power conversion
efficiency of the rf power source by a value of about 30-40%
[22,23]. To overcome these problems, in this paper, a novel
immittance conversion circuit is designed for constant-current
high-power operation in the high-frequency (MHz) range and
employed successfully to enhance the power as well as
heating efficiency, thereby generating efficient rf inductive
discharges at near atmospheric pressure range in argon.

2. Immittance Circuit

In recent years, the immittance conversion topology [19]
has become attractive as a novel power conversion strategy
because of its features that a constant voltage source is
converted to a constant current source and vice versa. The
immittance converter is a combined word of the impedance-
admittance converter. In this converter, the output current is
proportional to the input voltage and the input current is
proportional to the output voltage. A typical T-LCL type
immittance circuit employed in the present experiment is
sketched in Fig.1. The immittance conversion system
combines the static induction transistor (SIT)-based radio
frequency (1f) high-power inverter circuit and the immittance
conversion elements including the rf induction coil. The rating
of the SIT inverter power source is about 20 kW maximum
in pulse operation and 14 kW in continuous operation in a
frequency range of 0.2—-1.7 MHz.

Since the inductive plasma behaves as a non-linear load
due to the dynamic interaction between plasma and rf source
[20-22], it is, therefore, necessary to design an ideal
immittance circuit in order to apply to such a time-varying
inductive plasma load. To determine the circuit elements, we
employ the overall resonance condition to the RLC input and
output circuit. The design procedure is practically very
important in this frequency range, which is described below.

{| DC-DC

SIT inverter power source

Fig. 1

Immittance circuit

Equivalent circuit of the combined system consisting of static induction transistor (SIT) inverter unit (one of the six inverter

units is shown in the figure) and T-LCL immittance circuit (including rf induction coil) for constant current operation.
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Fig. 2 Driving frequency vs. input current to determine the
resonance frequency.

2.1 Determining the resonance frequency
From Fig. 1, the basic voltage-current relation can be
written as

1 1
V=|r +joL + I ——1 1
1 [Ll JOL, ijIJI ijlz’ (D
V=1 -|r +jor,+— i 2
2 joC, 1 1, TJOL, joC, 2 s
V,=2,1, , 3)

where @ is the driving angular frequency and Z; (= R; + jX;)
is the plasma loading impedance, which is consisting of a
reactive part X; in addition to a resistive component R;
because the effective coil inductance could change due to the
plasma reactor. In Eq. (2) the inductance L, is given by

1

‘coil - 2
wC,

L,= 4)
where, L. is the rf coil inductance and C, is the matching
condenser to have a reasonable value of L, since L.y is
determined from the plasma coupling.

In order to find the resonance frequency, resonance
condition (maximum power transfer) is applied to the input
rf circuit of Fig. 1, which is drawn as an insertion in Fig. 2.
Figure 2 shows the input current as a function of frequency
by taking the value of C; = 50 x 10 F. According to
maximum power transfer condition, the resonance frequency
will be known when the current reaches to its maximum
value. From Fig. 2 the resonance frequency is found to be
1.21 x 10° Hz.

2.2 Calculating the primary coil

inductance L,

Applying the resonance condition in the input rf circuit
of Fig. 1, which is drawn as an insertion in Fig. 2, it is
possible to find the primary coil inductance, which is given
by
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Fig. 3 Input current as a function of matching condenser to

determine the optimum value of the matching
condenser.
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Now we know the value of C, and the resonance frequency,
which are equal to 50 x 10 F and 1.21 x 10°% Hz,
respectively. Therefore, the primary coil inductance calculated
by Eq. (5) is about 0.346 x 107° H.
2.3 Determining the matching condenser C,

By including the matching condenser C, in the
immittance circuit as shown in Fig. 1, the value of output
current will be decreased, and we can choose the appropriate
value of C, when the input current reaches to its minimum
value since the output current will be reached to a maximum
at that time. Figure 3 shows the input current /; as a function
of the matching condenser C, without plasma, and from Fig.
3 the optimum value of C, is found to be about 3.33 x 10° F.
2.4 Calculating the value of coil

inductance L.

Using Egs. (1)—(5), assuming r,, and r;, negligible, the
relation between V| and /; can be written as

1
—w—qﬂ‘ﬁ ()

For the resonance condition without plasma, the summation
of the last three terms of Eq. (6) must be equal to zero, which
gives

I, = (@C )2 Z, +j| oL ———
oC,

1 1

oL  ——————=0 7
coil a)C2 wCl ( )
Using Egs. (5) and (7), the coil inductance is given by
L. =L+ ! (8)
‘coil 1 wzcz .

Now we know the values of ®, L, and C, and using those
values the coil inductance calculated by Eq. (8) is found to
be about 5.53 x 10 H. From Egs. (4) and (8) we find
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Li=L,, )
which is one of the necessary conditions that must be satisfied
for the design of an ideal immittance circuit.

2.5 Determining the final driving frequency

The overall operating frequency is determined by the
minimum input current without plasma as shown in Fig. 4,
which confirms the resonance condition (maximum power
transfer). From Fig. 4, the driving frequency is found to be
about 1.185 x 10° Hz.

Therefore, by choosing the value of C; as 50 nF, the
values of L,, L., and C, is found to be 0.34 uH, 5.53 uH
and 3.33 nF, respectively, and according to Eq. (9) the value
of L, is obviously 0.34 uH. The overall driving frequency is
found to be about 1.2 MHz.
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Fig. 4 Input current as a function of frequency to determine
the overall driving frequency.

0-33 ms 66 rﬁs 67—55 ms

100-132 ms

Fig. 5 A series of typical CCD camera pictures with an
exposure time of 33 ms, using conventional series
resonance circuit (a) and immittance circuit (b). The
injected rf power is about 1.2 kW in the case of series
resonance circuit (Fig. a), and about 3.0 kW in the case
of immittance circuit (Fig. b).
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3. Application to Plasma Generation

The immittance circuit designed in the above section,
cascading with a static induction transistor (SIT) inverter
power source, is employed to generate radio frequency
discharges by inductively coupled plasma (ICP) technique in
near atmospheric pressure. The maximum output power and
frequency rating of the SIT inverter is 20 kW (pulse
operation) and 1.7 MHz, respectively. The inverter DC input
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Fig. 6 RF coil current waveform with series resonance circuit

(a), and output current (b), and input voltage waveform
(c) for immittance circuit during plasma generation.
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voltage and current, rf output voltage and current, and rf coil
current are measured to analyze the performance of the
immittance circuit. The plasmas are sustained in a Pyrex glass
tube with an inner diameter of 7 cm and a length of 20 cm.
An induction coil consisting of a 7-turn copper tube of 1/4
inches outer diameter is used for the discharge to be occurred.
Argon gas with a neutral pressure with up to one atmosphere
and a flow rate of 20 lpm is injected both axially and spirally
into the discharge chamber. The neutral gas pressure, which
is controlled by using a mechanical rotary pump, is 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 without applying any
cooling system. Repetitive spark discharge, using the spark
discharge technique [15,18], with a repetition frequency of
500 Hz for 20 ms (10 pulse with a duration of 2 ms each), is
applied simultaneously with the rf pulse to initiate the
discharge. A typical automobile spark plug placed at the
center of the top flange of the discharge chamber, with a high-
voltage transformer circuit, is employed for this purpose. To
observe the visible emission of rf discharges, a series of CCD
camera pictures with a frame speed of 30 fps are taken by
setting the camera perpendicular to the discharge axis.

A series of typical CCD camera pictures of rf inductive
discharges at a gas pressure of one atmosphere are presented
in Fig. 5. Figure 5(a) represents the discharges generated by
conventional series resonance circuit while 5(b) represents the
discharges generated by using immittance circuit. It is noticed
that with the same operating conditions and same dc voltage
supply to the SIT inverter, immittance circuit injected higher
effective rf power (about 3.0 kW) to the plasma than that of
the series resonance circuit (about 1.2 kW), thereby enhancing
the plasma heating efficiency, which helps to generate
efficient rf inductive discharges. The comparison of power
efficiency using immittance circuit with that of the
conventional series resonance circuit will be shown later in
Sec. 5.

Figures 6(a) and (b) show rf coil current waveforms
during plasma generation with series resonance circuit and
immittance circuit, respectively. Fig. 6(a) shows that, with the
conventional series resonance circuit, rf coil current drops
abruptly by a value of about 75% after the plasma generation
due to the impedance rise. However, on the other hand, using
the immittance conversion circuit, although the rf coil current
drops (about 25%) due to a deviation from ideal immittance
circuit and a decrease of the inverter output voltage as shown
in Fig. 6(c), but still is much higher than in the case of series
resonance circuit. This high rf coil current confirms higher
effective rf power injecting into the plasma thereby increasing
the dc-rf conversion efficiency [15], and also the effective rf
power absorbed by the plasma. Another point has to be
mentioned that the starting current [18] is lower in the case
of immittance circuit (125 A) than that of the series resonance
circuit (275 A) due to the current limit of the immittance
circuit as shown in Figs. 6(a) and (b). For this reason, the
initial ignition time is much longer in the case of immittance
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circuit than that of the conventional RLC series resonance
circuit as shown in Fig. 6. This is one of the disadvantages of
the immittance conversion circuit over the series resonance
circuit. Comparing Figs. 6(a) and (b), it is seen that the
ignition starts just about 20 ms after applying the radio
frequency power in the case of series resonance circuit while
about 40 ms in the case of immittance circuit.

4. Evaluation of Immittance Circuit
Properties with Inductive Plasma Load
Before going to evaluate the properties of the immittance

circuit with high-pressure rf inductive plasma load, it is

necessary to characterize the immittance circuit properties by
circuit analysis. Using Egs. (1)—-(3) the voltage to current
ratios can be written as

v, 1Y R
el K/ Rl ey
I oC, | R+ X’

2
. 1
i X(EJ
1

L=[-0C, (;, X, +RX)]

X,

——— 1
RP+X2 |’ (10)

=

. 1
+]|:COC1(}’L‘R—X1X2)+(EJ} s (11)

1

1 1
where Xl Z[a)Ll__J’ X2:[XL+COL2__J and
woC, [0}

1

R=R, +r,, (12)

Applying the resonance condition (X; = 0 and X, = X;)
and assuming that the internal resistances of the inductors are
negligible (r,, = r;, = 0), Egs. (10) and (11) become

Kzz_oz (13)
Il ZL '

\%4 .

I—1=JZO , (14)
2

respectively, where Z, is the characteristic impedance given

by
Z, :\/Ll/cl .

Also Eq. (13) can be rewritten as

5)

1% z:
_1=RJ+jX3=—O )
1, R, +jX,
which gives
Z:R Z:X
S:%’ XS:_%_ (16)
R, +X,; R +X,;

Using Egs. (13) and (14), the properties of the immittance
circuit can be characterized by the following F-matrix
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From Eq. (16) it is seen that the value of R, and X|
depends on the plasma loading resistance R; and reactance
X, since the characteristic impedance Z; is a constant. The
value of R, and X calculated from the waveform of V; and I,
(Fig. 6) are plotted in Fig. 7, from where it is seen that R, is
large (about 22 Q) before the plasma ignition due to the small
loading impedance without plasma, and decreases after the
plasma ignition (about 1.75 — 2.5 Q) due to the gradual
increase of plasma loading impedance. It is also seen that the
value of X; is relatively large and positive (about +0.75 €)
during E discharge mode due to small loading reactance for
the weak capacitive coupling of streamer-like electrostatic
discharge [20,21], and decreases and becomes slightly
negative (about —0.25 to —1.0 €) after the plasma generation.
This is because with the high rf coil current supplied by the
immittance circuit, the induced azimuthal current and thus the
induced flux inside the plasma increases, which decreases the
original axial magnetic flux and thus the effective coil loading
inductance or the loading reactance. Therefore, the total load
behaves as slightly capacitive with the high rf coil current
using the immittance circuit. Now, the value of R; and X
calculated from the plasma loading resistance R; and
reactance X; using Eq. (16) are found to be about 2.5  and
—0.65 € respectively after the plasma generation, which
shows a good agreement with the results shown in Fig. 7 that
are calculated from the waveform of V| and /; (Fig. 6). These
agreements confirm a good design of T-LCL immittance
circuit in the high-frequency (MHz) range for high-power
induction plasma generation.

From Eq. (14) it is seen that the ratio |V,/1,| should be a
constant value both in magnitude and phase, which are equal
to Z, ohm and + 7/2 radian, respectively. This shows that the
output current of the immittance circuit remains constant
regardless of the loading impedance provided that the input
voltage is fixed. Figure 8 shows the comparison of the
characteristic impedance Z, calculated by circuit elements,
which is about 2.63 Qin the present design, with that of the
experimental result evaluated from the waveform of V; and I,
(Fig. 6). It is seen that the calculated results agree well with
that of the experimental one, which also confirms a good
design of constant current, high-power immittance circuit for
the generation of high-pressure rf inductive discharges.
However, from Fig. 8 it is seen that the estimated value of
|Vi/1,| has a slight deviation after the plasma ignition. This
discrepancy probably comes from the effect of the internal
resistances of the primary inductor and that of the rf induction
coil, which are assumed to be zero in the above calculations
[Egs. (13)—(17)] for an ideal immittance circuit. But, since
the internal resistance of the rf coil will automatically be
included with the plasma resistance, we will here, therefore,
discuss the influence of internal resistance of the primary
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Fig. 7 Evaluation of the immittance circuit properties using
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0.2 Qand 5Q, respectively.
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inductor only.

Figure 9 shows the effect of internal resistance of the
inductor in the primary side in which the calculated results
are compared with that of the experimental one. It is observed
that with the internal resistance r;, = 0, the ratio |V,/1,|
remains constant before and after the plasma generation, but
the ratio |V,/1,| increases with increasing the internal
resistance after the plasma generation. Therefore, the
discrepancy between experimental result and calculation seen
in Fig. 8 comes from the effect of the internal resistance of
the primary inductor, and from Fig. 9, the internal resistance
of the primary inductor that matches with the experimental
result is found to be about 0.15 €

5. Enhancing the Power Efficiency

The time evolution of effective rf power using the
immittance circuit with that of the series resonance circuit is
compared in Fig. 10(a), from where the value of effective rf
power, calculated from the rf power supply side, is found to

Plasma ignition for imumittance cireuit
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Fig. 10 Comparison of the performance of immittance circuit
with that of the conventional series resonance circuit
in high-pressure induction plasma generation.
Comparison of rf power (a), and dc-rf power
conversion efficiency (b).
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be about 3 kW with immittance circuit, while about 1.2 kW
with series resonance circuit after the plasma ignition under
the same operating condition. Therefore, the effective rf power
injected into the plasma is about three times using immittance
circuit than that of the series resonance circuit after the
plasma ignition. Figure 10(b) shows the comparison of dc-rf
power conversion efficiency (ratio of rf power and dc power)
using immittance circuit with that of the conventional series
resonance circuit, from where it is seen that the power
conversion efficiency is about 90 — 92% using the immittance
circuit, which is as much as three times than that of the
conventional series resonance circuit (which is about 30%).
Because, using the series resonance circuit, the total load
behaves slightly capacitive due to the positive phase shift
(about + 7/6 radian) after the plasma generation, which
increases the switching losses of the SIT inverter elements,
thereby decreasing the rf output power and thus the dc-rf
conversion efficiency [22]. On the other hand, having the
constant coil current properties as shown in Fig. 8, the
immittance circuit helps to inject high rf power into the
plasma thereby increasing the plasma heating as well as the
plasma production efficiency.

6. Conclusions

A novel T-LCL type immittance circuit is designed in
the high-frequency (MHz) range for constant-current high-
power operation to enhance the power efficiency, thereby
generating high-pressure radio-frequency inductive discharges
in near atmospheric pressure efficiently. Although it is difficult
to design an ideal immittance circuit for inductive plasma load
due to the presence of residual resistance in the reactive
components, the result reported in this article using the
designed
improvements over the conventional series resonance circuit.

immittance circuit shows comprehensive
The experimental results shows that the immittance circuit
confirms injecting higher effective rf power into the plasma,
thereby enhancing the dc-rf conversion efficiency as well as
the plasma heating efficiency (with a relatively high rf power)
as much as three times than that of the series resonance
circuit, and assists to generate efficient rf inductive discharges

with up to one atmosphere in argon.
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