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Impedance Matching for One Atmosphere Uniform
Glow Discharge Plasma (OAUGDP) Reactors

Zhiyu Chen Student Member, IEEE

Abstract—A characteristic one atmosphere uniform glow dis-
charge plasma (OAUGDP) reactor requires a power supply ca-
pable of delivering a few kilowatts at a frequency of 1-10 kHz, and
an rms voltage up to 20 kV. The OAUGDP reactor with the plasma
energized can be modeled as a capacitor in parallel with a resistor.
In addition, the nonideality of the transformer between the radio
frequency (RF) power supply and the plasma reactor introduces an
imaginary component in its impedance. Thus, the load of the RF
power supply, as seen by its output terminals, is highly reactive.
An impedance mismatch resulting from the absence of a matching
network will cause a large reflected power from the plasma reactor
back to the power supply that does not contribute to plasma for-
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mation, but requires an expensive overrated power supply. All the
impedance matching networks in the existing literature are for the
RF or microwave plasma applications under low pressures, and
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they cannot be applied to the applications of the OAUGDP, which 1
is operated at much lower frequencies and much higher voltages.
In this paper, the design theory and experimental results of two
types of impedance matching circuits that match OAUGDP reac-
tors to their power supplies will be presented.

CHILLED WATER

Index Terms—tmpedance matching, OAUGDP, one atmosphere

uniform g|0W discharge plasmav RF power Supplies_ Fig. 1. Schematic of the MOD IV OAUGDP parallel plate reactor system.

I. INTRODUCTION

HE One Atmosphere Uniform Glow Discharge Plasmi |

(OAUGDP) investigated at the Plasma Sciences Labor
tory of the University of Tennessee (UT) [1], [2] can be oper
ated in awide range of geometrical configurations, ranging froi
a slab plasma between parallel plates [1], to a surface layer
plasma on flat panels [3], all of which are capacitively couplec
The OAUGDP is capable of operating at one atmosphere in
and other gases, and its active species can be used, among ¢
things, to sterilize and decontaminate surfaces. An OAUGD
actor characteristically requires a power supply capable of d
livering a few kilowatts at a frequency of 1-10 kHz, and an rm
voltage of up to 20 kV. Fig. 1 shows a schematic of the Moc
IV OAUGDP parallel plate reactor and Fig. 2 shows a photc
graph of it in operation. Fig. 3 shows a schematic of a sym-

metric plasma panel used to generate a flat layer of OAUGD- 2. Photograph of the MOD IV OAUDGP parallel plate reactor in

plasma. All were developed at the UT Plasma Sciences Labo?ggrauon'
tory [4]-{7]. o . :

An OAUGDP reactor is mainly a capacitive load seen by tHédPacitor in parallel with a resistor. The transformer converts
power supply and the secondary side of the transformer. Ti€ low voltage output of the power supply to a high voltage

OAUGDP reactor with plasma energized can be modeled agoglplasmaform_ation. The capacitive plasma reactor can refle_ct
a large part of input power back to the power supply, and in
nglis circumstance, only a small part of the power supply output
was supported in part by the UTK Center for Materials Processing (CMP) alR@Wer I1s delivered to the plasma, l.e., the plasma reactor Is not
by United States Air Force under Contract AF F49620-01-1-0425ROTH.  matched to the power supply. The reflected power does not con-

The au_thor is with the Plasma S_C|ences Laboratory, Elegtncal and Compygpute to plasma formation but requires an expensive overrated
Engineering Department, University of Tennessee, Knoxville, TN 37996-2100 Iv. In additi h ideali fth f b
USA (e-mail: zychen@utk.edu). power supply. In addition, the nonideality of the transformer be-

Digital Object Identifier 10.1109/TPS.2002.805373 tween the RF power supply and the plasma reactor also con-
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Fig. 4. Electrical model of OAUGDP reactor with plasma energized.

LOWER ELECTRODE seen by the output terminals of the power supply or its output
= transformer. By eliminating the reactive power, one can increase
thfe power factor of the whole load to nearly unity. By adjusting
the impedance of the whole load to a proper resistive value, the
maximum power can be delivered from the power supply to the
load.

tributes animaginary part to itsimpedance. Thus, the whole load

for the power supply, seen by its output terminals, is highly reag: gjectrical Circuit Model of OAUGDP Reactor With Plasma
tive. The impedance of the load seen by the power supply Sho\'ﬁﬁ‘ergized

be optimized in order that the maximum power is delivered to
the plasma. However, the equivalent impedance of the plasma j§" OAUGDP reactor—both the parallel plate reactor and the

strongly dependent on the power dissipated in it. By changiR{:Sma panel—is essentially a capacitor. When the plasma.is en-
the parameters of the matching network, the impedance maftfiz€d, a resistive component that is responsible for the power
to the load can be optimized. For optimum performance, dissipation in the plasma is a(_jded to the_b_a_sm capacitor. There-
impedance matching circuit must be inserted between the polfd€: the OAUGDP reactor with plasma initiated can be repre-
supply and the plasma reactor in order to generate a high-pogPted by a capacitor in parallel with a resistor, as shown in
OAUGDRP efficiently. Fig. 4, in whichR,, is the equivalent resistance of the plasmq,
Impedance matching is a well-studied subject in the fields 8dC» IS the capacitance of the plasma reactor. Although this
RF and microwave applications, and there are numerous bo§i8PI€ and crude model does not describe the physics of the
specifically studying this subject [8]-[10]. There are also nlp_AUGD plasma, it is sufficient to serve th_e_tas_k of making pos-
merous articles pertaining to the issue of matching a plasmaSip!e @n impedance match to the capacitive impedance of the
a power supply in the literature [11]-[15]. To the knowIedelasma ree_lctor. S_ome more complicated plasma circuit models
of the author, however, all the impedance matching techniqu§sented in the literature [17]-{21] can actually be transformed
and the matching networks in the existing literature are for tH&© the form of the simple circuit in Fig. 4 by circuit analysis
radio-frequency or microwave plasma applications under Igchniaues. Therefore, for the task of impedance matching, the
pressures, and they cannot be adopted to the application$'$de plasma modelin Fig. 4 not only makes the job easier, but
OAUGDP, which is operated at much lower frequencies frof{SC IS no different from the more complicated models from the
1 to 10 kHz, and much higher voltages from 4 to 20 kV rmdoint of view of circuit analysis, although they may represent
Therefore, new impedance matching techniques must be deyaf 'eal plasma more accurately.
oped for OAUGDP applications. The characteristics of OAUGD

Fig. 3. Schematic of a symmetric plasma panel to generate a flat layer
OAUGD plasma.

plasmas can be found in [2]. C. Basic Impedance Matching Theory
This paper presents two types of impedance matching circuitsThe classicall-type,T-type, andL-type matching networks
that match OAUGDP reactors to their power supplies. [9], [11], [13]-[15] should not be applied to the OAUGDP
system, since their circuit leg in series with the OAUGDP
Il. SECONDARY-SIDE IMPEDANCE MATCHING CIRCUIT reactor will share a significant part of the output voltage of the

transformer, and the generation of the OAUGDP needs a much
higher voltage (4—20 kV rms) than low-pressure glow discharge

Impedance matching is the connection of an additionplasmas. Therefore, if H-type, T-type, or L-type matching
impedance to an existing one in order to accomplish a specifietwork is used, the available maximum voltage across the
effect, such as to balance a circuit or to reduce reflection iInGAUGDP reactor will be significantly decreased, and a more
transmission line [16]. Impedance matching is required in ordexpensive transformer capable of generating higher voltages
to optimize the power delivered to the load from the source.if necessary in order to generate a high-power OAUGDP.
is accomplished by inserting matching networks into a circutthus, all the circuit legs of an OAUGDP impedance matching
between the source and the load. network should be in parallel to the OAUGDP reactor.

Atthe UT Plasma Sciences Laboratory, the task ofimpedancerhe schematic electrical system of an OAUGDP reactor
matching is to add a circuit composed of passive electrical paidsshown in Fig. 5. The secondary-side (of the transformer)
(inductors, capacitors and/or resistors) between the RF powapedance matching network is the part of the circuitry within
supply (or its output transformer) and the reactive load in sutie dashed-line frame. It is so called because it is connected to
a way as to make the impedance of the whole load resistitke secondary side of the transformer.

A. Definition of Impedance Matching
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Fig. 5. OAUGDP system with secondary-side impedance matching circuit.

The matching network is composed of an inductor and a ce
pacitor in parallel Ry, is the resistance of the inductor winding.
The matching network is in parallel with the plasma reactol
and close to the transformer output, so the stray capacitance
the long cables between the transformer and the plasma reac
can be included in the reactor capacitance and matched by tl
matching network. Seen by the transformer output terminals
the impedance of the whole load—the matching network plu:
the plasma reactor—is

Lz Rz

Ry

L/
Rc

Primary Side Secondary Side

. 1
Z=(Ry+jwl) | o I B

(C+Cp)
Ry +jw[6L — R}(C+Cp)
2+ WwlR2(C + Cp)?

Fig. 6. Equivalent circuit of a nonideal transformer.

hir, @

Therefore, the system is still not impedance-matched as seen
wheres = 1 — w?L(C + C,). The symbol {|” indicates that py the power supply, although the plasma reactor is matched as
the two electrical components are in parallel to each other. seen by the transformer output when Operated at the matching

From (1), the impedance characteristic of the whole load fiequencyw, ..
determined by the sign of the function The ultimate impedance matching should be the match seen
by the power supply, since it is the source of the power. In
a well-matched electrical system, the power reflected back to
the power supply should be an absolute minimum. A better
impedance matching theory should consider the load seen by the
. e power supply output terminals instead of the transformer output
be changed. Fof (w) < 0, the whole load is capacitive; forterminals. Therefore, consideration of a nonideal transformer is

f(w) >0, the whole load is inductive; fof (w) = 0, the whole worthwhile. In Section II-D, a refined matching theory is inves-
load is purely resistive, and impedance matching is achlev?

The matching frequenay,. can be derived fronf(w) = 0 Igated.

f(w) =6L — R3(C + C,)
=L —w’L*(C + Cp) — R (C + Cy). 2

By adjusting the operating frequency the sign off(w) can

R AR )

1 R
—

D. Refined Impedance Matching Theory

1) Equivalent Circuit of a Nonideal Transformeifhe
equivalent circuit of a nonideal transformer referred to the

If the transformer is ideal, i.e., the imaginary part of itsecondary side is shown in Fig. ®] is the resistance of
impedance is small and it transmits almost all input power frothe primary winding referred to the secondary sifig,is the

the primary side to the secondary side, then the above matchiegkage inductance of the primary winding referred to the
theory is sufficient. The plasma reactor is matched when teecondary sideR, is the resistance of the secondary winding,
system is operated at the matching frequency However, L, is the leakage inductance of the secondary winding,is

the high secondary/primary turns ratio (characteristically 20:ffje magnetizing inductance of the transformer, &hdis the
and range of operating frequency encountered in OAUGDHuivalent resistance of the core losses.

applications make it difficult to avoid nonideal transformer The impedance of the magnetizing inductarcg is much
characteristics. If the transformer is not ideal, i.e., it haslarger than that of the other components in the OAUGDP
large reactive component in its impedance, the transformsstem. Therefore, the branch df,, is neglected in the
will reflect a large fraction of the input power back to thdollowing circuit analysis to simplify the task. Fig. 7 shows the
power supply, instead of transmitting it to the secondary sidechematic of the electrical system of the OAUGDP reactor with
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Fig. 7. Equivalent circuit of the OAUGDP system with secondary-side impedance matching circuit.

the nonideal transformer replaced by its simplified equivalettie effect of the leakage inductance is completely cancelled, and

circuit. perfect impedance matching will be achieved. The realization
2) Circuit Analysis: As seen by the power supply outputof the above condition is not difficult to achieve experimentally,

the impedance of the whole load including the transformer, théhough its expression is very complex.

matching network and the plasma reactor is as in (4) shown atWe next derive the matching frequenay. for a simple

the bottom of the page whete = 1 — w?L(C + C,). The case—plasma is off. When plasma is dff, = co. Thus, (5)

impedance characteristic of the fourth term in the above exan be simplified as

pression is still determined by the sign of the functjto) de- )

fined in (2). By adjusting the operating frequengyand making 0L — Ri(C + Gy)

f(w) = 0, the impedance of the combination of the matching 82 + w2RE(C + Cy)

network and the plasma reactor can be made purely resistiy, Breover, since normallysl, > R2(C + C,) and

However, the impedance of the whole load seen by the power > W2RL(C + C,)? for the experimental parameters

supply still has a reactive component—the second term in ( . S
which is caused by the leakage inductance of the transformer. din the OAUGDP, (6) can be further simplified to

the transformer is notideal, this reactive component can be fairly L I L) — 2
large and can reflect a large fraction of power back to the power s + (L1 +L2) =0. ™
supply. In this situation, impedance matching is not achieved_gt . . .
upply IS srtuation, Imp g eV 'Iahen we can derive the matching frequengyfrom (7) with
the resonant frequency,. defined by (3). helb ofs — 1 27 (C 4 O
However, a fairly good impedance matching still could bg]e elp of = 1 — w*L(C + Cp)
achieved with the nonideal transformer and the same matching N N N
/ — . J— —_—
w’“_\/C—i—Cp <L+L’1+L2>' ®

5 + (L} + La) = 0. (6)

network. By adjusting the operating frequencyand making

f(w) < 0, the impedance of the combination of the matching
network and the plasma reactor has a capacitive component,
which can partly cancel the effect of the transformer Ieakagei

. . Il
inductance. At the condition

_p2 2 2 P2 2] P2
[6L RL(C+CP>] [5 +u; RL(C+Cy) ] Ry 3 Making the whole load impedance resistive is not sufficient
{Ri+R, [2+w?RE(C+Cp)?]} +w? [fL—RE(C+C,)]”  to transmit maximum power to the plasma. Since the leakage
+ (L} + Ly) =0. (5) inductance of the transformer is in series with the combination

REQUIREMENT ON THEMAGNITUDE OF IMPEDANCE OF
THE MATCHING NETWORK

1
Z =R + jwL + jwLs + Ry + (Rr + jwlL) || —————
L+ jwli 4+ jwls + Ry + (Rp + j )||Jw(0+cp)

Ry, + jw[6L — RZ(C + C,)]
82 + w?R%(C + C,)?

I By

=(Ry + Ry) + jw(Ly + L2) + | Ry

=(R} + Ry) + jw(L} + Ly)
RiRy {Rp, + Ry [62 + w*R%(C + C,)?]} + Ryw? [6L — RL(C + C)]°
{Rr + R, [62 + w?R}(C + )2} + w2 [§L — R} (C + C,))°
jw [0L — R} (C + Cy)] [6% + w?R%(C + Cyp)?| Rg
{RL + Ry [62 + w?R3(C + )2} + w2 [§L — R2(C + C,))?

(4)
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—— winding, referred to the primary winding, afe, = R,/N?,
Transformer where N is the turns ratio of the transformel;, is L;s, the
leakage inductance of the secondary winding, referred to the
primary winding, andL}, = Li2/N?. L}, is L,,, the magne-
tizing inductance of the transformer, also referred to the pri-
mary winding, and.!,, = L,,/N?. r. is the equivalent resis-
tance of the transformer core logs, is C),, the capacitance of
_____ the plasma reactor, referred to the primary winding, afjd=
¢ N2C,. R, is R, the equivalent resistance of the plasma, re-

ferred to the primary winding, ant), = R,,/N”.

In order to simplify the circuit analysis, we assume that the

f th hi K and the ol hev f transformer is ideal and can be ignored in the circuitry, and we
of the ma_lt(_: Ing networ an the plasma reactor, they forme, i he simplified circuit shown in Fig. 10. It is easy to recog-
voltage divider. For a nonideal transformer, the valud.pf+

. X : Lo nize that Fig. 10 is similar to Fig. 5, so the same circuit analysis
L, is quite large. If the impedance of the combination of thg7 g g Y
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Fig. 8. OAUGDP system with primary-side impedance matching circuit.

. , ) rocedures were performed, and the matching frequency for the
matching network and the plasma reactor is not high enou P gireq y

) : {mary-side impedance matching circuit is found to be
then the leakage inductance will share a larger part of the to a‘ y P g
output voltage, and there will be insufficient voltage across the 1 R2
— L
plasma reactor to generate a dense plasma. In the worst case, the Wr=A\lTor T2 (11)
voltage is not even high enough to break down the gas. P
“We now examine (4) again to find a way to increase the conihis result is similar to (3). The only difference is that the capac-
binatorial impedance of the matching network and the plasmance in (11) is the equivalent capacitance of the plasma reactor,
reactor. It can be seen that the real part of the combinatorighich is much larget N2) than the actual capacitance. There-
impedance, the third term in (4), needs to be increased. Letfgfe, the matching inductande in the primary-side matching
still consider the simple case—plasma is off, or the equivalegitcuit is much smaller than that in the secondary-side matching
plasma resistance is so large that it can be taken as infinigjtcuit for the same matching frequency.
Therefore, the third term in (4) can be simplified to Primary-side impedance matching has several advantages
R over secondary-side matching. The primary-side matching
L . o . .
52 TR (C Oy (9) circuit is connected to the primary side of the transformer, so
Twihy P the matching circuit components do not need to handle high

Equation (9) indicates that the load capacitafite- C,, must voltage. The inductor coil for primary-side matching is much
be decreased in order to increase the load impeddngg if SMaller than that for secondary-side matching, so the cost of
the operating frequenay is kept the same. Actually, when thePrimary-side matching is much lower. .

plasma is on, especially when it is dense, its equivalent resisHowever, primary-side impedance matching also has several
tanceR,, is quite small (on the order of 18, and the capaci- disadvantages. The primary-side matching circuit cannot be
impedance of the matching network at the matching frequengipall and this will cause unacceptably large currents through
7! This leads to the need to decre@@nd increasé. in the the matching inductor and the transformer primary winding.

Zreal ~

matching networkZ’. can be calculated by (10) In addition, unlike the secondary-side matching, the plasma
reactor is not a part of an actual tank circuit in primary-side
g Ry _ Ry, matching. Thus, it is more difficult to achieve a high-power
" 82+ Ww?R2C? [1 —w2L(C + ()p)]? + w?}{%g?' input to the plasma because energy stored in the tank circuit

(10) cannot be used to increase plasma power.

IV. PRIMARY -SIDE IMPEDANCE MATCHING CIRCUIT V. EXPERIMENTAL RESULTS AND DISCUSSION

We also developed another type of impedance matching cir-Both kinds of impedance matching circuits were built and
cuit, called the primary-side impedance matching circuit, whidkested at the UT Plasma Sciences Laboratory.
is shown in Fig. 8. Since the OAUGDP is operated at a frequency much lower
The primary-side matching circuit is that part of the circuitrghan radio or microwave frequency and at a high voltage on the
within the dashed-line frame in Fig. 8. It consists of an inductarder of 10 kV, the inductor coil in the matching network must
connected in parallel with the primary side of the transformdrave a larger inductance-(00 mH for the secondary-side
L is the inductance of the coil, and, is the resistance of its matching circuit and several millihenry for the primary-side
winding. matching circuit) than that for RF or microwave plasmas,
Fig. 9 shows the equivalent circuit of Fig.By, L1, L5, R5, and it must also be able to handle high voltagd @ kV, for
L!,, andr,. are parameters of the equivalent circuit of the transecondary-side matching) and large currefitd0 A). The
former. R, is the resistance of the primary winding, ahd is selection of such inductor coils commercially available is
its leakage inductanc®, is Ry, the resistance of the secondaryery limited, so we built the required coils at the UT Plasma
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Fig. 9. Equivalent circuit of an OAUGDP system with primary-side impedance matching circuit.

with AWG-10 wire. It has three layers with taps, and its max-
imum inductance is 2 mH.

The capacitor bank for the secondary-side matching circuit
was built by connecting tens ofidF electrolyte capacitors in se-
ries to provide the desired capacitance, withstand high voltage,
and allow us to vary the capacitance.

The capacitances of OAUGDP reactors can be measured by
a capacitance meter. The capacitance of the MOD V OAUGDP
remote exposure reactor (with 11 plasma panels in parallel to
each other) at the UT Plasma Sciences Laboratory is about 3
nF, and the capacitance of the MOD IV OAUGDP parallel plate
Fig. 10. Simplified equivalent circuit of OAUGDP system with primary-sidgeactor is about 100 pF.
impedance matching circuit. The capacitance of a parallel plate reactor can also be easily
calculated by the formula for calculating the capacitance of a

Sciences Laboratory. The formula for designing and buildirRjate capacitor’ = eA/d. For the MOD IV parallel plate re-

R,

3

+\ Power
=/ Supply

practical air-core inductors is shown in (12) [22] actor at the UT Plasma Sciences Laboratory, its radius is 9 cm,
dielectric plates are 1.5-mm-thick quartz, and the gap between
d*n? the two dielectric plates is 2 mm. The relative permitivity of
L(uH) n (12) P y Y

quartz is 4. Therefore, the capacitance of MOD |V is calculated

_ . o . o to be 82 pF. The measured capacitance is larger than this theo-

whereL is the inductance in microhenry,is the coil diameter retical value because of the parasitic capacitance of the connec-

in inches (from wire center to wire centet)is the coil length tjons.

in inches, and is the number of turns. Equation (12) can be The procedure to predict the value bfand C' used in the

changed into Sl units as shown in matching network to match the OAUGDP reactors at the desired

5 o frequency is illustrated in the following example.

___ (13)  We tried to match the MOD V OAUGDP remote exposure re-
45.7d + 1021 actor at 15 kHz. In this case, the maximum inductance of the coil

whered is the coil diameter in centimeters atid the coil length was used. One reason for this has pegn discussed in Section I!I of

in centimeters this paper. The other reason for this is that, because the desired

Although it is said in the reference that the above formuldE2dueNcy wgsdrelatlvel_y Iovr\]/, a larger _mductance_w%uld be id
are for calculating the inductance of single-layer long air_coy@ntageous in decreasing the resonating current in the matching

coils, we have found by experiment that they are also adequﬁ'tré:u“ tank to minimize the Ohmic loss in the coil. Substituting

for multilayer air-core coils, as long as the aspect ratio of tHBtC (3) the following numbers:

g:oﬂs (the ratio of length to diameter) is no less than 3:1,¢a'nd fr=1500 C,=3x10°F L=0080H Rp=6Q

in the formula should be the average coil diameter (from middle

layer to middle layer). Our inductor coils were built by windingve obtainC' = 1.377 x 10~7 F. Since each capacitor in the
insulated wire around a standard 4-in-diameter (10.2 cm) P\@pacitor bank is LF, we need eight capacitors connected in
pipe. The coil for the secondary-side matching circuit is 40 cseries to achieve thi§'. Since the capacitance of eight capaci-
long, wound with AWG-14 wire. Its average diameter is 15 cniors in series is actually 0.128, the actual matching frequency
The coil has 12 layers, and each outer layer has a tap, so diffetait would be achieved in experiment can be calculated by plug-
inductances are available and then different matching frequesig into (3) the following numbers:

cies can be achieved. The maximum inductance of this coil is

80 mH, and its maximum resistance of the winding i8.6The C=125x10""F, C,=3x10""F

coil for the primary-side matching circuit is 35 cm long, wound L =0.080H, Rp,=6%0Q

= 18d + 401

L(pH)
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Fig. 11. Experimentally obtained voltage (sinusoidal waveform) and current waveforms (not calculated) without impedance matching.

LiA) V (KV)

i i ] [ l T i ]
0 s00 400 600 SO0 1000 1200 1400 1600 1800 2000

time (psec)

Fig. 12. Time variation over three cycles of a half of the applied voltage (sinusoidal waveform) and the discharge current in the impedance mate¢hed MOD
remote exposure reactor with 11 panels energized (the waveforms were experimentally obtained).

then we can gef, = 1.57 kHz, which was exactly the res- Fig. 13 shows the waveforms of the power supply output
onant matching frequency that was observed. Fig. 12 showstage and current prior to the primary-side matching circuit,
the voltage and current waveforms of the plasma discharge &md the transformer, and the waveform of the discharge current
this experimental setup. Since the voltage and current wawé-the primary-side impedance matched MOD IV OAUGDP
forms of the transformer secondary output are in phase whearallel plate reactor. The power supply output voltage and cur-
impedance matching is achieved, the equivalent resistancerarit waveforms are in phase with each other. This clearly shows
the plasmak,, can be estimated by the Ohm’s Law. In this cas¢hat the system is matched at the primary side of the transformer.
R, =~ 5.7kV/0.3 A = 19kQ. By (10), we can also calculate the In order to investigate the effect of the impedance of the
impedance of the matching network at this matching frequenmatching networkZ!. on plasma power, different combinations
and getZ] = 109 k2. of inductance and capacitance in the secondary-side matching

Fig. 11 shows the voltage and current waveforms of a satcuit were applied to a parallel plate OAUGDP reactor at an
of OAUGDP plasma panels without impedance matching. Thdfiliated company. The operating frequency was adjusted to
waveform with many filaments is the current through the plasnmaaximize the plasma power. Experimental results are shown
panels. The large sinusoidal component in the current wawe-Table I. The results clearly show that the maximum plasma
form is the large reactive current, which is not in phase withower increases with increasing inductance and decreasing ca-
the voltage waveform. pacitance.

Fig. 12 shows the voltage and current waveforms that re-However, the inductance in the matching network should not
sult when operating the same set of plasma panels of Fig. id too large and the capacitance not too small. The reason for
with secondary-side impedance matching. The sinusoidal watleis is that the inductor and the capacitor in the matching net-
form is the voltage across the plasma panels. With impedarneerk form a tank circuit, which can store energy. The stored en-
matching, the plasma discharge current has been dramaticallgy can enhance the formation stage of the plasma discharge.
increased, and the reactive current has been minimized. If the inductance in the secondary-side matching network is in-
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Fig. 13. Experimentally obtained waveforms of the measured power supply output voltage and current before the primary-side matching cireuit, and th
transformer, and the measured discharge current of the primary-side impedance matched MOD IV OAUGDP parallel plate reactor.

TABLE | [5] K. Kelly-Wintenberg, D. M. Sherman, P. P.-Y. Tsai, R. B. Gadri, F.
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