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We have studied the burning modes of the bipolar pulsed discharge in CO, within the frequency range between
20 and 300 kHz and the duty cycle of 11...97 %. The current and voltage waveforms within the pressure range be-
tween 0.1 to 1 Torr were registered. We have established that the duty cycle values may affect the axial structure of
the discharge considerably causing the voltage drop redistribution across the electrodes. The bipolar pulsed dis-
charge may burn in a high-current mode (with cathode sheaths near every electrode) as well as in a low-current one
(with a low discharge current and weak glow). The transition between these modes may be observed at high duty
cycle values. We have found that one may make a shift of the complete oscilloscope voltage pattern higher or lower
along the voltage axis and produce a self-bias constant voltage the value and sign of which depend on the duty cy-

cle, amplitude and frequency of the applied voltage.
PACS: 52.80.Hc

INTRODUCTION

Pulsed gas-discharge devices are broadly applied in
plasma chemistry reactors performing carbon dioxide
conversion [1-4], depositing thin films [5-7] and nano-
materials [8], plasma sterilization [9] etc. The reasons of
the pulsed discharge broad application lie in a large
number of its advantages over radio frequency and glow
discharges. Contemporary microsecond pulsed genera-
tors allow us to produce the oscillations with a rectangu-
lar shape and they possess a considerably higher effi-
ciency. Besides, in addition to ordinary parameters of
the glow discharge — voltage, current and pressure — the
pulsed discharges possess an opportunity to control also
the pulse frequency and duty cycle. This broadens our
opportunities to control the discharge characteristics
and, as will be shown below, even its structure.

However, in contrast to the radio frequency and
glow discharges [10-17], the microsecond pulsed dis-
charges are studied much less. At the same time, where-
as recently a number of papers are devoted to unipolar
discharge [18-24], the bipolar one remains to be studied
much less. Therefore the subject of this paper is the
structure and characteristics of the bipolar pulsed dis-
charge in carbon dioxide causing the greenhouse effect.

1. EXPERIMENTAL

We have performed our experiments with the setup
the scheme of which is presented in Fig. 1. Flat stainless
steel anode and cathode are placed into the discharge
tube of 56 mm inner diameter and the inter-electrode
distance is kept 100 mm in all experiments. The cathode
was fed with a pulsed bipolar potential up to 1100 V
within the frequency range of 20...300 kHz with the
duty cycle from 11 to 97 %. We have measured the
voltage across the electrodes and the discharge current
with the oscilloscope PCS500 (Velleman Instruments)
and its signals were fed to a personal computer. The
range of the registered discharge current values did not
exceed 100 mA.

Experiments have been performed in the carbon di-
oxide with the pressure from 0.1 to 1 Torr. The gas
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pressure was measured with capacitive-type pressure
transducer Baratron 627 with the maximum registered
pressure of 10 Torr.

Cathode Anode
< Gas supply
> Pumpin
Discharge Ping
tube
Oscilloscope

Fig. 1. The scheme of the experimental setup

2. EXPERIMENTAL RESULTS

We have found that even keeping constant the gas
species and the pressure, the inter-electrode distance,
peak-to peak voltage U, and the frequency one may
change the axial structure of the bipolar pulsed dis-
charge and get different modes of its burning in a num-
ber of cases just by using a duty cycle variation alone.

Figs. 2, 3 depict the time traces of voltage and cur-
rent as well as the discharge photos for the CO, pressure
of 0.1 Torr, the frequency of 20 kHz and different duty
cycle values.

Let us start with a symmetric bipolar pulsed dis-
charge when the duty cycle amounted to 50 %. The
waveforms of the voltage as well as current are symmet-
ric with respect to the abscissa axis. At the moments of
the voltage switching (the duration of which did not
exceed 0.5 ps) we observe the discharge current peaks
consisting in part of the capacitive current and in part of
the conduction current. Then the discharge current de-
creases to the moment of another voltage switching,
after which we observe another peak of the current but
of the opposite polarity. Near each electrode the cathode
sheaths are located (consisting of the cathode glow and
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dark space), which transform into negative glows and
two Faraday spaces overlap at the center of the dis-
charge gap.
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Fig. 2. Waveforms of voltage (red curve) and cur-
rent (blue curve) of the bipolar pulsed discharge.
CO, pressure is 0.1 Torr. Frequency is 20 kHz.
Up, = 1000 V
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Now consider the case of a larger duty cycle of
65 %, at which the cathode sheath near the right elec-
trode experiences no visual changes but near the left
electrode the intensities of the cathode glow and nega-
tive glow diminish considerably. Increasing the duty
cycle narrows the period of voltage application to the
right electrode and, respectively, makes the period of
the voltage presence at the left electrode longer. Now,
though the wvoltage amplitude was kept fixed
(Upp = 1000 V under conditions of Fig. 2), the elec-
trodes at different time moments were fed not one and
the same voltage.

Duty cycle=96.4%, Low current

Duty cycle=80 %, Low current

Duty cycle=65 %, High current

Duty cycle=50 %, High current

Fig. 3. Photos of the bipolar pulsed discharge.
CO, pressure is 0.1 Torr. Frequency is 20 kHz.
Upp = 1000 V

Under the duty cycle increase the voltage at the right
electrode grows and at the left one it decreases, the total
voltage pattern is shifted higher or lower (depending on
the duty cycle value), what entails the appearance of the
self-bias voltage constant in time.
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Comparison between the results for the duty cycle
values of 50 and 65 % demonstrates that varying on-
lythis parameter may control the structure of the bipolar
pulsed discharge as well as the voltage drops across
both cathode sheaths what is of large interest for a num-
ber of plasma technologies.
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Fig. 4. Voltage (red curve) and current (blue curve)
waveforms of the bipolar pulsed discharge
CO, pressure is 1 Torr. Frequency is 20 kHz.
Upp = 1100 V
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On increasing the duty cycle value approximately to
90 % a discharge transition to another mode is observed.
In this mode a cathode sheath is formed near only one
electrode during a short pulse of high voltage and a con-
siderable discharge current is transported, and in another
portion of the period the voltage applied to another elec-
trode is insufficient for forming a sheath near it and the
plasma experiences a decay. The fast decrease of the
current to zero during this time is an indication of this
process. We will call this mode conditionally “a low-
current” one in contrast to the “high-current” one men-
tioned above. Voltage and current waveforms as well as
the photos of the low-current mode are presented in
Fig. 2 for the duty cycle values of 80 and 96.4 %.

Duty cycle=91.2%, Low current

Duty cycle=70 %, Low current

Duty cycle=70 %, High current

Duty cycle=50 %, High current

Fig. 5. Photos of the bipolar pulsed discharge.
CO, pressure is 1 Torr. Frequency is 20 kHz.
Upp = 1100 V

Note that the discharge is ignited in the high current

mode, and one has to increase the duty cycle value to
transfer to the low-current mode. We did not observe
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the formation of the low current mode just after the
breakdown of the non-ionized gas. Fig. 2 makes clear
that the smallest current is observed in a symmetric bi-
polar pulsed discharge with the duty cycle value of
50 %. On increasing the duty cycle the discharge current
increases when you feed the voltage pulse to the right
electrode, and it decreases with voltage being fed to the
left electrode.

Increasing the frequency to 100 kHz did not cause a
substantial change in the discharge structure and glow.
The current waveform behavior for different duty cycle
values happened to be the same as at the low frequency
of 20 kHz: one observes the discharge current growth
for higher duty cycle values during that portion of the
period when the voltage pulse is applied to the right
electrode, and its decrease within the rest of the period
when the voltage is fed to the left electrode.

40

Imax2 .

Time, ns
Fig. 6. Current waveform of the bipolar pulsed
discharge for the duty cycle value of 40 %. CO,
pressure is 0.5 Torr. Frequency is 20 kHz. U, = 1000 V
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At higher pressure value of the carbon dioxide of
1 Torr (Figs. 4, 5) a positive column may be observed in
the central portion of the inter-electrode gap. The posi-
tive column was stratified in the total CO, gas pressure
range we studied. With the duty cycle of 50 % and the
frequency of 20 kHz the positive column consisted of
three double narrow strata located at the discharge cen-
ter, the left and right edges of the positive column being
positioned at equal distances from the respective elec-
trodes. Increasing the duty cycle values entails double
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strata spreading and the positive column length growing
and the column itself is shifted closer to the left elec-
trode.

The further increase of the duty cycle to 90 % starts
the discharge restructuring. The area which the dis-
charge occupies on the left electrode becomes narrower
with simultaneous decrease of the negative glow and
positive column, and the small additional increase of the
duty cycle leads to a discharge transition from the high-
current mode to the low-current one. With the duty cy-
cle of 91.2 % the right electrode is covered with nega-
tive glow, a narrow dark Faraday space is located near
it, and a uniform positive column with a dim glow oc-
cupies almost the rest of the discharge gap. And only
near the left electrode one observes a sheath with a
brighter glow being the result of the respective cathode
sheath transformation.
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Fig. 8. Self-bias constant voltage Ug, against duty cycle.
Pressure is 0.1 Torr. Figure above is for the frequency
of 20 kHz and different voltage Uy, values. Figure be-
low is for Uy, = 1000 V and different frequency values

When we now will decrease the duty cycle, the area
occupied by the discharge on the right electrode be-
comes narrower, its glow decreases considerably in the
total discharge gap and then the discharge goes out.

Now let us perform the treatment of waveforms reg-
istered under different conditions. In Fig. 6 a typical
waveform is depicted in which the maximum and mini-
mum current values in different portions of the period
are indicated. Under the maximum current we will mean
the value at the moment of a sharp current increase
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when another voltage pulse is fed. As a minimum cur-
rent we will regard the current at the end of the period
portion before the voltage polarity reversion. In Fig. 5
we depict the maximum and minimum current values in
the broad range of the duty cycle values for the carbon
dioxide pressure of 0.5 Torr and the frequency of
20 kHz. Under these conditions the maximum and min-
imum current values referring to the period portion
when the right electrode is a cathode, increase with the
duty cycle growing, they approach their maxima at
80 % and then they decrease before the transition to the
low-current mode. For another portion of the period
when the left electrode plays the role of the cathode,
maximum and minimum current values become the
largest with the duty cycle values around 17...25 % and
with a subsequent increase of the duty cycle value they
experience a uniform decrease.

All the currents listed become several times lower
under the discharge transition from the high-current
mode to the low-current one. Note that the low-current
mode may exist in a rather broad range of duty cycle
values (under conditions of Fig. 7 it was observed from
about 75 to 95 %). The minimum current of the low-
current mode for the period portion when the voltage
applied to the left electrode did not lead to the formation
of a cathode sheath near it, is close to zero because dur-
ing this period portion the plasma decays.

It was already said above that in a pulsed discharge
the voltage waveform may be completely shifted higher
or lower the abscissa axis leading to the appearance of a
so-called self-bias voltage. The value and sign of this
self-bias voltage depend on the duty cycle as well as on
the amplitude and frequency of the applied voltage
(Fig. 8). The appearance of the constant self-bias volt-
age may be rather important in gas discharge technolog-
ical chambers with a high frequency voltage in which
the ions are transported out of the plasma volume to
electrodes and specimen under processing by a constant
in time (average) voltage. Then varying the duty cycle
values one may increase the ion flow to the electrodes
with materials under processing leading to the increase
in the rate of the technological processes. It follows
from Fag. 6 that the self-bias voltage is increased with
the amplitude of the pulsed voltage but it possesses a
complicated dependence on frequency.

CONCLUSIONS

This paper is devoted to the experimental research
into the bipolar pulsed discharge in the frequency range
(from 20 to 300 kHz) and with the duty cycles from 11
to 97 %. We have registered the waveforms of current
and voltage within the carbon dioxide pressure range
from 0.1 to 1 Torr. We have demonstrated that in a bi-
polar pulsed discharge has an additional parameter —
duty cycle — with whose help one may change the dis-
charge axial structure as well as redistribute the voltage
across the electrodes. We have observed that with large
duty cycle values the discharge may burn in the ordi-
nary high-current mode (in which the cathode sheaths
with high ionization exist near each electrode) as well as
in the low-current mode with a small discharge current
and a low glow. This mode is specially characterized by
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that the ionization occurs only in the cathode sheath and
the negative glow near one electrode in that period por-
tion when a high voltage is fed to it. Then in a period
portion a decaying plasma is observed (afterglow), be-
cause the voltage applied to another electrode is insuffi-
cient to form a full-scale cathode sheath. We have also
observed the appearance of the constant self-bias volt-
age caused by the complete shift of the voltage wave-
form higher or lower with respect to the abscissa axis
occurring in the bipolar pulsed discharge. The magni-
tude and sign of this constant voltage depend on the
duty cycle, amplitude and frequency of the voltage ap-
plied. The revealed constant self-bias voltage may be
used for increasing the rate of technological processes
of etching and sputtering materials thanks to the in-
crease of the ion flow onto the electrodes with materials
under processing.
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PEXXUMBbI 'OPEHUSI BUITIOJISIPHOT'O UMITYJIbCHOI'O PA3PSIJIA B CO,

B.A. Jlucosckuii, C.B. /Iyoun, H.H. Bycuwik, B./l. Ezopenkos

HccrnenoBaHbl pexXUMbI TOPEHUST OUITONIPHOTO MMIYJIBCHOTO pa3psja B YIJIEKHCIOM Ta3e B AMANa30HE YacTOT
20...300 xI'u npu xoaddupentax 3anonanenus 11...97 %. Bbuin u3MepeHbl OCHMILIOTPAMMBI TOKA U HAIPSKEHUS
npu pasneHusx ot 0,1 qo 1 Topp. BriaBieHo, uto BennyrHA KO3 GHUINEHTA 3aI0THEHUS MOXKET 3HAUUTEIIEHO BIIH-
ATh Ha OCEBYIO CTPYKTYpPY pa3psja, 6iaromapst 4eMy mepepacnpenessieTcs majaeHue HampsHKeHHs MEXTy dJIEKTpO-
JaMu. BUNONApHBIA MMITyJTBCHBIH Pa3psii MOXKET TOpPeTh Kak B CHJIBHOTOYHOM pPEXHME (C KaTOJHBIMU CIIOSIMH
BOJIM3H KaXKAOTO 3JIEKTPOAA), TaK M B CIA00TOYHOM pexrMe (C HU3KMM Pa3psTHBIM TOKOM M CIa0bIM CBEUCHHEM).
[Mepexon MeXly STUMH peKMMaMH HAOJIFOMaeTCs TP OOJIBIINX KO3 (UIIMEeHTaxX 3aroIHeHs. Y CTaHOBJICHO, YTO B
OUTIOIIPHOM MMITYJIbCHOM pa3psiZie BO3MOXKHO IEIHKOM CMECTHTh OCLMILIOTPaMMY HANpSDKEHHS BBIIIE WM HIKE
OTHOCHTENIFHO OCH a0CIMCC U IIPUBECTH K HOSBJICHHUIO MOCTOSHHOTO HAIIPSHKEHUS aBTOCMEIICHNUS, BEJINYNHA U 3HAK
KOTOPOT'0 3aBHUCAT OT KOA(PHUIUESHTA 3aMOIHEHUS, aMIUTUTY/ (bl U YaCTOThI ITPUIIOKEHHOTO HAPSIKEHHS.

PEKUMMU I'OPIHHS BINMMOJISIPHOT' O IMITYJIBCHOT O PO3PAAY Y CO,
B.O. Jlicosécvkuii, C.B. /Iyoin, M.M. Bycuk, B./l. €zopenkos

JlocnmikeHO peXUMH TOPIHHS OINOJISIPHOTO IMITYJIBCHOTO O3PSy Y BYIJIGKHCIOMY Ta3i B Jiana3oHi 4acToT
20...300 xI'u npu koedinienrax 3anoBHeHHs 11...97 %. Bynu BuMipsiHI ocumiiorpaMu CTpyMy 1 Halpyru npu 3Ha-
yeHHssx TucKy Bix 0,1 mo 1 Topp. Bussieno, mo BenmunHa kKoedilieHTa 3alIOBHEHHS! MOXKE 3HAYHO BILIMBATH Ha
OCBOBY CTPYKTYPY PO3pSILy, 3aBISIKH YOMY HEepepO3NOUIETHCS NaliHH HANPYTH MIXK eleKkTpojaMu. binomspuuit
IMITYJICHUI PO3PSIIT MOKE TOPITH SIK Y CHIIBHOCTPYMOBOMY PEKHMI (3 KATOJHUMH LIApaMu MOOJIN3Y KOXKHOTO eJeK-
Tpoja), TaK i y c1abKOCTPyMOBOMY PEXUMI (3 HU3BKHM PO3PSITHMM CTPYMOM Ta ciabKuM cBiTiHHAM). [lepexin mix
UM PEeXHMaMHM CIIOCTEPIraeThes MPH BEIMKUX 3HAYCHHSX KoedilieHTa 3amoBHEeHHS. BeranosneHo, mo B Oimoss-
PHOMY IMITYJIbCHOMY O3PSI MOXIJIHBO IIITKOM 3MICTHTH OCHHJIOrpaMy Hampyrd BUIe a00 HUXKYE BITHOCHO OCi
abcIuc 1 mpU3BECTH /10 MOSBH MOCTIHHOI HAPYTH aBTO3MIIIEHH, BETMYNHA 1 3HAK SIKOi 3aJIe)KaTh BiJ KoedimieHTy
3allOBHEHHSI, aMILTITY M 1 4aCTOTH MPHKJIAJIEHOT HAPYTH.
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