FORMING A UNIPOLAR PULSED DISCHARGE IN NITROGEN
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This paper reports the current and voltage oscillograms of the pulsed discharge in the wide frequency range
(from 20 to 300 kHz) with the duty cycle from 15 to 85 % for two values of the nitrogen pressure 0.1 and 1 Torr. It
has been demonstrated that the current oscillograms of the pulsed glow discharge possess a plasma phase and an
afterglow phase. The following stages of the plasma phase have been observed: 1. A pulse of the capacitive current
of about 0.5...1 ps in duration; 2. A stage of current growth which duration has depended on gas pressure; 3.
Current decrease occurring during tens of microseconds down to the level corresponding to the constant voltage

discharge.
PACS: 52.80.Hc

INTRODUCTION

Pulsed gas discharge devices are widely applied as
light sources in lasers, plasma display panels as well as
for plasma nitriding, reactive magnetron coating etc.
[1-4]. But now the pulsed discharges of medium
frequency range are studied much less than radio
frequency [5-11] or direct current [12-18] discharges
thus hampering the progress in this domain. Therefore
the subject of this research has been to investigate the
processes participating in the formation of a unipolar
pulsed discharge of low pressure in various gases.

In her thesis Efimova [4] has reported the research
into the formation of a pulsed discharge in argon and
nitrogen in the pressure range from 2 to 7 Torr with the
duty cycle of the applied voltage from 10 to 4000 ps.
She has obtained that with the voltage growing the
discharge current increases and at earlier stages of the
discharge development this current is substantially
higher than one observed when the dc voltage is
applied. It has been revealed that the current signal is
not constant during the pulse and the duty cycle
duration is an important parameter.

The authors of paper [2] have performed a numerical
study of the processes taking place during
the breakdown in the dc pulsed discharge at low
nitrogen pressure in the "plane-tip" design. They have
demonstrated that the formation of the pulsed discharge
undergoes 3 consequent stages. First, the gap is slowly
filled with the ions produced near the anode, then during
the second stage the ionization front is propagating from
the anode to the cathode. At the same time the cathode
sheath is being formed and secondary phenomena
become to participate leading to the third stage, i.e. to
the glow discharge formation.

The present paper deals with the studies of the
formation stages of the pulsed discharge between flat
electrodes in nitrogen in a wide range of frequencies
and duty cycles.
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Fig. 1. Block-scheme of the experimental device
1. EXPERIMENTAL

Experiments in the present paper have been
performed with the help of the device with the block-
scheme depicted in Figure 1. Flat anode and cathode of
stainless steel have been located in the discharge tube
56 mm of inner diameter with the inter-electrode
distance of 20 mm. The cathode has been fed with a
pulsed unipolar negative voltage from the generator in
the frequency range of 20...300 kHz, duty cycle from
0.15 to 0.85and the applied voltage values up to
1000 V. The anode potential was zero. The voltage
between the electrodes and the current have been
registered with the oscilloscope PCS500 (Velleman
Instruments) with its signals fed to a computer. The
range of the discharge current values registered did not
exceed 100 mA. All experiments have been performed
for two values of the nitrogen pressure, namely, 0.1 and
1 Torr. Gas pressure has been measured with the
capacitive manometer-baratron with the maximum
measured pressure value of 10 Torr.
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2. EXPERIMENTAL RESULTS
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Fig. 2. Discharge current oscilloscope pictures and
the stages of plasma formation (I, Il and I1l) for the
pulsed voltage of 700 V, the duty cycle of 0.5 and the
nitrogen pressure of 0.1 Torr

The oscilloscope pictures measured clearly
demonstrate two different phases: a plasma phase (when
the negative voltage is fed to the electrode) and an
afterglow phase (no voltage across the electrodes, the
plasma is decaying).

Fig. 2 presents the current oscilloscope pictures for
the pressure of 0.1 Torr, the duty cycle of 0.50 and the
frequencies from 20 to 230 kHz. The pulsed voltage
with the constant amplitude of 700 V was applied across
the electrodes. It is clear from Fig. 2 that after an abrupt
growth of the capacitive current in the plasma phase the
discharge current first achieves the level of about
-20 mA, and then it decreases uniformly. It approaches
the value -4.8 mA marked by a horizontal line, i.e. the
value of the discharge current at the constant (not
pulsed) voltage but has no time to achieve it because the
plasma time period is finished. For the discharge with
the conditions presented in Fig. 2 the current approaches
on the average the value of -10 mA.

Let us consider the stages of plasma formation in
more detail. Fig.2 also presents the oscilloscope
pictures of the current pulses during the first 3 us. One
may define 3 stages of the discharge development in the
plasma phase:
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Fig. 3. Discharge current oscilloscope pictures for the
pulsed voltage of 400 V, the duty cycle of 0.5 and the
pressure of 1 Torr in N,

I A capacitive current pulse,
Il. Discharge current growth,
Il. Slow decrease of the discharge current.

The first stage is identical for all gas pressure values,
this is the capacitive current pulse approaching—
(20...30) mA. The duration of this stage is constant
amounting about 0.5 us, and it is associated with the
time of voltage growth at the cathode to its maximum
value. At the second stage there occurs the current
growth under the discharge formation. At the pressure
given the duration of the second stage amounts to about
0.2 us. At the third stage of the plasma phase formation
we observe the decrease of the discharge current in time
with moderate oscillations, and the current is
approaching the saturation at the level of -10 mA.
However the duration of the discharge plasma phase at
the low nitrogen pressure happens to be insufficient to
approach the level corresponding to the glow discharge
current.

It is clear in Fig. 2 that the current oscilloscope
pictures for the frequencies above 50 kHz almost match,
i.e. the discharge experiences almost identical stages of
formation and development at different frequencies.

Let us further consider the pulsed discharge in N,
with the same parameters (the duty cycle of 0.5, the
frequency range from 20 to 300 kHz) but at higher
pressure of 1 Torr. One clearly observes on the
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oscilloscope pictures for this case shown in Fig. 3 that
similar to the pressure value of 0.1 Torr the capacitive
current jumps are present under the transition between
the plasma phase and the afterglow one. For high
frequency pulses the capacitive current at the start of the
plasma phase is less than that for the low frequency
ones. This is associated with the properties of the
generator of pulses because for high frequencies the
front of the voltage pulse is not so steep as for low
frequencies. Consequently, the derivative of the voltage
over time is less and so respectively is the capacitive
current.

The voltage at the cathode possesses several time
periods with the different growth rate. During the first
time period the growth rate of the voltage is maximum,
the current also grows fast. The second time period is
characterized by a slower growth of the voltage and the
current, and at the end of this time period the current
approaches maximum. During the third time period the
voltage slowly saturates, and the current decreases.
Such a behavior of the current indicates that this current
is not purely capacitive but it is a sum of the capacitive
current and the current of the discharge under
formation.

Perhaps the charged particles remained after the first
plasma phase play a considerable role at the initial time
of the discharge formation. During the afterglow phase
they fill the cathode and anode sheaths due to ambipolar
diffusion, these sheaths possessing very low
concentrations of electrons and ions in the burning
discharge. At the beginning of a regular voltage pulse
the ions and electrons escape to the cathode and anode,
respectively, thus leading to the increase of the
discharge current at the first and second stages. One
may assume that after the second stage is completed the
charged particles which arrived to the electrodes under
afterglow are lost at their surfaces, and the forming
cathode and anode sheaths are depleted of charged
particles what leads to a decrease of the discharge
current during the third stage.

Note that during the voltage saturation the discharge
current ceases to decrease and starts to grow. The
discharge current maximum is achieved in about 10—
15 us depending on the frequency of the pulses. Similar
current behavior has also been observed at low nitrogen
pressure of 0.1 Torr, however, the period of current
growth amounted then to 0.2 us that was approximately
50 times higher than at the gas pressure of 1 Torr. In the
paper by Efimova [4] for the argon pressure of 4.5 Torr
the current oscilloscope picture for the 500 V voltage
also possesses a section with the discharge current
growth with a duration of about 75...80 ps. Therefore
one can draw a conclusion that increasing gas pressure
involves the growth of the period duration associated
with the growing discharge current.

The general formula for the coefficient D, of the
ambipolar diffusion in the plasma consisting of positive
ions and electrons is written in the form [19, 20]:

D :D+':ue+De'/u+zD+D.&
Tt AT @)

where D., De, W, U are the diffusion coefficients (D)
and mobilities (u) of ions and electrons, respectively.
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For nitrogen papers
D. = 39.7 cm? Tort/s,
1y = 1.54.10° cm? Torr/(V s),

Le = 4.2-10° cm? Torr/(V s). At the pressure of 1 Torr
we have D,=3340cm%s. The rate of the charged
particle loss due to the escape to the tube walls and

[21-23] report the wvalues

D, = 9-10° cm? Torr/s,

electrodes is equal tovy =Da//\2 where A is the

diffusion length which for the tube of radius R with the
inter-electrode distance L may be found according to the

formula
2 2
1 _(2405) (=) @)
A2 R L

As the experiments in this paper have been performed in
the tube of 2.8 cm in radius and the inter-electrode gap
was 2 cm then

2 2
iz = (2'405) + (“j =4.19cm™2. €)
A 2.8 2
The rate of diffusion loss of charged particles will be
D _
vg=—2=3340-419=138-10%s"",  (4)
A

whereas the period of plasma decay at the pressure of
1 Torr amounts to tq=7.2-10°s=72ps, and at the
pressure of 0.1 Torr it will be ten times less, 14 = 7.2 ps.
It is clear from Fig. 2 that at the nitrogen pressure of 0.1
Torr and the frequency of 20 kHz the plasma has time to
decay during the afterglow phase (of 25 us in duration)
and at the frequency of 100 kHz the afterglow phase has
a duration of 5pus what might lead to a substantial
decrease in the charged particle concentration in the
plasma volume up to the moment a regular voltage
pulse arrives.

CONCLUSIONS

This paper has undertaken the study of the unipolar
pulsed discharge in nitrogen for two values of pressure,
0.1 and 1 Torr. The current and voltage oscilloscope
pictures have been registered in the frequency range
from 20 to 300 kHz and of the duty cycle from 0.15 to
0.85. The pulsed discharge has been observed to transit
through a plasma phase and an afterglow phase. The
plasma phase has been separated into three stages: 1. A
pulse of capacitive current of duration amounting to
about 0.5...1 ps; 2. A stage of current growth with the
duration depending on the nitrogen pressure; 3. Current
decrease during tens of microseconds to the level
corresponding to the discharge with the constant
voltage. A conclusion has been drawn that charged
particles being remained after the preceding plasma
phase may play an important role at the initial period of
the discharge formation. lons and electrons fill in the
cathode and anode sheaths during the afterglow phase
due to the ambipolar diffusion, and at the start of a
regular voltage pulse they escape to the electrodes
leading to the increase of the discharge current at the
first and second stages. Then the cathode and anode
sheaths under formation are depleted of the charged
particles what is the cause of the discharge current to
decrease during the third stage.
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Berlin:

®OPMHUPOBAHUE OJHOIIOJISIPHOI'O UMITYJIBCHOI'O PA3PSAIA B ABOTE
B.A. JIucoeckuii, I1.A. O2noonuna, C.B. /[youn, B.J]. Ezopenxos, A.H. /laxoe

BbuTH U3MepeHbl OCHUILIOTPaMMBI TOKA U HAMPSDKEHHST UMITYJIbCHOTO pa3psjia B IIMPOKOM JTHANa30He YacTOT
(ot 20 mo 300 kI['1y), ko3t ¢urrenToB 3anoiaHeHuss ot 15 mo 85 % mis aByx 3HaueHwid maBiaenuii azora — 0,1 u
1 Topp. Bbi10 nosy4eHo, 4T0 OCHUIUIOrPaMMBI TOKA TICIOIIEr0 MMITYJIbCHOTO pa3psijia UMEIOT Ia3MeHHyIo da3y u
(azy mocnecBeueHus. HaOmromanwch CleAyrolue 3Tambl IUTa3MEeHHOW (as3el: 1. VMITynbc €MKOCTHOTO TOKa
JUIMTENBbHOCTBIO TipuMepHo 0,5...1 Mkc; 2. Dran pocra TOKa, JUTUTENLHOCTh KOTOPOTO 3aBHCENa OT JIaBJIeHHs rasa;
3. YMeHblIeHHE TOKa, MJIMBHICECA NCCATKU MHUKPOCCKYH/, 10 YPOBHA, COOTBETCTBYIOMICTO paspAaay C MOCTOSAHHBIM
HaIpsH>KCHUEM.

®OPMYBAHHS OJHOITOJISIPHOT' O IMITYJBbCHOT' O PO3PAAY B A30TI
B.O. Jlicoécvkui, I1.0. Oznoonina, C.B. /Iyoin, B./l. €zopenkos, O.M. /laxos

Bynu BUMipsHI OCIIIUIOTpaMHU CTPYMY 1 HAIPYTH IMITyJIECHOTO PO3psy B MIMPOKOMY Jiama3oHi gacToT (Bix 20
10 300 kI'u), koedirienTiB 3anoBHends Bix 15 g0 85 % s aBox 3HadeHs THCKY azory — 0,1 ta 1 Topp. Byio
OTPHMAHO, 110 OCLMJIOTPAaMH CTPYMY TJIIOUOTO IMITYJIbCHOTO PO3pPSIy MAIOTh IJIa3MOBY a3y 1 ¢azy miciscBiTiHHSL.
Cnocrepiranucs HacTynmHI eTanu Iia3MoBoi ¢asu: 1. IMITynbc €MHICHOTO CTPyMy TPHUBAJICTIO NpPUOIM3HO
0,5...1 mkc; 2. Etam 3pocTaHHSl cTpyMy, TPUBAJIICTh SIKOTO 3aJie)Kasla BiJ THUCKY Tra3y; 3. 3MEHIIEHHS CTpyMy, IO
TPUBAJIO AECATKH MIKPOCEKYHJ, 10 PiBHS, BiJIIOBITHOTO PO3PSIY 3 MOCTII{HOIO HANPYTOIO.
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