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Abstract—The initial stage of the positive column formation in an argon glow discharge is investigated both
experimentally and theoretically. A decrease in the plasma radiation intensity (the so-called “ dark phase”) was
observed experimentally over atime period of about 1 ms. A similar dip was also observed in the time depen-
dence of the electric field strength. The time evol ution of the population of the lowest metastable state of Ar was
measured. A relevant theoretical model has been developed and used to perform calculations for the actual
experimental conditions. A comparison between the numerical and experimental results shows that the model
adequately describes the processes that occur during the formation of the positive column in an argon glow dis-
charge. Experimental and theoretical study shows that the dark-phase effect is related to an excessive amount
of metastable Ar atoms at the beginning of a discharge and, consequently, to high rates of stepwise ionization
and chemionization. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The so-called “ dark phase” intheinitia stage of the
positive column formation was first observed in [1, 2],
where glow dischargesin pure helium and its mixtures
with small additives of nitrogen or carbon oxide were
investigated under conditions such that the time inter-
vals between the discharge pulses were fairly long. It
was found that, when the output voltage of the power
supply was high enough, i.e., when the discharge cur-
rent was mainly determined by the ballast resistance
rather than the resistance of the dischargeitself, thedis-
charge displayed a number of specific features. In par-
ticular, after a short and very intense emission peak at
the beginning of the current pulse, the emission inten-
sity from all the spectral lines and bands dropped and
remained almost zero over acertain period of time. The
dark phase (DP) lasted from afew tens of microseconds
to afew milliseconds. The emission intensity then rap-
idly increased and reached a steady-state level (gener-
ally, after afew oscillations). In this case, the discharge
current, which was controlled by the ballast resistance,
remained amost constant throughout the discharge
pulse. A similar effect was observed in a continuous
discharge after additional excitation of the plasmaby a
high-voltage nanosecond pulse[3, 4].

In [2], this effect was explained as follows: In dis-
charges excited in mixtures of helium with a small
additive of amolecular gas M, the main ionization pro-
cess is Penning ionization,

He*+M — He + M* + e (1)

At the beginning of the discharge, when the discharge
current is low, the discharge voltage is high and the

electric field in the discharge is much higher than its
steady-state value. Thisresultsin the intense excitation
of the gas atoms and molecules and the generation of
the initial spike in the emission intensity. At the same
time, an excessive amount of metastable atoms are pro-
duced. As a consequence, after the current has reached
its steady-state level, the density of the electrons pro-
duced in reaction (1) is much higher than that in the
steady-state phase of the discharge. This leads to a
redistribution of the voltage between the discharge and
the ballast resistance, the electric field in the discharge
decreasing below its steady-state value, and the excita-
tion rate becoming very low. Since the rate of ambipo-
lar diffusion under these conditions is also low, the
excess electrons very slowly escape to the wall, so the
DP duration can significantly exceed the decay time of
the metastable atoms.

In pure helium, reaction (1) does not occur; in this
case, however, its role can be played by the two-body
collision reaction between metastable He atoms,

He* + He* — He*+ He + e. )

Processes similar to reaction (2) take place in other
noble gases as well. Therefore, it is reasonable to
expect that the DP effect will also manifest itself in
them. The aim of this study was to observe and study
the DP effect in argon.

2. EXPERIMENTAL SETUP

The experimental setup was similar to that described
in [2]. The diameter of the U-shaped discharge tube
made of molybdenum glass was 2.7 cm, the length of
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Fig. 1. Schematic diagram of the lower electronic states of Ar.

its horizontal part was 12 cm, and the distance between
the cylindrical Ti electrodes was 30 cm. The anode was
grounded. Spectrally pure argon (99.999%) was contin-
uously pumped through the discharge tube and a sys-
tem of liquid-nitrogen traps. A repetitive discharge was
produced by means of an electronic switch set in paral-
lel to the discharge tube. The response time of the
switch was 0.3 us.

Optical measurements were performed along the
axis of the horizontal part of the tube. The plasmaradi-
ation was recorded using a monochromator with a
1200-line/mm diffraction grating, an FEU-106 photo-
multiplier operating in the photon counting regime, a
pulsed amplifier, a 256-channel reverse photon counter
with atimeresolution of 1 ps (designed by G.V. Zhuvi-
kin and V.A. lvanov), and a PC. The concentration of
metastable Ar atoms was determined from the absorp-
tion of the probing radiation produced by a small-size
hollow cathode and propagating along the axis of the
discharge tube. The ratio between the widths of the
emission and absorption lineswas found by the method
described in [2]. We also measured the integral (over
wavelengths) emission intensity from different points
of the positive column. These measurements were per-
formed across the tube using amovabl e photomultiplier
tube.

The €electric field in the plasma was determined
using probes set at the discharge axis, 2.7 cm from one

another. The probe signals were fed to adigital oscillo-
scope through a high-resistance divider and differential
amplifier.

3. EXPERIMENTAL RESULTS

Figure 1 shows a schematic diagram of the lower
electronic states of Ar. The arrows show the spectra
lines whose emission intensities were measured in our
experiments.

By analyzing the time evolution of the emission
intensity from the positive column, we determined the
experimental conditions at which the DP effect was
present in an argon discharge. It was found that the
pressure should be afew torr and the discharge current
should beabout 1 mA. Moreover, aswas said above, the
output voltage of the power supply and the ballast resis-
tance must be high enough. Most of the experiments
were carried out at a pressure of p = 5 torr, steady-state
current of i =0.7 mA, supply voltage of U = 3.6 kV, and
ballast resistance of R, = 4.45 MQ. Under these condi-
tions, the reduced electric field was E/N = 5.5 Td (when
calculating the atomic density N, the gas temperature
was assumed to be 300 K, which is the upper estimate
found from the heat conduction equation). The corre-
sponding electron density averaged over the discharge
cross section was ~1.5 x 10° cm.
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Fig. 2. Measured time evolution of the emission intensity of the 696.5-nm linefor p=5torr, i =0.7 mA, and T = 80 ms. The insert

shows the waveform of the discharge current.

Figure 2 shows the measured time evolution of the
intensity of the Ar 696.5-nm line for a discharge dura-
tion of T = 8 ms and repetition period of T=80 ms. In
fact, thisis a single-pulse mode because the time inter-
val between pulses is much longer than the plasma
decay time (the electron density decreases by two
orders of magnitude over atime of T-t = 72 ms). The
line intensity shows a sharp spike at the instant of dis-
charge ignition, and then, over atime interval of about
1.5 ms, it is much lower than that in the steady-state
phase. After this, it sharply increases again, performs
several oscillations, and reaches a steady-state level.
Similar behavior of the plasma radiation intensity was
observed in helium [1, 2]; however, the emission inten-
sity of helium plasma during the DP was two orders of
magnitude lower than that in the steady-state phase,
whereas, in the case of argon, it was only four times
lower. The intensities of the other Ar spectral lines
behaved in the same manner.

In argon, the range of discharge currents at which
the DP was observed was much narrower than that in
PLASMA PHYSICS REPORTS  Vol. 31

No. 10 2005

helium and its mixtures. Asthe current increased above
1 mA, the effect became less pronounced. This can be
seen from Fig. 3, which corresponds to a current of
1.4mA (R, =2.2MQ). Inthis case, the emission inten-
sity during the DP was only two times lower than that
in the steady state phase. At higher discharge currents,
the DP disappeared. This also occurred when the time
interval between the discharge pulses was reduced
(Fig. 4). In this case, the initial spike in the emission
intensity also disappeared. Such behavior is similar to
that observed in helium [1, 2].

Figure 5 shows the measured time evolution of the
reduced electric field for the conditions corresponding
to Figs. 2-4. It can be seen that the time behavior of E/N
correlates with that of the line emission intensities. In a
single-pulse operating mode (Figs. 5a, 5e; T = 80 ms),
the reduced field E/N shows aspike at theinstant of dis-
charge ignition, a nearly zero value during the DP, and
oscillations in the rest of the discharge. Note that the
sharp change in the discharge voltage and the low elec-
tron density just after breakdown did not allow us to
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Fig. 3. Measured time evolution of the emission intensity of the 706.7-nm linefor p=5torr, i =1.4 mA, and T = 80 ms. Theinsert

shows the waveform of the discharge current.

correctly measurethe electric field in theinitial stage of
the discharge (as well as just after discharge termina-
tion). Nevertheless, the electric field during the DP is
certainly much lower than the steady-state field. Asthe
time interval between the pulses decreased, the time
dependences of the reduced electric field became
smoother (see Figs. 5b, 5¢) and, then, both the initial
spike and the subsequent dip disappeared.

After dischargeignition, the concentration of the 1s;
metastable Ar atoms becomes four to ten times higher
than that in the steady-state phase (Figs. 6, 7). During
the DP, their concentration decreases twofold as com-
pared to that in the steady-state phase. The characteris-
tic decay time of metastable levels during the DP is
appreciably shorter than that after the end of the dis-
charge (cf. Figs. 6a, 6b, 7a, and 7b). This can be
explained by the large density of the electrons and
Ar(ls;) atoms and, accordingly, the large quenching
rate of these levels (see Section 5). A decrease in the
time interval between the discharge pulses leads to a
substantial decrease in the amplitude of theinitial spike
in the concentration of metastable atoms.

All thetime dependences shownin Figs. 2—7 display
oscillationswith aperiod of about 1 ms. Oscillationsin
the electric field and the local emission intensity (mea-
sured across the discharge) were also observed in con-
tinuous discharges: at a current of 0.7 mA, the oscilla-
tion period was the same as in pulsed discharges,
whereas, at a current of 1.4 mA, it was 1.5 times
shorter. Optical measurements performed across a con-
tinuous discharge showed that the oscillation phase
depended monotonically on the photomultiplier posi-
tion; this means that these oscillations are related to
moving striations. Similar measurements performed in
asingle-pulse mode (T = 80 ms) showed adifferent pic-
ture (Fig. 8). In this case, the phases of optical signals
from different points along the discharge axis were the
same,; therefore, the oscillations were caused by in-
phase oscillations of the emission intensity from the
positive column asawhole. A significant misphasing of
oscillations, indicating the origin of moving striations,
was observed only at the end of the discharge.
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Fig. 4. Measured time evol ution of the emission intensity of the 696.5-nm linefor p=5torr, i =0.7mA,and T=(a) 9and (b) 8.2 ms.

4. THEORETICAL MODEL

In order to reveal the mechanisms responsible for
the DP effect in the positive column of aglow discharge
in argon, we have analyzed all the available literature
data on the processes governing the population of the
excited states and the ionization balance in an argon
discharge under actual experimental conditions. Based
on these data, a theoretical model has been developed
that describes the time evolution of the parameters of
the positive column over the time interval from apply-
ing the discharge voltage to establishing a steady state.
The equations for the electron and ion densities and for
the populations of the excited states, the Boltzmann
equation for the electron energy distribution function
(EEDF), and the equation for the electric circuit are
solved self-consistently. The model does not account
for the electrode sheaths; i.e., it concerns only the pos-
itive column, which is assumed to be uniform along the
tube. In other words, the so-called zero-dimensional
model is used to describe the kinetics of the electrons,
ions, and excited atoms. A schematic of the lower elec-
tronic states of Ar isshown in Fig. 1, and the processes
included in the model arelisted in the table. Let us con-
sider the model in more detail.

The kinetics of the four lower electronic states of Ar
is thoroughly taken into account. Two of these levels
(1sy and 1s;) are metastable, whereas the other two (1s,

PLASMA PHYSICS REPORTS Vol. 31  No. 10 2005

and 1s,) are resonant. By analogy to [5], the higher
electronic states are combined into two effective levels
(F and A), with the level F being the sum of the 3p’4p
levels.

We used the same transport cross section for elec-
tron scattering by Ar atoms, cross sections for excita-
tion of electronic levelsfrom the ground state, and cross
section for ionization from the ground state asin [5]. In
that paper, the rate constants for the excitation of the
Iss, 1s,, 1s;, and 1s, levels were measured and com-
pared to those calculated by solving the Boltzmann
equation. The set of cross sections obtained in [5] pro-
vides good agreement between the cal culated and mea-
sured excitation rate constants. Moreover, the calcu-
lated values of the drift vel ocity and theionization coef-
ficient are also in good agreement with the available
experimental data. Therefore, we may consider this set
of the cross sections to be self-consistent.

In [5], the transport cross section was chosen
according to arecommendation in [6], whereastheion-
ization cross section was taken from [7]. The values of
these cross sections are known with a high accuracy.
However, thereis alarge scatter in both the experimen-
tal and theoretical data on the maximum values of the
cross sections for the excitation of the 1s;, 1s,, 1s;, and
1s, levels. The maximum of the cross sections for the
excitation of the lower 1s; metastable level varies from
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Fig. 5. Measured time evolution of the reduced electric field for p =5 torr, i = (a=d) 0.7 and () 1.4 mA, and T = (a, €) 80, (b) 10,

(c) 9, and (d) 8.2 ms.

0.4 x 1077 cm? (experiment [9]) to 107 cm? (experi-
ment [8]) and even to 2.3 x 10~'7 cm? (computations
[8]). There is also scatter in the data on the cross sec-
tions for the excitation of the 1s,, 1s;, and 1s, levels.
Note that, in [5], the cross sections for the excitation of
thels;, 1s,, 1s;, and 1s, levelswere taken from [9]; i.e.,
the minimal known values of these cross sections were
used. Inthisrespect, the set of cross sectionsused in [5]
is open to question.

Under our experimenta conditions, the main chan-
nel for the loss of charged particlesistheir diffusion to
the tube wall. Within the zero-dimensional model of the
positive column of a glow discharge, this process is

usually characterized by the rate of ambipolar diffu-
sion. When the plasma contains several ion species, the
diffusive loss of the charged particles cannot be
reduced to conventional ambipolar diffusion only [10].
In our model, we consider two positiveion species. Ar*

and Ar; . To describe the diffusive loss of the ions and
electrons within the zero-dimensional model, we sim-
plified the problem by assuming that the radial profiles
of the densities of different ion speciesareidentical and
the electron mobility is constant over the tube radius. A
general reason for such a simplification is that the
mobilities of these ions are close to one another (see
PLASMA PHYSICS REPORTS  Vol. 31

No. 10 2005
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Fig. 6. Measured time evol ution of the density of the 1s5 metastable Ar atoms (a) in theinitial stage of the discharge and (b) through-
out the entire discharge for p =5 torr and i = 0.7 mA.. The heavy solid lines show the exponentials with time constants of (a) 500 ps

and (b) 1.2 ms.

below) and the electric field isnearly constant along the
tube radius.

In this case, the coefficient of ambipolar diffusion
for electronis

3)

whereas for ions, the coefficients of ambipolar diffu-
sion are

C))

In formulas (3) and (4), Dg,, De, He and n, are the
coefficient of ambipolar diffusion, the coefficient of
free electron diffusion, the electron mobility, and the
electron density, respectively; D,,, M;, and n, are the
coefficient of ambipolar diffusion, mobility, and den-
sity of Ar* ions; and D,,, W,, and n, are the coefficient

of ambipolar diffusion, mobility, and density of Ar,
ions. The plasma is assumed to be quasineutral; i.e.,
n, + n, = n,. Formulas (3) and (4) can readily be
obtained using a standard procedure for deriving the
coefficient of ambipolar diffusion (see, e.g., [11]). The
electron mobility and the coefficient of electron
diffusion were found by solving the Boltzmann equa-

PLASMA PHYSICS REPORTS  Vol. 31
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tion for the EEDF. The ion mobilities under normal
conditionsweretakentobep, =1.6cm?V-tstandp, =
27cm?V-1s1[12].

For a cylindrical discharge tube, the electron diffu-
sionlossrateis equal to

Dea
Vea = Fa (5)
N=R/24, (6)

where A is the effective diffusion length. Formulas (5)
and (6) were obtained from the solution to the Schottky
diffusion equation for the electron density [13], in
which the ionization term was assumed to be propor-
tiona to n.. Thisis the case, e.g., when the atoms and
molecules are primarily ionized by electron impact
from the ground state. In glow discharges in noble
gases, stepwise ionization is dominant; i.e., the ioniza-

tion rate is proportional to ns . Generally speaking, the

use of formulas (5) and (6) in this case is unjustified.
Nevertheless, it is possible to use formula (5) for the
rate of ambipolar diffusion if one redefinesthe effective
diffusion length, as was done in [14, 15]. In particular,
it was shown in [15] that, when the ionization rate
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Fig. 8. Integral (over wavelengths) emission intensity measured at different points (/-6) spaced adistance of 1 cm from one another
along the positive column for p=>5torr,i =0.7 mA, and T = 80 ms.
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Processes incorporated in the model

879

No. Process k,em®s, cm3 s, s7! References
Elastic electron scattering
1 |Ar+e—Ar+e Boltzmann equation [6]
Excitation from the ground state
2 |Ar+e<— Ar(ls;) +e Boltzmann equation [5]
3 |Ar+e=— Ar(Ilsy) + e Boltzmann equation [5]
4 |Ar+e=— Ar(lsy) +e Boltzmann equation [5]
5 |Ar+e=— Ar(lsy)+e Boltzmann equation [5]
6 |Ar+e<=— Ar(F)+e Boltzmann equation [5]
7 |Ar+e=—" Ar(A)+e Boltzmann equation [5]
Ionization from the ground state
8 |Ar+e— Art+e+e Boltzmann equation [7]
Stepwise ionization
9 |Ar(lss)+e— Arf+e+e Boltzmann equation [17]
10 |Ar(ls;)+e— Arf+e+e Boltzmann equation [17]
Chemionization
11 |Ar(lss) + Ar(lss) —= Art + Ar+ e 12x107 cm?® s7! [20, 21]
Ar, +e
12 | Ar(1s;) + Ar(ls;) — Ar* + Ar+ e 1.2x107 cm3 s7! See the text
Ar, +e
13 | Ar(1ss) + Ar(1s;) —= Ar* + Ar + e 1.2x10% cm3 s7! See the text
Ar, +e
Ton conversion
14 T Ar+ Ar* + Ar — Ar, + Ar 2.5%x 107! ecm® 57! [24]
Recombination
15 Ar; +e— Ar(A) + Ar Boltzmann equation See the text
Ambipolar diffusion
16 |e —> Tube wall See the text
17 Ar; — > Tube wall See the text
18 | Ar* — Tube wall See the text
Electron mixing
19 | Ar(lss) + & — Ar(lsy) + € 2x107 cm?® 57! See the text
20 |Ar(ls;) +e— Ar(lsy) + € 2%x107 cm’s7! See the text
Emission
21 |Ar(lsy) —= Ar+hv 5%x10%s7! See the text
22 |Ar(lsy) —= Ar+ hv 25x%x10°s7! See the text
Additional electron mixing
23 |Ar(Iss,1s3) + € — Ar(lpy, ..., Ipjp) + € See the text
24 | Ar(1py, ..., 1pjg) — Ar(ls,, ..., Lss) + v See the text
Atomic mixing
25 | Ar(lss) + Ar — Ar(ls,) + Ar 23 %105 em’s! [5], See the text
26 | Ar(ls;) + Ar — Ar(lsy) + Ar 43x10P cm?s! [5], See the text
Formation of dimers
27 | Ar(1ss) + At + Ar —= ATy + Ar —= Ar + Ar + Ar + hv 1.4 x 1072 em® 57! [5], See the text

PLASMA PHYSICS REPORTS  Vol. 31
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No. Process

k,em®s™ cm3 sl sl References

28 |Ar(ls;) + Ar + Ar —> Ary +Ar —> Ar+ Ar+ Ar + hv

Diffusion
29 | Ar(lss) — Tube wall — Ar

30 |Ar(ls3) — Tube wall — Ar
Cascade population

31 | Ar(A) —= Ar(F) + hv
32 |Ar(F) — Ar(ls,, ..., Lsg) + hv

1.5x 1032 cm® 57! [5], See the text

Dy=0.09 cm?s~! [5], See the text
(under normal conditions)
Dy=0.09 cm? s [5], See the text

(under normal conditions)

See the text
See the text

depends quadratically on the electron density, the effec-
tive diffusion length can be defined as

N=R/1.78. @)

It can easily be seen that the use of expression (7)
(instead of (6)) in formula (5) leads to adecrease in the
rate of ambipolar diffusion by a factor of 1.8. In our
base model, when determining the rate of ambipolar
diffusion, the effective diffusion length was calculated
by formula (7).

In this context, we should mention paper [16]
devoted to the experimental and theoretical study of the
steady-state parameters of the positive column of an
argon glow discharge. In that paper, in order to fit the
simulation results to the measurement data, the rate of
ambipolar diffusion was decreased severafold.

The cross sections for stepwise ionization from the
3p°4slevels were taken from measurements [17]. Note
that the calculated values of these cross sections [18,
19] agree well with the experimental results of [17]. It
isassumed in our model that stepwiseionization occurs
only from the 1s; and 1s; metastable levels because the
populations of the 1s, and 1s, resonant levels (as well
as of the higher electronic levels) are small compared to
the population of the 1s; state.

The rate constant for chemionization with the par-
ticipation of Ar atoms in the 1s; metastable state (see
table, process no. 11) wastaken from[20, 21]. Therate
constants for similar reactions with the participation of
Ar atoms in the 1s; state (process nos. 12, 13) were
assumed to be the same. The yield of molecular ionsin
these reactions was assumed to be 5% [22]. It should be
noted that, in [16, 23], the chemionization rate constant
was taken to be approximately one-half that in[20, 21].

The rate constant for the three-body conversion of
Ar*ionsinto Ar, ionswastaken from [24]. The energy
dependence of the cross section for the dissociative
recombination of electrons with Ar, molecular ions

was assumed to depend on the electron energy u as Cu™.
For such an energy dependence of the cross section and

a Maxwellian EEDF, the recombination rate constant

depends on the electron temperature T, as a, ~ T;O °
which agrees with theoretical and experimental data
[25]. The normalizing factor C was chosen such that
a,=7x107 cm¥sat T,= 300K [25].

An important channel for quenching metastable Ar
statesis electron-impact excitation fromthe 1s; and 1s;
statesto the 1s, and 1s, resonant states (process nos. 19,
20) with a subsequent radiative transition to the ground
state (process nos. 21, 22). The cross sections for pro-
cessnos. 19 and 20 were calculated in[26, 27] and were
then used in [28] to determine the rate constants for
these processes as a function of the electron tempera-
ture. The calculated total rate constant for the quench-
ing of the 1s; level (k=8 x 108 cm¥sat T,= 1.5 eV)
turned out to be far less than the measured one (k=2 x
107 cm¥/sat T,=1-1.7 €V [29]). An additional channel
for the electron-impact mixing of metastable and reso-
nant level sisthe excitation of the 3p’4p states with sub-
sequent radiative transition to different 3p’4s states
(process nos. 23, 24). This channel was not considered
separately in our model. For processnos. 19 and 20, the
mixing rate constant was set at 2 x 10~7 cm?/s, assuming
that this effective value accounts for process nos. 23
and 24. Moreover, using the literature data on the cross
sections for stepwise excitation from 3p’4s to 3p’4p
levels [30—33] (process no. 23), we studied the role of
these processes in the EEDF formation under actual
experimental conditions. It was found that these pro-
cesses only dlightly affect the EEDF, which is obvi-
ously related to the low relative population of metasta-
ble states (~107).

The radiative decay of the 1s, and 1s, resonance
states was considered in the effective lifetime approxi-

mation [34]: T, = A, where A is the probability of

spontaneous emission and 0 is the probability of apho-
ton escaping from the region under study (the trapping
No. 10
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of radiation was thus taken into account). According to
[34], in the case of cylindrical symmetry, we have

1A
4N 2TIR’

where A is the radiation wavelength and R is the tube

radius. The calculated values of re'é are listed in the

table (process nos. 21, 22). The necessary data on the
probabilities of spontaneous emission and the radiation
wavelengths were taken from [35].

The decay rate of the lower metastable states of Ar
as a function of the gas pressure was studied in [5],
where the rates were determined for three types of loss
of excited atoms: (i) the loss rate is inversely propor-
tional to the atomic density, (ii) the loss rate is propor-
tional to the atomic density, and (iii) thelossrateis pro-
portional to the atomic density squared. The first type
correspondsto the diffusive escape of the excited atoms
to the tube wall (process nos. 29, 30), the second type
is associated with the mixing of the metastable and res-
onant atomic levels (process nos. 27, 28), and the third
typeisrelated to the formation of dimers and their sub-
sequent rapid radiative decay (processnos. 27, 28). The
diffusion coefficients and the rate constants for the rel-
evant processes were taken from [5]. Note that the rate
constant for the dimer formation presented in the table
agrees well with the data from [36]. It should also be
noted that, under our experimental conditions, the dif-
fusive loss of metastable atomsisinsignificant.

At the very beginning of a discharge, when the elec-
tric field in the plasma is high enough, the higher elec-
tronic states are mainly excited. Radiative transitions
from these states populate the 3p’4s levels (see, eg.,
[16]). To take into account this cascade population, the
model incorporates the processes of spontaneous emis-
sion (process nos. 31, 32). The characteristic times of
these processes are very short. Hence, it was supposed
that the cascade population proceeds instantaneously. It
is also necessary to know the fractions of the cascade
population from the effective level F (which is a com-
bination of the 3p’4p levels) to each of the four levels
of the 3p°4s state. According to [5], these fractions are
40%, 24%, 7%, and 29% for the 1s;, 1s,, 1s;, and 1s,
levels, respectively.

The eguation for the electric circuit was written in
the form

0 =

(U-V,.-EL)/R, = enV4(§2.3),

where U isthe applied voltage, E isthe electric field in
the plasma, V. isthe cathodefall, L isthe interelectrode
distance, R, is the ballast resistance, e is the electron
charge, V, is the electron drift velocity, Sis the cross-
sectional area of the tube, and n, is the electron density
at the tube axis. The factor 2.3 corresponds to the
Bessel radial profile of the electron density. The cath-
ode fall was assumed to be time-independent (V. =
100V).
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Fig. 9. Calculated time evolution of (a) the discharge cur-
rent and the reduced electric field in the positive column and
(b) the population of the lowest metastable state of Ar for
Ry = (1) 4.45 and (2) 2.2 MQ. Curves 1' stand for calcula-

tions performed in the test model for R, = 4.45 MQ: the

cross sections for the excitation of metastable states are
increased twofold, the ambipolar diffusion rate is halved,
and the rate constant for the mixing of the electronic states
by electronsis decreased fourfold.

The Boltzmann equation for the EEDF was solved
with allowance for electron—electron collisions and
superelastic collisions with excited atoms. The cross
sections for superelastic collisions were calculated
using the detailed balance principle. The procedure for
numerically solving the Boltzmann equation is
described in [37]. Note that the EEDF was calculated in
the local approximation. The applicability of this
approximation under our experimental conditions is
disputable. Thus, it was asserted in [38] that the local
approximation is inapplicable in argon up to pR =
10 cm torr. In our case, pR = 7 cm torr; therefore, one
should expect only qualitative (rather than exact quan-
titative) agreement between the computation and exper-
imental results.
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Fig. 10. Cdlculated time evolution of the (a) electron density
and (b) positiveion densitiesfor R, = (1) 4.45and (2) 2.2 MQ.
Curve 1' stands for calculations performed in the test model
for R, = 4.45 MQ: the cross sections for the excitation of

metastable states are increased twofold, the ambipolar dif-
fusion rateis halved, and the rate constant for the mixing of
the electronic states by electrons is decreased fourfold.

5. RESULTS OF CALCULATIONS
AND COMPARISON TO EXPERIMENT

We performed computations for a pressure of p =
5 torr, supply voltage of U = 3.6 kV, ballast resistance
of R, = 4.45 and 2.225 MQ, discharge tube length of
L =30 cm, and tube radius of R = 1.35 cm. The two
values of the ballast resistance correspond to the two
different steady-state discharge currents: =0.7 and
=1.4 mA. In what follows, the two regimes under con-
sideration will be characterized by the corresponding
values of the steady-state current. The initial electron
density and the population of the metastablelevelswere
assumed to be low, which corresponds to experiments

DYATKO et al.
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Fig. 11. Calculated time evolution of the relative contribu-
tions from different processes to (a) ionization and (b) the
decay of the lowest metastable level of Ar for R, = (1) 4.45

and (2) 2.2 MQ.

with large time interval s between the discharge pulses.
The computation results are presented in Figs. 9-11.

Let usfirst consider the results obtained with the use
of the base model. They are shown by solid curves. Fig-
ure 9a showsthe time evolution of the discharge current
and the reduced electric field in the positive column. It
can be seen that, before the steady state is reached, the
discharge current passes through a maximum, whose
magnitude only slightly exceeds the steady-state cur-
rent. The nonmonotonic time dependence of the
reduced electric field is more pronounced. The reduced
field E/N sharply decreases from the initial maximum
value to a minimum value, which is amost three times
lower than the steady-state reduced field. Thereafter,
the reduced field increases and, after afew oscillations,
reaches a steady-state level. For both values of the dis-
charge current, the steady-state value of E/N is almost
the same, although for i = 1.4 mA it isabit lower.

The calculated populations of the lowest metastable
level of Ar are shown in Fig. 9b. It can be seen that the
PLASMA PHYSICS REPORTS  Vol. 31
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population of the 1s; level increases rapidly from zero
to a maximum value and then sharply drops, reaching
its steady-state value after a few oscillations. The
steady-state populations corresponding to the two val-
ues of the discharge currents are close to one another,
whereas the maximum population is significantly larger
at the higher current. Note also that the populations of
the other levels (1s,, 1s;, and 1s,) are small compared
to the population of the 1s; level.

The time evolution of the electron and ion densities
is shown in Figs. 10a and 10b, respectively. The elec-
tron density behaves similarly to the population of the
1s; level: arapid increase to the maximum value isfol-
lowed by a sharp decrease and subsequent damping
oscillations. For i = 1.4 mA, the amplitude of the first
maximum in the electron density is much larger than
fori=0.7 mA (seeFig. 10a). The steady-state val ues of
n, differ by afactor of 2; i.e, their ratio is equa to the
current ratio. The reason for thisisthat the E/N valueis
almost the samein both cases. Note that the densities of
atomic and molecular ions in both cases are nearly the
same (see Fig. 10b).

It follows from Figs. 9 and 10a that the population
of the 1sy state reaches its maximum value before the
electron density does. The peak in the electron density
coincides in time with the dip of the electric field.
According to our simulations, the formation of the pos-
itive column of an argon glow discharge proceeds as
follows: At theinitial instant, when the electric field in
the plasma is high, the electron density increases
sharply due to direct ionization (see Fig. 9a) and the
population of the 1s; level grows. As n, (and, conse-
guently, the discharge current) increases, the electric
field in the plasma sharply decreases and direct ioniza-
tion becomes insignificant as compared to chemioniza-
tion and stepwise ionization. The rate constant for the
excitation of the 1s; level aso decreases. Within the
framework of our model, the decay rate of this state due
to electron mixing and chemionization does not depend
on the electric field; therefore, at a certain instant, the
production rate of this state becomes equal to the decay
rate and the population of the 1s; level reaches its max-
imum value, which is much larger than the steady-state
value. Due to the large concentration of metastable
atoms, the rates of both stepwise ionization and chemi-
onization are much higher than the rate of electron loss
dueto ambipolar diffusion; so, the electron density con-
tinuous to grow. Accordingly, the electric field in the
plasma decreases. As time elapses, the ionization rate
decreases (because of a decrease in the population of
the 1s; level) and becomes equd to the rate of ambipo-
lar diffusion. At this instant, the electron density is
maximum and the electric field is minimum. Thereaf-
ter, the loss of electrons due to ambipolar diffusion
dominates over the production of electrons due to ion-
ization and the el ectron density decreases. This, inturn,
leads to an increase in the electric field in the plasma,
the maximum el ectric field being somewhat higher than
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the steady-state field. Eventually, after a few damping
oscillations, the electric field reaches its steady-state
value.

Thetime evolution of therelative contributionsfrom
different processes to the rate of electron production
and the decay rate of the 1s; level isshown in Fig. 11.
It can be seen from Fig. 11athat, when the concentra-
tion of metastable atomsis maximum, the contributions
from stepwise ionization and chemionization are nearly
the same, whereas in the steady-state phase, stepwise
ionization prevails. The decay of the 1s; metastable
level is mainly caused by electron mixing (see
Fig. 11b). Only at the very beginning of the discharge,
when the electron density is still relatively low, is the
decay of metastable states mainly related to the forma-
tion of dimers.

A comparison between the computation and experi-
mental results shows that the model adequately
describes the time evolution of the plasma parameters
during the formation of the positive column in an argon
glow discharge; specifically, it predicts the presence of
apeak inthe population of the 1s; level and aminimum
in the electric field in the initial stage of a discharge.
The calculated and measured populations of the 1s;
level differ by afactor of lessthan 2 (cf. Figs. 6, 7, and
9b). Moreover, the calculated steady-state value of E/N
agrees well with the measured value (estimated by
averaging the data from Figs. 5a and 5e over time).
However, in calculations, the period of oscillations of
the plasma parameters is shorter and the oscillation
amplitude is appreciably smaller than their measured
values.

The most dragtic difference between the computa-
tion and experimental resultsisthat, in calculations, the
minimum value of the reduced electric field is much
larger than that in the experiment. For example, for i =
0.7 mA, the calculated minimum value of the reduced
field is (E/N)y, = 2.3 Td, whereas the minimum value
of the reduced field estimated from the experimental
datais (E/N),, < 0.5 Td. Our estimates show that, at
(E/N),in = 2.3 Td, the emission intensity of the above
spectral lines only slightly decreases below its steady-
state level. To reduce the calculated value of (E/N) iy, it
IS necessary to increase the maximum electron density.
This, in turn, calls for an increase in the population of
the 1s; level. In principle, this can be achieved by prop-
erly adjusting the cross sections and the rate constants
used in our model. For this purpose, test calculations
for the case of i = 0.7 mA were performed in which the
cross sections for the excitation of metastable states
were increased twofold, the rate constant for electron
mixing was decreased fourfold, and the rate of ambipo-
lar diffusion was halved. The relevant computation
results are shown in Figs. 9 and 10 by the dashed lines.
Let us compare them to the computation results
obtained using the base model. It can be seen that the
maximum population of the 1sy level increased by
=15%, the duration of the time interval in which the
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population is reduced increased twofold, and the
steady-state population decreased by nearly 30%. The
maximum electron density increased by =28%,
whereas the duration of the time interval where n, is
reduced increased twofold. The time evolution of E/N
changed most radically. The minimum reduced field
(E/N),,i, decreased by afactor of amost 3.5. The reason
for such a significant decrease in (E/N),, is that the
electron drift velocity in argon only slightly decreases
with decreasing E/N within therange E/N <4 Td. For a
fixed current, the 28% increase in the electron density
must be balanced by a decrease in the electron drift
velocity, which calls for asignificant decreasein E/N.

As awhole, the computation results obtained using
the test version of the model agree much better with the
experiment than those obtained in the base model. The
validity of using the test model with modified cross sec-
tions and rate constants is questionable, however.

6. CONCLUSIONS

Theinitial stage of the positive column formationin
alow-pressure (p = 5 torr) glow discharge in argon has
been studied at discharge currents of ~1 mA (specifi-
caly, at 0.7 and 1.4 mA). The time evolution of the
emission intensities of the spectral lines, the electric
field in the discharge plasma, and the popul ation of the
lowest metastable state of Ar were measured. It isfound
that the initial spike in the emission intensity is fol-
lowed by a 1- to 1.5-ms-long period during which the
emission intensity islower than that in the steady-state
phase of the discharge. The duration of this dark phase
decreases with increasing discharge current. The time
evolution of the electric field also displays a dip in
which the reduced electric field E/N is much lower than
its steady-state value. At the same time, the population
of the 1s; metastable statein the initia stage of the dis-
charge is much higher than that in the steady-state
phase.

A kinetic model has been developed to simulate the
positive column plasma of aglow discharge in argon by
consistently solving the equations for the electron and
ion densities and for the populations of the excited
states of Ar, the Boltzmann equation for the EEDF, and
the equation for the electric circuit. Using this model,
we have calculated the time evolution of the plasma
parameters (such as the electron density, the reduced
electric field, and the population of the metastable lev-
els). The calculated results agree satisfactorily with the
experimental data.

Our experimental and theoretical study has shown
that the DP effect is related to the production of an
excessive amount of metastable Ar atoms at the begin-
ning of the discharge and, consequently, to high rates of
stepwise ionization and chemionization. The high ion-
ization rate leads to an increase in the electron density
and, accordingly, to asignificant decreaseinthe electric
field in the positive column. This, in turn, results in a

DYATKO et al.

sharp decrease in the rate constants for the electron-
impact excitation of the electronic states of Ar and a
decrease in the emission intensity.

Itisalso shown that quantitative agreement between
numerical and experimental results can be achieved by
adjusting the cross sections and rate constants incorpo-
rated in the model. The validity of such an adjustment
is questionable, however.
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