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Abstract

The constriction of the positive column of a glow discharge in argon was studied both

experimentally and theoretically. In experiments the direct current discharge was maintained in
a cylindrical glass tube of 3 cm internal diameter and 75 cm length. The voltage—current U (/)
characteristics of the discharge were measured at a gas pressure P from 1 to 120 Torr in a wide
range of discharge currents. At P > 20 Torr the measured U (/) characteristics display the
classical hysteresis effect: the transition from the diffuse to the contracted discharge form (with

increasing current) occurs at a current higher than that for reverse transition (with decreasing
current). It was also found that in some cases the so-called partially contracted form of the
discharge is realized, when the diffuse and contracted forms coexist in the discharge tube.

To calculate the plasma parameters under experimental conditions a 1D axial-symmetric
discharge model for pure argon was developed. The details of the model are described and the
results of simulations are presented. In particular, the electric field strength E in the positive
column was calculated as a function of the discharge current. Theoretical E(I) characteristics
are compared with those derived from the experiment. For the first time, the detailed kinetic
model without the usage of fit parameters predicts the hysteresis effect in pure Ar with
parameters of diffuse and constricted forms of the discharge in good agreement with the

experiment.

1. Introduction

It is well known that at intermediate gas pressures an increase
in the discharge current leads to the constriction of the positive
column of a diffuse glow discharge and the formation of a
bright filament, the transverse size of which is small with
respect to the discharge tube diameter [1-3]. The behaviour
of the positive column during transition from the diffuse to the
contracted form is diverse, dependent on the type of gas and
pressure. In some cases this transition occurs gradually, i.e.
the visible diameter of the plasma in the whole of the positive
column diminishes gradually with the current increase. But in
most cases another scenario is realized: stepwise transition to
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the contracted form as soon as the discharge current exceeds
some critical value ..

During the last few decades the effect of discharge
constriction in inert gases was comprehensively studied both
experimentally [4-11] and theoretically [4-6, 10, 12-19], and
several theories were proposed to explain the causes of
this effect. The review of these theories is presented,
for example, in [18]; here we give general ideas of
these theories. In earlier papers [4-6, 12] constriction was
considered as a consequence of non-uniform gas heating across
the discharge and was attributed to the dependence of the local
ionization-recombination balance of charged species on the
gas temperature. Later on, so-called diffusion-recombination

© 2008 IOP Publishing Ltd  Printed in the UK
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theories [10, 13—17] were developed; the term ‘diffusion’ is
used to emphasize the role of diffusion processes in charged
species balance. In these theories, a strong non-linear
dependence of the ionization rate on the electron concentration
due to stepwise ionization processes and the influence of
electron—electron (e—e) collisions on the shape of the electron
energy distribution function (EEDF) and, respectively, on the
excitation and ionization rate constants is considered as a key
reason for constriction. Ambipolar diffusion is a major factor
that withstands discharge constriction.

It was shown in [10,15-17] that without taking into
account e—e collisions constriction occurs gradually with the
discharge currentincrease, and exact inclusion of e—e collisions
into calculations of the EEDF leads to stepwise contraction in
inert gases (except helium). Actually, the correct modelling
of the constriction effect requires that both gas heating and
non-linearity of the ionization/excitation rates as functions
of the electron number density be taken into account. The
general discussion of the constriction effects can be found, for
example, in [1].

It was shown experimentally for argon and neon gases
[8—10] that the stepwise contraction taking place at the current
increase is followed by a similar stepwise transition to the
diffuse form, if the discharge current then decreases. If the
critical discharge current for the contraction is higher than
that for reverse transition, the hysteresis effect takes place.
Semi-analytic models developed in [10, 15, 17] were able to
qualitatively explain the appearance of the hysteresis effects
in Ne and Ar. A more accurate approach was realized in
the paper [18] where the constriction effect in pure argon
was studied numerically using a 1D axial-symmetric model.
In this paper balance equations for the charged particles
and for the populations of the excited states were solved in
parallel with the equation for the gas temperature and the
Boltzmann equation for the EEDF. A detailed kinetic model
for the atomic and ionic species was used in calculations.
Simulations were performed for the experimental conditions
of [9]. The calculated E (/) characteristics appeared to be
in reasonable agreement with those measured in experiments,
and results of simulations confirmed the conclusion made in
[10, 15-17] about the dominant role of e—e collisions in the
mechanism of constriction. However, the hysteresis effect
was not reproduced in calculations. Recently, a numerical
approach was employed for modelling of the constriction effect
in neon [19] under experimental conditions [8], and hysteresis
effect was observed in calculations. In [19] a simplified
kinetic model for the excited neon atoms was used. The
authors [19] claimed that their theory was unable to reproduce
the hysteresis effect when using the local approximation
for the EEDF. They suggested the approximation of the
EEDF by a two-temperature Maxwellian distribution, and an
effective temperature of its high-energy tail was found from an
approximate non-local equation derived by the authors.

In the case of stepwise constriction the diverse time
evolution of the positive column was observed. If the discharge
current is rapidly increased from I; < I. to I, > I, then a
virtually uniform constriction of the positive column along its
full length occurs. In the case I, > I., when the discharge

current slightly exceeds the critical value, the contraction
occurs near one of the electrodes and evolves to the other
electrode, i.e. the boundary between the constricted and diffuse
parts of the positive column moves along the discharge tube.
In some cases, the boundary can stop at some intermediate
location between electrodes. If this is the case, then the
so-called partially constricted glow discharge is realized. Such
a kind of discharge was observed in 1966 in argon [20], but no
special studies of it were carried out. In [21] it was briefly
reported about the observation of the partially constricted
glow discharge in an argon—nitrogen mixture. Recently, the
existence of this effect in an argon—nitrogen mixture was
confirmed in [22,23]. As for pure argon, the possibility of
such a kind of discharge is not quite clear now.

In this work the experimental and theoretical study of the
constriction effect in the positive column of the glow discharge
in argon is done. In order to study the hysteresis effect,
voltage—current characteristics (VCCs) of the discharge were
measured by two ways: increasing the current and decreasing
the current. Special measures were undertaken to realize the
partially contracted discharge.

A 1D axial-symmetric self-consistent discharge model
was developed and implemented for numerical simulations of
Ar discharge under experimental conditions. The description
of the model is given and results of calculations, in particular,
E (I) characteristics, are presented in the paper. The calculated
E(I) characteristics are compared with those derived from
experiment. For the first time, the detailed kinetic model
without the usage of fit parameters predicts the hysteresis effect
in pure Ar. The parameters of diffuse and constricted forms of
the discharge are in good agreement with the experiment.

2. Experimental setup and procedures

The experimental setup is basically similar to that described
in [21-23]. The cylindrical discharge tube, 3 cm i.d., was
made of molybdenum glass. This tube from the anode end
was connected to a narrow (2 cm i.d.) and short (2 cm length)
tube. Then this construction was connected to glass tubes
of 4.5cm i.d. and of 3 cm length, which in turn were joined
with extensions, where two identical cylindrical tantalum
electrodes were placed. The distance between the electrodes
was 75cm. The narrow short tube initiates the discharge
constriction from one end which allowed us to study the partial
constriction. Gaseous argon (99.998% purity) was pumped
through the set of liquid-nitrogen cooled traps and then through
the discharge tube at a flow rate of ~100 sccm (residence time
in the discharge ~1min). Such a rate was low enough to
avoid formation of a pressure gradient along the discharge. A
10kV dc power supply could maintain the discharge current
up to 100mA. The discharge current could be changed by
varying the power supply voltage Vs or changing the ballast
resistance Ry. The latter was varied in the ~0.1-1 M2 range
for obtaining ~1-100mA current values. For a given R,
value the discharge voltage drop and current were measured
and recorded with a two-channel oscilloscope. This procedure
took about 2—-3 min and allowed one to collect ~10* records
within some range of the VCCs with a 10 ms sample time.
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Figure 1. Voltage—current characteristics of the discharge measured at different argon pressures: P = 5 Torr (a), 40 Torr (b), 80 Torr (c) and

120 Torr (d).

About 5-10 different R}, values were used to extend the VCC
ranges measured and to cover continuously the whole range of
currents. Luminosity of the discharge was also studied with
the use of an optical fibre that could be moved along the tube.
A high speed CMOS camera pco.1200hs was used for taking
the pictures of the discharge positive column.

In this study the gas pressure was varied from 1 to 120 Torr.
Constriction of the discharge accompanied by jumps in the
VCC was observed at P > 20 Torr. The results obtained for
some of these conditions are shown in figures 1(a)—(d). Left
and right branches of the VCCs in figures 1(b)—(d) correspond
to diffuse and constricted forms of the discharge. Contraction
is accompanied by a 1.5-2-fold lowering of the voltage at a
small change in the current value. Transition between these
two states occurs along the line

U+IRy, =V,

where U is the discharge voltage. In some cases the
transition process extends in time up to about 0.1s. Then
the measurements allow us to resolve a few points along the
transition line. Figure 1(c) exhibits an additional knee on the
curve. In this case the discharge might contract at certain
conditions in two steps. At first, the contraction starts from the
anode to the narrow tube and then propagates at a larger current
occupying the whole tube (see figure 1(c)). All the VCCs
presented in figures 1(b)—(d) reveal a distinct hysteresis effect,
namely, an essential difference between the curves obtained at
current varying in the opposite directions.

At pressures lower than P = 20 Torr no jumps in VCCs
were observed. Nevertheless, a bend in VACs was observed
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Figure 2. Discharge voltage drop as a function of gas pressure for
diffuse (/ = 20 mA) and contracted (/ = 80 mA) discharges.

down to as low as P = 5Torr (see figure 1(a)). At low
pressures a gradual narrowing of the luminous column with
increasing current took place. Figure 2 shows the discharge
voltage as a function of pressure for two current values.
Monotonic, near linear growth of U versus P is seen for
the diffuse form of the discharge at current / 20 mA.
For I = 80mA there is a sharp kink on the U(P) curve
at P 20 Torr, that is, at the point where the discharge
constricts. For the contracted discharge (P > 20 Torr) the
U (P) dependence is notably weaker.

No striations were observed in the diffuse form of the
discharge, i.e. the positive column was uniform along the
tube axis (see figure 3). Constriction of the discharge is
accompanied by the appearance of moving striations, which
lead to modulation of plasma luminosity. Figure 3 illustrates
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Figure 3. Time dependence of plasma local emission for diffuse
(I =20mA) and contracted (/ = 30 and I = 70 mA) discharges.
P = 40 Torr.

(b)

Figure 4. Picture of partially contracted discharge in argon (a)
taken with long time exposition and (b) taken with 50 us exposition
(emission of the diffuse (left) part of the discharge is too weak for
detection); the bright points in the contracted (right) part are the
moving striations.

that the shape of modulation changed and its amplitude
diminished with current. Pulsation frequency diminished with
current and the pulsation shape changed from sinusoidal to
markedly non-harmonic.

As a rule, the process of discharge constricting took less
than ~0.1 s. However, in a few runs it was possible to observe
an intermediate state of discharge with stable diffuse and
contracted parts (see figure 4(a)), i.e. partial contraction took
place, which was found previously in argon [20] and Ar—N,
[21-23] discharges. In the contracted part of the discharge
moving striations could be detected (see figure 4(b)). Let us
note that in Ar: N, mixtures [21-23] a partially contracted
discharge was easily reproduced and repeated, while in the case
of argon it was observed rather accidentally than regularly.

3. Discharge model

To calculate the plasma parameters it was assumed that the
discharge column is cylindrically symmetric and uniform
along the tube axis. In this case, a 1D axial-symmetric
discharge model for pure argon could be applicable. Our model
includes balance equations for the charged species, a system
of kinetic equations for populations of electronic states, an

equation for the gas temperature and an equation for the electric
circuit. The populations of two lower resonance states were
calculated by taking into account resonance radiation transfer
effects. Rate coefficients for electron-induced processes and
electron transport coefficients were calculated by solving the
electron Boltzmann equation in parallel with the system of
kinetic equations. The atom density as a function of gas
pressure and temperature was found from the ideal gas equation
of state.

The electron Boltzmann equation was solved using the
so-called two-term approximation for the electron velocity
distribution function. For pure argon under glow discharge
conditions this approximation is rather accurate to calculate the
EEDF and relevant kinetic coefficients. It was also assumed
that at every location the EEDF depends only on the local
plasma parameters. For gas pressures and the tube radius under
consideration such an assumption is evidently satisfied in the
case of the diffuse form of discharge, when plasma fills the
whole cross section of the tube. The problem of applicability
of the local approach in the case of the contracted discharge
where the transverse size of the plasma cord is small will be
discussed in some detail in section 5. The Boltzmann equation
for the EEDF was solved by the iteration method [24]. The
following processes were taken into account (see table 1):
elastic scattering of electrons from argon atoms, excitation of
electronic states by electron impact from the ground state and
stepwise excitation, ionization of atoms from the ground state
and stepwise ionization, ionization of dimers, recombination of
electrons with ions, dissociation of molecular ions by electron
impact, appearance of electrons in Penning processes, e—e
collisions and second kind collisions with excited atoms.

In the model two sorts of positive ions, Ar* and Ar}, are
taken into account and quasineutrality of plasma is assumed,
that is, ne = [Ar"] + [Ar}] (concentrations of particular
species are denoted by square brackets). In fact, Arj ions
are also formed in plasma, but according to calculations [18]
the concentration of these ions is small with respect to the ArJ
concentration, and they have no influence on the discharge
behaviour.

The radial fluxes of electrons and ions were described
in terms of ambipolar diffusion. For example, the balance
equation for the electrons has the form

9 10 ad
fle —_—_— (rDa£> = Fion - Frec, (1)

ot ror or

where D, is the ambipolar diffusion coefficient and I'j,, and
I'cc are the total ionization and recombination rates. In the case
of two sorts of positive ions the ambipolar diffusion coefficient
can be derived as

Mz) , 2

where D. is the free transverse diffusion coefficient of
electrons, w. is the electron mobility and w; and p, are
mobilities of atomic and molecular argon ions, respectively.
The ions’ mobility under normal conditions (7, = 300K
and P = 760 Torr) was taken as p; = 1.6cm?* V~'s~! and

[Ar}]

Dy~ ==

e

M1+
€ €

D, <[Ar+]
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Table 1. Processes incorporated in the model.

Nos Process k(cmls™!, em?s™!, s7!) References
Elastic electron scattering
1 Ar+e — Ar+e BE* [32]
Excitation from
the ground state
2 Ar+e < Ar(i) +e, BE [33]
i = 185, 184, 183, 182
3 Ar+e < Ar(F) +e BE [33]
4 Ar+e < Ar(A) +e BE [33]
5 Ar+e < Ar(B) +e BE [33]
Ionization from
the ground state
6 Ar+e —> Ar(+) +e+e BE [34]
Mixing by electrons
7 Ar(i)+e <> Ar(j) +e, i, j = lIss, f(T) [35]
1S4, 183, 1S2
Mixing by atoms
8 Ar(1ss) + Ar < Ar(1sy) + Ar 23 x 1075 cm? 57! [36]
9 Ar(1s3) + Ar < Ar(1sy) + Ar 43 x 107" cm3s7! [36]
Stepwise excitation
10 Ar(i)+e < Ar(F) +e, BE See the text
i= 1S5, 153,
11 Ar(i) +e < Ar(F) +e, BE See the text
i = 184, 152
12 Ar(F)+e < Ar(A) +e BE See the text
13 Ar(F)+e < Ar(B) +e BE See the text
14 Ar(A)+e < Ar(B) +e BE See the text
Stepwise ionization
15 Ar(i)+e < Art +e+e, BE [42]
i = 1ss, 184, 153, 18
16 Ar(F)+e — Arf +e+e BE See the text
17 Ar(A)+e — Arf +e+e BE See the text
18 Ar(B)+e — Ar" +e+e BE See the text
Chemi-ionization
19 Ar(i) + Ar(j) — Ar* + Ar +e, 1.2x 102 cm’s~! [44,45], see the text
i,j = 1S5,IS4, 1S3, 182
Ion conversion
20 Ar + Ar* + Ar — Arj + Ar 2.3 x 1073 (300/ T,)"*%7 cm® s~ [49]
Dissociative recombination
21 Ar; +e — Ar(A) + Ar BE See the text
Dissociation of molecular ions
22 Ar; +e —> Ar* + Ar+e BE [54]
Three-body recombination
23 Art +e+Ar — Ar+Ar 2.3 x 10’22/ng'5 cm®s™! [55]
24 Art+e+e —> Ar+e 2.1 x 1077 /T* cm®s~! [55]
Dimer formation
25 Ar* + Ar + Ar — Ar} + Ar 1.4 x 107%2(300/ T,)*5 cm® s~! [36], see the text
Dimer ionization
26 Ari+e — Ar; +e+e BE [48], see the text
Dimer emission
27 Ar; — Ar +hv 100s~! [48], see the text
Emission
28 Ar(1sy, 1sy) — Ar+hv See the text
29 Ar(F) — Ar(Iss, 1sy4, 1s3, 1s)) + v 1.6 x 107,9.3 x 10°, 3.0 x 10%, 8.5 x 10°s~!  See the text
30 Ar(A) — Ar(F) + hv 1.56 x 107 s7! See the text
31 Ar(B) — Ar(A) + hv 8.6 x 10°s~! See the text
32 Ar(B) = Ar(F) +hv 9.1 x 10°s7! See the text
33 Ar(B) — Ar(Iss, Isq, Is3, Is)) + v 1.8 x 10°, 1.2 x 10°,3.7 x 10*,9.3 x 10*s~!  See the text

* means that rate constant is calculated from Boltzmann equation solution.

wy = 2.7cm? V=571 [25]. The dependence of ions’ mobility

on the gas temperature (for a fixed gas number density)
was taken into account, and the necessary data were taken

from [26].

dne(0) _
ar

0’

The standard boundary conditions for equation (1) are

ne(R) =0,

3
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where R is the tube radius. The same boundary conditions eV
were used for ions. E—15.76
. + [ i~ :
The radial profile of the gas temperature was calculated Ar '
by solving the thermal balance equation
3p® (6s, 5p, 4d, 4f) B = 149
Te L0 () o @
cp— ———|r — ) =0
P T v or ¢ %r 3ps (55, 3d) A L 141
with the boundary conditions
aT,(0 3ps4 F 132
ILO _, T,(R) = Ty 5) PP
ar
In equations (4) and (5) p is the gas mass density, ¢, is the 1p, 1s, — 11.82
thermal capacity, A (7,) is the thermal conductivity, Q(r) 3n54s< Po Is; L 11.72
. - P 3 Is, | 11.62
accounts for the sources of gas heating and T, is the gas +p! 1s. |— 1154
temperature at the wall. In our calculations 7y, is set at the 2 : 1
300K value. Data for A (7,) were taken from [25]. In 7
the temperature range 300-900 K, A(7,) can be approximated
with good accuracy by a linear function A (7)) = 7.6063 x 3ps 1§ L o
0

107° +3.776 x 107 T, (W cm™' K~1). The heat source Q(r)
was calculated accurately in the kinetic block of our model.
It is taken into account that the power density deposited in
the discharge Ej(r) (j(r) is the current density) is dissipated
not only to gas heating but also to processes of ionization,
excitation of radiative states and some others.

In the balance equations for the populations of the
electronic states diffusion of excited atoms to the tube wall,
as well as different collisional and radiative processes, is
taken into account (see the description of the kinetic model
in the next section). The diffusion coefficient for excited
atoms was taken as 0.09 cm®s~! (under normal conditions)
in accordance with [27].

For the two lower resonant states of argon (1s4 and 1s;
states in the Paschen notation) radiation transfer effects were
described in terms of the Holstein—Biberman equation [28].
In this case, the rate of population variation Qe(r) due
to spontaneous emission and resonant radiation transport is
written as [28]

Ar*(r)

Ores(r) = — +[Ar*(r’)K(|r —r'hdr’, ()

where 7 is the lifetime of the resonant state and the kernel of the
integral is the function of the absolute value of the coordinate
difference p = |r —r/|:

1 af(p)
4mp2t dp

K(p) =— (7N
Under the considered conditions, collisions with atoms
dominate in spectral line broadening, so the probability f (p)
of a photon propagating a certain distance p without
being absorbed or scattered is described by the asymptotic
expression: f(p) = 1/4/mkop. The absorption coefficient at
the line centre ko is defined as ky = 8w /A, where X is the
resonant transition wavelength. Data on 7 and A values were
taken from [29]. The correct description of resonance radiation
transfer is important in our problem, because it is one more
factor acting against constriction.

Figure 5. Schematic diagram of the electronic states of Ar involved
in the kinetic model. Arrows represent considered optical
transitions.

An exact solution of the balance equations comprising
integral term (6) was found numerically using an algorithm
developed in [30,31].

The equation for the electric circuit was taken in the form

R
Vi=EL+ IRy, I =2nf rj(r)dr
0

R
:271eE/ rne(r)ue(r)dr,
0

where Vj is the voltage applied across the positive column and
the ballast resistor connected in series, E is the electric field
strength in the positive column, L is the positive column length,
Jj () is the current density and e is the electron unit charge.

For a given tube length, tube radius, ballast resistor and
argon pressure the input parameter of the model is the power
supply voltage V. Starting from the initial radial profiles of
concentrations of all the species and gas temperature evolution
of the plasma parameters was calculated till convergence to
steady state. For each value of V; the electric field strength £
in the positive column, discharge current 7, the gas temperature
distribution 7, (r) and radial profiles of electrons, ions and
excited atoms are calculated in a self-consistent manner.
Finally, results of calculations can be represented as a function
of the discharge current value.

4. Kinetic model

A schematic of the electronic states of Ar taken into account
in the kinetic model is shown in figure 5, and the processes
included in the model are listed in table 1. Let us consider the
model in more detail. A rather complete kinetics of four lower
electronic states of Ar is considered. Two of these levels (1s;3
and 1ss) are metastable, whereas the other two (1s4 and 1s,) are
resonance. The higher electronic states are combined into three
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lumped levels (F, A and B) according to the recommendations
of [28], with level F (13.2eV) being the sum of the 3p°4p
levels, level A (14.1eV) being the sum of the 3p°5s and 3p°3d
levels and the level B (14.9¢eV) being the sum of the 3p°6s,
3p°5p, 3p°4d and 3p>4f levels. The populations of individual
sublevels of lumped levels were assumed to be proportional to
their statistical weights.

The momentum transfer cross section for the electron
scattering from argon atoms (no 1 in table 1) was taken
from [32]. Cross sections for the excitation of electronic
levels from the ground state (nos 2-5 in table 1) were chosen
according to recommendations of [33]. To derive cross
sections for the excitation of lumped levels, the cross sections
for corresponding individual sublevels were summed up. The
cross section for ionization from the ground state (no 6 in
table 1) was used the same as in [34].

Rate constants for the mixing of 3p°4s levels by electrons
(no 7 in table 1) were taken from [35], where they are presented
as a function of electron temperature. Mixing of metastable
and resonance states by atoms (nos 8-9 in table 1) is also
taken into account, corresponding rate constants were taken
from [36].

Cross sections for electron impact excitation from 1ss and
1s3 metastable levels to 3p°4p levels have been measured and
computed [37-39]. In[35] acritical review of data published in
[37-39] was made and a set of cross sections was constructed.
In our model a similar approach for cross sections’ construction
was employed. Individual cross sections were then summed
up to obtain cross sections for the excitation of the lumped F
level (no 10 in table 1).

Cross sections for the stepwise excitation from 1s4 and
1s, levels to 3p°4p states were estimated using the similarity
function method proposed in [40] for optically allowed
transitions. Most of the 1s, — 3p°4p and 1s, — 3p4dp
transitions are optically allowed, so the corresponding cross
sections were calculated using the formula derived in [40].
Data on optical transition probabilities needed for calculations
were taken from [41]. Since the contribution of the optically
forbidden transitions to summed cross sections for F level
excitation (no 11 in table 1) is small, it was neglected.

A similar approach was used to calculate cross sections
for the other stepwise processes (nos 12—14 in table 1); data
on optical transition probabilities were taken from [41]. For
each of these processes the lower electronic level is lumped
one. In this case the total cross section was calculated as the
sum of the cross sections for the transitions between individual
sublevels weighted with statistical weights of lower sublevels.

Cross sections for the stepwise ionization from 3p’4s and
3p’4p levels (nos 15-16 in table 1) were taken from [42],
and from A and B lumped levels (nos 17-18 in table 1) were
estimated using the formula presented in [43].

The rate constant for chemi-ionization with the
participation of Ar atoms in the 1ss metastable state (no 19
in table 1) was taken from [44,45]. The rate constants for
similar reactions with the participation of Ar atoms in other
3p’4s states were assumed to be the same. In the review paper
of Kolokolov and Blagoev [45] a tenable conclusion is made
that (according to theoretical as well as experimental studies)

for rare gases the output of molecular ions in metastable +
metastable reactions is low. In particular, for argon the
measured output of Arj ions is about 5% with respect to the
total ion output [46]. For this reason, production of molecular
ions in metastable + metastable reactions was not taken into
account in our model. It should be noted that in some papers
it is assumed that the outputs of molecular and atomic ions are
of the same order of magnitude [47] or the output of atomic
ions is negligible [48]. The examination of references given
in [47,48] showed that these assumptions are not supported by
convincing arguments.

The rate constant for the three-body conversion of Ar*
ions into Arj ions (no 20 in table 1) was taken from [49],
the temperature-dependent factor of this rate constant is
Tg’0'67. The cross section for the dissociative recombination
of electrons with Ar} ions (no 21 in table 1) was assumed
to be Cu~!, where u is the electron energy. For such an
energy dependence of the cross section and a Maxwellian
EEDF, the recombination rate constant depends on the electron
temperature T, as 7, %3, which agrees with theoretical and
experimental data [50]. The normalizing factor C was fit to
provide arate constant value of 7x 10~ cm?® s~ at T, = 300 K
[50]. It is noted in [50] (with reference to [51]) that there are
some evidences of the dependence of the recombination rate
constant on the vibrational temperature of ions 7y, the vibration
temperature factor is ~7,!. This effect is taken into account
in our model assuming that the vibrational temperature is equal
to the gas temperature. The reason for this assumption is that
rate constants of V-T relaxation processes of molecular ions
with argon atoms are high [52] because of high polarizability of
argon atoms and a small value of the ion vibrational quantum
(~0.015eV) [53]. The process of dissociation of molecular
ions by electron impact (no 22 in table 1) is also included in
the model; the cross section for this process was taken from
the theoretical work of [54].

Rate constants for the three-body recombination processes
(nos 23-24 in table 1) were estimated using formulae presented
in [55]. The kinetics of dimers is represented in the kinetic
model by three reactions (nos 25-27 in table 1). The rate
constant for the formation of dimers at 7, = 300K was
taken the same as in [36], and the temperature-dependent
factor T, "> was chosen in analogy with that for xenon dimers
[56]. The cross section for the ionization of argon dimers
by electron impact was also taken similar to that for xenon
[56]. The effective lifetime of argon dimers was estimated
to be 1076 s [48].

As discussed above, for emission processes from 1s;
and 1s4 states (no 28 in table 1) resonant radiation transfer
effects were taken into account. For radiative transitions
between excited states, effects of radiation imprisonment can
be neglected, since the populations of lower states for these
optical transitions are low. Transition probabilities presented
in table 1 for emission transitions from lumped levels (nos 29—
33 in table 1) are effective probabilities. They were calculated
as the sum of transition probabilities for the transitions between
individual sublevels weighted with statistical weights of upper
sublevels. Relevant data on optical transition probabilities
were taken from [41].
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Figure 6. The comparison between experimental (narrow solid lines
with symbols) and calculated (thick solid lines) values of the electric
field strength in the positive column of the glow discharge in argon
for P = 40 Torr (a), 80 Torr (b) and 120 Torr (c¢). The dashed line
represents the result of calculations performed for P = 120 Torr
without taking into account the gas temperature dependence of the
dissociative recombination rate constant.

5. Results of modelling and discussion

Numerical simulations were performed for the discharge tube
radius R = 1.5cm and argon pressures P = 40, 80 and
120 Torr. Let us first present the results of calculations of the
electric field strength in the positive column as a function of
the discharge current value. Calculated E (/) dependences are
shown in figures 6(a)—(c) in comparison with those derived
from the measured VCCs. Experimental values of the electric

field strength were estimated as £ = (U — U.)/L, where
U. is the cathode voltage drop and L is the distance between
electrodes. In the normal glow discharge the cathode voltage
drop is almost independent of the discharge current and gas
pressure and depends only on the cathode material and gas
mixture [1]. In particular, for the glow discharge in pure argon
the typical cathode voltage drop is about U, =~ 100-130V
depending on the cathode material [1]. Since we did not find
U, data for tantalum electrodes used in our experiments, we
assumed that U, = 120V and is independent of discharge
conditions. In spite of some uncertainty in the choice of
the U, value, the presented formula gives good estimation
of the electric field strength, since in experiments a rather
long discharge tube was used so that the voltage drop across
the positive column (U — U.) was essentially higher than the
cathode voltage drop (U, ) (compare the measured U values
presented in figures 1(b)—(d) with U, = 120 V).

The examination of figures 6(a)—(c) shows that for all
considered gas pressures the calculated E (/) characteristics
are in good agreement with experimental data at low discharge
currents, where the discharge exists in a diffuse form (I <
30 mA for P = 40 and 80 Torr, I < 22 mA for P = 120 Torr).
As for the modelling of the transition from the diffuse to
the contracted form, the situation is different for different
pressures.

In the case of P = 40 Torr (see figure 6(a)) the theoretical
E(I) characteristic displays a monotonic decrease in the
whole range of currents, i.e. constriction occurs gradually with
current. This is in contradiction to the experiment, where a
stepwise decrease in E(I) (i.e. the constriction of the positive
column) is observed at / = 30 mA.

For the gas pressure P = 80 Torr (see figure 6(b)) our
model reproduces an abrupt decrease in the electric field in
the positive column observed in experiments at / = 30mA,
though the calculated electric field in the contracted discharge
(I > 37mA) is slightly lower than the experimental value.
The difference between theory and experiment in this case is
that the hysteresis effect is not found in calculations.

It was found that the hysteresis effect is reproduced in
simulations for a higher argon pressure. It follows from
our calculations (see figure 6(c)) that for P = 120 Torr
the transition from the diffuse to the contracted form occurs
at ] =27mA and the reverse transition takes place at
I =24 mA. Respectively, in the range of discharge currents
24-27 mA the positive column can exist in the diffuse as well
as in the contracted form. Though this current interval is
narrower than the experimental one (16-22 mA) and is shifted
towards higher currents, the most uncommon is the fact that
the hysteresis is reproduced in a realistic kinetic model with
an acceptable accuracy.

To get a better insight into the nature of constriction,
information on plasma parameters is presented below. Gas
temperature, mean electron energy, electron concentration and
ions’ densities at the axis of the discharge tube calculated
for different argon pressures are shown in figures 7(a)—(d)
as a function of the discharge current value. It follows from
figure 7(a) that noticeable deviations in the temperature from
300K (the temperature at the tube wall) appear at rather
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Figure 7. Gas temperature (a), mean electron energy (), electron concentration (c¢) and ions densities (d) at the axis of the discharge tube
calculated for P = 40 Torr (----), 80 Torr (- - - - - - ) and 120 Torr (—) as a function of the discharge current value.

low currents (~2mA). For gas pressure P = 40 Torr the
gas temperature at the tube axis (see figure 7(a)) increases
monotonically with current up to the value of about 740 K. For
gas pressures P = 80 Torr and 120 Torr the gas temperature
sharply increases with current (up to 870K and 960K,
respectively) while the discharge exists in the diffuse form.
The contraction of the positive column leads to the decrease in
the gas temperature; this is due to a considerable decrease in the
discharge power with respect to that of the diffuse discharge.
In the constricted discharge the gas temperature at the tube
axis also increases with current but not so fast as in the diffuse
discharge.

The mean electron energy at the tube axis (see figure 7(b))
in plasma of the diffuse discharge slightly decreases with
current (from u,, ~ 4.5eV at I = 5mA to u,, ~ 4eV
at I = 25mA) and for a given current value it is almost
independent of the gas pressure. In plasma of the contracted
discharge the mean electron energy is about two times lower
(~2¢eV) and also decreases with current. This is explained by
the low value of the electric field strength in the contracted
positive column (see figure 6). Let us note that the EEDF
in the argon plasma under the considered conditions is not
a Maxwellian one in the whole range of electron energies,
especially in the case of the low ionization degree. For this
reason, the uy, value characterizes the main body of the EEDF
but not its high-energy tail, which governs the excitation rates
of electronic levels from the ground state by electron impact.

At the transition to the contracted form of the discharge
electron and ion concentrations at the tube axis (see figure 7(c)—
(d)) exhibit an abrupt increase of more than one order of
magnitude and attain values about 3.5 x 10¥cm™ (P =
120 Torr). At low discharge currents (I < 15mA) Ar} is

the dominant ion in plasma, while at higher currents Ar* ion
dominates.

The ratio of Ar* and Arj concentrations in the diffuse
discharge depends on the rate of Ar* production, Q;. Since
the decay of atomic ions is governed by the process of
ion conversion (no 20 in table 1), their concentration is
proportional to Q;, [Ar*] ~Q;. Molecular ions are produced
in the reaction of ion conversion, so their production rate is
also close to Q;. Ar} ions decay in processes of dissociative
recombination with electrons and dissociation by electron
impact (nos 21-22 in table 1). Setting n = [Arj] (this is not
valid at high currents, but is reasonable for the estimations)
one can obtain that [Ar}] NQil /2. Since [Ar*] ~Q; and [Ar}
NQ; / 2, at low discharge currents (low Q; values) Arj is the
dominant ion in plasma, while at high discharge currents (high
Q; values) Ar* ions dominate. The value of the discharge
current, at which the concentrations of atomic and molecular
ions equalize, depends on the gas pressure.

Populations of some excited states at the tube axis
calculated for P = 120 Torr are shown in figure 8(a) as
a function of the discharge current. The most populated
level is the lower metastable one; in the contracted discharge
its population is about 10'>cm™3. Populations of higher
electronic states (F and B in figure 8(a)) in the diffuse discharge
are relatively small and increase considerably at the transition
to the contracted form of discharge.

The lower (4s) states of argon atom are excited by electron
impact from the ground state; the rate of populating (and
population itself) is proportional to the electron concentration.
The higher electronic level (F) is populated due to stepwise
excitation processes. The rate of populating is proportional to
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Figure 8. Populations of some excited states (a) and reduced
electric field and ionization degree () at the axis of the discharge
tube calculated for argon pressure P = 120 Torr as a function of the
discharge current value.

the population of lower states and the electron concentration,
so the population of the F state is ~n2. In general, the
higher the level, the stronger the dependence of its population
on the electron concentration. In the diffuse discharge the
concentration of electrons is relatively low and the populations
of higher electronic states are small with respect to that of
the lower metastable state. The increase in the electron
concentration at the transition to the contracted form of
discharge leads to considerable growth in higher levels’
population.

Figure 8(b) illustrates the variation of the reduced electric
field and ionization degree at the tube axis with discharge
current for the gas pressure P = 120 Torr. The E /N parameter
falls down with current in both diffuse and constricted forms.
The ionization degree in plasma of the contracted discharge
becomes as high as 3 x 107,

In figure 9(a) the calculated radial profiles of the
normalized electron concentration are shown for the gas
pressure P = 120 Torr and different discharge currents. For
the sake of comparison the classical Bessel profile (the profile
of the fundamental diffusion mode in cylindrical geometry) is
also shown in figure 9(a). It follows from figure 9(a) that even
for a low discharge current (/ = 2mA) the calculated profile
differs from the Bessel one. The higher the discharge current,
the narrower the radial profile of the electron concentration. In
the hysteresis region, there is an essential difference between
the profile widths in diffuse and contracted discharges operated
at the same discharge current (27 mA). The degree of the
profile constriction can be characterized by the ratio of the
electron concentration at the tube axis to the mean electron
concentration (averaged over the cross section of the discharge
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Figure 9. Radial profiles of the normalized electron concentration
(a) and gas temperature () calculated for argon pressure

P = 120 Torr and different discharge currents. Solid lines depict
results for the diffuse discharge and dashed lines represent results
for the contracted discharge. The Bessel profile is shown by the
dotted line.

tube) y = ne(O)/m; for the Bessel profile y ~ 2.3. In
calculations wehave y = 3.9,6.7and 32 for I = 2mA, 10 mA
and 27 mA (for diffuse discharge) and y = 720for I = 27 mA
(contracted discharge). The effective radius of the contracted
positive column estimated at a level of e~! of the normalized
electron concentration profile is about r, = 0.05 cm.

Figure 9(b) depicts the radial distributions of the gas
temperature calculated for the same value of gas pressure
and discharge currents as in figure 9(a). The remarkable
feature in figure 9(b) is that the shapes of the gas temperature
distributions for different currents in the diffuse discharge are
rather smooth, while in the case of the contracted discharge
there is pronounced peaking of the temperature profile at the
tube axis. Such variations in the gas temperature profiles are in
agreement with experimental data measured for diffuse [57,58]
and contracted [58] discharges.

Figure 10 shows the radial distributions of electron and
ion concentrations in the contracted discharge (P = 120 Torr,
I = 27mA). We can see that within the effective radius of
the positive column the concentration of molecular ions is
almost independent of position and is small with respect to that
of atomic ions. The concentration of Ar* diminishes rapidly
while moving off the axis, so at the distance ~2r from the tube
axis concentrations of Ar* and Arj become equal. Outside the
cylinder with radius 2r. molecular ions dominate.

Under the considered conditions the main source
of molecular ions is the process of ion conversion



J. Phys. D: Appl. Phys. 41 (2008) 055204

N A Dyatko et al

14 _

10

10 T T 1
0.5 1.0 1.5
r, cm

Figure 10. Radial profiles of Ar* (1), Arj (2) and n. (3)
concentrations in the contracted positive column calculated for argon
pressure P = 120 Torr and the discharge current value / = 27 mA.
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Figure 11. The rate constant for the dissociation of molecular ions
by electron impact (----) and dissociative recombination rate
constant ( ) calculated as a function of the radial coordinate.
Contracted discharge, P = 120 Torr, / = 27 mA.

(no 20 in table 1), and two competitive processes control the
losses of Ar}: dissociation by electron impact (no 22 in table 1)
and the dissociative recombination with electrons (no 21 in
table 1). Our calculations predict that at the tube axis the
rate of Ar} ions decay due to their dissociation by electron
impact is higher than that due to dissociative recombination
with electrons. To illustrate this fact, in figure 11 the rate
constants of both processes are shown as a function of the
radial coordinate. It follows from figure 11 that at the axis
dissociation rate constant k4(0) is about 6 times higher than the
recombination rate constant k,(0). The variation of these rate
constants with distance from the axis is entirely different: the
value of k4 sharply diminishes, while the k; value increases,
dissociative recombination prevails over dissociation only at
r > 0.7cm. Such behaviour of rate constants is explained
by the form of respective cross sections and by the variation
of the EEDF along the tube radius. EEDFs in contracted
discharge calculated at different radial positions from r = 0
to r = 1.5cm are shown in figure 12. The reduced electric
field changes from E/N = 0.75 Td at the tube axisto E/N =
0.27 Td at the tube wall due to the profile of the gas number
density. The ionization degree in the considered case varies
from 1.9 x 107 (r = 0) to zero (r = 1.5cm). It follows
from figure 12 that the population of the high-energy tail of
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Figure 12. The EEDFs in the contracted positive column calculated
at different locations along the tube radius. P = 120 Torr,
I =27mA.

3_
- 2-
e
§ 14 \!
Eo
—
= 01
A=)
o 3
-1 1
2
-2 1 yi
T T 7/ 1
0.0 0.1 02 14 1.5

r, cm

Figure 13. The radial distributions of ionization (1), ambipolar
diffusion (2) and recombination (3) rates in the contracted discharge
calculated for P = 120 and I = 27 mA.

the EEDF remarkably diminishes with distance; this is not
only due to the decrease in the E /N value but also because of
the lowering of the role of e—e collisions in EEDF formation.
The mean electron energy calculated from the EEDF decreases
from2.2eV(r =0)to1.3eV (r = 1.5cm).

The threshold energy for the process of Ar} dissociation
by electron impact is about 2.7 eV and the cross section has
a maximum at 4eV [54]. For this reason, lowering of the
tail of the EEDF leads to the decrease in the dissociation
rate constant. The dissociative recombination rate constant
ke ~ Te‘o-5 slightly increases with the variation of the mean
electron energy from 2.2 to 1.3 eV. The noticeable rise in k;
along the tube radius shown in figure 11 is due to the gas
temperature-dependent factor (see section 4).

In figure 13 the radial profiles of ionization, recombination
and ambipolar diffusion rates in the contracted discharge
(P = 120 Torr, I = 27 mA) are shown. Under the considered
conditions, stepwise ionization is the dominant ionization
process. Due to the narrow radial distributions of electrons
and excited atoms as well as due to the radial variation of the
EEDF (discussed above) the ionization rate sharply decreases
with the radial coordinate. The decrease in the recombination
rate with distance from the axis is essentially slower. Close
to the axis the ionization rate is higher than the rate of
recombination and the balance of electrons is provided by
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ambipolar diffusion losses. At a distance of about 0.04 cm
from the axis the diffusion rate changes the sign and diffusion
plays the role of the electron source (i.e. the balance of inward
and outward diffusion fluxes of electrons is positive). At
larger off-axis distances (>0.055 cm) the ambipolar diffusion
rate is higher than the ionization rate and is balanced by the
recombination rate. The described behaviour of different terms
in the electron balance equation is in agreement with results of
other theoretical papers [14, 15, 18].

Itis known that for the appearance of the constriction effect
the non-linear (super-linear) dependence of the ionization
frequency on the electron concentration is needed [1]. A few
mechanisms are taken into account in the model which provide
such dependence and provoke the constriction of the glow
discharge: the increase in the excitation and ionization rate
constant due to the influence of the e—e collisions on the shape
of the EEDF, stepwise ionization processes and non-uniform
gas heating, which leads to the increase in the £ /N parameter
in the centre of the tube. The most important mechanism which
prevents the positive column from constriction is the ambipolar
diffusion of electrons from the tube axis towards the tube wall.
The higher the gas pressure, the lower the role of ambipolar
diffusion and the more favourable are the conditions for the
jump-like discharge constriction and hysteresis effect. This
tendency is observed in experiments (compare VCCs showed
in figures 1(a)—(c) as well as in calculations (see figures 6(a)—
(c)). The quantitative difference between experiment and
theory is that in calculations the hysteresis effect is predicted at
gaspressures P = 120 Torr, while in experiments it is observed
at P = 40Torr. There are a few possible reasons for this
discrepancy.

First of all, at current values where transition from the
diffuse to the contracted discharge occurs the theoretical E (1)
characteristic is rather sensitive to the exact rate constant values
for various processes, in particular to their dependences on gas
temperature. To illustrate this fact, we have made calculations
(for P = 120 Torr), in which the dissociative recombination
rate constant was used without taking into account the
gas temperature-dependent factor (coming from vibrational
kinetics of ions). The calculated E(I) characteristic is shown
in figure 6(c) by the dashed line. One can see that in
this case the transition from the diffuse to the contracted
form of discharge takes place at lower discharge currents
and no hysteresis effect is observed. Unfortunately, the gas
temperature (vibrational temperature of ions) dependence of
rate constants for some important processes is unknown. Such
a situation is, for example, for dissociation of molecular ions
by electron impact.

As follows from our calculations for P 120 Torr,
the effective radius of the contracted positive column is
about 0.05cm and is of the same order of magnitude as the
characteristic length of the EEDF relaxation. It means that the
non-local effects of the EEDF formation should be taken into
account in the model, while in our calculations the EEDF was
considered as a local function of plasma parameters.

The ionization degree at the tube axis in the contracted
discharge is higher than 107> (see figure 8(b)), so the
contribution of electron—-ion Coulomb collisions to the total
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electron momentum transfer cross section can be noticeable
at low electron energies [59]; this effect was not taken into
account in our model.

Finally, let us note that there is a fundamental difference
between experimental observations and assumptions made in
our model. In the model the diffuse discharge, as well as the
contracted discharge, is treated as the axially uniform one,
while in experiments moving striations are always observed in
the contracted positive column (see figures 3 and 4).

6. Conclusions

The transition from the diffuse to the contracted form of
the glow discharge in argon was studied both experimentally
and theoretically. Experiments were carried out in a wide
range of argon pressures (1-120 Torr) and discharge currents
(1-100mA). VCCs as well as luminosity of discharge were
measured. It was found that for a given discharge tube (3 cm
i.d.) at pressures P > 20 Torr stepwise discharge constriction
takes place at some critical current value; the constriction is
accompanied by a 1.5-2-fold drop of the discharge voltage.
For these pressures the measured U (I) characteristics exhibit
the classical hysteresis effect, i.e. the transition from the diffuse
to the contracted discharge occurs at a current higher than that
for reverse transition. At pressures P < 20 Torr a gradual
narrowing of the luminous column with current growth occurs.
No jumps in VCCs were observed in this case, though an
insignificant bend does exist even at P = S5Torr. It was
demonstrated that constriction of the discharge is accompanied
by initiation of moving striations; the amplitude and frequency
of striations decrease with current. It was also found that in
some cases the stable partially contracted form of discharge is
realized, when the diffuse and contracted forms simultaneously
exist in the discharge tube. It appeared that in argon this form
of discharge is poorly reproducible.

The 1D axial-symmetric discharge model for pure argon
was developed to investigate the discharge properties under
experimental conditions. This model is based on solutions of
balance equations for the charged particles, a system of kinetic
equations for populations of electronic states, the equation for
the gas temperature and the equation for the electric circuit,
coupled with the Boltzmann equation for the EEDF. The
resonance radiation transfer effects (for two lower resonant
states of argon atom) are taken into account in terms of the
Holstein—Biberman equation.

Simulations were performed for argon pressures of
P =40, 80 and 120 Torr. For these pressures the radial
distributions of various plasma parameters were calculated
for different discharge currents.  The calculated E(I)
characteristics were compared with the experimental ones.
Good agreement with experimental data was observed at low
discharge currents where the discharge exists in a diffuse
form. E (1) calculated for the constricted form is in reasonable
agreement with the experiment (within the 30% range). For the
gas pressure of P = 120 Torr our model reproduced stepwise
E(I) variation as well as hysteresis effect. In the case of
pressure P= 80 Torr the calculated E (1) characteristic reveals
stepwise behaviour similar to that observed in experiments, but
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the hysteresis effect is not predicted in computations. For
P = 40 Torr the model predicts the monotonic decrease of the
E(I) characteristic in the whole range of currents. Finally,
probable causes for the difference between theoretical and
experimental results are discussed.
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