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Radial structure of the constricted positive column: Modeling and experiment
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We present a detailed self-consistent model of a positive column in argon glow discharge at moderate
pressures and currents. This model describes the discharge transition between diffuse and constricted states.
The model includes an extensive set of plasma chemical reactions and equation for inhomogeneous gas heating.
The nonequilibrium behavior of an electron distribution function is also considered. One of the main features of the
model is an accurate treatment of radiation trapping by solving the Holstein-Biberman equation directly. Influence
of the radiation trapping on macroscopic parameters of the constricted positive column is studied. We propose
a method for solving a boundary-value problem, including particle and energy balance equations for electrons,
ground state atoms, atomic and molecular ions, and excited species. Unlike traditional solution approaches
for similar systems, the method provides continuous Z- and S-shaped characteristics of discharge parameters,
describing hysteresis in transition between diffuse and constricted discharge regimes. Performed experiments
include measurements of volt-ampere characteristics and spectroscopic study of radial density profiles of excited
atoms by measuring line emission and absorption, and electrons by measuring bremsstrahlung intensity. The role
of resonance radiation trapping in spatial redistribution of 1s and 2p states of argon is demonstrated. Results of
modeling are compared to the experimental data.
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I. INTRODUCTION

Since early studies of a gas discharge, the constriction
phenomenon has been a problem of high interest. Many
qualitative descriptions were proposed over the years [1–8].
In Refs. [1,2] thoughts on radial dissociation of molecular
ions have been proposed. To explain constriction of the glow
discharge various explanations were given, which are typical
for thermal arc plasmas [3–7]. Those descriptions were based
on inhomogeneous gas heating. In Ref. [8] an alternative view-
point was proposed. That approach was based on a solution
of the kinetic equation not considering the gas heating. It was
suggested that constriction is caused by a competition between
electron-electron and electron-atom collisions, which increase
the losses of fast electrons and narrow the ionization sources.
Over the last decades various detailed collisional-radiative
models with extensive sets of plasma-chemical reactions were
developed [9–14]. A summary of previous works on this topic
was made in Ref. [15].

Qualitatively the phenomenon of constriction can be de-
scribed as following. At lower pressures and currents (about
3 Torr, < 10 mA) ionization is proportional to the electron
density, charged particles are moved to the tube walls due to
the ambipolar diffusion. It results in smooth radial profiles of
electron density and ionization sources. With an increase of
the pressure and the current (around 5–10 Torr, 10–15 mA),
ionization sources start compressing to the axis. Reasons
for that compression are the gas heating and the role of
Coulomb collisions in the formation of the electron energy
distribution function (EEDF). The gas heating causes a radial
decrease of the reduced electric field E/N , where N is the
neutral gas density. That radial decrease forces a compression
of the ionization zone due to the exponential dependence.
Coulomb collisions reveal another exponential dependence:
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ionization rate on the ionization degree. It forces additional
strong compression of the column. While the losses of charged
particles are determined by its diffusion, one observes an
“optical constriction.” In this case, the zones of ionization
and excitation are narrow, but the current conduction zone
is broadened. With the further increase of the pressure and
the current (>20 Torr, >20 mA) the volume recombination
starts to dominate. Electrons and ions originated near the
axis move towards the wall on a distance, defined by a
recombination time. Charged particles recombine outside this
area. Above such pressures, when the current reaches the
critical value, an abrupt transition to the constricted state
happens. Finally, the main reasons for the constriction are
related to the abrupt compression of the ionization zone and
the volume recombination.

The so-called phenomenon of constriction is observed in
short low-current discharges at low pressures, particularly
during a transition from the Townsend regime to the glow.
A range of problems related to that phenomenon including
its evolution dynamics was studied in works [16,17]. In that
range of discharge parameters in the near-cathode areas, the
presence of space charges and axial inhomogeneity plays
a crucial role. Unlike those works, in the present paper
and cited literature, a theory of the stationary long positive
column is described. That column is assumed to be an axially
homogeneous and radially inhomogeneous infinite cylinder.
The considered parameter range for pressures and currents is
tens and hundreds of Torr and dozens and hundreds of mA,
respectively.

By using detailed models, it becomes possible to explore
details of the ionization processes, the role of the inhomoge-
neous gas heating, the ion-molecular plasma composition, etc.
Description of the hysteresis in abrupt transition between dif-
fuse and constricted states is an essential problem. This effect
was experimentally found in Ref. [18]. The first interpretation
of this hysteresis was based on a self-consistent solution of the
kinetic equation, balance equations for ions and electrons, and
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an equation for the electric circuit. Quite flexible methods were
proposed for the solution of that system. Z-shaped volt-ampere
characteristics (VACs), including unstable branches, were
obtained theoretically. The abrupt transition was interpreted as
a leap between two branches (diffuse and constricted) under
constant current due to the ionization instability. Existing
numerical models can describe this transition by the overlap
of two branches. In the hysteresis area, numerical solution
converges either to diffuse or to a constricted branch. To
summarize, one may conclude that the theory of constriction
is sufficiently complete. However, it should be mentioned that
in all those theories particle transport was mainly diffusive.
In particular, transport of the resonance atoms for constricted
discharges was described using local escape factor approxima-
tion introduced by Holstein and Biberman [19–21]. In works
of Phelps [22–24] the Holstein-Biberman theory was included
in models of a glow discharge.

Different ways to solve the Holstein-Biberman equation
more accurately were proposed over the years [25–31]. An
efficient method, based on solving the equation directly by
plasma volume discretization, was described in Ref. [32].
In constricted discharges, where the electron density is high
enough, mixing of excited atoms become intensive, and
radiation transport becomes the primary transport mechanism
for these particles. In Ref. [33] resonance radiation trapping
was studied in a simple model without gas heating and with
simplified plasma chemistry.

Current work deals with a new problem which was not
discussed earlier: the influence of resonance radiation transport
on densities of various excited species and the mechanism of
the glow discharge constriction in conditions mentioned above.
Detailed self-consistent model of a positive column in argon
glow discharge is presented. Measurements of volt-ampere
characteristics and radial distributions of electrons and excited
atoms are performed.

II. THE BASIC EQUATIONS AND SOLUTION METHODS

A. The kinetic model

In the present work detailed modeling of the argon
discharge is performed, including sets of reactions, similar
to previous models [10–14]. The main distinctive features of
the present model is an accurate treatment of the resonance ra-
diation transport and the possibility to obtain a continuous hys-
teresis in transition between diffuse and constricted regimes.

The model includes four lower excited atomic states
(2p64s) and ten 2p64p levels (1s and 2p in Pashen’s notation).
Elementary processes with those states include excitation and
ionization by electron collisions, intermixing with electrons
and radiative transitions between considered groups, as well as
resonance transitions to the ground state. In the present model
ions of two sorts, atomic and molecular, are taken into account.
Mobility of atomic ions under normal conditions (p = 1 atm,
Tg = 300 K) is 1.67 V cm−1s−1 and for molecular ions is
1.9 V cm−1s−1 [34]. Excimer molecules Ar∗

2 are dominantly
in the state Ar∗

2 (3�u) [35], so only this dimer is considered.
Elementary processes, included in the model, are listed

in Table I. Most of the rate constants of processes with
electrons are calculated by integration of the cross sections
and the electron energy distribution function (EEDF). The
EEDF is obtained by solving the Boltzmann equation, and
corresponding rates are indicated by “BE” in the table.

B. Balance equations

In the present model, one needs to define balance equations
for the following species: ne, ni , and n2i , electrons and ions
of two sorts, resonance and metastable 1s and radiating 2p

excited states, and a thermal balance equation.
Atomic ions are produced by step ionization νstep and

destroyed by conversion to molecular ions Zconv. Three-body

TABLE I. Reactions included in the collisional-radiative model.

Process Notation Rate constant (cm3 s−1) Ref.

Elastic scattering Ar + e → Ar + e BE [36]

Excitation Ar + e → Ar∗(1s) + e BE [36]

Excitation Ar + e → Ar∗∗(2p) + e BE [36]

Intermixing Ar∗ + e → Ar∗ + e BE [37,38]

Direct ionization Ar + e → Ar+ + 2e BE [36]

Stepwise ionization Ar∗ + e → Ar+ + 2e BE [36]

Chemoionization Ar∗ + Ar∗ → Ar+2 + e 6.4 × 10−10 [37]

Ion conversion Ar+ + 2Ar → Ar+2 + Ar 2.3 × 10−31(300/Tg)0.67 cm6 s−1 [39]

Dissociative recombination Ar+2 + e → Ar∗ + Ar 9.1 × 10−7(300/Te)0.61 [40]

Dissociation Ar+2 + e → Ar+ + Ar + e BE [41]

Excimer formation Ar∗ + 2Ar → Ar∗2 + Ar 1.4 × 10−32(Tg/300)0.5 cm6 s−1 [14]

Destruction by e Ar∗2(3�u) + e → Ar + e 5 × 10−8 [35]

Resonance radiation Ar∗(1s4) → Ar + hν 1.2 × 108 s−1 [42]

Resonance radiation Ar∗(1s2) → Ar + hν 5.1 × 108 s−1 [42]

Excimer radiation Ar∗2(3�u) → 2Ar + hν 3.5 × 105 s−1 [43,44]

Visible radiation Ar∗∗ → Ar∗ + hν Aik , s−1 [42]

Metastable diffusion Ar∗ → wall 40 cm2 s−1 Torr−1 [45]
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recombination is neglected. Molecular ions are produced by
chemo-ionization Zchem and conversion, being destroyed by
dissociative recombination with rate α. Ambipolar diffusion
is taken into account for both types of ions. The radial
electric field in case of ambipolar diffusion is defined as
Er = −kTe/e(∇ne/ne). Rates νstep and α also depend on the
electric field and electron density.

The equation for metastable states has the form

− 1

r

∂

∂r

(
rDk

∂Nk

∂r

)
= neWk − neNk

(
ν

step
k +

∑
i

νki

)

+
∑

i

Ni(neνik + Aikδi,2p),

N ′
k(0) = 0, Nk(R) = 0. (1)

Here Wk is a direct excitation rate, νik is a frequency of mixing
transition from a ith to a kth state, and Dk is a metastable
diffusion coefficient.

The balance of resonance atoms can be expressed as

AkNk − Ak

∫
(V )

Nk(r ′)K(r ′,r) dr

= neWk − neNk

(
ν

step
k +

∑
i

νki

)

+
∑

i

Ni(neνik + Aikδi,2p), (2)

where Ak is the radiative transition probability for the kth res-
onance state. The integral term describes spatial redistribution
of atoms due to the transport of resonance radiation. Balance
equations for 2p states are defined similarly.

Gas heating should be considered to analyze the radial
distributions because it affects the filament radius. Thermal
balance equation reads [14]

− 1

r

∂

∂r

{
rλ[Tg(r)]

∂Tg(r)

∂r

}
= Hel(r). (3)

Here ρ is a gas density and λ(Tg) is thermal conductivity. The
term

Hel(r) = 2
m

M

√
2

m

∫ ∞

0
u2Nσel(u)f0(u,r) du (4)

describes heating due to elastic collisions, which is the
dominant process in noble gases. Dependence λ(Tg) in the
temperature range < 900 K can be approximated as λ(Tg) =
7.6063 × 10−6 + 3.776 × 10−7Tg (W cm−1K−1) [14]. If the
gas is heated, then the pressure will increase, and an expression
for the ground state atoms will have the form

N (r) = N0R
2

2Tg(r)

[∫ R

0

rdr

Tg(r)

]−1

. (5)

A solution method for the balance equation system, involving
resonance radiation transport, was described in Ref. [32]. The
plasma volume is discretized assuming that the resonance atom
density is constant within the unit volume. The differential
operators are treated using finite differences, and the integral
operator in Eq. (2) is reduced to a linear equation system by an

integration of the operator kernel over unit volumes. For exam-
ple, the left-hand side of Eq. (2) becomes Aeff

∑
m amnNk(rn).

The limits of the present theory should be discussed. The
lower limit for a current is about 5 mA, and the pressure
should be higher than 10 Torr. At such conditions, the plasma
can be considered as quasineutral, and the electron energy
distribution function (EEDF) is local due to elastic and
Coulomb collisions. It is assumed that the near-electrode
zones are much shorter than the length of a positive column.
With an increase of the pressure, current and input power the
plasma becomes more thermal, from nonequilibrium state
to the LTE in arc discharge through the partial LTE. Such
transition is allowed in our theory if supplemented by rates
of all reverse plasma-chemical processes. The present model
is best suited for conditions under the upper Pupp’s border
for the pressure and current [46] because constriction and
stratification have quite similar causes.

C. Solution algorithm

The first step in the solution of the problem is the determi-
nation of the EEDF. Under given discharge conditions (ne ∼
1010 → 1013 cm−3, ne/N < 10−3, p = 42 Torr) EEDF can
be found by solving the kinetic equation, considering elastic
and inelastic electron-atom collisions along with electron-
electron interaction. The Boltzmann equation is solved in a
local approximation in the same way as in Ref. [33], being
nonlinearly dependent on two parameters: reduced electric
field E/N and ionization degree ne/N . Instead of calculation
at each step of a global loop, EEDF is calculated once and
derived macroscopic quantities are tabulated for the whole
assumed range of electron densities and reduced electric fields:
excitation, ionization and recombination rates, dissociation
rate, electron mobility be, and electron temperature Te. The
table ranges were ne, (108 → 1014) cm−3, and E/N, (0.1 →
7) V cm2. The scheme of discretization of the kinetic equation
was described in detail in Ref. [47]. Macroscopic quantities
are obtained by integrating EEDF over the energy.

The second step is the calculation of the radiation transport
matrix in the infinite cylindrical geometry. It is computed
once before the global loop as described in Ref. [32]. The
computational time of this matrix depends on a number
of the unit volumes. In the case of 62 radial steps, the
matrix was computed for 2 min approximately (using Intel
Core i7-3630QM CPU 2.40 GHz). This value provided good
agreement with results on denser mesh, so it was taken as
optimal. For comparison, the total time of the solution loop
can be 40–60 min. Therefore, the radiation transport does not
affect the computational cost significantly.

The next step is to solve the system of balance equations.
Traditionally, the constriction problem was solved as time-
dependent [10–14]. First, the external input parameters were
specified (such as the current i, the pressure p, the tube radius
R, the gas type and computed plasma-chemical rates). Second,
initial values of internal variables were specified (including E,
Ne, Nexc, etc.). Then the time-dependent problem is solved to
obtain established self-consistent values of internal variables
as functions of the external characteristics. For example, the
electric field is obtained as a function of the current. Such a
method has difficulties with a solution in the hysteresis area. In
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FIG. 1. Example of the field-current characteristic obtainable with different solution approaches. (a) The traditional time-dependent method;
(b, c) the stationary boundary-value method.

this unstable zone, the solution converges either to the upper
diffuse branch or to the lower constricted branch of the field-
current characteristic [Fig. 1(a)].

Another way to solve the problem is to use the stationary
boundary-value form. Boundary conditions for the diffusion
equations are a zero derivative on the axis and a zero value on
the tube wall. The integral Holstein-Biberman equation does
not require boundary conditions. External input parameters
are p, R and rates of plasma-chemical processes. Also, the
electric field E is fixed, and initial values of the densities
and initial radial profiles are set. Then for fixed E the axial
electron density is varied until the boundary conditions are met.
Finally, the discharge current is calculated, and the procedure
is repeated for the next value of E. Thus one can obtain
the self-consistent continuous characteristics as functions of
the electric field [for example, the current-field characteristic,
Figs. 1(b) and 1(c)] and the radial density distributions of
various plasma species. The solution algorithm is illustrated
in Fig. 2. A similar idea was discussed in the frame of a simple
ionization balance model [48].

III. EXPERIMENTAL METHODS

The experimental setup is similar to that described in
Ref. [49] with some improvements. It is presented in Fig. 3. A
vertically oriented cylindrical discharge tube with a radius

of 2.3 cm had two electrodes with a distance d = 50 cm
between them. Vertical orientation was chosen to avoid radial
asymmetry due to floating of the discharge. Spectrally pure
argon was fed through the vacuum system with liquid-nitrogen
cooled traps. A power supply used in this setup could maintain
discharge with currents of up to 200 mA. In the present
measurements, the gas pressure was 42 Torr, and a DC glow
discharge was investigated in a range of currents 5–50 mA.

For spatial absorption measurements, the second tube with
an inductively coupled plasma (ICP) discharge filled with 2
Torr argon was placed behind the primary source. A back
window of the source tube was uniformly illuminated by using
a lens and projected on the entrance slit of a spectral device.
A registration system consisted of monochromator Acton
SpectraPro 2300i, which can record either with a photodetector
PD-438 or with a high-speed camera pco.1200hs. Radial
scanning with the photodetector was performed by rotating
a plane-parallel plate.

To ensure high enough spatial resolution to measure
constricted plasma cord with radius of about 1 mm, the source
was placed far away from the main lens. As a result, the
image is reduced 17 times in the radial direction and 172

times in the longitudinal direction. The entrance slit width
was 0.02 mm, and the exit slit before the photomultiplier
was 0.04 mm. Optical measurements in constricted plasma,
where the radiating cord can be about 1 mm radially, are

FIG. 2. Scheme of the self-consistent calculation.
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FIG. 3. Scheme of the experimental setup. Fragment of the constricted discharge (on the left).

quite sensitive to the spatial resolution of the setup, and it
seems necessary to take into account instrument distortions.
Determination of the instrument function of a volumetric
source is not a trivial problem. It was measured for the current
setup in Ref. [49]. Direct account of the instrument distortions
by solving an inverse problem seems inefficient due to
large signal-noise ratios in measurements. Since experimental
data are compared to results of the simulation, instrument
distortions can be taken into account by convolution of the
instrument function with a calculated radial intensity profile.
This procedure is illustrated by Fig. 4. All theoretical curves,
which are compared with the experiment in the “Results and
Discussion” section, are already broadened by the instrument
function.

Radial density profiles of 1s,2p levels of argon were
obtained using classical absorption and emission methods. An
absorption function was measured:

A = 
2 + 
1 − 
1+2


1
. (6)

Here 
2 is a photon flux from the source tube, 
1 is a flux
from the transilluminating tube, and 
1+2 is a total signal
from both tubes. Radial density profiles of the radiating 2p

levels are determined by spectral line intensity distribution

2, corrected for reabsorption within the source. Densities of
the absorbing 1s levels can be determined by solving radiation
transport equation supplemented by a boundary condition for

the 
1 source:


ν(x)

dx
= Iν(x) − kν(x)
ν(x),
x=0(r) = 
1,ν . (7)

Integration over the coordinate x and the frequency ν leads to


1+2(K0L) = I0LS(K0L) + 
1

∫ ∞

0
ενe

−kνL dν. (8)

The first term on the right-hand side is the flux 
2. Here
S(K0L) is the well-known Ladenburg function [50], which
describes a probability of photon escape along the line-of-
sight, accounting for the reabsorption; εν , kν are emission
and absorption line contours, respectively. The second term
describes absorption of the flux 
1 along the length L.
Substituting Eq. (8) into Eq. (6), the absorption function reads

A(K0L) = 1 −
∫ ∞

0
ενe

−KνL dν. (9)

The absorption function, determined by measured fluxes,
provides information about the absorption coefficient in the
line center K0 and about the densities of absorbing atoms,
respectively.

Examples of the spatial profiles of sources 
1,
2,
1+2

for some 2p → 1s transitions in argon are presented in
Fig. 5. These examples clearly illustrate the difference between
weakly and highly absorbed transitions [cases (a) and (d)
respectively].

FIG. 4. (a) Measured density profile of the 2p state. (b) Instrument function of the experimental setup. (c) Calculated density profile of the
2p state (solid line), convolution of this profile with the instrument function (dashed line).
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FIG. 5. Examples of spatial profiles of 
1,
2,
1+2 measured in different spectral lines of Ar. Dashed vertical lines determine an area
suitable for measurements (excluding the wall reflections).

To obtain the absorption function, one needs to consider
line emission and line absorption contours in the present setup.
Source 
1 is an ICP plasma, a Doppler line shape is assumed
for the current discharge configuration, and Tg is estimated
as 400 K. For the primary source, a Voigt line shape is
assumed. Therefore, expression for the absorption function has
the form

A(K0L) = 1 − 1√
π

∫ ∞

−∞
exp

{
− ω2 − K0L

ε0

×
∫ ∞

−∞
exp

[ −x2

a2 + (
ω�νD

1 /�νD
2 − x

)2

]
dx

}
dω,

ε0 =
∫ ∞

−∞
exp

( −x2

a2 + x2

)
dx, ω = ν − ν0

�νD
2 /2

,

x = ν − ν ′

�νD
2 /2

, a =
√

ln 2
�νD

2

�νL
2

. (10)

Doppler half-widths and νL
2 is a Lorentz half width, ν0 is a

center of the spectral line, and a is a Voigt parameter.
For transitions to metastable states, Lorentz half-widths

were estimated according to the data from Refs. [51–54].

Resonance broadening was evaluated using the following
expression [55,56]:

�λ = 9.3492 × 10−14
√

gG

gR

λ2λRfRN. (11)

Here λ and λR are the wavelengths of the observed line and
the resonant line, respectively. gG and gR are the statistical
weights of the ground and resonance states, and fR is an
oscillator strength of the resonance transition. Data on radial
distributions of the gas temperature in the glow discharge in
argon at tens of Torr were taken from Ref. [15] and correlated
with results of the simulation. Due to radial inhomogeneity of
the gas temperature, it is necessary to consider radial profiles of
the Voigt parameter a to determine the densities of metastable
and resonance atoms.

To find radial profiles of the electron density one can
measure bremsstrahlung intensity [57]. Figure 6(a) illustrates a
measured spectrum of the argon discharge in the region, where
the intensity of the continuum reaches a maximum. In the
present work, λ = 508.0 nm was chosen for the measurements.
Quantum-mechanical treatment of the bremsstrahlung allows
one to relate the intensity of the continuum on the frequency ω

with a cross section of electron deceleration, which is averaged
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FIG. 6. (a) The measured emission spectrum of the argon glow discharge in the range of intensive continuum. (b) Measured radial profiles
of the gas temperature [15], electron temperature, continuum intensity, and electron density.

over distribution function [58,59]:

Iω = 5 × 10−3 NeNa

m3/2c2
h̄(kTe)−3/2

∫ ∞

h̄ω

√
ε − h̄ω

√
ε

× [εσ (ε − h̄ω) − (ε − h̄ω)σ (ε)]e−ε/kTe dε

= NeNaF (Te), (12)

where the function of the electron temperature is

F (Te) = 5 × 10−3 h̄(kTe)−3/2

m3/2c2

∫ ∞

h̄ω

√
ε − h̄ω

√
ε

× [εσ (ε − h̄ω) − (ε − h̄ω)σ (ε)]e−ε/kTe dε. (13)

FIG. 7. Discharge characteristics as functions of a current computed in different approximations. (a) The relative current flow area, (b) the
axial electron density, (c) the field-current characteristic, (d) test for the identity of expression (15).
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FIG. 8. Electron energy distribution function in case of the (a) diffuse discharge, (b) constricted discharge. The vertical dashed line is the
excitation threshold εth = 11.55 eV. (c) The radial distribution of fast electrons (ε > 11.55 eV).

Here Iω is a continuum intensity on the frequency ω, h̄ω is
a corresponding energy of the continuum, σ is a momentum
transfer cross section [36], and Te is the electron temperature.

Equation (12) shows that bremsstrahlung intensity has
linear dependence on densities of electrons and neutral atoms.
Averaging over Maxwellian EEDF gives dependence on the
electron temperature. Te can be related to the gas temperature
by the following approximation: kTe 	 5.65 × 108√E/Na =
5.65 × 108

√
EkTg/p.

This approximation is derived from the energy balance
equation for the case when elastic collisions are dominant.
Finally, the electron density can be expressed as Ne ∼
Iω[NaF (Te)]−1 ∼ IωT

5/2
e ∼ IωT

5/4
g , and the radial distribu-

tion can be obtained as

Ne(r)

Ne(0)
∼ Iω(r)

Iω(0)

[
Tg(r)

Tg(0)

]5/4

. (14)

It is worth noting that the thermal inhomogeneity is weak on a
scale of the constricted filament in comparison to the electron
density [Fig. 6(b)].

The volt-current characteristics were measured by varying
the power supply voltage and recorded with a two-channel
oscilloscope. The experimental values of the electric field
strength were obtained using the relation E = (U − Uc)/d,

where Uc ∼ 110 V is an estimated value of the cathode voltage
drop [14].

IV. RESULTS OF THE SIMULATIONS

A. Validation of the model

In order to test the model the discharge current was
calculated using following computed quantities, the relative
current flow area Seff(i) [Fig. 7(a)], the axial electron density
N0

e (i) [Fig. 7(b)] and the weak dependence of an electron
mobility be on the electric field E(i):

i = 2π

∫ R

0
j (r)r dr ∼ πR2Seff(i)N

0
e (i)ebeE(i),

Seff = 2

R2

∫ R

0

Ne(r)

Ne(0)
r dr. (15)

Substitution of Seff(i) and N0
e (i) into expression (15) turns

it into the identical relation. Figure 7(d) represents the left
and the right sides of expression (15). Although Seff(i) and
N0

e (i) for the constricted and diffuse regimes differ by orders
of magnitude, one can see that the identity relation is valid for
the whole considered range of currents. The figure testifies
the self-consistency of performed simulations considering

FIG. 9. Influence of the radiation trapping on radial density distributions of the (a) 1sstates, (b) 2pstates in the constricted discharge at
40 mA.
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FIG. 10. Influence of the radiation trapping on the density of (a) electrons, (b) 2pstates, (c) metastable atoms in the 1s5state, and
(d) resonance atoms in the 1s4state in Ar at 15 mA (diffuse discharge) and 40 mA (constricted discharge). Dashed lines are profiles, calculated
using effective lifetime approximation; solid lines are computed accounting for radiation transport.

different approximations (without the gas heating and the
radiation trapping, with the heating neglecting the trapping,
and including both the heating and the trapping).

B. EEDF and electrical characteristics

It is interesting to demonstrate the differences in EEDFs for
the diffuse and constricted regimes. Figure 8 shows distribution
functions in various radial positions for the diffuse discharge
at i = 15 mA [Fig. 8(a)] and the constricted discharge at
i = 40 mA [Fig. 8(b)]. Figure 8(c) illustrates the normalized
radial distribution of fast electrons, capable for excitation and
ionization (with energy > 11.5 eV). One can see that kinetic
effects related to the EEDF formation in constricted regime
cause dramatic radial losses of fast electrons and contraction
of the ionization zone.

Figures 7(a)–7(c) illustrate the discharge characteristics as
functions of a current, computed in different approximations.
The dash-dotted lines are Z- and S-shaped characteristics with
a pronounced hysteresis, obtained without the gas heating
and the radiation transport. An account of the gas heating
significantly smoothes the curves (dashed lines). Radiation
transport slightly shifts those characteristics towards higher
currents (solid lines).

C. Influence of the radiation trapping on radial
distributions of excited atoms

Simulations with and without the radiation trapping allow
one to analyze the changes in radial density profiles of excited

FIG. 11. Field-current characteristic in the Ar discharge at
42 Torr, comparison of the simulation with experimental data.
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FIG. 12. Radial profiles of excited atoms measured by various spectral lines in constricted Ar discharge at p = 42 Torr, i = 40 mA: (a) the
various 2p states, (b) the metastable 1s5 state, and (c) the resonance 1s4 state.

FIG. 13. Measured and calculated radial density profiles at p = 42 Torr, i = 40 mA. Points, experimental data averaged over lines; lines,
convolution of the calculated profile with the instrument function. (a) The electron density, (b) 2patoms, (c)–(f) 1satoms.
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atoms (Fig. 9). Normalized distributions of the metastable
(1s5, 1s3) and the resonance (1s4, 1s2) levels are shown in
Fig. 9(a). Figure 9(b) demonstrate profiles of various 2p levels.
One can see how the radiation transport broadens the radial
structure. The effect is most pronounced for the resonance
atoms. Metastables and 2p atoms are also influenced by the
trapping due to the collisional-radiative mixing.

Figure 10 demonstrates how radiation transport affects
distributions of excited atoms and electrons in diffuse and
constricted discharges. The impact of radiation transport for
diffuse discharges is weak. The proximity of the excitation
sources to the fundamental eigenmodes of operators of
diffusion and radiation transport explains that behavior. The
formation of constricted profiles is highly influenced by the
higher diffusion (for metastable atoms) and radiation (for
resonance atoms) eigenmodes. The mode spectrum, in that
case, shows that the amplitude of a fundamental mode is lower
than the amplitudes of higher ones. The radiation trapping
increases the role of the fundamental mode [60].

D. Comparison with experiment

Figure 11 illustrates the comparison between the computed
dependence E(i) and measured data. One can see that results
of the simulation with the account for gas heating and radiation
trapping agree well with experimental data.

The profiles of different 2p levels, corrected for reabsorp-
tion, are presented in Fig. 12(a). Despite the fact that modeling
predicts some tiny differences between the profiles of different
2p levels, they cannot be found experimentally, because they
are beyond the spatial resolution limit of the system. Radial
profiles of 1s5 and 1s4 levels, measured in various spectral lines
using absorption method, are shown in Figs. 12(b) and 12(c).
Those figures illustrate the experimental reproducibility and
spatial accuracy of measurements.

The measured and computed radial density profiles of
various plasma components are presented in Fig. 13. The
diffuse (15 mA lines and points) and the constricted (40 mA
lines and points) regimes of the argon positive column are
illustrated. Figure 13(a) shows profiles of the electron density.
Comparison of the measured and computed distributions of
2p atoms is illustrated by Fig. 13(b). The computed values are
corrected for experimental instrument distortions (see Sec. III).
The experimental densities of metastable and resonance atoms
are compared to the theoretical profiles in Figs. 13(c)–13(f).
The diffuse regime was investigated only for the lowest level
1s5. The populations of other states were not measured because
the optical depth in those spectral lines was too small. The

comparison shows good agreement between the simulations
and the experiment. This good agreement suggests that the
proposed theory describes the electric characteristics as well
as the formation of narrow filaments and its broadening due to
radiation trapping quite well.

V. CONCLUSIONS

A self-consistent model of constriction of the positive
column in argon discharge is developed. This model is
based on a joint solution of the kinetic equation, which
includes elastic and inelastic electron-atomic collisions and
electron-electron interaction, balance equations for different
species and the thermal conductivity equation. A distinctive
feature of the presented model consists of a solution of
the Biberman-Holstein equation for resonance atoms on the
same accuracy level as for diffusion and thermal conductivity
equations. Using the proposed approach one can analyze the
influence of resonance radiation transport on various plasma
parameters. The theory allows one to obtain not only diffuse
and constricted branches of the discharge but also a solution
in the unstable region of the hysteresis. It is shown that the
diffuse discharge is not affected by radiation transport. In the
constricted discharge higher radiative modes play a notable
role and cause various changes of discharge parameters. In
particular, unstable and constricted branches are shifted to
higher currents. Radial profiles of excited states are notably
broadened, and axial values are reduced. Resonance radiation
trapping affects not only the densities of resonance states 1s4,
1s2, but also metastable 1s5,1s3, and higher 2patoms due to
effective collisional intermixing.

Measurements of VACs, radial density distributions of
electrons, and excited states were performed. A good agree-
ment between the results of modeling and the experimental
data shows that the proposed theory can accurately describe
discharge constriction. This approach discussed in the paper,
which includes radiation trapping in a self-consistent model,
can be successfully applied to studies of discharges in other
gases.
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