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The model is developed of near-cathode layers in high-pressure arc discharges. Governing
equations include equations of conservation of the ions, the atoms, and the electrons, transport
equations for the ions, the atoms, and the electrons, equations of energy for the electrons and the
heavy particles, and the Poisson eguation. The egquations are solved numerically in 1D without any
further simplifications, in particular, without explicitly dividing the near-cathode layer into a
space-charge sheath and quasi-neutral plasma. Results of numerical simulation of the layer in
atmospheric-pressure argon arc with tungsten cathode are given: distributions of plasma
parameters across the layer, current-voltage characteristics, energy flux from the plasma to the
cathode. The results are compared with those obtained in the framework of an approximate

approach.

1. Introduction

A correct description of near-cathode plasma
layers in high-pressure arc discharges is of key
importance in the theory of arc plasma-cathode
interaction. These layers have a complex structure,
consisting of two main sublayers. space-charge
sheath and ionization layer. Existing models of the
near-cathode layers are based on separate
consideration of the two sheaths [1-4]. Such
approach requires the use of an approximate
procedure of matching solutions at the sheath
boundary. Moreover, existing models use some
simplifying assumptions (e.g., the constancy of
species temperatures inside the ionization layer). In
this work, current transfer through near-cathode
layers is considered on the basis of direct numerical
simulation of the layer, without dividing it into the
sheaths and without using assumptions concerning
gpatial distributions of plasma parameters.

2. Themode

The plasma layer near a hemispherical cathode is
considered in one-dimensional (1D) approximation,
with spherical symmetry (under the assumption that
the electric current is distributed uniformly over the
spherical part of the cathode surface). The use of a
1D approach is justified, because in typica
conditions the width of the layer is much smaller
than the cathode radius.

The system of equations governing spatia
distributions of plasma parameters is as follows.
Equations of conservation of species are written as

Vi, =aw, a=i,ea. 1)

Here n,, v,, and J,=n,v, ae the number

al
densities, velocities, and number densities of
transport fluxes of plasma components, indexes i,

e, a refer to ions, electrons, and atoms,

respectively, @, are the net rates of production of

particles of thetype & in volume reactions,
a)l:a)ez_a)a=kir]ane_kn'n2 (2)
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where ki and Kk are the ionization and

recombination rate constants.

Adding Egs. (1) for the ions and the atoms, one
arrives at the eguation of conservation of the gas
nuclei

V-(J,+3,)=0. ©)
Subtracting Eqg. (1) for the electrons from that for the
ions, one arrives at the equation of continuity of the
electric current

V-(J,-3,)=0. (4)

Transport eguations taking into account the
multicomponent diffusion, resolved with respect to
the diffusion forces (Stefan-Maxwell equations),
may be written as[5]

- Vpa + nanaE +&[Vp_ e(ni - ne)E]_
P
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n n.kT .C
Al (va—vﬁ)—RL =0,
r; nDaﬁ
where
T, = m, T, +m,T,
m, +m,
2 (6)
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Here o, =i,ea, T, and p,=n/KT, are the

temperatures and partiad pressures of plasma
components (the temperatures of atoms and ions are
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assumed equal), N=23,N; and p=3,p, are the
total number density and pressure, Daﬁ are the
binary diffusion coefficients evaluated in the first
approximation of the Chapman-Enskog method,
m,, are the reduced masses, Qﬁ;” are the energy-

averaged transport cross sections, coefficients Caﬁ
introduce corrections due to account of
approximations of higher orders (note that
C,; =C,,). The thermal diffusion forces R/, are

given by formulas

RT =C"n kVT. +C®n kVT,,RI =C®nkVT,,

for heavy-particle species (& # €) and for electrons,
respectively. (Note that the transport equation for
electrons does not contain aterm with VT, sincethe

corresponding force is negligibly small due to the
smallness of the electron-to-ion mass ratio [5]). The

thermal diffusion coefficients C" and C'® satisfy
thefollowing equal ities

Zna =0, Zn Cl® = 7)

Egs. (5) are dependent, therefore any one of them
may be dropped. We will drop the equation for
atoms.
The assumption of no convection requires that the
force applied by the electric field be compensated by
the plasma pressure gradient

~Vp+e(n —n )E=0. (8)
We introduce the X -axis which is directed from the
cathode surface into the plasma and designate by
J, and E the x -components of the vectors J,

and E . Egs. (3) and (4) may be integrated to give

J;+J,=0, 9
J -3, =-1 (10)
e

Eq. (9) was written with account of the fact that the
nuclei do not accumulate nor disappear at the
cathode surface, | in Eq. (10) is the density of
electric current directed from the plasma to the
cathode.

The electron and heavy-particle energy equations
can be written as

§V'(peve)z_v'he_eneve'E_
2 (11)
3n k T (T -T )( ni J—Wée),
rnirI Dea Dei

-V-h, +env,-E+

3nKk°T, ‘(1 T)[ +i]:0 (12)
D.. Dy

mn ea e
(note that the term 3V -(p,v, + p,v,) equals to
zero, that follows from Eq. (9) and the equality of
ion and atom temperatures). Here h, and h, are
the densities of the electron and heavy-particle heat
fluxes; the term Wff) in Eqg. (11), describing energy

losses due to inelastic collisions, may be evaluated
as|[6]

vv( =Ew,+W.,q, (13)
where E; is the ionization potential for atoms
andw,,, represents radiation energy losses.

Expressions for kinetic and transport coefficients
used in our calculations are taken from [6] with the
use of electron-atom and atom-atom cross sections
for argon from [7] and [8], respectively. The
ionization rate is calculated according to [9]; the
radiation losses are evaluated using the data
presented in [10].

The system includes al so the Poisson equation

gV-E=¢n —n,). (14)

A numerical solution of the above system of

equations is sought in the region r, < X< L, where

the lower boundary corresponds to the position of
the cathode surface and the upper boundary is placed
far from the cathode, in the region of therma and
ionization equilibrium. The boundary conditions for
the above equations are as follows. Assuming that
the cathode surface absorbs all ions coming from the
plasma, one can set the ion density at this surface
equal to zero (seethe discussion in [9, Appendix B])

n(r.)=0. (15)
The boundary condition for the electron density at
the cathode, that accounts the emission current and
the electron current backscattered to the cathode due
to thermal motion, may be written as

x=r . dem_NeCe_ 5 (16)
e 4
where C, = (8KT,/zm,)"* is the thermal velocity

of electrons. The emission current density |J,, is

determined by means of the Richardson-Schottky
equation.

The boundary conditions on the plasma side of
the region considered correspond to the ionization
equilibrium

n (L) =n,(L) =ng,. 17)
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It is necessary to specify aso a difference
U between potential of the plasma at x = Land at
the cathode. This difference is positive and can be
viewed as a near-cathode voltage drop.
The boundary conditions for Egs. (11) and (12) at
the cathode are

Jen gy _MeCe gy _3 5y 1h

X=r 3 e 4 2

T, =T,

where h, isthe Xx-component of the heat flux h,,

°(18)

T is the cathode surface temperature (a given

parameter).
At the plasma side, T_(L) is given (and equal to

T(L)).
Summing Egs. (11) and (12) with account of Eq.
(13), one obtains

5 :
V-[(EkTe+EijJe+he+hhp}= E-j—w,.(19)

Addition to the left-hand side of Eq. (19) of the term
V-[(A-E)j/e] (here A isthe work function for

the cathode material), equal to zero according to Eq.
(10), dlows oneto rewrite Eq. (19) in the form

v'ngTwAJJw(Ei — A (20)

he+hhp]= EJ — Wiag -
The density q, of the energy flux to the cathode
surfaceis

5
q, = _KE KT, + Aj J.+(E -A)J +h + hhp}

X=T,

3. Results and discussion

Calculations of the near-cathode layer in
atmospheric-pressure argon have been performed for
the hemispherical tungsten cathode of radius r, =1

mm. In figure 1 an example is given of distributions
of plasma parameters (electron and ion number
densities, electron and heavy-species temperatures,
equilibrium (Saha) electron number density, electric
field and potential difference between the cathode
surface and the point being considered) at
T,=3000 K, for the total current | =10 A,
corresponding to the current density at the cathode
j.=1/(2r7) =1.6x10° A/n? It is seen that the

space-charge sheath, where the major increase of
potential occurs, has a width about 3 um. The
densities reach the equilibrium density at

approximately 300 pum, aso at this distance the
electron and the heavy particle temperatures are
approximately the same.
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Figure 1. Distributions, along the axis, of the electron
and ion densities, equilibrium electron number density
and electron and heavy-particle temperatures (a) and
the electric field and potentia difference (b) at the
cathode temperature 3000 K and electric current 10 A.

In figure 2 the current-voltage characteristic is
given for T, =3000 K. The total current density

and its components (the electron and ion current
densities) at the cathode are also given. The figure
presents also the density of the energy flux to the
cathode and the mean electron temperature in the
ionization layer versus the potential of the plasma.
The character of the presented dependences is
similar to that obtained using a simplified approach
[2,4].

In figure 3 the electric current and the density of
the energy flux to the cathode are given, versus the
cathode temperature, for potentials of the plasma 12
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V and 25 V. Results obtained using the model [4]
are also given. It is seen that the results of direct
calculations are rather close to those obtained in the
framework of the approach based on separate
consideration of the space-charge and ionization
sheaths.
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Figure 2. The electric current, the total current density
and the electron and ion current densities at the
cathode (a) and the density of the energy flux to the
cathode and the mean electron temperature in the
ionization layer (b) versus the potentia of the plasma
at the cathode temperature 3000 K.
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Figure 3. The electric current (a) and the density of
the energy flux to the cathode (b) versus the cathode
temperature for potentials of the plasma 12 V and 25
V. Solid lines - this model, dashed lines - the model

[4].
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