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Abstract
The introduction of secondary ion-electron emission into an approximate model of
non-equilibrium plasma layers on hot (thermionic) cathodes of high-pressure arc discharges
allows extending the model to low cathode surface temperatures. Analysis of evaluation results
shows that the extended model describes glow-like discharges on cold cathodes and thermionic
arc discharges on hot cathodes, as it should. In the course of glow-to-arc transitions on cold
cathodes, a transient regime occurs where a hot arc spot has just formed and a significant
fraction of the current still flows to the cold surface outside the spot, so that the near-cathode
voltage continues to be high. The power input in the near-cathode layer is very high in this
regime, and so is the electron temperature in the near-cathode region. The mean free path for
collisions between the atoms and the ions in these conditions exceeds the thickness of the layer
where the ion current to the cathode is generated. A new method for evaluation of the ion
current under such conditions is implemented. The developed model is applicable for cathode
surface temperatures below the boiling point of the cathode material and may be used for
multidimensional simulations of ignition of high-current arcs on refractory cathodes.

Keywords: arc discharges, arc electrodes, non-equilibrium arc plasmas, arc modeling

1. Introduction

Understanding the ignition of high-current arc discharges on
cold cathodes in high-pressure gases is of significant theoret-
ical and applied interest, in particular in view of the significant
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erosion of refractory cathodes of high-current arc discharges
that occurs during ignition. Unfortunately, there are no self-
consistent methods for numerical simulation of the ignition of
high-current arcs on cold cathodes. The most difficult is the
self-consistent description of the current transfer to the cath-
odes at the initial stage of arc ignition, when the cathode sur-
face is not yet hot enough for thermionic emission.

Various hypotheses on the dominating mechanism of cur-
rent transfer to the surfaces of cold arc cathodes have been
proposed in the arc discharge literature: thermo-field electron
emission from the cathode (e.g. review [1]), explosive/evap-
orative and field electron emission (e.g. book [2]), secondary
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electron emission from impact of excited atoms [3], charge
transport by ions coming to the cathode surface from the
plasma (e.g. discussion in section 4 of review [4]). Another
potentially important mechanism is secondary electron emis-
sion from ion impact, which is the dominating mechanism
of current transfer to cold cathodes of low-current discharges
such as glow and negative corona discharges.

In [5], the ignition of a high-current AC arc discharge on
cold electrodes in atmospheric-pressure argon was investig-
ated by means of the one-dimensional (1D) unified numerical
modeling, with the aim to clarify the role of different mech-
anisms of current transfer to cold arc cathodes. It was found
that, after a very brief (of the order of 0.1 µs) period of arcing
time, when the displacement current is the dominating mech-
anism, the ion current comes into play and remains the domin-
ating mechanism until the cathode is sufficiently hot for ther-
mionic electron emission. The ionization energy, necessary for
the generation of the ion current, is provided by work of the
space-charge sheath electric field on secondary electrons emit-
ted by the cathode surface under ion impact. No indications
of explosive emission were found. Note that these results are
consistent with those reported in [6] for 1D steady-state dis-
charges in atmospheric-pressure nitrogen over a wide range of
current densities, from 103 to 107Am−2, obtained by means
of 1D numerical modeling with account of a large number of
neutral, excited, and charged plasma species.

The conclusion that the ion current and secondary elec-
tron emission from the cathode are the most important mech-
anisms of current transfer to cold cathodes of arc discharges
was confirmed by specially designed experiments [7–9]. Thus,
this conclusion has by now been substantiated both theoretic-
ally and experimentally and there appears to be no reason to
doubt it.

The unified numerical modeling approach, used in [5, 6],
is based on describing the plasma in the whole interelec-
trode gap by the single set of differential equations, compris-
ing conservation and transport equations for each plasma spe-
cies, the electron and heavy-particle energy equations, and
the Poisson equation. These equations are solved jointly with
the heat conduction and current continuity equations in the
body of the electrodes. This approach does not rely on apri-
ori assumptions, such as quasi-neutrality and thermal and/or
chemical equilibrium in different regions of the arc, and is in
this sense similar to the fluid modeling of cold gas discharges,
which is well developed and universally used for simulations
of, e.g. glow, radiofrequency, dielectric barrier, corona, and
streamer discharges. When applicable, the unified modeling is
in most situations the most comprehensive and reliable simu-
lation approach for arc discharges.

The unified modeling approach has been successfully
applied for axially symmetric modeling of low-current arc
discharges [10–15]. Unfortunately, the approach is highly
computationally intense for high values of the current density,
and therefore its applications to high-current arcs are limited to
one dimension in space; see citations in section 3.1 of [4] and
[5, 6, 16–21] as further references. The arc-electrode interac-
tion in geometries of practical interest is a multidimensional

phenomenon. Consequently, the unified modeling approach
is impractical for high-current arcs and approximate models,
which are less intense numerically, are needed. Many refer-
ences to approximate models of arc-electrode interaction can
be found in reviews [4, 22]. In particular, there are models of
non-equilibrium plasma layers on hot refractory, or thermi-
onic, cathodes of high-pressure arc discharges [23–30]. Such
models have been used for investigation of arc plasma inter-
action with thermionic cathodes and also as modules of multi-
dimensional numerical codes describing the arc on the whole;
e.g. review [4] and references therein.

The modeling of the ignition of a high-current AC arc dis-
charge on cold electrodes [5] revealed a similarity between
the physics of current transfer to cold and hot refractory cath-
odes: in both cases, there is a regime where the ion current
to the cathode is limited not by a finite rate of diffusion of
the ions from the non-equilibrium near-cathode plasma layer
to the cathode surface, but rather by a finite rate of supply
of the ionization energy to the near-cathode layer, which is
provided by work of the space-charge sheath electric field on
electrons emitted by the cathode surface. Therefore, one can
attempt to extend approximate models of the interaction of
high-pressure arcs with hot refractory (thermionic) cathodes,
in order to make them applicable to both hot and cold cath-
odes, simply by introducing an account of secondary electron
emission from ion impact, along with the thermionic electron
emission. Of course, the success of such attempt is not guar-
anteed, in particular, since the integral-balance evaluation of
the electron temperature in the near-cathode layer, which is
typical of approximate models for thermionic cathodes and is
reasonably accurate for partially to fully ionized plasma layers
near hot cathode surfaces (e.g. section 3.4 of [4]), is not neces-
sarily suitable for weakly ionized plasmas near cold cathodes.
On the other hand, if such attempt is successful, the extended
model will offer a simple tool for multidimensional modeling
of the ignition of high-current arc discharges on cold refract-
ory electrodes in conditions of practical interest.

Therefore, the question as to whether the extended model,
obtained by introducing an account of secondary ion-electron
emission into an approximate model of the interaction of high-
pressure arcs with hot refractory cathodes, will be is at least
qualitatively accurate for cold cathodes, is non-trivial and
worthy of investigation. This question is addressed in this con-
tribution. The treatment is limited to cathode surface temper-
atures below the boiling point of the cathode material, when
the vaporization of the cathode material is not a dominating
effect and the arc may be considered as burning in the ambient
gas.

The outline of the paper is as follows. In section 2, a model
of non-equilibrium arc plasma layers near thermionic cathodes
is extended to account for secondary ion-electron emission and
results of calculation are given and analyzed. It is found that
the model describes glow-like discharge regimes on cold cath-
odes and thermionic arc discharge regimes on hot cathodes, as
it should. In section 3, a refined evaluation is considered of
the ion current to the cathode surface for conditions where a
hot spot has just appeared on the cathode surface while the
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near-cathode voltage is still high, which occur during glow-
to-arc transitions. Concluding remarks are given in section 4.
A brief description of the basis of approximate modeling of
arc plasma interaction with thermionic cathodes in given in
appendix for convenience.

2. The extended model

The key element of the approximate approach to modeling the
interaction of arc plasmas with thermionic cathodes, which is
summarized in appendix, is a model of non-equilibrium near-
cathode plasma layer. It is in this model that an account of the
secondary electron emission from ion impact should be intro-
duced, in the hope of extending the approach to cold cathodes.
In the simplest approximation, one can neglect the possible
interaction of thermionic and secondary ion-electron emission
mechanisms and estimate the density jem of the total electron
emission current as the sum:

jem = jT + γji, (1)

where jT is the density of emission current caused by high val-
ues of the cathode surface temperature and/or electric field dir-
ected to the cathode surface, γ is the so-called effective sec-
ondary emission coefficient, and ji is the density of electric
current transported to the cathode surface by the ions coming
from the plasma.

In principle, jT may be determined with account of field
to thermo-field to thermionic electron emission mechanisms
by means of evaluating the Murphy–Good formalism [31].
However, the modeling [5] has shown that, under conditions
where the term jT on the rhs of equation (1) is non-negligible,
the thermionic emission mechanism is dominating and the
Richardson–Schottky formula may be used. Let us assume
that γ characterizes all mechanisms of secondary electron
emission—due to bombardment by ions, excited particles, and
photons, as is often done in the modeling of cold discharges;
for example, section 4.7.2 of [32]. (Note, however, that the
simulations [5] have shown that the electron emission from
impact of excited atoms is insignificant under conditions con-
sidered, while the role of photoeffect is typically small except
in the case of discharge ignition by short voltage pulses, with
duration smaller than the time of ion drift.)

Let us consider results obtained in this way with the use
of the model of non-equilibrium plasma layers on thermionic
cathodes in high-pressure arc discharges summarized in [23].
The cathode is made of tungsten, the plasma-producing gas
is atmospheric-pressure argon. jT is determined by means of
the Richardson-Schottky formula, values of the work function
and the Richardson constant for the cathode are those given in
the reference book [33] for a polycrystalline tungsten surface:
4.55eV and 6× 105Am−2 K−2, respectively. The secondary
electron emission coefficient γ equals 0.1.

The density of electric current from the plasma to the cath-
ode surface in the extended model is evaluated as

jc = jT +(1+ γ) ji − jCD, (2)

where jCD is the density of current of fast plasma electrons
counter-diffusing to the cathode surface against the sheath
electric field. The quantities involved in this expression are
shown in figure 1 as functions of Tc the cathode surface tem-
perature and U the near-cathode voltage drop, in agreement
with what is described in appendix. Also shown is the electron
temperature in the near-cathode layer, Te. The upper boundary
of the range of Tc, shown in each of the figures (a)–(d), is the
same: 5000K, in order to cover the entire temperature range
of thermionic cathodes. The lower boundary for each voltage
is chosen in a way that jc is no smaller than 103 Am−2. For the
voltages of 10 and 60V, this happens for Tc exceeding approx-
imately 2250K. For the voltage of 157 and 200V, jc exceeds
103Am−2 for all values of Tc down to room temperatures.

Also shown in figure 1 is parameter α, which is defined as

α=

[
8
3
Q̄(1,1)
ia

ki

√
kTh
πma

]1/2

, (3)

where Q̄(1,1)
ia is the energy-averaged cross section for

momentum transfer in ion-atom collisions, ki = ki (Te) is the
rate constant of ionization of neutral atoms by electron impact,
Th is the heavy-particle temperature in the near-cathode layer
(it is assumed that Th = Tc), and ma is the atom mass. Note
that α defined in this way characterizes the ratio of the scale of
thickness of the ionization layer, which is the outer section of
the non-equilibrium near-cathode layer where the ion current
to the cathode is generated, to the mean free path for collisions
between the ions and the atoms [34].

In order to understand the results shown in figure 1, it is
useful to consider the integral balance of electron energy in the
ionization layer in the extended model. The power input into
the electron gas is provided mainly by the acceleration of the
emitted electrons by the electric field in the near-cathode layer
and may be roughly estimated as jemU. A part of this power is
spent on ionization inside the near-cathode layer and the rest
is transported by the electron current into the bulk plasma:

jemU=
ji
e
Ai + q, (4)

where Ai is the ionization energy of the plasma-producing gas,
e is the electron charge, and q is the density of flux of electron
energy from the ionization layer into the bulk plasma, trans-
ported by the electron current. Note that the equation of integ-
ral balance of electron energy in the ionization layer could be
written in a more detailed form (cf equation (14) of [23]), how-
ever the simple form (4) is appropriate for qualitative analysis.

With the use of equation (1), equation (4) may be
rewritten as

jTU= jiC1U+ q, (5)

where C1 = Ai/eU− γ.
Assume that the cathode surface temperature Tc increases

at a fixed value of U. Let us first consider the case where U is
smaller than Ai/eγ and henceC1 > 0. (Since ionization energy
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Figure 1. Characteristics of the non-equilibrium near-cathode plasma layer on a tungsten cathode in atmospheric-pressure argon arc.

of argon is 15.76eV, Ai/eγ = 157.6V in the conditions con-
sidered.) For low and moderate values of Tc, when the ther-
mionic emission current jT and, consequently, the power input
due to thermionic emission, jTU, are not high, the electron tem-
perature in the ionization layer is not high as well and transport
of the electron energy into the bulk is insignificant. Discarding
the second term on the rhs of equation (5), one finds ji ≈ jT/C1.
Thus, the ion current density is roughly proportional to the
thermionic emission current density. In this regime, the ion
current to the cathode is limited not by a finite rate of diffusion
of the ions from the ionization layer to the cathode surface,
but rather by a finite rate of supply of the ionization energy
to the ionization layer. This regime occurs on thermionic arc
cathodes when they are not hot enough for the plasma in the
near-cathode layer to attain full ionization.

As Tc increases, the power input jTU and the electron tem-
perature in the ionization layer, Te, increase as well and the
ionization degree of the plasma also increases. As the plasma
at the edge of the ionization layer approaches full ionization,
the ion current ji becomes saturated and the term jiC1U can-
not compensate the power input jTU, meaning that the second

term on the rhs of equation (5) comes into play and ji is no
longer proportional to jT.

In the case where U is close to Ai/eγ (and |C1| is small),
the ion current can be significant even for low cathode sur-
face temperatures, when jT is negligible. In other words, the
secondary electron emission is strong enough to supply the
necessary ionization energy to the near-cathode plasma; the
glow discharge regime. The dependence of ji on Tc is weak in
this regime.

The glow discharge regime occurs also in the case where U
exceeds Ai/eγ (C1 < 0). The plasma at the edge of the ioniza-
tion layer is strongly to fully ionized for all values of Tc.

Taking into account that C1 approximately equals 1.5 for
U= 10 Vand 0.16 for U= 60 V, one can conclude that the
above reasoning explains the behavior of the dependence of
the ion current density ji on the cathode surface temperature
Tc seen in figures 1(a) and (b). The cathode operates in the
thermionic regime. The glow discharge regime with a virtually
constant ji occurs in the range Tc ≲ 1700K for U= 157 V, as
seen in figure 1(c), and a thermionic arc cathode regime with ji
increasing more or less proportionally to jT occurs for higher
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Tc (note that C1 ≈ 4× 10−4 for U= 157V). For U= 200V,
the glow discharge regime with a virtually constant ji occurs
in the range Tc ≲ 2200K as seen in figure 1(d).

As discussed above, an increase in the power input in the
ionization layer, jTU, causes an increase in the electron tem-
perature in the ionization layer, Te. This effect is clearly seen
in figure 1 in the range of cathode surface temperatures higher
than approximately 2250K, where the thermionic emission
current jT comes into play. Understandably, the effect is partic-
ularly strong for higher U: values of Te in excess of 105 K are
seen in figures 1(b)–(d). This effect is very interesting and one
could explore the possibility of its experimental verification;
this point is discussed in some detail below.

The maximum in the dependence ji (Tc) occurs for
Tc approximately equal to 3500K for U= 60V, to 3100K for
157V, and to 2940K for 200V). It is seen in figures 1(b)–(d)
that the plasma at the edge of the ionization layer is already
fully ionized under these conditions (atmospheric-pressure
argon plasma approaches full ionization as the electron tem-
perature reaches values around 20000 K), again in agreement
with the above reasoning. After the maximum, the dependence
ji (Tc) monotonically decreases. For U= 157 and 200V, this
causes a decrease in jc the density of the net electric current
to the cathode surface in the range of Tc from approximately
3000–3500K, as seen in figures 1(c) and (d); an effect that at
first glance seems nontrivial.

The decrease of the density of ion current to the cathode sur-
face with increasing surface temperature at a high fixed near-
cathode voltage drop is unrelated to the account of the second-
ary electron emission, introduced in this work, and is present
also in the original model [23]. The density of the ion current
in the model [23] is evaluated as

ji = en(0)i vs fw. (6)

Here n(0)i is the charged particle density at the ‘edge’ of the
ionization layer, estimated from the Saha equation in terms of
the plasma pressure and the electron and heavy-particle tem-
peratures; vs =

√
k(Th+Te)/ma is the Bohm speed; and f w

is the normalized ion current density, which depends, in par-
ticular, on α and is given by equation (11) of [23]. Note that
the latter equation combines the diffusion description of the
relative motion of the ions and the atoms in the ionization
layer for α≳ 1 and a more sophisticated multifluid treatment
for α≲ 1, when the mean free path for collisions between the
atom and the ions is comparable to or larger than the thickness
of the ionization layer and the diffusion description of the rel-
ative motion of the ions and the atoms is inapplicable. It is
seen from figures 1(b)–(d) that α is of the order unity or smal-
ler under conditions where the decreasing dependence ji (Tc)
occurs, so the multifluid description comes into play under
these conditions.

When the plasma at the edge of the ionization layer is
fully ionized, the charged particle density n(0)i at constant
pressure decreases with increasing Tc in inverse proportion
to (Tc +Te). The product n(0)i vs decreases in inverse pro-
portion to

√
Tc +Te. It is seen from figures 1(a)–(d) that α

Figure 2. Characteristics of the cathodic part of a steady-state arc
on a 1 cm-high tungsten cathode in atmospheric-pressure argon.
Solid: approximate modeling with the use of the extended model.
Dashed: unified modeling [5].

decreases with increasing Tc. Since f w in the multifluid the-
ory decreases with decreasing α in the range α≲ 1, it follows
from equation (6) that ji decreases as well. This explains the
decrease in the dependence ji (Tc), seen in in figures 1(b)–(d)
for Tc exceeding approximately 3000–3500K.

A comparison of results given by the approximate and uni-
fied models is shown in figure 2, which refers to a steady-
state arc on a 1cm-high rod tungsten cathode in atmospheric-
pressure argon. The temperature of the cathode base is 293K.
For simplicity, the densities of the electric current and the
energy flux from the plasma to the lateral surface of the cath-
ode are discarded; in other words, the lateral surface of the
cathode is assumed to be electrically and thermally insulated.
Then the temperature distribution inside the cathode is 1D
and the temperature and the current density at all points of
the current-collecting front surface of the cathode are the
same.

The solid lines in figure 2 depict characteristics of the cath-
odic part of the arc, obtained by performing the second step of
the approximate modeling procedure, described in appendix,
with the use of the extended model of non-equilibrium plasma
layers on arc cathodes considered in this section. Note that the
cathode surface temperature Tc in this modeling is not a con-
trol parameter but rather a modeling result, in contrast to the
computation of the characteristics of the near-cathode layer
shown in figure 1. The only control parameter in the modeling
shown in figure 2 is the near-cathode voltage U. Performing
calculations for various values ofU, one computes the current–
voltage characteristic of the near-cathode region, jc (U). This
characteristic is shown in figure 2 in the form U(jc). Also
shown are the dependences Tc (jc), Te (jc), and α(jc).

The dashed lines in figure 2 represent characteristics of
the arc obtained with the use of the unified model [5]. The
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computation domain in this case included 1cm-high tungsten
cathode, 1cm-high tungsten anode, and a 1mm-long arc. The
electron temperature Te shown by the dashed line was eval-
uated in the unified model at an ‘edge’ of the space-charge
sheath, defined as a point where the charge separation is 10%.
There is a good agreement between the dependences Tc (jc)
and Te (jc) given by the twomodels. Values of the near-cathode
voltage in the approximatemodel,U(jc), and of the arc voltage
in the unified model, Va (jc), are rather close to each other
for current densities exceeding approximately 2× 105Am−2.
For lower jc, the difference is bigger, although the qualitative
agreement is preserved. Note that the relative motion of the
ions and the atoms in the ionization layer is described in the
two models in different ways: the diffusion description is used
in the unifiedmodel, while the approximatemodel employs the
diffusion description for α≳ 1 and the multifluid theory for
α≲ 1. However, this difference is irrelevant under conditions
of figure 2 since α exceeds unity for all jc, and the agreement
between the approximate and unified models is not surprising.

One can conclude that the introduction of secondary elec-
tron emission into the approximate model of non-equilibrium
near-cathode plasma layers on thermionic cathodes of high-
pressure arc discharges [23] allows one to extend the model, in
a qualitatively correct way, to cold cathodes and thus to obtain
a self-consistent description of glow-like discharge regimes
on cold cathodes and thermionic arc discharge regimes on hot
cathodes.

3. Refined evaluation of the ion current to the
cathode during glow-to-arc transitions

There is another theoretical aspect that requires attention as far
as glow-to-arc transitions on cold cathodes are concerned: the
description of the relative motion of the ions and the atoms in
the ionization layer.

The approach to numerical modeling of high-pressure arc
plasma interaction with hot thermionic cathodes, based on the
model of non-equilibrium near-cathode layers [23], has been
tested experimentally over a wide range of conditions of hot
cathodes, and this may be considered as an indirect experi-
mental verification of the model. However, one should keep
in mind that the parameter α exceeds unity for hot cathodes,
which is due to low near-cathode voltages on hot cathodes.
An example is seen in figure 2: in the range jc ≳ 106Am−2,
where the cathode surface temperature increases from 3000 to
above 4000K, the near-cathode voltage U falls approximately
from 40 to 10V, and α> 1 under such conditions. Therefore,
the above-mentioned indirect experimental verification of the
model [23] refers to conditions with α> 1, where the relat-
ive motion of the ions and the atoms is adequately described
by the diffusion approximation. The model remains untested
for cases where α≲ 1 and the multifluid description becomes
relevant.

On the other hand, cases where both Tc and U are high
and, consequently, α≲ 1, do occur in regimes intermediate
between the glow and arc regimes, where a hot arc spot is just

formed and a significant fraction of the current still flows to the
cold surface outside the spot, so that the near-cathode voltage
remains high at all points of the cathode surface, including in
the spot. Let us consider, as an example, results of numer-
ical simulations [14], performed for a steady-state (DC) dis-
charge on a 1.5mm-radius W cathode in 1atm Ar in the range
of discharge currents I up to 20A. A stationary state with a
discharge voltage of 60V and a narrow spot on the cathode
with the temperature of 3960K was found for I= 2.5A. One
can see from figure 1(b) that α is around 0.2 for such condi-
tions. (It is worth noting that the ratio of the mean free path for
collisions between the atoms and the ions to the scale of thick-
ness of the ionization layer, estimated for this α value with the
use of formulas [34], is about 50.) Transient states with similar
characteristics were encountered in time-dependent numerical
simulations of ignition of a 200 A atmospheric-pressure Ar arc
on a W insert with conical tip, surrounded by a water-cooled
copper holder [35], and on a W rod-like cathode [36].

Thus, in order to develop a reliable method of simulation
of ignition of high-pressure arcs on cold refractory cathodes, it
might be helpful to revisit the description of the relativemotion
of the ions and the atoms in the ionization layer for α≲ 1 and
to check whether the multifluid treatment needs to be refined.
Another relevant question is whether the decreasing depend-
ence jc (Tc) for high U and Tc, seen in figures 1(c) and (d) in
the range 3000 K≲ Tc ≲ 3500 K, will remain if the evaluation
of the ion current for α≲ 1 is refined.

A refined theory of the ionization layer in partially to fully
ionized high-pressure arc plasma was developed in [34]. A
fluid description of the ion species in the ionization layer was
combined with a kinetic description of the atom species. The
following formula was obtained for the density of ion current
to the cathode:

fw =
C2C3

C2 +C3α
, (7)

where C2 is the dimensionless coefficient defined by equation
(14) of [37], which varies between approximately 0.67 and
1, and C3 = {2−

√
2/ [π (1+Te/Th)]}−1. It was found that

equation (7) conforms to experiment better than the multifluid
theory, although the scatter of the available experimental data
is too great to make an unambiguous conclusion.

Switching in the near-cathode plasma layer model [23]
from the multifluid description of the ionization layer to the
hybrid description [34] amounts to replacing equation (11) of
[23] with equation (7). The effect of this switching is illus-
trated by figure 3. The ion current in the region where α≲
1 becomes higher, however the dependence ji (Tc) remains
decreasing. The dependence jc (Tc) remains non-monotonic
in the range of Tc between approximately 3100 and 3500K,
although the non-monotony becomes less pronounced.

The function f w described by equation (7) increases with
decreasing α. However, α does not change much at high Tc, as
seen from figure 3, therefore the increase in f w with increas-
ing Tc is weak and insufficient to compensate the decrease in
n(0)i vs for conditions where the plasma is fully ionized. Hence,
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Figure 3. Characteristics of the nonequilibrium near-cathode
plasma layer on a tungsten cathode in an atmospheric-pressure
argon arc. U= 157V. Solid: the extended model described in
section 2. Dotted: the extended model employing equation (7).

the rhs of equation (6) is decreasing with increasing Tc, which
explains the decrease in the dependence ji (Tc), seen in figure 3
for Tc ≳ 3100K.

Thus, changing the description of the relative motion of the
ions and the atoms in the ionization layer from multifluid to
hybrid has led to a relatively weak change in integral charac-
teristics of the near-cathode layer.

4. Conclusions

The introduction of secondary electron emission into an
approximate model of non-equilibrium plasma layers on hot
(thermionic) cathodes of high-pressure arc discharges allows
extending the model to low cathode surface temperatures. The
extended model describes glow-like discharge modes on cold
cathodes and thermionic arc discharge modes on hot cath-
odes. This is an essential step in developing practicable self-
consistent modeling methods for multidimensional simulation
of ignition of high-current arcs on cold refractory cathodes and
for evaluation of the erosion of refractory cathodes that occurs
during arc ignition.

In the course of glow-to-arc transitions on cold cathodes, a
transient regime occurs where a hot arc spot has just formed
and a significant fraction of the current still flows to the cold
surface outside the spot, so that the near-cathode voltage con-
tinues to be high at all points of the cathode surface, including
in the spot. The power input in the ionization layer, jTU, is very
high in this regime. Therefore, one should expect that the elec-
tron temperature is very high as well, as seen in figures 1(b)–
(d). Indeed, first results of themodeling of the ignition of 200A
arcs on cold tungsten cathodes of different configurations [35,
36], performed with the use of the extended model, indicated

that the electron temperature in the near-cathode layer reaches
values of the order of 105K.

The thickness of the ionization layer, where the ion current
to the cathode is generated, under such conditions becomes
comparable to, or smaller than, the mean free path for colli-
sions between the atoms and the ions. The introduction into
the extended model of the hybrid theory [34], combining a
fluid description of the ion motion in the ionization layer with
a kinetic description of the atom motion, leads to prediction
of higher ion current densities for cathode surface temperat-
ures exceeding approximately 3000K. However, the depend-
ence of the density of current to the cathode surface on the
surface temperature at a high fixed near-cathode voltage drop
remains non-monotonic, although the non-monotony becomes
less pronounced.

If the electron temperature in the near-cathode layer briefly
becomes very high in the course of the high-current arc igni-
tion on a cold cathode, as predicted by the extended model,
then the electron temperature in the plasma ball adjacent to the
newly-formed cathode arc spot briefly becomes very high as
well. It is of interest to simulate the distribution of the electron
temperature in the plasma ball, in order to explore the possib-
ility of experimental verification of this conclusion. This will
require multidimensional two-temperature MHD modeling of
the arc plasma beyond the thin non-equilibrium near-cathode
layer, and the extended model will provide boundary condi-
tions for this modeling.
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Appendix. Summary of approximate modeling of
arc plasma interaction with thermionic cathodes

The dominating mechanism of current transfer to hot (thermi-
onic) arc cathodes is thermionic electron emission from the
cathode; contribution of the ion current from the plasma is
typically ten to twenty percent. Nevertheless, the role of the
ion current is indispensable: it is the ion bombardment that
heats the cathode surface to high temperatures necessary for
thermionic emission.
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Available approximate models of arc plasma interaction
with thermionic cathodes refer to the case where the arc bulk
is in the state of ionization (Saha) equilibrium, which is a typ-
ical case for high-current high-pressure arcs as shown, e.g. by
estimates of section 2.2 of [4]. A thin region near the cath-
ode surface where deviations from ionization equilibrium are
localized may be called near-cathode non-equilibrium plasma
layer. The plasma in the outer section of this layer is quasi-
neutral. It is in this section, which is called ionization layer,
that the ion current to the cathode surface is formed. The ion-
ization layer is separated from the cathode surface by a still
thinner layer where space charge is localized; the space-charge
sheath.

Ions generated in the ionization layer move across the
space-charge sheath, where they are accelerated by the sheath
electric field, to the cathode surface, where they recombine.
Neutral atoms thus formed are desorbed from the surface and
move into the plasma, with some or all of them being ion-
ized upon reaching the ionization layer. Electrons emitted by
the cathode surface are accelerated by the electric field when
crossing the space-charge sheath and ionize neutral atoms
when crossing the ionization layer. Work of the sheath elec-
tric field on the emitted electrons is the main source of the
ionization energy.

For work of the sheath electric field on the emitted electrons
to be sufficient to provide the ion current required, the sheath
voltage has to be on the order of 10V or higher. Therefore, a
significant power is deposited by the arc power supply into the
near-cathode layer. Consequently, the operation of the cath-
odic part (the cathode and the near-cathode non-equilibrium
plasma layer) of a high-pressure arc discharge with a thermi-
onic cathode is dominated by processes in the near-cathode
non-equilibrium plasma layer and is virtually unaffected by
processes in the arc bulk; e.g. section 3.3.1 of [4].

This allows one to decouple the calculation of the cath-
odic part from the rest of the arc. This is done in two steps.
First, one solves 1D equations describing the near-cathode
non-equilibrium plasma layer and finds all parameters of the
layer, in particular, the densities of energy flux and electric
current from the plasma to the cathode surface, qc and jc, as
functions of the local cathode surface temperature Tc and the
near-cathode voltage dropU: qc = qc (Tc,U), jc = jc (Tc,U). A
model of non-equilibrium near-cathode plasma layers in high-
pressure arc discharges is needed to perform these calcula-
tions. Several suchmodels have been developed for thermionic
cathodes [23–30].

At the second step, one solves the multidimensional
equation of heat conduction in the cathode body. If Joule heat
production in the cathode body can play a role, this equation
should be coupled with the current continuity equation. The
boundary conditions at the cathode surface are κs ∂Ts/∂n=
qc (Tc,U), σs ∂φs/∂n= jc (Tc,U), where Ts and φs are the
temperature and potential distributions inside the cathode, κs
and σs are thermal and electric conductivities of the cathode
material, and n is a direction locally orthogonal to the cath-
ode surface and directed into the plasma. In the first approx-
imation, this problem can be solved neglecting variations in
the near-cathode voltage drop U along the cathode surface,

caused by the electrical resistance of the adjacent part of the
bulk; these variations are usually not significant and may be
readily taken into account if needed. After this problem has
been solved for a given U, one will know distributions along
the surface of the temperature and, consequently, all the other
parameters including jc, corresponding to the U value being
considered. These distributions may be used as boundary con-
ditions for MHD modeling of the arc column. The arc current
corresponding to the consideredUwill be known aswell. Then
the problem is solved for another U value etc.

Note that hot thermionic cathodes are widely used for
primary electron production in plasma sources, both at high
and low pressures; e.g. recent work [38] and references
therein. In some cases, the physics of the interaction of
emissive cathodes with the plasma is substantially different
from that in high-pressure arc discharges. For example, such
is the case of the so-called inverse sheaths; e.g. [39–41]. On
the other hand, there are cases where the physics is similar to
some extent. For example, this is the case of an emissive tung-
sten cathode immersed in a magnetized plasma column, which
was investigated experimentally and numerically in [38]. The
approximate models of plasma-cathode in high-pressure arc
discharges, considered here, may be useful in such cases.
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