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Comparative analysis of the near-anode and near-cathode boundary

layers in high-pressure arc discharges
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Numerical investigation of near-anode and near-cathode layers of very high-pressure arcs
in mercury and xenon is reported. The simulation is performed by means of a recently
developed numerical model in which the whole of a near-electrode layer is simulated in the
framework of a single set of equations without simplifying assumptions such as thermal
equilibrium, ionization equilibrium, and quasi-neutrality. The system of equations includes
equations of conservation of each species (the atoms, ions and electrons), transport equations
for each species, equation of energy of the heavy species (the atoms and ions), equation
of energy of the electrons, and the Poisson equation. The system of equations is solved
numerically in 1D. The approach being used allows one to model the near-cathode and
near-anode layer by means of the same code. The obtained results clearly show the same
structure for the near-cathode and near-anode layer.

1. Introduction

The plasma-electrode interaction in high-pressure
arc discharges is dominated by non-LTE effects (e.g.,
[1] and references therein), which include a violation
of thermal equilibrium, i.e., a divergence between
the electron and heavy-particle temperatures; a vi-
olation of ionization equilibrium, i.e., a deviation
of the charged-particle density from that predicted
by the Saha equation; and a violation of quasi-
neutrality, i.e., a divergence between the electron
and ion number densities. A straightforward nu-
merical calculation of near-electrode plasma layers
with account of all these effects represents a dif-
ficult task. Therefore, in most works either some
of these effects are discarded (e.g., [2—7]), or the
near-electrode layer is a priori divided into a num-
ber of sub-layers, such as a layer of thermal non-
equilibrium, an ionization layer, a near-electrode
space-charge sheath, etc, with each sub-layer being
described by a separate set of equations and solu-
tions in adjacent sub-layers being matched in some
way or other at a boundary between the sub-layers
(e.g., [1] and references therein).

Papers in which the whole of a near-electrode
layer is simulated in the framework of a single set of
equations with account of all the above-mentioned
non-LTE effects have started to appear only re-
cently [8—10]. Such unified modelling approach does
not rely on intuitive considerations, which are in-
evitable in models based on sub-layers and differ
from one model to another, and is useful for devel-
oping commonly accepted physical understanding
and/or simulation methods. This approach, at least

in principle, is independent of polarity and allows
one to model both near-cathode and near-anode lay-
ers by means of the same code by merely chang-
ing sign of the current density; a feature important
from the methodical point of view and essential for
modelling near-electrode layers of AC arcs. In this
work a comparative analysis of the near-anode and
near-cathode boundary layers in high-pressure arc
discharges is reported. The analysis is performed
for plasmas of xenon and mercury under conditions
typical of very high-pressure discharge lamps.

2. Modelling

The simulations have been performed by means
of the model [9, 10]. The model takes into account
the neutral atoms, ions, and electrons; the atoms
and ions have the same temperature Th which is
in general different from the electron temperature
Te. The system of equations includes equations of
conservation of each species, transport equations for
each species, equation of energy of the heavy species
(the atoms and ions), equation of energy of the elec-
trons, and the Poisson equation. The transport
equations for species are written in the form of hy-
drodynamic Stefan-Maxwell equations (e.g., [11,12]
and references therein), which are applicable at any
ionization degree of the plasma, in contrast to a de-
scription based on Fick’s law for the ions and the
electrons which is valid provided that the ionization
degree is low enough.

The modelling results reported in this work re-
fer to the case of parallel-plane current transfer to
a planar electrode through a planar near-electrode
region. The independent variable is x the distance



measured from the electrode surface into the plasma.
The electric current density j is the same at all
points of the plasma in the planar case and is con-
sidered as an input parameter, j > 0 corresponding
to the case of anode and j < 0 to the case of ca-
thode.

The boundary conditions at the electrode sur-
face, x = 0, are the same as in [9] and take into
account the emission of electrons by the surface.
Since the current density is constant in the pla-
nar geometry, all parameters of the plasma (except
the electrostatic potential) are constant at large dis-
tances from the electrode, where the plasma is close
to the state of local thermodynamic equilibrium, or
LTE, and its energy balance is dominated by radi-
ation. One can say that the plasma far from the
electrode is not disturbed by the electrode. The
upper boundary of the calculation domain, x = L,
in the planar case is positioned in the undisturbed
plasma and the conditions at this boundary are zero
derivatives [10].

Three input parameters must be specified for
each plasma-producing gas: the density of electric
current, j, the temperature of the electrode surface,
and the value of plasma pressure at x = L, i.e., in
the undisturbed plasma.

3. Results

Distributions of parameters in the near-electrode
non-equilibrium layer are shown in figures 1-8. Fig-
ures 1-4 refer to xenon, and figures 5-8 refer to mer-
cury. The temperature of the electrode surface was
set equal to 3000K and the plasma pressure in the
undisturbed plasma was fixed at 100 bar. The elec-
trode in the simulations was assumed to be made
of pure tungsten. The parameters shown include:
densities of the ions and the electrons ni and ne,
electron and heavy-particle temperatures Te and Th,
and the projection E of the electric field over the
x-axis. Also shown is nS, the charged-particle den-
sity evaluated by means of the Saha equation in
terms of the local heavy-particle and electron tem-
peratures and with the local plasma pressure equal
to the pressure in the undisturbed plasma.

Although the data plotted in figures 1-8 have
been obtained by modelling the whole of the non-
equilibrium layer by means of a single set of equa-
tions, i.e., without dividing it into different sub-
layers, the modelling results clearly reveal regions
dominated by different physical processes. In fig-
ures 1 and 2, vertical dashed lines are used to sepa-
rate adjacent sub-layers (these separation lines are
shown for illustrative purposes only; of course no
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Figure 1: Distribution of parameters in the near-cathode
non-equilibrium layer. Xe plasma, j = −107A/m2.
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Figure 2: Distribution of parameters in the near-anode
non-equilibrium layer. Xe plasma, j = 107A/m2.

distinct boundaries between different sub-layers ex-
ist in reality). One can identify the following re-
gions: the space-charge sheath (SH), the ioniza-
tion layer (IL), the layer of thermal non-equilibrium
(TN), the layer of thermal perturbation (TP), and
the region of undisturbed plasma (UP).

One can see that the structure of the near-cathode
and near-anode layer is similar. In contrast to what
happens in the case of Xe, the results of the mod-
elling for Hg do not reveal an ionization layer. As
the current density increases, thickness of the near
electrode layer decreases. For instance, for the con-
ditions of figure 1 (j = −107A/m2), the thickness
of the near-cathode layer is around 2×10−4m, while
for the conditions of figure 3 (j = −108A/m2) the
thickness is around 10−5m. In the case of the near-
anode layer the decrease in the thickness with the
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Figure 3: Distribution of parameters in the near-cathode
non-equilibrium layer. Xe plasma, j = −108A/m2.
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Figure 4: Distribution of parameters in the near-anode
non-equilibrium layer. Xe plasma, j = 108A/m2.
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Figure 5: Distribution of parameters in the near-cathode
non-equilibrium layer. Hg plasma, j = −107A/m2.
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Figure 6: Distribution of parameters in the near-anode
non-equilibrium layer. Hg plasma, j = 107A/m2.
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Figure 7: Distribution of parameters in the near-cathode
non-equilibrium layer. Hg plasma, j = −108A/m2.
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Figure 8: Distribution of parameters in the near-anode
non-equilibrium layer. Hg plasma, j = 108A/m2.



increase in the current density is much less pro-
nounced. For instance, for the conditions of figure
2 (j = 107A/m2), the thickness of the near-anode
layer is around 7× 10−4m, while for the conditions
of figure 4 (j = 108A/m2) the thickness is around
4 × 10−4m. Hence the effect in the case of the ca-
thode is stronger than in the case of the anode. For
Hg the results are similar.

There is a maximum of the electron tempera-
ture inside the space-charge sheath in all the near-
cathode layers (figures 1, 3, 5 and 7). The reason of
the appearance of this maximum was already stud-
ied in [9]: it was found that it is manifestation of
a strong supply of energy to the electron gas in the
space-charge sheath, that occurs in the cases where
the ratio of the emission current to the total current
is below or slightly above unity and makes possible
the generation of an ion current necessary to com-
pensate the deficit of the electron current.

For conditions of figures 6 and 8, the ion den-
sity ni in the sheath exceeds the electron density ne
and the electric field in the sheath is negative, i.e.,
directed to the electrode surface. This situation is
typical for near-cathode layers but occurs frequently
also in near-anode layers, namely, in cases where the
plasma density near the anode is higher than that
needed to provide transport of the arc current to
the anode and a part of plasma electrons must be
prevented from entering the sheath; see, e.g., the
discussion and references in [13] and the estimates
in [1].

4. Conclusions

In this work a comparative analysis of the near-
anode and near-cathode boundary layers in high-
pressure arc discharges in xenon and mercury is per-
formed. The employed approach allows one to mo-
del the near-electrode region in a unified way with-
out any simplifying assumptions. It also permits
one to model near-cathode and near-anode layer
by means of the same code. The obtained results
clearly show that the structure of the near-cathode
and near-anode layer is similar. A significant de-
crease of the thickness of the near-cathode layer
with increasing current density is observed. For the
near-anode layer the effect is less pronounced.
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