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Abstract
A model of the near-cathode plasma layer in a plasma under a pressure of
the order of one or several bars is reconsidered on the basis of recent
theoretical results. Physics of the near-cathode layer is analysed in the range
of near-cathode voltage drops of up to 50 V, in accord to recent experimental
results which have shown that the near-cathode voltage drop in
high-pressure arc discharges may be that high. It is found that a
non-monotony of the dependence of the energy flux density on the surface
temperature at fixed values of the near-cathode voltage drop is caused by
one of the three mechanisms: overcoming of the increase of combined ion
and plasma electron heating by the increase of thermionic cooling as the
plasma approaches full ionization; non-monotony of the dependence of the
ion current on the electron temperature which is caused by the deviation of
the ion current from the diffusion value; rapid increase of the plasma
electron heating which is subsequently overcome by thermionic cooling.
A closed description of the plasma–cathode interaction is obtained by
numerically solving the nonlinear boundary-value problem for the
temperature distribution inside the cathode body. Results of numerical
modelling of the diffuse discharge under conditions of a model arc lamp are
given and a good agreement with the experimental data is shown.

1. Introduction

Advances achieved recently in the theory of current transfer to
refractory cathodes of high-pressure arc discharges (see, e.g.
review [1]) have been attained in the framework of a theoretical
approach based on solving the equation of thermal conduction
in the cathode body with a nonlinear boundary condition
specifying the density of the energy flux from the plasma to
the cathode surface as a function of (a local value of) the surface
temperature and of the voltage drop across the near-cathode
plasma layer. The latter function is obtained from a treatment
of processes on the plasma side.

This approach was apparently first suggested in [2]. In
addition to the mathematical formulation, in this work, in
particular, a hypothesis was suggested that in general two or
more solutions may exist for any given set of input conditions,
corresponding to different modes of cathode operation. For
a semi-infinite cathode, a model was treated which is based
on dividing the surface into a cathode spot region of a certain
radius in which the current (and heat) input is localized and a

surrounding current-free region, and important considerations
were given concerning this model. One-dimensional solutions
describing the spotless, or diffuse, mode operation of rod-
shaped cathodes have been obtained and found to correctly
predict general trends in the variation of cathode temperature
and heat transfer with cathode geometry and current, although
a number of quantitative discrepancies occurred.

The above-described theoretical approach [2] has been
known for about forty years and was apparently re-discovered,
with some or other variations, more than once. Understanding
of processes on the plasma side has considerably improved
(see, for example, review [3]; some recent studies are cited in
section 3). Unfortunately, advances in theoretical description
of the plasma–cathode interaction on the whole (which
includes answering the questions: How many modes exist
under some or other particular conditions? What mechanisms
govern each mode? How each mode can be self-consistently
calculated?) for many years have been limited (see, e.g.
reviews [3–5]). One should distinguish the work [6], in which
an axially symmetric nonlinear thermal conduction problem
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in a semi-infinite cathode was solved numerically without
dividing the cathode surface into a current-collecting spot
and a surrounding current-free region. Distributions of all
parameters along the cathode surface have been determined
without any additional considerations and found to describe
a spot structure with a continuous transition from a current-
collecting spot to a current-free periphery. Thus, it has
been proved that the theoretical approach based on solving
the nonlinear thermal conduction problem in the cathode
body is capable of describing spot structures without dividing
the cathode surface into a current-collecting spot and a
surrounding current-free region. However, it had still remained
unclear how (and, for that matter, if; see, for example, [7]) a
model making use of existence of a current-collecting spot
surrounded by a current-free region can be self-consistently
derived. In fact, such-type theoretical models published
until recently either have been incomplete (one parameter,
usually the spot radius, remained indeterminate) and relied
on empirical parameters, or employed arbitrary theoretical
assumptions, such as some or other implementation of the
‘principle’ of minimum voltage.

Note that in [2] the voltage drop across the near-cathode
layer was assumed to be constant along the cathode surface
and was assumed to be control parameter of the problem,
while in [6] the voltage drop on the near-cathode layer
was assumed to be variable along the cathode surface and
was determined from the current continuity equation in the
expansion zone. Accordingly, the control parameter in [6]
was the potential difference between the cathode surface and
the bottom of the arc column. The voltage drop across the
near-cathode layer determined in such a way depends on a
distribution of conductivity of the near-cathode layer along the
cathode surface. This means, in mathematical terms, that the
dependence of the density of the energy flux from the plasma to
the cathode surface on the surface temperature in the model [6]
was non-local, i.e. the energy flux density was governed not
only by the temperature of the considered point of the surface
but also by temperatures of other points.

An approach similar to that of [6] was employed in the
work [8], in which an axially symmetric nonlinear thermal
conduction problem was solved numerically for a cylindrical
cathode. A unique solution has been found for a cathode
geometry modelling experimental conditions and two solutions
have been found in a certain current range for a wide cathode
(of a diameter equal to its height). The latter can be considered
as an argument in favour of the above-mentioned hypothesis [2]
on existence in the nonlinear thermal conduction problem in the
cathode body of multiple solutions describing different modes.
On the other hand, it remained obscure, e.g. why each of the two
simultaneously existing solutions found in [8] just terminated
rather than turned back or joined another solution, which would
have been a behaviour typical of multiple solutions. Other
interesting points which remained unclear were what is the
general pattern of all the solutions existing and how important
to existence of multiple solutions is the non-locality of the
dependence of the density of the energy flux on the surface
temperature, disregarded in [2] and taken into account in [6,8].

Advances in the theory of various modes of the plasma–
cathode interaction in high-pressure arc discharges were
achieved in the 1990s [9–18]. In [9–11], a self-consistent way

to derive a closed model of current-collecting spot surrounded
by a current-free region was found. A relationship governing
the spot radius turned out to be represented by a condition
of solvability of the problem describing the temperature
distribution in a transition zone separating the spot and the
current-free region. This result can be best understood in terms
of the theory of nonlinear dissipative structures. From the point
of view of this theory, the problem of contact of a current-
collecting spot with a surrounding current-free region is a
problem of coexistence of phases. Generally, the coexistence
is possible only if a certain condition is satisfied (Maxwell’s
construction; see, for example, [19]). This condition results
from a treatment of an intermediate (transition) region that
separates the phases. In these terms, the above-mentioned
solvability condition represents Maxwell’s construction for
the model considered, thus this model being an interesting
example of a multidimensional problem in which Maxwell’s
construction can be formulated explicitly.

In [12], a thermal conduction problem with a local
nonlinear boundary condition, governing the temperature
distribution in the body of a model finite cathode, was
treated by means of the bifurcation theory. It was proved
that, under certain conditions, this problem has multiple
multidimensional solutions for the same arc current, one
of them describing the diffuse mode and others describing
various spot modes. A general pattern of current–voltage
characteristics corresponding to different modes found in [12]
represents an interesting example of the bifurcation diagram
of a bistable system.

Thus, the above-mentioned hypothesis [2] has been
confirmed. One can conclude that the existence of multiple
modes of current transfer to arc cathodes is not necessarily
a manifestation of essentially different physical mechanisms,
such as Schottky-amplified thermionic emission vs thermo-
field or field emission. Rather, it may be described as a
manifestation of non-uniqueness of multidimensional thermal
balance of a finite body heated by an external energy flux
depending in a nonlinear way on the local surface temperature.

Numerical modelling of multiple modes of steady-state
current transfer to arc cathodes has been reported in [13–15].
In [16–18], spot-diffuse transitions on AC arc cathodes have
been simulated.

As far as the plasma–cathode interaction in vacuum
arcs is concerned (e.g. [1] and references therein), best
developed at present are models based on considering this
interaction as a collective phenomenon. (In other models,
this interaction is treated as a sequence of individual events,
termed microexplosions, or microspots, or fragments.) These
models are not fundamentally different from the theoretical
models of plasma–cathode interaction in high-pressure arcs.
Therefore, the theoretical approach based on solving the
nonlinear thermal conduction problem in the cathode body
may be applied to describing plasma–cathode interaction also
in vacuum arc discharges, its applicability being limited only
by the assumption of a collective phenomenon.

Note that in the recent review on the theory of vacuum
arcs [20], a closed collective-phenomenon model of a spot
surrounded by a current-free region was considered, which has
been obtained from analysis of processes on the plasma side
(in a kinetic layer) as opposed to previous works, in particular
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to [7, 21] in which the principle of minimum voltage was
employed. It should be emphasized in this connection that, as
is pointed out in [11], the difficulty in early models of a current-
collecting spot surrounded by a current-free region originates
in the loss of information which occurs when the condition of
continuity of the heat flux, which holds at every point of the
cathode surface, is replaced by only one condition, namely by
equation of integral heat balance. Obviously, this difficulty
cannot be satisfactorily overcome by invoking theoretical
considerations which are unrelated to thermal conduction in
the cathode. Having said this, one should conclude that the
considerations cited in [20] are justified no better than the
principle of minimum voltage.

This paper is a first part of a work concerned with
a detailed study of various aspects of the interaction of a
high-pressure plasma with refractory cathodes. The model
of the near-cathode plasma layer [22] is reconsidered with
account of recent theoretical results. Physics of the near-
cathode layer is analysed in a wide range of near-cathode
voltage drops, in accord to recent experimental results which
have shown that the near-cathode voltage drop in high-pressure
arc discharges may be much higher than most of the workers
previously believed. Mechanisms are identified which cause
non-monotony of the dependence of the energy flux density
on the surface temperature at fixed values of the near-cathode
voltage drop. Results of numerical solution of the equation
of thermal conduction are given for the diffuse discharge
under conditions of a low-current arc lamp, for which detailed
electrical and thermal measurements have been performed
recently [23–28]. A detailed comparison between theoretical
and experimental results is performed and a good agreement is
found. Results of numerical modelling of the diffuse mode at
high currents and of spot modes will be reported in the second
part of the work.

2. The model

The model employed in this work is essentially the same that
was introduced in [2] (except the solution on the plasma side).
We consider a thermionic cathode of a DC high-pressure arc
discharge (see figure 1). A part of the cathode surface is in

2

1 r

z

3

cooling

cathode

arc

Figure 1. Schematic of the model: (1) current-collecting part of the
cathode surface, (2) part of the cathode surface which is in contact
with the cold gas, (3) part of the cathode surface which is externally
cooled by a fluid.

contact with the arc plasma and collects current from and is
heated by the arc. Another part is in contact with the cold
gas and may exchange heat with the gas and/or lose energy
by means of radiation. The other part of the cathode surface
is maintained at a fixed temperature Tc by external cooling.
Thermal conductivity κ of the cathode material is assumed to
be a known function of its temperature: κ = κ(T ). Joule heat
generation inside the cathode body is negligible. It should
be emphasized that the separation of the part of the cathode
surface which is in contact with the arc plasma, from the part
which contacts the cold gas, is introduced only for clarity
of presentation and is not used while actually solving the
problem.

The energy flux coming from the arc plasma to the current-
collecting part of the cathode surface is generated in a thin
near-cathode plasma layer. Current transfer across the layer
is locally one dimensional and governed by a local value of
the surface temperature Tw and by the voltage drop across the
layer U . In such a situation, all parameters of the near-cathode
plasma layer (in particular, densities of the energy flux and of
the electric current from the plasma to the cathode surface)
may be considered as functions of Tw and U . The voltage drop
across the near-cathode layer, U , is assumed to be the same at
all points of the current-collecting part of the surface. The heat
exchange of the cathode with the cold gas and/or the radiation
losses from the part of the surface which is in contact with the
cold gas are assumed to be governed by a local value of the
surface temperature Tw.

In such a situation, one can introduce a function
q = q(Tw, U) which is defined for all Tw � Tc and describes
the density of the energy flux to the part of the cathode surface
that is in contact with the arc plasma and with the cold gas
(i.e. to both parts 1 and 2 of the cathode surface indicated in
figure 1). At high Tw, corresponding to the part of the surface
which is in contact with the arc plasma, this function describes
heating of the current-collecting surface by the plasma. At low
Tw, corresponding to the part of the surface which is in contact
with the cold gas, this function becomes independent of U and
describes heat exchange of the cathode with the cold gas and/or
radiation losses. In a similar way, one can introduce a function
j = j (Tw, U) which is defined for all Tw � Tc and describes
the density of electric current to the cathode surface. At high
Tw, this function describes current transfer from the arc across
the near-cathode plasma layer to the current-collecting part of
the surface. At low Tw, this function vanishes.

If function q(Tw, U) is known, the temperature
distribution inside the cathode body and at the surface may be
found by means of solving the equation of thermal conduction
in the cathode body,

∇ · (κ∇T ) = 0, (1)

with the boundary condition

κ
∂T

∂n
= q(Tw, U) (2)

at the part of the cathode surface which is in contact with
the arc plasma and with the cold gas (here n is a direction
locally orthogonal to the cathode surface and directed outside
the cathode) and with the boundary condition

T = Tc (3)

at the part of the cathode surface which is externally cooled.
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After the problem (1)–(3) has been solved, one will
know the temperature distribution over the cathode surface
and will be able to calculate, using the (known) dependence
j = j (Tw, U), a distribution of the current density over the
surface. Integrating the latter, one will find the arc current
corresponding to a value of U being considered.

It should be emphasized that the near-cathode voltage drop
U is considered in the problem (1)–(3) as a control parameter.
This parameter should be chosen in such a way that the integral
current to the cathode surface (i.e. the arc current) takes a
prescribed value.

It should also be emphasized that what is specified in
the framework of such an approach is not a distribution of
the energy flux from the plasma over the cathode surface
but rather a dependence of the energy flux density on the
local surface temperature, this temperature being unknown
a priori. In particular, no assumption is made as to what
part of the cathode surface is current collecting and what part
is in contact with the cold gas (in other words, boundary
condition (2) equally applies to both parts 1 and 2 of the
cathode surface indicated in figure 1). On having solved the
thermal-conduction problem (1)–(3), one will have complete
information on a temperature distribution in the cathode and
also on a distribution of the energy flux and electric current
over the cathode surface.

In the framework of the above approach, a description of
the arc–cathode interaction may be constructed in three steps.
At the first step, a (one dimensional) problem describing the
current transfer across the near-cathode plasma layer is solved
and all parameters of the layer are determined as functions of
Tw and U . In particular, densities of the energy flux and of the
electric current from the plasma to the current-collecting part
of the cathode surface, qp = qp(Tw, U) and j = j (Tw, U), are
determined.

The functions qp and j determined at the first step are
defined only for Tw high enough. At the second step, a function
q = q(Tw, U) must be introduced which is defined for all
Tw � Tc, is close to qp at high Tw, and describes at low Tw heat
exchange of the cathode with the cold gas and/or radiation
losses from the part of the surface which is in contact with the
cold gas. The function j at low Tw may be set equal to zero.
At the third step, the problem (1)–(3) is solved.

3. Solution on the plasma side

The aim of this section is to deal with the first step of the
above-described procedure. In this work, the near-cathode
plasma layer is calculated by means of a model similar to the
model [22]. The latter model was developed for a plasma
in the range of pressures of the order of 1 atm and has been
used in a wide range of environments for both analytical
treatment and numerical modelling [12, 22, 29–31]. In this
work, modifications are introduced into the model [22] on the
basis of results of recent studies. Calculation results are given
and analysed in a wide range of near-cathode voltage drops,
in accord to recent measurements which have shown that the
near-cathode voltage drop in high-pressure arc discharges may
reach values as high as 55 V [24].

Note that an alternative model of the near-cathode plasma
can be found in [32]. This model has been used also by other

workers [15, 33–35]. One should note that this model can
hardly be considered as fully physically justified since it is
based on a kinetics of ionization and recombination which does
not conform to the principle of detailed balancing. Besides,
it is unclear whether this model is capable of predicting high
near-cathode voltages, observed in the experiment.

3.1. A model of the near-cathode layer

The near-cathode plasma layer (i.e. a region in which the
energy flux to the current-collecting surface is formed) is
assumed in the model [22], as well as in the most of preceding
models, to be comprised by the space-charge sheath, which is
adjacent to the cathode surface, and by the ionization layer,
which is adjacent to the sheath. The surface is heated by ions
produced in the ionization layer and accelerated by electric
field in the space-charge sheath (which is assumed to be
collision free for ions) and by fast plasma electrons which are
capable of overcoming the potential barrier and of reaching
the cathode surface. A dominating mechanism of cooling of
current-collecting part of the cathode surface is cooling by
thermionic emission.

One of the modifications introduced in this work into the
model [22] was as follows. In the framework of this model,
the density of the energy flux to the cathode surface generated
by the plasma, qp, is given by the following expression
(equation (13) of [22]):

qp = qi + qe − qem, (4)

where

qi = Ji

[
ZeUD + E − ZAeff + k

(
2Th +

ZTe

2
− 2Tw

)]
,

(5)
qe = Je(2kTe + Aeff), qem = Jem(2kTw + Aeff). (6)

Here and further qi and qe are the densities of energy fluxes
delivered to the cathode surface by ions and by fast plasma
electrons; qem is the density of losses of energy by the cathode
surface due to thermionic emission; Ji, Je and Jem are the
number densities of respective fluxes; ji = ZeJi is the density
of the electric current delivered to the cathode surface by ions;
je = eJe is the density of electric current from the cathode to
the plasma transported by fast plasma electrons; jem = eJem

is the density of thermionic emission current; Th and Te are
the temperatures of heavy particles (ions and neutral atoms)
and of electrons in the near-cathode plasma layer; Z and E are
the average charge number of ions and the average ionization
energy in the near-cathode layer; UD is the voltage drop in
the space-charge sheath; Aeff is the effective (calculated with
account of the Schottky correction) work function.

Designate by Wi work of the electric field over ions in
the ionization layer. In the framework of the model [22], Wi

is estimated as the average ion current in the ionization layer,
ji/2, times Ui = U − UD the voltage drop in the ionization
layer (given by equation (16) of [22]). Equation (5) may be
re-written as

qi = Ji(ZeUD + E − ZAeff) + Wi

+

[
Jik

(
2Th +

ZTe

2

)
− (Ji2kTw + Wi)

]
. (7)
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In the framework of the model [22], the first term in the square
brackets on the right-hand side of equation (7) represents the
flux of energy of ions leaving the ionization layer for the sheath.
The second term represents sum of the flux of energy of neutral
atoms that enter the ionization layer (with the same energy
with which they have left the cathode surface after having
been produced in neutralization of the coming ions) and of the
work of the electric field over the ions in the ionization layer.
In a steady state, these terms should be equal. (In fact, the
condition of equality of these terms represents the equation of
balance of the energy of heavy particles in the ionization layer.)
Therefore, the last term on the right-hand side of equation (7)
should be dropped and this equation assumes the form

qi = Ji(ZeUD + E − ZAeff) + Wi. (8)

In this work, the ion energy flux density is determined by means
of equation (8) instead of equation (5).

An equivalent form of equation (4) supplemented with
equations (6) and (8) may be obtained as follows. The equation
of balance of the electron energy in the ionization layer reads
(equation (17) of [22]):

je

(
2
kTe

e
+ UD

)
+ 3.2j

kTe

e
+JiE = jem

(
2
kTw

e
+ UD

)
+We.

(9)
Here j = ji + jem − je is the density of the net electric current
from the plasma to the surface and We is work of the electric
field over electrons in the ionization layer. Note that the terms
on the left-hand side describe sinks of the electron energy in the
ionization layer, namely, the flux of the energy carried away by
fast electrons leaving the ionization layer for the sheath, the flux
of the energy carried away by electrons leaving the ionization
layer for the bulk plasma and the electron energy lost inside the
layer for ionization. The terms on the right-hand side describe
sources, namely, the energy brought in the layer by the emitted
electrons accelerated in the space-charge sheath and the work
of the electric field over the electrons inside the layer.

Substituting equations (6) and (8) into equation (4), adding
the relationship obtained to equation (9) and making use of the
formula We + Wi = jUi, one arrives at

qp = jU − j

e
(Aeff + 3.2kTe). (10)

Equation (10) has a distinct physical sense: the plasma-related
energy flux to the cathode surface represents the difference
between the electrical power deposited per unit area of the near-
cathode layer and the energy transported from the layer into the
bulk plasma by a (electron) current, the latter being calculated
with account of energy necessary for extracting electrons from
the cathode. Obviously, the replacement of equation (5) by
equation (8) amounts to using equation (10).

Another modification introduced in this work into the
model [22] was as follows: in accord to the calculations [36]
only simply charged ions were taken into account, a reason
being that just these ions give a dominating contribution to the
total ion current to the cathode surface. The third modification
was that equation (41) of [37], which had been used in the
model [22] to describe the dependence of the ion flux to
the cathode surface on the ratio α of the ionization length to

the mean free path for collisions of ions with neutral atoms,
has been replaced in this work by equation (50) of [38].

Except the three above-described modifications, the
model of this work coincides with the model [22]. The
procedure of the solution is same that described in section 3.3
of [22].

Some results of calculations for the atmospheric-pressure
argon plasma and a tungsten cathode are shown in figures 2–7.
In the calculations, the parameter α was evaluated (according
to equation (56) of [38]) in terms of the ionization rate constant,
the latter being calculated as sum of the rate constant of
direct ionization evaluated according to [39] and of the rate
constant of stepwise ionization evaluated according to [38].
The cross section for collisions of the ions with neutral atoms
was taken from [40]. Values of the work function and of
the pre-exponential factor in the Richardson–Schottky formula
were set equal to 4.55 eV and 6.02 × 105 A m−2 K−2.

Note that one could think of supplementing the model with
an equation of balance of the energy of heavy particles in the
ionization layer, which is obtained by setting the last term on
the right-hand side of equation (7) equal to zero. This equation,
in principle, would allow one to determine self-consistently
the heavy-particle temperature Th. However, calculations for
conditions of experimental interest have shown that a variation
of Th in a wide range does not produce an appreciable effect
on results given by the above-described model (see section 5
below). Therefore, an equation of balance of the energy of
heavy particles in the ionization layer was not used in this work
and the heavy particle temperature was set equal to 4000 K.

3.2. Calculation results: particle fluxes from the plasma to
the cathode surface

The density of the total (net) electric current from the plasma
to the cathode surface along with its components, calculated
for fixed U and variable Tw, is shown in figure 2. Also shown
are the Schottky correction �A to the work function and the
voltage drop in the ionization layer. Note that the data in
this figure and the following ones are shown for values of the
surface temperature which do not exceed a certain temperature
above which qp becomes negative, which would be a situation
of no physical interest for reasons to be discussed in the next
paper.

The current transported by fast plasma electrons represents
a minor contribution in all the cases (it is smaller than the
electron emission current). The current transported by ions
represents a minor contribution in the whole range of Tw of
interest in the case of low voltages (figure 2(a)). In the case of
high voltages (figure 2(b)), the ion current exceeds the electron
emission current at low Tw and is smaller than the electron
emission current at high Tw. The electron emission current
rapidly grows with increase of the surface temperature, which,
of course, should have been expected, and so does the current
of fast plasma electrons. The ion current rapidly grows at
low Tw. At higher Tw, its growth slows down; in the case of
high voltages (figure 2(b)), ji passes through a maximum and
then starts to decrease. The maximum value of ji does not
depend on U ; for the atmospheric-pressure argon plasma this
value equals 2.35 × 107 A−2 m−2.

The Schottky correction to the work function increases
with increase of the surface temperature in the case of low
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voltages. In the case of high voltages, it increases at low
Tw, then passes through a maximum and then decreases.
The Schottky correction increases with increase of U at
fixed Tw, except in the range of high U at high Tw where
it weakly decreases (e.g. values of the Schottky correction
corresponding to U equal to 10, 25, and 50 V are 0.13, 0.29,
and 0.43 eV at Tw = 3500 K, while respective values at
Tw = 4300 K are 0.23, 0.35, and 0.34 eV). The biggest value of
the Schottky correction encountered in the present calculations
is the one which corresponds to the point of maximum of the
dependence of �A on Tw at U = 50 V and equals 0.45 eV.
The respective value of the electric field strength at the cathode
surface is 1.4 × 108 V m−1. This electric field is within the
thermionic emission domain [41]. Therefore, the electron
emission current was determined by means of the Richardson–
Schottky equation in all the calculations presented in
this work.

The voltage drop in the ionization layer weakly decreases
with increase of Tw in the case U = 10 V (figure 2(a)) and is
about 0.5 of the total voltage drop in the near-cathode layer. In
the case U = 50 V (figure 2(b)), Ui weakly decreases at low
surface temperatures, then passes through a minimum and then
increases, reaching values of the order of 0.3 of the total voltage
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Figure 2. Density of the electric current from the plasma to the
cathode surface and its components vs the surface temperature.
(a) U = 10 V, (b) U = 50 V.

drop. Note that absolute values of Ui in the case U = 50 V
may be rather high (above 10 V).

The non-monotonic nature of the dependence of the
ion current density on the surface temperature shown in
figure 2(b) may be understood as follows. The ion current
density is governed in the present model by the electron
and heavy-particle temperatures and by the plasma pressure.
The dependence on the electron temperature for atmospheric-
pressure argon at Th = 4000 K is shown in figure 3.
Dotted lines in this figure represent the parameter α and the
(equilibrium) ionization degree ω at the edge of the ionization
layer. The dashed line represents the ion current density
evaluated in the diffusion approximation, which has been found
by means of the formula [42]

Ji =
(

1 +
Te

Th

)
Diani∞

d
, (11)

where Dia is the coefficient of binary diffusion ion-atom, ni∞
is the (equilibrium) number density of the ions at the edge of
the ionization layer and d is the ionization length.

At low values of the electron temperature, when the
ionization degree is much smaller than unity, the ionization
length is approximately inversely proportional to ni∞. Since
ni∞ in a weakly ionized plasma rapidly increases with increase
of Te, the ion current density at low Te, being proportional
to n2

i∞, grows very rapidly. As the electron temperature
increases and the ionization degree becomes comparable to
unity, the increase of ni∞ slows down and so does the increase
of the ion current. As the electron temperature increases
further and the plasma approaches full ionization and then
becomes fully ionized, ni∞ starts decreasing. However,
the product (1 + Te/Th)ni∞ in a fully ionized plasma is
constant (it coincides, to the accuracy of a factor, with the
plasma pressure). Hence, the ion current density in a fully
ionized plasma evaluated in the diffusion approximation is
inversely proportional to the ionization length. The latter
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Figure 3. Ion current density to the cathode surface, parameter α
characterizing ratio of the ionization length to the mean free path for
collisions of an ion with neutral atoms, and the ionization degree at
the edge of the ionization layer vs the electron temperature. Dashed
line: the ion current density evaluated in the diffusion
approximation.
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is approximately proportional to
√

Te/ki for a fully ionized
plasma, where ki is the ionization rate constant. In the electron
temperature range considered, ki increases with increase of Te

faster than Te. Hence, the ionization length decreases and the
ion current density increases at high Te, although much slower
than at low Te.

Thus, the ion current evaluated in the diffusion
approximation increases in the whole range of Te considered,
and this is what can be seen in figure 3. However, the diffusion
theory provides a good approximation only at low Te, when
the mean free path for collisions of ions with neutral atoms
is much smaller than the local length scale (represented by
the ionization length), i.e. when α � 1. As Te grows and α

becomes comparable to and then much smaller than unity, the
growth of the ion current becomes slower than that predicted
by the diffusion theory and then gives way to a decrease. The
maximum value of the ion current density depicted in figure 3
equals 2.35 × 107 A m−2 (which is the same as the maximum
value of the dependence of ji on Tw shown in figure 2(b))
and is attained at Te ≈ 3.7 eV. It should be emphasized that
the latter value is considerably higher than those at which the
plasma becomes fully ionized; in other words, there is no direct
relation between the limitation of the ion current and the full
ionization of the plasma.

Now the monotony of the dependence of ji on Tw shown
in figure 2(a) and the non-monotony of the one in figure 2(b)
can be understood if the electron temperature in the near-
cathode layer does not reach the above-mentioned value of
3.7 eV under conditions of figure 2(a) and exceeds this value
under conditions of figure 2(b). This is indeed the case, which
can be seen from figure 4 where the electron temperature is
shown for the same conditions as those of figure 2. Also shown
in this figure are quantities rE , re, rj , ri which are defined as
the ratios of, respectively, the second term on the right-hand
side, the first, second and third terms on the left-hand side of
equation (9) to sum of the terms on the right-hand side. Thus,
rE represents a contribution of work of the electric field over
electrons inside the ionization layer to the total input of the
electron energy while re, rj , and ri represent contributions of
different sinks of the electron energy in the ionization layer.

The contribution of work of the electric field in all the cases
does not change much with the surface temperature. Hence,
the total input of the electron energy in the ionization layer
increases, with increase of Tw, approximately proportionally to
jem. At low surface temperatures, the major sink of the electron
energy is through losses for ionization; the ion current density
grows with increase of Tw approximately proportionally to
jem. As discussed above, the ion current density increases
with increase of the electron temperature very rapidly at low
ω; therefore, the electron temperature increases in the range of
low Tw relatively slowly.

As the surface (and electron) temperature increases, the
contribution of the ionization losses decreases and transport of
energy by the electrons leaving for the bulk plasma becomes
the major sink of the electron energy. The electron temperature
starts growing faster.

As Tw grows further, the increase of the electron
temperature in the case of high voltages slows down once again.
One can see from figure 4(b) that this happens when another
sink mechanism comes into play, namely, transport of energy
by electrons leaving for the sheath.
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Figure 4. Parameters of the near-cathode plasma layer vs the
cathode surface temperature. Te: electron temperature in the
near-cathode layer; rE , re, rj , ri: contributions of different
mechanisms governing balance of the electron energy in the
ionization layer. (a) U = 10 V, (b) U = 50 V.

3.3. Calculation results: energy flux from the plasma to the
cathode surface

The density of the energy flux to the cathode surface generated
by the plasma, calculated for fixed U and variable Tw, is
depicted in figure 5. Dashed lines represent data obtained
without the first and third modifications introduced in this work
into the model [22], i.e. obtained with the use of equation (5)
rather than equation (8) and of equation (41) of [37] rather
than equation (50) of [38]. One can see that the dashed lines
are not distant from the solid ones, i.e. the effect produced
by these modifications is not considerable. Also shown are
results of calculations performed by means of the model of
this work without the second modification, i.e. by means of the
model of this work with account of doubly and triply charged
ions on the basis of assumption of ionization equilibrium as
described in [22]. One can see that the effect of absence of
multiply charged ions is minor at U � 12 V, when the electron
temperature is low and the density of multiply charged ions is
negligible anyway [22]. At higher U , this effect is inessential
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of the model of this work. Dashed lines: calculation by means of the
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lines: calculation by means of the model of this work without the
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at moderate Tw corresponding to the growing section of the
function q; at higher Tw this effect comes into play and
results in a decrease of the energy flux by a factor of up to
approximately 2.

In the range U � 20 V, the dependence of qp on Tw for
fixed U includes a growing and falling sections separated by a
maximum and is similar to that calculated for this range in [22].
(In fact, similar graphs can be found already in the work [2],
except that those graphs are not smooth at the maximum point.)
At higher U , the dependence changes: a plateau appears, which
subsequently gives way to two maxima and a minimum. With
increase of U at fixed Tw, the energy flux density increases very
rapidly at low U and considerably slower at higher U .

The reason of such a behaviour of the function qp is
illustrated in figure 6, where the components of the energy
flux are shown. The density of the net plasma-related energy
flux, the electron temperature and the ionization degree at the
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Figure 6. Components of the energy flux from the plasma to the
cathode surface vs the surface temperature. (a) U = 10 V (also
shown are the radiation losses), (b) U = 25 V, (c) U = 50 V.

edge of the ionization layer are also shown for convenience.
In the case U = 10 V (figure 6(a)), balance between heating
and cooling is rather delicate: the net energy flux is much
smaller than either heating or cooling in the whole range of
surface temperatures of interest. At low and moderate Tw, the
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ion heating exceeds substantially the heating by fast plasma
electrons; however, the latter cannot be discarded since it is
comparable to or exceeds the net energy flux.

At low Tw, all components of the energy flux grow with
increase of Tw approximately proportionally to jem; combined
ion and plasma electron heating grows faster than thermionic
cooling and the net energy flux to the cathode surface increases.
As Tw increases and the ionization degree approaches unity,
the increase of the ion current slows down; the increase
of thermionic cooling overcomes increase of combined ion
and plasma electron heating and the net energy flux starts to
decrease. Another interpretation is suggested by equation (10):
the electron temperature increases in the range of low Tw

relatively slowly; the quantity U − (Aeff + 3.2kTe)/e does not
change much and qp increases approximately proportionally
to j . As Tw increases, the rate of increase of the electron
temperature grows; eventually the second term on the right-
hand side of equation (10) starts to grow faster than the first
term and the dependence of qp on Tw starts falling.

It should be emphasized that the parameter α is large at
U = 10 V in the whole range of Tw considered (exceeds 7).
Hence, the non-monotony of the dependence of qp on Tw at low
voltages may be understood in the framework of the diffusion
approximation and is caused by the above-discussed slowing
down of the increase of the ion current which occurs when the
plasma becomes strongly and then fully ionized.

In the cases U = 25 V and U = 50 V (figures 6(b)
and (c)), at low and moderate Tw the ion heating exceeds
substantially both thermionic cooling and plasma electron
heating, so the net energy flux density is governed solely by the
ion heating. In the case U = 25 V, the ion heating gets nearly
saturated at moderate Tw, and so is the net energy flux. As Tw

grows further, thermionic cooling and plasma electron heating
come into play. However, the respective energy fluxes are
nearly compensated, and since the ion heating remains close
to saturation, the net energy flux also remains nearly constant.
At Tw � 4500 K, the increase of thermionic cooling finally
overcomes the increase of plasma electron heating and the net
energy flux starts falling.

Physics in the case U = 50 V is similar except that the
net energy flux at moderate Tw first decreases, which is due
to a decrease of the ion heating, and then increases, which
is due to a rapid increase of the plasma electron heating.
This is an explanation of the two maximum points of the
dependence of qp on Tw at high-voltage drops, which can be
seen in figure 5(b). It should be emphasized that the first
maximum point originates in the above-discussed deviation
of the ion flux to the cathode surface from the diffusion value
and therefore cannot be understood in the framework of the
diffusion approximation, in contrast to the maximum point at
low voltages. While the maximum at low voltages occurs as the
plasma approaches full ionization, the first maximum at high
voltages occurs when the plasma is already fully ionized, in
agreement to the discussion of figure 3. This can be distinctly
seen from figure 6(a), on the one hand, and from figure 6(c),
on the other.

The dependence of the energy flux density on U at fixed
Tw is illustrated in figure 7. One can see that the rapid increase
of qp at low U is a consequence of a rapid increase of the ion
heating, which, in turn, results from a rapid increase of the ion
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Figure 7. Density of the energy flux from the plasma to the cathode
surface vs the near-cathode voltage drop. Tw = 4000 K.

current. Note that the ionization degree under the conditions of
figure 7 exceeds 50% even at low U , while α at low U is much
larger than unity. Hence, the rapid increase of the ion current
at low U is due mainly to a rapid decrease of the ionization
length.

4. Energy losses from the part of the cathode surface
which contacts the cold gas

At the second step of the procedure described in section 2,
function qp should be extended down to Tw = Tc in such a
way as to describe the energy flux from the part of the surface
which is in contact with the cold gas. In this work, the latter
energy flux is assumed to be dominated by radiation losses.

We calculate the radiation losses qr by means of the
formula qr = εσT 4

w, where ε is the emissivity evaluated in
accord to [43] and σ is the Stefan–Boltzmann constant. The
losses determined in such a way are shown in figure 6(a).
One can see that the losses are not substantial at the current-
collecting part of the cathode surface. However, calculations
for experimental conditions to be considered below show that
radiation losses from the lateral surface of the cathode, which
is in contact with the cold gas, are quite substantial, especially
if the cathode is tall.

Function q which describes the density of the energy flux
to the part of the cathode surface that is in contact with the
arc plasma and with the cold gas (i.e. to both parts 1 and 2 of
the cathode surface indicated in figure 1) may be obtained by
subtracting qr from the density of the plasma-related energy
flux, qp:

q = qp − qr. (12)

Note that equation (12) cannot be used at Tw below
a certain temperature, since difficulties arise in solving
equations for the near-cathode plasma layer under conditions
at which there is practically no plasma adjacent to the cathode.
Therefore, equation (12) has been used in calculations for
tungsten cathodes at Tw � 2000 K; at Tw < 2000 K, q

was set equal to −qr. Since qp at Tw = 2000 K varies
between 47 W m−2 at U = 10 V and 1.7 × 103 W m−2 at
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U = 50 V while the radiation losses at this temperature equal
2.1 × 105 W m−2, a discontinuity of the dependence of q on
Tw, determined in such a way, at the point Tw = 2000 K
is negligible. It should be emphasized that the exclusion
of the first term on the right-hand side of equation (12) at
Tw < 2000 K has purely a technical sense and the temperature
Tw = 2000 K should not be identified with the temperature of
the cathode surface at the border between regions 1 and 2 in
figure 1.

The function j is evaluated by means of the approach
described in section 3 at Tw � 2000 K and is set equal to zero
at Tw < 2000 K. Note that the current density, evaluated at
Tw = 2000 K by means of the approach described in section 3,
does not exceed 4 × 10−5 A mm−2. The lateral surface of
cathodes in the experimental conditions to be considered below
does not exceed 140 mm−2. Hence, the error caused by
neglecting the current density in the range Tw < 2000 K does
not exceed 6 mA, which is well below the accuracy of the
experiment.

Substituting equation (10) into equation (12) and
integrating the relationship obtained over the part of the
cathode surface that is in contact with the arc plasma and with
the cold gas, one gets

IU = Qc + Qr +
I

e
(A∗

eff + 3.2kT ∗
e ), (13)

where

Qc =
∫

q dS, Qr =
∫

qr dS,

A∗
eff = 1

I

∫
jAeff dS, T ∗

e = 1

I

∫
jTe dS,

(14)

the integrals being extended over the part of the cathode
surface that is in contact with the arc plasma and with the
cold gas. Note that Qc is the total power removed by thermal
conduction from the surface inside the cathode body and then
to the cooling fluid, Qr is the total power irradiated from the
cathode surface, A∗

eff and T ∗
e are weighted average values of

the effective work function and of the electron temperature.
Physical sense of equation (13) is quite clear: the electrical
power deposited in the near-cathode layer, IU , equals sum
of the power transported from the layer to the cathode and
then from the cathode to its environment, Qc + Qr, and of the
power transported from the layer into the bulk plasma by the
(electron) current, I (A∗

eff + 3.2kT ∗
e )/e.

5. Modelling the diffuse mode in a low-current arc

In this work, the nonlinear boundary-value problem (1)–(3)
with function q(Tw, U) described by equation (12) is solved
numerically for the case of axially symmetric temperature
distributions. An iterative approach is used. On each iteration,
the (linearized) problem is solved by means of a finite-
difference numerical scheme. With respect to solving the
grid equations, we have found that iterative methods such as
successive overrelaxation are not robust enough. Therefore,
the grid equations are solved by means of a variant of LU
decomposition (e.g. [44]).

Input parameters for calculations are plasma-producing
gas and its pressure, cathode geometry and material, and near-
cathode voltage; all other parameters are found, including
temperature distribution in the cathode body and on the surface,
the current density distribution over the cathode surface, the
arc current, the power removed by thermal conduction to
the cooling fluid, and the power irradiated from the cathode
surface. Solving the problem for different values of the near-
cathode voltage drop, one can obtain a complete description
of the current–voltage characteristic of the cathodic part of the
discharge.

Calculations reported in this section refer to the diffuse
discharge under conditions of low-current arc experiments
[23–28]. Some additional modelling results for these
conditions can be found in [28]. Results of numerical
modelling of the diffuse mode at high currents and of spot
modes will be reported in the second part of the work.

In figures 8–16, modelling results are shown for the argon
plasma under the pressure of 2.6 atm and cylindrical cathodes
made of tungsten or thoriated tungsten (R is the radius of a
cathode and h is its height). Thermal conductivity of tungsten
was taken from [45]. The cooling temperature Tc was set
equal to the room temperature. Thermal conductivity and
emissivity of thoriated tungsten were set equal to those of
(pure) tungsten. Values of the work function and of the
pre-exponential factor in the Richardson–Schottky formula
used in calculations for thoriated tungsten (0.7% thorium)
were 3.88 eV and 2.11 × 105 A m−2 K−2; these values have
been obtained by interpolation between the values for pure
tungsten mentioned at the end of section 3.1 and the values
of 2.63 eV and 3.0 × 104A m−2 K−2 which are employed
usually (e.g. [22,46]) for thoriated tungsten with 2% thorium.
(The interpolation of the work function and of logarithm of
the pre-exponential factor was linear in thorium percentage.)
In calculations for thoriated-tungsten cathodes, the first term
on the right-hand side of equation (12) was excluded at Tw <

1700 K; note that qp at Tw = 1700 K varies between 14 W m−2

at U = 10 V and 398 W m−2 at U = 50 V and is much
smaller than the respective radiation losses which are equal
to 0.98 × 105 W m−2.

In figure 8, power removed by thermal conduction to
the cooling fluid and power irradiated from the surface of a
tungsten cathode are shown. According to both the theory
and the experiment, radiation losses are more significant than
thermal conduction losses. Obviously, this is a consequence
of large values of the ratio h/R for the cathodes considered.
An interesting result is that while radiation losses increase
with increasing current, thermal conduction losses are nearly
constant. As h decreases, thermal conduction losses increase
while radiation losses decrease, as it could be expected. The
agreement between the modelling and experiment is good,
especially on thermal conduction losses.

The temperature at the centre of the front surface of the
cathode slowly increases with increasing current (see figure 9).
The temperature is nearly independent of the cathode length.
As it could be expected, the surface temperature decreases with
a decrease of the work function of the cathode material. Again,
the agreement between the theory and experiment is good.

Current–voltage characteristics are shown in figure 10
for tungsten cathodes and in figure 11 for a cathode made
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of thoriated tungsten. According to both the theory and the
experiment, the current–voltage characteristics are falling in
the current range considered. The voltage drop decreases with
a decrease of the work function of the cathode material, as it
should be expected. Again, the agreement between the theory
and experiment is good.

The data shown in figures 9–11 have been obtained with
the use of the assumption Th = 4000 K, as well as all the other
data given in this work. In order to check this assumption, two
additional sets of calculations have been performed for the
conditions of figures 9–11: one with Th = Tw and another with
Th = 104 K. Both sets produced results which coincided, with
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Figure 10. Current–voltage characteristics of tungsten cathodes.
Lines: modelling. (•): experiment [23], (×, +): experiment [25];
1 (•): R = 0.75 mm, h = 24 mm. 2 (×): R = 0.5 mm, h = 25 mm.
3 (+): R = 0.3 mm, h = 15 mm.
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Figure 11. Current–voltage characteristics of a thoriated-tungsten
cathode. Line: modelling; points: experiment [23]. R = 0.75 mm,
h = 24 mm.

the graphical accuracy, with those obtained with Th = 4000 K,
in accord to what has been said at the end of section 3.1.

In figure 12, power transported from the near-cathode
plasma layer to the cathode, Qc + Qr, is compared with the
power input into the layer, IU (cf equation (13)). Also shown
are experimental data on power transported to the cathode [24]
(these data correspond to sum of quantities Qc and Qr shown
in figure 8). Although U decreases with increase of I , the
power input into the near-cathode layer increases. Power
transported to the cathode also increases, which is consistent
with the above-mentioned increase of the cathode temperature
with increasing current.

One can see from figure 12 that at very low currents nearly
all the power supplied to the near-cathode plasma layer is
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Figure 12. Power balance of the near-cathode plasma layer. Lines:
modelling; points: experiment [24]. Solid, points: power transported
to the cathode, Qc + Qr . Dashed: power input into the near-cathode
layer, IU . R = 0.5 mm; 1, 2, points: tungsten cathode;
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transported to the cathode. With increase of current, fraction
of power transported to the cathode decreases considerably,
which means that fraction of power transported by electrons to
the bulk plasma considerably increases. Having in mind that U
decreases with increase of current, one should conclude that
this result is related to another modelling result mentioned
above in connection with discussion of figure 6(a): at low
voltages, the net plasma-related energy flux to the cathode
surface is much smaller than thermionic emission cooling.
Note that the fact that fraction of power transported by electrons
to the bulk plasma is variable and may be quite substantial
obviously hinders determination of the near-cathode voltage
drop from calorimetric measurements.

In figure 13 (solid) lines 1–3 illustrate an effect pro-
duced on the calculation results by modifications introduced
in this work into the model of the near-cathode layer [22]
(see section 3.1). One can see that the only modification
that produces a visible effect under these conditions is the
first one, i.e. the replacement of equation (5) by equation (8).
However, even this effect is small. Obviously, this con-
tributes to credibility of the modelling for the conditions
considered.

Also shown in figure 13 are results of modelling performed
for the case when the lateral surface of the cathode is
electrically insulating. (In these calculations, the energy flux
density at the lateral surface was set equal to −qr and the
electric current density at the lateral surface was set equal to
zero.) One can see that the current–voltage characteristics of
the variants with and without current collection by the lateral
surface are quite close. However, the current distributions
along the cathode surface are essentially different: in the
case with current collection by the lateral surface, the current
collected by this surface at I equal to, for example, 4 A is 2.9 A.

Note that the integral power balances of the cathode for
these two variants are also very close: the total power losses
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Figure 13. Current–voltage characteristics of a tungsten cathode.
R = 0.75 mm, h = 24 mm. 1: Calculation by means of the model of
this work; 2: calculation by means of the model of this work without
the first modification; 3: calculation by means of the model of this
work without the second and third modifications. Dashed:
calculation by means of the model of this work neglecting current
transfer to the lateral surface of the cathode.

Qc + Qr at I = 4 A are 49.2 W with current to the lateral
surface and 51.9 W without. Furthermore, distributions of
losses between thermal conduction and radiation losses are
also quite similar: Qc and Qr at I = 4 A are, respectively,
20.7 and 28.5 W with current to the lateral surface and 20.8
and 31.1 W without. However, this power is supplied by the
plasma in essentially different ways: in the variant with current
to the lateral surface, the power supplied through the lateral
surface (which is obtained by integrating qp over the lateral
surface) is 35.5 W.

One can conclude that integral characteristics of the
cathode are not strongly affected by a distribution of current
and power over the top of the cathode under the conditions
considered.

Distributions of parameters along the cathode surface are
illustrated by figures 14–16. Here, r and z are cylindrical
coordinates with the origin at the centre of the front surface of
the cathode and with the z-axis directed from the front surface
into the cathode body. (These coordinates are illustrated by
figure 1 with the difference that top of the cathode is flat in
the present modelling rather than half-spherical as shown in
figure 1.) In accord with this choice, {r � R, z = 0} is the
(circular) front surface of the cathode while {r = R, z � 0} is
the (cylindrical) lateral surface, so the range 0 � r + z � R in
figures 14–16 corresponds to the front surface while the range
r + z � R corresponds to the lateral surface.

One can see from figure 14 that the temperature
distribution along the cathode surface is non-monotonic. As it
could be expected, the hottest point of the cathode is the edge of
the front surface, where conditions for thermal-conduction heat
removal are the worst. The variation of the temperature along
the front surface of the cathode is very small, which is again a
consequence of small values of the ratio R/h for the cathodes
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Figure 14. Distributions of the cathode surface temperature and of
the electron temperature in the near-cathode layer along the surface
of a tungsten cathode. Solid, dashed: surface temperature; dotted
curves: electron temperature. R = 0.75 mm. 1: I = 2 A,
h = 19 mm; 2: I = 6 A, h = 19 mm; 3: I = 2 A, h = 29 mm.

considered, and decreases with an increase of h (at I = 2 A, it
is equal to 29 K for h = 19 mm and to 21 K for h = 29 mm).
With an increase of current, the surface temperature increases.
The temperature distributions along the front surface of the
cathode for different cathode heights and the same current are
very close but the temperature is a little higher in the case of a
shorter cathode. Note that the latter occurs only if the lateral
surface of the cathode is current collecting; the effect is reverse
if the lateral surface is insulating.

The electron temperature distribution along the cathode
surface is also non-monotonic, which is a consequence of
the above-mentioned non-monotony of Tw. Values of the
electron temperature are relatively low, which indicates that
all points of the cathode surface operate on the growing
section of the dependence of q on Tw under the conditions
considered. This conforms to the above-mentioned fact that
the modelling results for the conditions considered are not
appreciably affected by the modifications introduced in this
work into the model [22]. Te on the front surface decreases
with an increase of h, which is a consequence of the fact that
the near-cathode voltage drop decreases with an increase of
the cathode height at a fixed current, and also of the above-
mentioned small decrease of the temperature of the front
surface of the cathode with an increase of h.

Distribution of the electric current density (figure 15) is
also similar to the distribution of the surface temperature,
except that the current density, being (at U fixed) a strong
function of Tw, shows a more noticeable variation along the
front surface of the cathode and decreases much faster along
the lateral surface. It is interesting to note that the total area of
the current-collecting surface of the cathode is essentially the
same for all the three variants.

Distribution of the density of the energy flux (figure 16) is
quantitatively similar to the distribution of the electric current
density, except that the energy flux density turns negative at
z � 2 mm.

0 1 2 3 4 5

r+z (mm)

j (
10

5
A

/m
2 )

 

R

2

1

3

0

4

8

12

Figure 15. Distribution of the current density along the surface of a
tungsten cathode. R = 0.75 mm. 1: I = 2 A, h = 19 mm;
2: I = 6 A, h = 19 mm; 3: I = 2 A, h = 29 mm.
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Figure 16. Distribution of the energy flux density along the surface
of a tungsten cathode. R = 0.75 mm. 1: I = 2 A, h = 19 mm;
2: I = 6 A, h = 19 mm; 3: I = 2 A, h = 29 mm.

6. Concluding remarks

Three modifications have been introduced in this work into
the model of the near-cathode plasma layer developed in [22]:
the formula for the ion energy flux density has been changed,
which amounts to introducing equation (10) as an expression
for the density of the plasma-related energy flux to the cathode
surface; the account of possible presence of multiply charged
ions has been excluded since a contribution of these ions to the
total ion current to the cathode surface is minor; a description
has been changed of a dependence of the ion flux to the cathode
surface on the ratio α of the ionization length to the mean
free path for collisions of ions with neutral atoms. The effect
produced by the first and third modifications is not substantial.
The effect of absence of multiply charged ions is essential at
moderate or high U and high Tw and results in a decrease of
the energy flux by a factor of up to approximately 2.
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Equation (10) represents a particular form of equation of
conservation of energy in the near-cathode layer. Obviously,
this equation must hold, in an appropriate form, for any model
of the near-cathode layer. Some or other variants of the
integral form of this equation, equation (13), are well known to
experimentalists and have served as a basis for many attempts
to deduce the near-cathode voltage drop from calorimetric
measurements. Unfortunately, for most theoretical models
of the near-cathode layer, a question of compliance with the
equation of conservation of energy has not been considered
and this equation seems not to be satisfied. It is unclear what
consequences such an inconsistence may cause for some or
other particular model.

Three different mechanisms have been found which
can cause non-monotony of the dependence of qp on Tw:
overcoming of the increase of combined ion and plasma
electron heating by an increase of thermionic cooling which
occurs when the plasma approaches full ionization; non-
monotony of the dependence of the ion current on the electron
temperature which is caused by a deviation of the ion current
from the diffusion value; rapid increase of the plasma electron
heating which is subsequently overcome by thermionic
cooling. These mechanisms are responsible, respectively, for
the maximum of the dependence of qp on Tw at low voltages
and for the first and second maxima at high voltages.

A closed description of the plasma–cathode interaction
has been obtained by numerically solving the nonlinear
boundary-value problem for the temperature distribution inside
the cathode body. In this paper, calculation results are given
on the diffuse discharge under conditions of the Bochum
model arc lamp. Powers removed by thermal conduction
to the cooling fluid and irradiated from the surface, the
cathode surface temperature and the near-cathode voltage
drop are calculated as functions of the arc current and are in
a good agreement with experimental data. It is found, in
particular, that fraction of power transported by electrons to
the bulk plasma as compared to the total power supplied
to the near-cathode plasma layer varies and may be quite
considerable, which obviously hinders determination of the
near-cathode voltage drop from calorimetric measurements.
Integral characteristics of the cathode are not strongly affected
by a distribution of current and power over the top of the
cathode under the conditions considered.

Results of numerical modelling of the diffuse mode at high
currents and of spot modes will be reported in the second part
of the work.
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