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Abstract
Since experiments cannot clarify the mechanism of current transfer to non-thermionic arc
cathodes, this can only be done by means of numerical modelling based on first principles and
not relying on a priori assumptions. In this work, the first quarter-period after the ignition of an
AC arc on cold electrodes in atmospheric-pressure argon is investigated by means of unified
one-dimensional modelling, where the conservation and transport equations for all plasma
species, the electron and heavy-particle energy equations, and the Poisson equation are solved in
the whole interelectrode gap up to the electrode surfaces. Results are compared with those for
DC discharges and analysed with the aim to clarify the role of different mechanisms of current
transfer to non-thermionic arc cathodes. It is found that the glow-to-arc transition in the AC case
occurs in a way substantially different from the quasi-stationary glow-to-arc transition. The
dominant mechanisms of current transfer to the cathode during the AC arc ignition on cold
electrodes are, subsequently, the displacement current, the ion current, and thermionic emission
current. No indications of explosive emission are found. Electron emission from the impact of
excited atoms can hardly be a dominant mechanism either. The introduction of the so-called
field enhancement factor, which is used for description of field electron emission from cold
cathodes in a vacuum, leads to computed cathode surface temperature values that are
appreciably lower than the melting temperature of tungsten even in the quasi-stationary case.
This means that pure tungsten cathodes of atmospheric-pressure argon arcs can operate without
melting, in contradiction with experiments.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The cathodes of high-pressure arc discharges are con-
ventionally divided into hot, or thermionic, and cold, or
non-thermionic, cathodes. Thermionic cathodes operating in
nonoxidizing plasma-producing gases are usually made of
refractory metals, examples being tungsten cathodes used in
high-intensity discharge lamps and gas tungsten arc welding,

or graphite. Thermionic cathodes operating in plasma-
producing gases containing oxygen, including air, are made
of metals which, when interacting with plasma, are oxidized
and coated with an oxide layer with good thermostable and
electron-emission properties, zirconium and hafnium being
the metals most commonly used. Non-thermionic cathodes are
mostly made of metals with a relatively low boiling point, e.g.
water-cooled copper cathodes of arc plasma torches and silver
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cathodes of low-voltage circuit breakers. Another important
example of non-thermionic cathodes is steelwork pieces under
conditions of gasmetal arc welding, which operate as cathodes
of the arc discharge.

There is a large number of papers devoted to various aspects
of the theory and modelling of thermionic cathodes, many of
them published recently, e.g. reviews [1, 2]. In particular, it is
well established that while the thermionic electron emission
mechanism contributes most of the electric current to the sur-
face of a thermionic cathode, the contribution of the ions com-
ing from the plasma is minor but non-negligible, usually in
the order of one to a few tenths. The cathode surface is heated
by energy fluxes carried by heavy particles and fast plasma
electrons, and is cooled by thermionic emission. The temper-
ature of the thermionic cathode surface and the electric cur-
rent density inside the arc cathode attachment are in the range
3000–4000 K and 106–108 A m−2 respectively, depending on
conditions.

In contrast, the understanding of the operation of non-
thermionic cathodes remains poor. It is frequently assumed
that the dominating mechanism of current transfer to the
surface of a non-thermionic cathode is thermo-field electron
emission (e.g. review [3]); however, alternativemechanisms of
electron emission are considered as well, e.g. explosive/evap-
orative and field emission (e.g. book [4]) or electron emission
from the impact of excited atoms (the recent paper [5]). In the
LTE (local thermodynamic equilibrium) modelling of high-
pressure arc discharges, the heating of non-thermionic cath-
odes by the electric current is estimated as jVc, where j is the
current density and Vc is the cathode sheath voltage, which
accelerates ions [3]; this implies that the dominating mech-
anism of current transfer to non-thermionic cathodes is the
charge transport by ions coming to the cathode surface from
the plasma. The current density inside arc attachments to non-
thermionic cathodes, if estimated in terms of themeasured area
of erosion traces, is of the order of 108 A m−2; however, it is
unknown how much current flows outside the erosion sites, so
this value is rather an upper estimate.

Since the experiment cannot clarify the mechanism of cur-
rent transfer to non-thermionic arc cathodes, this can only be
done by a means of numerical modelling that is sufficiently
general and does not rely on a priori assumptions on physical
mechanisms that are dominant in different discharge regions.
The most general approach to modelling high-pressure arc
plasmas is so-called unified modelling, where a single set
of differential equations, comprising conservation and trans-
port equations for all plasma species, the electron and heavy-
particle energy equations, and the Poisson equation, is solved
in the whole interelectrode gap up to the electrode surfaces.
Simulations of atmospheric-pressure argon arc discharges per-
formed by this approach have been described in the literature
[6–17]; however, they are highly computationally intense and
their application has been limited up to now to two situations:
one-dimensional (1D) modelling, which includes modelling
of near-electrode layers of high-current arcs [6, 7, 9, 13, 14]
and modelling of microdischarges with low current densit-
ies [11, 15, 16], and two-dimensional (2D) modelling of low-
current arcs [8, 10, 12, 17]. The case of thermionic cathodes is

considered in all of these works except for the papers [8, 12]
dedicated to simulation of gliding arcs. The results of unified
1D and 2D modelling of microarcs were compared with each
other in [17], with the conclusion that the 1Dmodel allows the
study of properties of microarcs with high spatial resolution at
low computational costs and is capable of predicting plasma
properties in good agreement (typically within approximately
5%) with the 2D model.

A defining feature of the unified modelling approach is
that it does not require division of the plasma computation
domain into regions governed by different physical mechan-
isms, such as LTE bulk plasma and non-equilibrium near-
electrode layers. Therefore, there is no need to a priori the-
orize about governing mechanisms; rather, regions governed
by different physical mechanisms will appear in due course
in the results of the modelling, a very important advantage
of the unified approach. At the same time, this feature rep-
resents a limitation: arc discharges do contain regions gov-
erned by different physical mechanisms, which, strictly speak-
ing, should not be described by a single system of equations.
For example, collisionless near-cathode space-charge sheaths
with two groups of electrons (those emitted by the cathode
surface and electrons coming from the bulk plasma), strictly
speaking, cannot be described by the same equations as the
collision-dominated quasi-neutral plasma. Moreover, not all
kinetic and transport processes in arc plasmas are well studied,
which inevitably introduces uncertainties into any numerical
modelling.

Fortunately, the extensive experience in modelling of arc
plasma interactionwith thermionic cathodes reported in the lit-
erature has shown that integral characteristics predicted by dif-
ferent theoretical models are not strongly affected by details of
descriptions of plasma processes (such as the ion motion in the
sheath being collision-free or collision-dominated or the dis-
tribution of the heavy-particle energy flux from the plasma to
the cathode surface between the atoms and the ions), provided
that the basic physics accounted for in the model is right; e.g.
[2, 18] and references therein. Accordingly, results given by
different models are close to each other in many aspects. This
gives a reasonable degree of confidence in the modelling res-
ults, especially as far as qualitative conclusions are concerned.

In this work, unified 1D modelling of the ignition of an AC
arc on cold electrodes in atmospheric-pressure argon is per-
formed. This approach allows one to describe, in a natural way,
the whole process of arc development including the switching
of polarity; however, the results reported in this work refer to
the first quarter-period. Results are compared with those for
DC discharges and analysed with the aim to clarify the role
of different mechanisms of current transfer to non-thermionic
arc cathodes.

The outline of the paper is as follows. The numerical model
is described in section 2. Two potential mechanisms of current
transfer to cold cathodes are studied in sections 3 and 4: ion
current and electron emission from impact of excited atoms.
Ignition of arcs on cold cathodes is studied in section 5 tak-
ing account of the coupling between processes in the plasma
and the heat propagation inside the electrodes. The effect of
field to thermo-field emission with electric field enhancement
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at the cathode surface is studied in section 6. A summary and
concluding remarks are given in section 7.

2. Numerical model

2.1. System of equations

The system of equations is the same as the one used in
[6, 7, 9, 13, 14] except that the species conservation equations
and the heavy-particle and electron energy equations are writ-
ten in non-stationary form. Analysis shows, somewhat surpris-
ingly, that there is no universal agreement in the literature on
the proper form of non-stationary term in the electron energy
equation. For completeness, a concise derivation is given in
appendix A; the non-stationary term in the derived electron
energy equation is the same as that in the book [19] but dif-
fers from that in another classic book [20] and in the Plasma
module of COMSOL Multiphysics® [21].

The ignition of a discharge in a cold atmospheric-pressure
atomic gas between two parallel cold electrodes with a sub-
sequent transition to an arc is considered. Since the most
important phenomena governing this transition occur in the
immediate vicinity of the cathode, the convective transport
of particles and energy is neglected and the hydrodynamic
equations are not included. The plasma is comprised by neut-
ral particles (atoms), singly charged ions, and electrons. The
effect of the excited atoms is taken into account in terms
of stepwise ionization/recombination; this approach predicts
plasma parameters with differences of the order of several
percent compared to more complex models, which take into
account excited atomic states as separate species [22]. The
presence of multiply charged ions is neglected as justified in
[23]. Also neglected are effects related to the eventual pres-
ence of molecular ions and dimers, which are expected not to
play amajor role in the underlying physics; cf [17]. The heavy-
particle species (the atoms and the ions) have temperature Th
and the electron distribution function is Maxwellian with the
temperature Te.

The species conservation equations and the heavy-particle
and electron energy equations are equations (13), (17), and
(19) of appendix A, respectively, written in one dimension
in space and with the material derivatives d/dt being replaced
with the local derivatives ∂/∂t. The index α takes values i,
a, and e, referring to ions, atoms, and electrons, respectively,
in equation (13), and values i and a in the sums on the right-
hand side (rhs) of equations (17) and (19). The third term
on the rhs of equation (17), accounting for the work of the
viscous stress, is dropped. Note that, except for terms with
time derivatives, the above equations coincide with the corres-
ponding equations employed in [6], which are equations (1),
(10), and (11) of [6]. Moreover, the set of plasma equations
includes the multicomponent diffusion equations, written in
the form of Stefan–Maxwell equations, equation (5) of [6] with
vα and vβ replaced by Vα and Vβ , and the Poisson equation
(the Gauss law), equation (17) of [6]. A transformation
of the species conservation and Stefan–Maxwell equations,
required before they can be solved numerically, is described in
appendix B.

The assumption of negligible convection requires that the
force exerted by the electric field over the plasma be com-
pensated by the plasma pressure gradient. It follows that

p− ε0
E2

2
= p0, (1)

where p= (ni+ na)kTh+ nekTe is the plasma pressure, E is
the x-projection of the electric field vector, and p0 is a known
parameter, which may be interpreted as the plasma pressure in
the arc chamber.

Results reported in this work refer to argon plasma under
atmospheric pressure, p0 = 1 bar. The transport, kinetic, and
radiation coefficients of the argon plasma are evaluated using
formulas [6].

Trial simulations have shown that the second term on the
rhs of equation (17), accounting for the work of the pressure
force, while being normally insignificant, is unphysically large
in certain cases. The latter is a consequence of the fact that
variations in the electron pressure, which may be very fast,
by virtue of equation (1) are instantly reflected in the heavy-
particle pressure and, therefore, in the plasma density. In other
words, this is a consequence of limitations stemming from the
assumption of negligible convection. Fortunately, this is not
a major problem, since the term in question has practically no
effect on the solution in most cases and does not produce qual-
itative changes even in cases where it is unphysically large.We
note for definiteness that the modelling reported in this work
was performed with the second term on the rhs of equation
(17) being dropped.

The set of governing equations also includes the heat con-
duction equations inside the electrodes, written in the non-
stationary 1D form

ρsCps
∂Ts
∂t

=
∂

∂x

(
κs

∂Ts
∂x

)
, (2)

where Ts is the electrode temperature and ρs, Cps, and κs are
the mass density, the specific isobaric heat capacity, and the
thermal conductivity of the electrode material. Note that the
latent heat of melting is included in Cps.

2.2. Boundary conditions

The system of plasma equations is solved in the domain 0⩽
x⩽ h, where h is a known parameter (the discharge gap).
The heat conduction equations (2) are solved in the inside
of the electrodes, which are domains −h1 < x< 0 and h<
x< h+ h2, where h1 and h2 are known parameters (electrode
thicknesses).

The boundary conditions for the plasma equations at the
electrode surfaces x= 0 and x= h are similar to those in [6, 7].
Let us restrict the consideration with the case where all the
ions coming from the plasma recombine at the electrode sur-
face (and the neutral atoms go back into the plasma) and all
the electrons coming from the plasma are absorbed by the sur-
face. The boundary condition for the electron density at the
electrode surfaces is written as
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Je = n

(
jem
e

− neCe
4

)
, (3)

where Ce = (8kTe/πme)
1/2 is the mean speed of random

motion of the electrons evaluated in terms of the local elec-
tron temperature, n= 1 for x= 0 and n=−1 for x= h, and
Je and Ji here and further are projections along the x-axis of
the vectors of density of transport flux of the electrons and
the ions, respectively. Note that equation (3) is equivalent to
the so-called Thomson–Loeb formula, which has been widely
used in fluid modelling of gas discharges; e.g. [24] and refer-
ences therein. The density jem of the electron emission current
is evaluated as

jem = jTF+ jse, (4)

where jTF is the density of the electron emission current caused
by high values of the cathode surface temperature and/or elec-
tric field directed to the cathode surface and jse is the density
of the secondary electron emission current. The evaluation of
both quantities depends on the direction of the local electric
field. (Note that one would expect intuitively that the electric
field at both electrode surfaces is directed from anode to cath-
ode; however, this does not happen in all cases.) If nE< 0,
meaning that the local electric field is directed from the plasma
to the electrode surface, then jTF is determined taking into
account field to thermo-field to thermionic electron emission
mechanisms and jse is evaluated as jse =−eγnJi. Here, γ is the
so-called effective secondary emission coefficient, which is
assumed to characterize all mechanisms of secondary electron
emission (due to ion, photon, and excited species bombard-
ment; e.g. section 4.7.2 of [25]). If nE> 0, then jTF is evaluated
taking into account only the thermionic emission mechanism,
i.e. by means of the Richardson formula without the Schot-
tky correction, and jse is set equal to zero. The work function
Af of the electrode material is set equal to 4.5 eV, which is a
value characteristic of many metals [26], including tungsten
and copper. Note that this or similar values have been used
in many modelling studies of thermionic cathodes where a
reasonably good agreement has been found with experiments;
e.g. [18].

The electron emission current density jTF in the case nE< 0
was determined, taking account of field to thermo-field to ther-
mionic mechanisms, in one of two ways. The first way was to
use public code [27], which evaluates theMurphy–Good form-
alism [28]. The code is based on the numerical method [29],
provides a calculation accuracy of 10−3 over the entire range
of conditions for the applicability of the Murphy–Good theory
from field to thermo-field to thermionic emission, and does not
require a priori determination of a specific electron emission
mechanism for the conditions considered. The secondwaywas
to use the Richardson–Schottky formula. We note here that
the electric field computed at the cathode surface was below
108 V m−1 in all the calculations presented in this work. The
electron emission current density values determined by both
methods were very close to each other in this field range; for
example, for |E|= 108 V m−1 they differed by less than 1.5%
over the entire range of cathode surface temperature values Tc

where jTF exceeds 1 A m−2 (which is Tc ≳ 1650 K). There-
fore, it is not surprising that the simulation results presented
in this work, with the exception of those given in section 6,
do not depend on whether jTF was determined by means
of the Murphy–Good formalism or the Richardson–Schottky
formula.

The boundary condition for the ion density at the electrode
surfaces is

Ji =−nniCi
2

, (5)

where Ci = (8kTh/πmi)
1/2. Note that the factor of two in the

denominator of the term on the rhs (instead of four, as in the
second term in the parentheses on the rhs of equation (3)) cor-
responds to the ion distribution function being strongly aniso-
tropic in the vicinity of an absorbing surface.

The boundary conditions for the heavy-particle and elec-
tron temperatures at the electrode surface are

Th = Ts, (6)

qe = n

(
jem
e
2kTs−

neCe
4

2kTe

)
. (7)

qe and qh here and further are projections along the x-axis of
the vectors of the density of flux of thermal energy of the elec-
trons and the heavy particles, respectively.

The electrostatic potentialφ is set equal to zero at one of the
electrodes: φ= 0 for x= 0. The lacking boundary condition
for the plasma equations may be obtained by specifying the
discharge voltage:

x= h : φ= Va, (8)

where the discharge voltage Va = Va (t) is considered as a
known function of time. An alternative to using (8) is to spe-
cify the electric current density j:

e(Ji− Je)+ ε0
∂E
∂t

= j, (9)

where j= j(t) is considered as a known function of time.
The treatment in this work is focused on unipolar regimes

of current transfer. Let us assume for definiteness that Va > 0,
so x= 0 is the cathode surface and x= h is the anode surface.
Then, j< 0 in most cases. (Exceptions are possible for very
low Va, where the current is of diffusive nature.) It is conveni-
ent, therefore, to designate −j= jc, where jc has the meaning
of the projection of the current density vector along the direc-
tion from anode to cathode (which is opposite to the x-axis).

Let us proceed to the boundary conditions for equation (2),
describing heat conduction inside the electrodes. The bound-
ary condition at the electrode surface bordering the plasma,
x= 0 or x= h, is the condition of continuity of energy flux,
which may be written as

−κs
∂Ts
∂x

= qh+ qe+AfJe+(Ai−Af)Ji, (10)
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where Ai is the ionization energy of the plasma-producing gas
(15.76 eV for argon). Note that the rhs represents, up to sign,
the energy flux coming from the plasma to the electrode sur-
face; cf equation (31) of [6]. The left-hand side (lhs) represents
the energy removed by heat conduction from the surface into
the body of the electrode.

The temperatures at the bottom of the electrodes are
controlled by external cooling, so the lacking boundary
condition is

x=−h1 : Ts = Ts1; x= h+ h2 : Ts = Ts2, (11)

where Ts1 and Ts2 are given quantities.

3. Ion current to cold electrodes

Charge transport by ions coming to the cathode surface from
the plasma is one of the hypothetical mechanisms of current
transfer to non-thermionic arc cathodesmentioned in the Intro-
duction. Ion current is of primary importance also in the field
and thermo-field electron emission mechanisms; these mech-
anisms require a very high electric field directed to the cath-
ode surface, and such fields may be induced only by positive
space charge formed by ions coming from the plasma. It is of
interest in this connection to evaluate the maximum current
density that can be transported by ions diffusing to the surface
of a cold cathode from the bulk of atmospheric-pressure arcs.

The ion current density in the bulk of the arc plasma is low
and the ion current coming to the cathode is formed in the near-
cathode region; the ions are generated through ionization of
neutral atoms by electron impact and then diffuse to the cath-
ode surface. The energy for generation of the ions comes from
the electron gas, and if the supply of energy to the electron gas
in the near-cathode region is too low, then the lack of the ioniz-
ation energy may limit the ion current to the cathode. Another
potential limitation stems from a finite rate of ambipolar dif-
fusion of the ions.

A simple estimate of the ion ambipolar diffusion rate
may be obtained by means of the analytical formulas cited
in appendix C. The maximum ion current density that can
be transported by ambipolar diffusion of the ions from
atmospheric-pressure argon and air plasmas to a negative sur-
face is shown in figure 12 of appendix C. ( ji is the density
of ion current to the cathode surface, which is related to the
ion transport flux Ji by the formula ji =−e Ji|x=0.) One can
see that ji is of the order of 107 A m−2. Note that this value
is lower than the supposed current density inside the non-
thermionic cathode arc attachments of 108 A m−2, as men-
tioned in Introduction. However, given that the latter is merely
an upper estimate, these values do not look inconsistent with
the hypothesis of an ion current mechanism of current transfer
to non-thermionic cathodes.

The estimate of ambipolar-diffusion ion current shown in
figure 12 of appendix C, while being useful, does not take into
account the limitation stemming from eventual lack of ion-
ization energy in the near-cathode layer mentioned above. In
order to obtain a more general estimate, the plasma equations

Figure 1. Density of ion current to the cold cathode surface for
different values of the secondary electron emission coefficient γ and
discharge gap width h. The electrode surface temperatures
Tc = Ta = 1500 K. The three states marked by the circles are
illustrated by figure 2.

described in section 2.1, supplemented with boundary con-
ditions (3)–(9), have been solved for the stationary case for
atmospheric-pressure argon plasma with the temperatures of
the cathode and anode surfaces, Tc and Ta, equal to 1500K. (In
other words, the electrode heat conduction part of the problem,
described by equation (2) and boundary conditions (10) and
(11), was discarded and replaced with given electrode surface
temperatures of 1500 K.) Note that jTF given by the Murphy–
Good formalism is extremely small in these conditions and
the only non-zero component of the emission current jem is the
secondary electron emission current jse.

The computed ion current density to the cathode surface
is shown in figure 1 for several values of the effective sec-
ondary electron emission coefficient γ and three values of
the interelectrode gap, h= 100 µm, 1 mm, and 1 cm. Five
of the eight lines shown in figure 1 (the three lines referring
to γ= 0.10 and the ones referring to γ= 1, h= 1 mm and
γ= 0.03, h= 1 cm) are S-shaped, and it seems possible that
the remaining three lines would also reveal S-shapes if they
were calculated over a wider range of conditions. Note that
the upper part of the S-shape was not computed up to Va =
800 V in the cases γ= 1, h= 1 mm; γ= 0.1, h= 100 µm; or
γ= 0.03, h= 1 cm due to loss of convergence.

It is of interest to compare the characteristic features of
states belonging to different sections of the S-shape. As a
representative example, distributions of the ion and elec-
tron densities for three states marked by circles in figure 1
are shown in figure 2. The states a, b, and c belong to,
respectively, the lower, intermediate, and upper sections
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Figure 2. Distributions of the ion and electron densities and the
normalized ion current in the direction towards the cathode.
γ= 0.03, h= 1 cm, Tc = Ta = 1500 K. Solid: state marked a in
figure 1. Dashed: state b. Dotted: state c.

of the S-shape. As expected, the bulk plasma is quasi-
neutral, ni ≈ ne, in all three states. Deviations from the quasi-
neutrality are localized in regions adjacent to the electrodes, or
near-electrode space-charge sheaths. (The near-anode space-
charge sheath is not visible on this scale.) The thickness
of the cathode sheath slowly decreases with increasing cur-
rent, from approximately 30 µm for jc = 3.4× 104 A m−2

(state a) to approximately 15 µm for jc = 5.8× 106 A m−2

(state c).
Also shown in figure 2 is the density of the ion current in

the direction towards the cathode, (−eJi), normalized by the
value at the cathode surface ji. There is a noticeable change
of inclination of the curve (−eJi) for the state a at the edge
of the cathode sheath and it is seen that about 90% of the
total ion current to the cathode is generated inside the sheath
and about 10% is generated in the quasi-neutral plasma adja-
cent to the sheath. The analysis of the distributions of the ion
current density in other states belonging to the lower section
of the S-shape, which are not given here for brevity, shows
that the contribution of the cathode sheath to the total ion
current decreases as the voltage increases and becomes small
in the vicinity of the turning point that separates the lower
and intermediate sections. All of the ion current is generated
in the quasi-neutral plasma in states belonging to the inter-
mediate and upper sections, as exemplified by the distribu-
tions of the ion current density in states b and c shown in
figure 2.

The analysis of the electron and heavy-particle temperat-
ure distributions, which are not given here for brevity, shows
that in the state c the temperatures Te and Th over the range
of distances x from about 2–8 mm differ very little from each

other and vary little in space, from approximately 14.4× 103–
13.3× 103 K. The electron density varies little as well, which
is seen in figure 2, from approximately 1.6× 1023 to 1.2×
1023 m−3. One can say that there is a more or less uniform arc
column in state c, a feature that distinguishes this state from b
and a.

Thus, characteristic features of states belonging to lower or
upper sections of the S-shape are, respectively, a significant ion
current generated in the near-cathode sheath or the existence
of a relatively uniform arc column.

One can see from figure 1 that values of Va necessary to
extract an ion current of the order of 105 A m−2 or higher
are in the order of hundreds of volts, i.e. much higher than
the voltage for conventional arc discharges with hot cathodes.
Analysis of computation results shows that virtually all of the
voltage applies to the near-cathode region. For γ= 0.03 andVa
in the range between approximately 300 and 500 V, ji is only
weakly dependent on the gap width and the discharge voltage
and varies over the range (0.6–0.9)×105 A m−2. For γ= 0.1,
jimay bemuch higher, of the order of 107 Am−2, in agreement
with the data shown in figure 12.

In the case of thermionic cathodes, the supply of energy to
the electron gas in the near-cathode region and, consequently,
of ionization energy is provided by the work of the sheath
electric field on electrons emitted by the cathode surface [6].
The same is true for the case of cold cathodes considered
here, although the emission mechanism is different: second-
ary electron emission instead of thermionic emission. This fol-
lows from analysis of the energy balance of electron gas in the
near-cathode region, which is skipped for brevity and is sim-
ilar to the analysis given in section 3.2 of [6]; see, in partic-
ular, figure 8 of [6]. Note that about two thirds of the energy
supplied by the sheath electric field to the emitted electrons is
spent on ionization and the rest is transported into the plasma
as the electron thermal energy flux, which is dominated by
the enthalpy transport by electron current. Thus, the source
of the ionization energy in the near-cathode region on cold
cathodes is the acceleration of the secondary emitted electrons
by the sheath electric field. The strong effect of γ on ji, seen
in figure 1, is consistent with this conclusion and, moreover,
indicates that the ion current is limited by the lack of the ion-
ization energy in the near-cathode region, which is caused by
the electron emission current being very low.

One can conclude that the current transported by ions dif-
fusing to the surface of a cold cathode from the bulk of an
atmospheric-pressure argon arc may reach an order of mag-
nitude of 107 Am−2 for high values of the discharge gap width
and/or secondary electron emission coefficient; however, this
would require very high discharge voltages of several hundred
volts. The reason the voltages are that high is that the ion cur-
rent is limited not by a finite ion diffusion rate but rather by the
lack of ionization energy in the near-cathode region, and the
latter stems from low values of the electron emission current
from cold cathodes (secondary emission only). Note that this
conclusion is relevant also to the analysis of spotless vacuum
arc attachments to hot cathodes; cf review [30] and references
therein.
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4. Electron emission from impact of excited atoms

It is proposed in the recent paper [5] that the most signific-
ant electron emission process at the cathodes made of non-
thermionic materials is the secondary electron emission under
the impact of excited states of atoms of the arc gas, produced
in the near-cathode region.

It is assumed in [5] that the excited atoms have secondary
emission coefficients of order unity, similar to those observed
for metastable atoms, while the effective coefficient of ion-
electron emission is 0.1. Hence, the flux of the excited atoms
to the cathode surface must be of the order of 10% of the ion
flux or higher for the electron emission from impact of excited
atoms to be at least comparable to the electron emission from
ion impact. Unfortunately, no data on flux of excited atoms to
electrodes in arc plasmas seem to be available in the literature.
Note that results of numerical computation of the excited atom
density in atmospheric-pressure arcs are reported in a number
of works, e.g. [5, 15, 31], however, it is difficult to draw def-
inite conclusions from these results. (For example, the excited
atom density near the cathode, computed in [5], is by a factor
of at least 300 lower that the ion density. Therefore, for the
electron emission from the impact of excited atoms to be at
least comparable to the electron emission from ion impact,
the diffusion speed of excited atoms should exceed the drift
speed of ions by at least 30 times, a possibility that appears
unlikely.)

In this connection, another (auxiliary) model of argon
plasma was built that took into account ions, electrons, and
atoms in the ground state and an effective excited state. The
kinetic and transport coefficients were the same as in themodel
of atmospheric-pressure corona discharge supplied with the
Plasma module of COMSOL Multiphysics® [21] as a part
of the application library, with the Stefan–Maxwell equations
replaced by the drift-diffusion equations. The boundary con-
dition for the excited atom density at the electrode surfaces
was similar to (5). An example of the results given by this
model is shown in figure 3. The density of excited atoms in
the near-cathode space-charge sheath exceeds the ion density
by an order of magnitude or more; however, the ion flux is
about an order of magnitude higher than the flux of excited
atoms. Note that the ion drift speed exceeds the diffusion
speed of excited atoms by about two orders of magnitude. If
the secondary emission coefficients of excited atoms are of
order unity, then the electron emission current from the impact
of excited atoms is comparable to the ion-electron emission
current.

One can conclude that the electron emission from the
impact of excited atoms can hardly be a dominant effect. How-
ever, it may still be of the same order as the ion-electron emis-
sion, in which case it will affect the current transfer to cold
cathodes, as shown in the preceding section.

In the numerical model described in section 2, the electron
emission from the impact of excited atoms is accounted for
jointly with the other secondary electron emission mechan-
isms due to ion and photon bombardment in terms of a single
effective secondary emission coefficient γ. This approxima-
tion is usual in the modelling of cold discharges (e.g. section

Figure 3. Distributions of the densities of ions, electrons, and
excited atoms and of the densities of fluxes of the ions and excited
atoms in the direction towards the cathode. γ= 0.1, h= 1 mm,
Tc = Ta = 1500 K, jc = 3× 104Am−2.

4.7.2 of [25]) and stems from the fact that individual emis-
sion coefficients are usually known at best in order of mag-
nitude. If the effect of electron emission from the impact
of excited atoms were dominant, it would be reasonable to
improve the model of section 2 by introducing an allowance
for excited atoms as separate species, as is done in the auxili-
ary model described in the current section, and by characteriz-
ing the electron emission from the impact of excited atoms by
an individual emission coefficient. However, secondary elec-
tron emission due to excited species bombardment can hardly
be a dominant effect, as shown above, and such an improve-
ment does not seem useful at this stage. Therefore, the model
described in section 2 is employed in the rest of this work.

5. Arc ignition on cold electrodes

The results reported in this section refer to processes in the
plasma coupled with heat propagation inside the electrodes
and have been obtained by means of numerical solution of the
full system of equations described in section 2.1, supplemen-
ted with the boundary conditions (3)–(11). The reported res-
ults refer to the atmospheric-pressure argon plasma, electrodes
made of tungsten or copper, the temperatures at the bottom
of the electrodes Ts1 = Ts2 = 300 K, and the effective second-
ary electron emission coefficient γ= 0.1. The temperature-
dependent mass density ρs, isobaric specific heat Cps, and
thermal conductivity κs have been taken from [32] for tung-
sten and from [33–35], respectively, for copper. (Cps was cor-
rected to include the latent heat of melting.) Simulation res-
ults are reported for the case of AC arc currentjc (t) = 5×
107 A m−2 sin(100π Hzt). The simulations were initiated at
t= 0with the initial conditions ne = ni = 1016 m−3, Th = Ts =
300 K, Te = 20× 103 K, φ= 0. In order to investigate the
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Figure 4. (a), (b) Discharge voltage and various components of electric current to the cathode surface. (c) Maximum values of the electron
and heavy-particle temperatures in the gap and temperatures of the electrode surfaces. Solid: AC modelling. Dashed: quasi-stationary
modelling. h= 1 mm.

‘inertia’ of the system, the simulation results for each t or,
equivalently, each value of the instantaneous current density jc
are compared with the results of quasi-stationary simulations
performed with a (constant) current density equal to jc.

5.1. Variations of integral characteristics of the discharge

Let us first consider results for the case where the electrode
material is tungsten and the electrode thicknesses h1 and h2
are equal to 1 cm. The computed variations of integral char-
acteristics of the discharge for the gap h= 1 mm are shown
in figure 4. The results of the (time-dependent) AC model-
ling in this and subsequent figures are shown as functions of
the instantaneous value of electric current jc (instead of time),

in order to facilitate a comparison with results of the quasi-
stationary modelling as described in the previous paragraph.
jd =−ε ∂E/∂t|x=0 is the density of displacement current to
the cathode surface, and jcd = e neCe/4|x=0 is the modulus of
the density of current transported to the cathode surface by
plasma electrons counterdiffusing against the electric field.We
note for convenience that jc = (1+ γ) ji+ jTF− jcd+ jd.

Figures 4(a) and (b) illustrate mechanisms of current trans-
fer to the cathode. Note that the quasi-stationary modelling
was performed for jc starting from 300Am−2; numerical diffi-
culties arose for lower jc and the effort that would be required
to overcome it was considered unwarranted since this range
does not appear to be of physical relevance. It is seen from
figure 4(a) that there is a significant plasma electron current jcd
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during a brief period of time immediately after the arc ignition,
jc ≲ 100 A m−2 or, equivalently, t≲ 6 ns. This current is vir-
tually compensated by the displacement current jd. After this
period, jcd is virtually zero and the current transfer to the cath-
ode is dominated by the displacement current jd. At jc ≈ 1.4×
103 A m−2 or, equivalently, t≈ 89 nsjd attains a maximum
value of approximately 1.3 kA m−2. After the maximum, jd
rapidly decreases and is overtaken by the ion current ji. Inter-
estingly, the decay of the displacement current is oscillatory;
note that jd in the ranges 1.5 kA m−2 ≲ jc ≲ 1.9 kA m−2 and
2.5 kAm−2 ≲ jc ≲ 2.7 kAm−2 is negative and not represented
on the graph. The ion current remains the dominant mechan-
ism of current transfer until jc ≈ 107 A m−2, when the elec-
tron emission current jTF comes into play; figure 4(b). In the
quasi-stationary case, the electron emission comes into play
for significantly lower jc values, of the order of 105 A m−2.
Note that the electron emission is of thermionic nature in
these conditions both in the AC and quasi-stationary cases.
While for jc = 5× 107 A m−2 the thermionic emission cur-
rent exceeds the ion current by an order of magnitude in
the quasi-stationary case, the two currents are close in the
AC case.

Immediately after the arc ignition (figure 4(a)), the dis-
charge voltage Va rapidly increases and attains a maximum
value of approximately 390 V at jc ≈ 0.45 kA m−2, i.e. in
the current range where the displacement current is dominant.
Note that Va in this region is sensitive to the initial conditions,
i.e. the height of the maximum decreases as the initial charged
particle density increases. After the maximum, Va decreases
and in the range jc ≳ 1.6 kA m−2 becomes close to the quasi-
stationary value of the discharge voltage, which is virtually
constant in this range at approximately 80 V.

Both AC and quasi-stationary discharge voltages remain
close to 80 V up to jc ≈ 4× 104 A m−2, after which they
start increasing, with the quasi-stationary voltage increasing
a bit faster; see figure 4(b). In the quasi-stationary case, Va
passes through a maximum of approximately 260 V at jc ≈
105 A m−2, which is where the thermionic emission comes
into play, and starts decreasing, eventually reaching values in
the range 10–20 V, which are typical of arc discharges. This
is a quasi-stationary scenario of transition from the abnormal
glow discharge to the arc discharge, which is well known in
the gas discharge theory (e.g. figure 279 in [36] and figures
8.4 and 10.1 in [25]) and was studied by means of similar 1D
quasi-stationary modelling in [11, 15, 16] and by means of 2D
quasi-stationary modelling in [10].

The AC case is different. The maximum in Va is higher,
Va ≈ 700 V, occurs at a higher current, jc ≈ 2.5× 105 A m−2,
and, most importantly, is unrelated to the electron emission,
which becomes appreciable only at much higher currents,
close to 107 A m−2. The analysis of the distributions of the
ion current density, similar to the ones depicted in figure 2,
shows that the contribution of the cathode sheath to the total
ion current is appreciable before the maximum and negli-
gible after the maximum. In other words, the maximum is
governed by the same mechanisms as the turning point sep-
arating the lower and intermediate sections of the S-shapes

shown in figure 1. Va monotonically decreases after the max-
imum, with a rapid change of slope occurring around jc ≈
107 Am−2, where thermionic emission comes into play. Even-
tually, Va attains values of the order of 20 V, typical for arc
discharges. One can conclude that the glow-to-arc transition
in the AC case occurs in a way substantially different from the
quasi-stationary one.

The evolution of the maximum values of the electron and
heavy-particle temperatures in the gap and of the temperat-
ures of the electrode surfaces is shown in figure 4(c). Note that
the maximum electron temperature occurs in the near-cathode
space-charge sheath, except for low jc where the sheaths have
not yet been formed. It is seen that Te may be very high, of the
order of 100 eV. Note also that the analysis shows that the term
of the electron energy equation involving the time derivative
is small except for t≲ 10 ns.

It is seen from figure 4(c) that the values of the max-
imum electron temperature in the AC case are close to the
corresponding quasi-stationary values in the range of jc from
approximately 103–3× 104 A m−2. The AC values are below
the quasi-stationary ones in the range 3× 104 A m−2 ≲ jc ≲
2× 105 Am−2 and exceed the latter for higher jc. In the quasi-
stationary case, the dependence Te ( jc) attains a maximum at
jc ≈ 105 A m−2. The AC dependence attains a maximum at
jc ≈ 2.7× 105 A m−2 and reveals a fast change of slope at
jc about 107 A m−2. All these features are in broad agree-
ment with the corresponding features of variations of the AC
and quasi-stationary discharge voltage values, as discussed
above.

It is seen from figure 4(c) that in the quasi-stationary case
the heavy-particle gas starts being heated at lower values of jc
than the electrodes, which should have been expected since the
thermal conductivity of the gas is significantly lower than that
of the electrode metal. The quasi-stationary temperature of the
cathode surface is higher than the anode temperature for jc ≲
107 A m−2 and the two temperatures are close to each other
for higher jc. Obviously, a similar relation exists between the
quasi-stationary values of the densities of the energy fluxes to
the electrodes. In the AC case, the heavy-particle gas and each
of the electrodes start being heated at significantly higher cur-
rent densities than in the quasi-stationary case, which should
have been expected and is a manifestation of thermal inertia.
As a consequence, the AC anode temperature does not exceed
1500 K during the modelling time (5 ms).

The computed variations of integral parameters of the dis-
charge for the gap widths h= 100 µm and 1 cm are shown in
figures 5 and 6. It is seen from figures 4(a) and 5 that the height
of the first maximum in the variation of the AC discharge
voltage, which occurs in the range of low jc values where the
current transfer to the cathode is dominated by the displace-
ment current, increases with increasing gap width. It is seen
from figures 4(b) and 5 that the second maximum in all three
h values occurs at jc several times 105 A m−2, has a height of
approximately 700 V, and is followed by a rapid change of the
slope. However, the shape of the second maximum is not the
same; the maximum is rather wide for h= 100 µm and relat-
ively narrow for h= 1 mm and 1 cm.
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Figure 5. Discharge voltage and temperatures of the electrode surfaces. Solid: AC modelling. Dashed: quasi-stationary modelling. (a)
h= 100µm. (b) h= 1 cm.

Figure 6. Maximum values of the electron and heavy-particle temperatures in the gap. Solid: AC modelling. Dashed: quasi-stationary
modelling. (a) h= 100µm. (b) h= 1 cm.

It is seen from figures 4(c) and 5 that the gap width does not
very strongly affect the AC variations of the electrode surface
temperatures. On the other hand, there is a significant effect
over the quasi-stationary variation of the anode surface tem-
perature; while Ta for j≳ 107 A m−2 is around 3500 K or
higher and close to Tc for h= 100 µm and 1 mm, it does not
exceed approximately 2700 K for h= 1 cm.

The AC and quasi-stationary variations of the maximum
value of the electron temperature in the gap for h= 100 µm
and 1 cm (figure 6) are broadly similar to the discharge
voltage variations, as is the case for h= 1 mm as discussed
above. An exception is the range jc ≲ 103 A m−2 in the case

h= 100 µm, where the AC electron temperature decreases
with increasing jc. It is seen from figures 4(c) and 6 that
the variations of the maximum value of the heavy-particle
temperature in the gap are not strongly affected by the
gap width.

5.2. Distributions of parameters in the gap

Representative examples of distributions of parameters in the
gap are shown in figure 7 for different values of jc. The quasi-
neutral bulk plasma and a thin near-cathode space-charge
sheath are seen in all cases except in the AC modelling for
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Figure 7. Lines: distributions of parameters in the gap. Circles, triangles: points of reversal of the electric field. Solid circles: AC modelling.
Dashed triangles: quasi-stationary modelling. The circle in the near-anode region in figure (d) coincides with a triangle. h= 1 mm.
jc = 300Am−2 (a), 104Am−2 (b), 106Am−2 (c), 5× 107Am−2 (d).

jc = 300 A m−2 (figure 7(a)), where the space-charge sheath
is not thin.

In the AC case, figure 7(a) refers to 19 ns. The electric field
at the cathode surface is 3× 105 V m−1, and the mobilities of
the ions and electrons are of the order of 10−4 m2 V−1 s−1

and 1 m2 V−1 s−1, respectively. The drift times of the ions
and the electrons over the distance of 0.5 mm are of the order
17 µs and 1.7 ns, respectively. This is consistent with the near-
cathode space-charge sheath being electron-free with ni close
to its initial value of 1016 m−3.

The AC heavy-particle temperature Th remains close to its
initial value of 300 K in figures 7(a)–(c) except in the near-
cathode region, x≲ 0.1 mm, in figure 7(c). Thus, heating of
the heavy particles is the slowest process, as should have been
expected. The AC distributions of all parameters are close to

their quasi-stationary counterparts in the near-cathode region
in figure 7(b) and in the whole gap in figure 7(d).

Thermal equilibrium Th ≈ Te holds in the bulk plasma in
the quasi-stationary case in figure 7(c) and in both the quasi-
stationary and AC cases in figure 7(d). It is interesting to note
that the distribution of the electron temperature is virtually uni-
form in figure 7(d) in both the AC and quasi-stationary cases,
except in the vicinity of the anode.

The distribution of the electric field in the gap is shown
in figure 8 for j= 5× 107 A m−2. An interesting feature of
this figure is the reversals (changes of direction) of the elec-
tric field. Distributions of the electric field for other j values
are skipped in order not to increase the paper volume; how-
ever, it should be stressed that there are field reversals as well.
For convenience, the field reversals are shown in figure 7.
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Figure 8. Distribution of modulus of the electric field in the gap.
Solid: AC modelling. Dashed: quasi-stationary modelling.
h= 1 mm, jc = 5× 107Am−2 .

In most cases, the field reversals occur near extrema of the
charged particle distribution. There is one field reversal in
the quasi-stationary case in each of figures 7(a)–(d), with the
reversal point being positioned at distances of the order of
0.1 mm from the cathode in figures (a)–(c) and at a distance
of the order of 0.1 mm from the anode in figure (d). Thus,
the quasi-stationary electric field in near-electrode regions of
thickness of the order of 0.1 mm is directed to the electrode
in all the cases (i.e. E< 0 near the cathode and E> 0 near
the anode) and the quasi-stationary electric field in the bulk
plasma is directed to the anode for jc ≲ 106 A m−2 and to the
cathode for jc = 5× 107 Am−2. In other words, there is a pro-
nounced negative anode voltage in the quasi-stationary case
for jc = 5× 107 A m−2.

In the AC case, the electric field in figure 7(a) is direc-
ted to the cathode in the whole gap. There are two AC field
reversals in figures 7(b) and (c). There are three AC field
reversals in figure 7(d) (see also figure 8), with one of them
occurring at a distance of the order of 0.1 mm from the anode.
Thus, the anode voltage in the AC case is negative for jc =
5× 107 A m−2, as it is in the quasi-stationary case.

5.3. Effect of electrode material and thickness

Figure 9 shows the discharge voltage, evaluated for electrodes
of thicknesses of 3 and 10 mm made of tungsten and copper.
The lines depicting the AC discharge voltage for the tung-
sten electrodes of the two thicknesses coincide to the graph-
ical accuracy, and the same is true for the copper electrodes.
Moreover, the effect of the electrode material on the AC dis-
charge voltage is virtually inexistent until the arc current has
reached values of the order of 107 A m−2, and even then the

Figure 9. Discharge voltage for tungsten and copper electrodes of
various thicknesses. Solid: AC modelling. Dashed: quasi-stationary
modelling. h= 1 mm.

effect is minor. In contrast, the effect of the electrode material
and thickness on the quasi-stationary discharge voltage is sig-
nificant, as exemplified by the two dashed lines.

The absence of the effect of the electrode thicknesses in
the AC case suggests that the heat propagation length over
the considered time interval (5 ms) is smaller than 3 mm, and
this is indeed the case as illustrated by figure 10. Note that in
this example the computed temperature of the surface of both
tungsten and copper cathodes in both AC and quasi-stationary
cases, as well as the anode surface temperature in the quasi-
stationary case, exceeds 3500 K and is significantly higher
than the boiling temperature of copper (2835 K). Therefore,
the computation results for copper serve for illustrative pur-
poses only. This point will be discussed in some detail in the
Conclusions.

6. Effect of field to thermo-field emission

It is well known that current–voltage characteristics of field
electron emission from cold cathodes in a vacuum approxim-
ately follow the Fowler–Nordheim formula with the applied
electric field being multiplied by the so-called field enhance-
ment factor β, which is of the order of 102 or higher; e.g.
[37, 38]. Various mechanisms for the enhancement have been
postulated, such as geometrical ‘tips’ and suppressed work
function, but there is rarely independent confirmation; e.g.
[39]. It was found in the modelling of low-current (around
30 mA) gliding arcs in atmospheric-pressure argon [8] that the
effect of field electron emission taking account of the enhanced
electric field may have a considerable impact on the cathode
fall and the discharge power.
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Figure 10. Distribution of temperature inside the cathode (a) and the anode (b). Tungsten and copper electrodes of thicknesses 3 and
10 mm. Solid: AC modelling. Dashed: quasi-stationary modelling. jc = 5× 107Am−2, h= 1 mm.

Figure 11. Effect of field enhancement on the discharge voltage and cathode surface temperature. (a) AC modelling. (b) Quasi-stationary
modelling. h= 1 mm. Solid: β= 100. Dashed: β= 1. Dotted: see text.

Figure 11(a) illustrates the effect of field electron emission
with accounting for the enhanced electric field on the evolution
of the discharge voltage and cathode surface temperature dur-
ing ignition of the discharge on cold electrodes with a sub-
sequent transition to the arc. Figure 11(b) depicts the quasi-
stationary case. Both figures refer to the tungsten electrodes
of thicknesses h1 = h2 = 1 cm. In these simulations, the dens-
ity jTF of field to thermo-field to thermionic electron emission
current was evaluated in terms of the cathode surface tem-
perature Tc and the electric field at the cathode surface equal
to β

(
− E|x=0

)
, where β is the field enhancement factor and(

− E|x=0

)
is themodulus of the electric field obtained from the

solution of the differential equations described in section 2.1,

or, in other words, of the field induced by the near-cathode
space-charge sheath. The dashed lines in figure 11, which refer
to β= 1 and correspond to no field enhancement, have been
computed with the emission current density jTF determined
by means of the Murphy–Good formalism or the Richardson–
Schottky formula (see section 2.2); no difference was detected
in the results. The Murphy–Good formalism was used for the
computation of the solid lines, referring to β= 100.

One can see from figure 11 that the effect of enhance-
ment by a factor of 100 comes into play for jc of the order
of 105 A m−2 in both AC and quasi-stationary cases and res-
ults in a reduction of both the discharge voltage and the cath-
ode temperature. In particular, the cathode surface temperature
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remains below 2800 K for all jc values even in the quasi-
stationary case.

Note that the WKB approximation used in the Murphy–
Good formalism [28] will become poor for extremely high
electric field strengths of the order of 1010 V m−1 or higher
[40–42]. However, values that high have not been encountered
in the calculations; the enhanced electric field for β= 100
remained below 4× 109 V m−1.

The boundary condition (10) is written using the assump-
tion that an electron leaving the electrode surface carries away,
in addition to thermal energy, energy equal to the work func-
tion Af . However, the electron energy may be reduced com-
pared to Af due to the presence of a strong electric field dir-
ected towards the cathode surface. If the electron emission
from the cathode occurs in the thermionic regime, the reduc-
tion amounts to the Schottky correction, which is much smal-
ler than Af . However, if the electron emission occurs in the
thermo-field or field emission regimes, then the reduction may
be significant. It may even exceed Af , which would mean that
the electron emission contributes to heating of the cathode: the
Nottingham effect.

In this connection, simulations have been performed with
Af in the boundary condition (10) at the cathode surface being
replaced with the energy evaluated in terms of the cathode sur-
face temperature and the local electric field (multiplied by β)
by means of fit formulas [40]. Note that the other boundary
conditions at the cathode surface remained unchanged, which
may be not quite correct as discussed in the appendix of [43];
however, it is sufficient for an estimate. The results of simula-
tions performed in this way in the quasi-stationary case for
β= 100 are shown by the dotted lines in figure 11(b). It is
seen that the cathode surface temperature for jc ≳ 106 A m2 is
somewhat higher than the temperature shown by the solid line
(which was computed with the use of the original boundary
condition (10), written in terms of Af ), and attains approxim-
ately 3250 K.

The value β= 100 is at the lower end of the range of
enhancement factor values considered in the literature; e.g.
values of β in the range 150–350 are cited in [37] and values
from 100 to 1000 are considered in [8]. An increase in β causes
a decrease in the computed cathode surface temperature. Typ-
ical current densities for this type of arc are in the range 107–
108 A m−2; e.g. [4]. Thus, the cathode surface temperature,
computed taking account of field to thermo-field emissionwith
electric field enhancement at the cathode surface, does not
exceed values around 3000 K even in the quasi-stationary case
over the entire range of relevant current densities and enhance-
ment factor values considered in the literature. Since the melt-
ing temperature of tungsten is appreciably higher (approxim-
ately 3700 K), this would mean that pure tungsten cathodes
of atmospheric-pressure argon arcs can operate without melt-
ing. It is well known from the experiment that the latter is not
the case.

One can conclude that the introduction of the electric field
enhancement on cathodes of arc discharges leads to a contra-
diction with experiments. This suggests that the enhancement
of the electric field has no effect on electron emission from the
cathodes of arc discharges, in contrast to what occurs in field

emission experiments in a vacuum. A possible reason is the
conditioning effect produced on the cathode surface by high
ion fluxes, which are necessary to create strong electric fields
on the surface.

7. Summary and concluding remarks

Since the experiment cannot clarify the mechanism of cur-
rent transfer to non-thermionic arc cathodes, this can only
be done by means of numerical modelling that is based on
first principles and does not rely on a priori assumptions
on physical mechanisms that are dominant in different dis-
charge regions. The most general approach to modelling high-
pressure arc plasmas is so-called unified modelling, where a
single set of differential equations, comprising conservation
and transport equations for all plasma species, the electron
and heavy-particle energy equations, and the Poisson equation,
is solved in the whole interelectrode gap up to the electrode
surfaces. This approach allows one to describe, in a natural
way, the whole process of an AC arc development, including
the switching of polarity, until the periodic regime has been
reached. In this work, results are reported of the unified 1D
modelling of the first quarter-period after the ignition of an AC
arc between cold electrodes in atmospheric-pressure argon.
The results are compared with those for DC discharges and
analysed with the aim of clarifying the roles of different mech-
anisms of current transfer to non-thermionic arc cathodes.

A numerical model used to this end necessarily takes into
account substantially different physical processes occurring
on different time and space scales and therefore involves
many transport and kinetic coefficients, not all of which are
known well. Nevertheless, the overall accuracy of the model-
ling should be sufficient at least for qualitative conclusions.

The current transported to the surface of a cold cathode by
ions diffusing from the bulk of atmospheric-pressure arcs may
reach an order of magnitude of 107 A m−2 for high values of
the discharge gap width and/or secondary electron emission
coefficient;, however, this would require very high discharge
voltage, of several hundred volts. The reason the voltages are
that high is that the ion current is limited not by a finite ion
diffusion rate but rather by the lack of ionization energy in the
near-cathode region: the ionization energy is provided bywork
of the sheath electric field on electrons emitted by the cathode
surface, similarly to the case of thermionic cathodes; since the
electron emission current from cold cathodes is low (second-
ary emission only), a very high sheath voltage is needed to
provide sufficient ionization energy. This conclusion is also
relevant to the analysis of diffuse attachments of vacuum arcs
to hot cathodes; cf [30].

The first quarter-period after the ignition of an AC arc
on cold electrodes is investigated numerically for the case
of a 50 Hz arc with an amplitude of current density of 5×
107 A m−2. As seen from the data on various components of
electric current to the cathode surface shown in figures 4(a)
and (b) and similar data for the gap widths h= 100 µm and
1 cm, which are skipped for brevity, the displacement current
is the dominating mechanism for jc ≲ 1.5× 103 A m−2. The
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ion current comes into play at higher jc and remains the domin-
ant mechanism of current transfer until jc reaches values of the
order of 107 A m−2. The secondary electron emission current
is low; however, it plays an important role in providing energy
for ionization in the near-cathode region. Starting from arcing
times of about 0.5–1 ms (note that the value jc = 107 A m−2

is attained at t= 0.65 ms), thermionic electron emission from
the cathode comes into play and at t= 5 ms becomes approx-
imately equal to the ion current.

The glow-to-arc transition in the AC case occurs in a way
substantially different from the well-known quasi-stationary
scenario of the glow-to-arc transition. In the quasi-stationary
case, the current density–voltage characteristic Va (jc) passes
through a maximum of about 200–400 V, depending on the
gap width, at jc of the order of 105 A m−2, when the thermi-
onic emission comes into play. In the AC case, the maximum
of the dependence Va (jc) is higher, of the order of 700 V, and
is unrelated to the electron emission, which becomes appre-
ciable only at much higher current densities. The analysis of
the spatial distribution of the ion current density shows that
the contribution of the cathode sheath to the total ion current is
appreciable before the maximum and negligible after the max-
imum. The discharge voltage monotonically decreases after
the maximum, with a rapid change of slope occurring when
the thermionic emission comes into play at jc of the order of
107 A m−2.

The AC discharge voltage is not appreciably affected
by the electrode material and thicknesses. The absence of
the effect of the electrode thicknesses is consistent with
the heat propagation length over the considered time inter-
val (5 ms) being smaller than 3 mm. The cathode surface
is heated up to approximately 3720 K. The anode surface
is heated up to approximately 1000–1500 K, depending on
conditions.

Since the computed temperature of copper cathodes and, in
the quasi-stationary case, of anodes also significantly exceeds
the boiling temperature of copper, the vaporization of copper
needs to be taken into account. Therefore, the computation res-
ults for copper serve illustrative purposes only.

It was pointed out in [44] that the weld pools in gas metal
arc welding of steel are never observed to be boiling. It was
assumed on this basis that the energy flux from the plasma
to the cathode surface vanishes as the surface temperature
approaches the boiling temperature, because of lowering of the
local plasma temperature due to cold metal vapour. It would
be very interesting to introduce the cathode metal vaporization
into the unified numerical model used in this work or similar,
and to accurately investigate this point.

Thus, the dominant mechanisms of current transfer to (non-
thermionic) cathodes during AC arc ignition between cold
electrodes are, subsequently, the displacement current, the ion
current, and thermionic emission current. No indications of
explosive emission were found, an unsurprising result given
that recent numerical modelling of the formation of cathode
spots in vacuum arcs [45–50] and of unipolar arcs [51] has not
detected microexplosions either. The electron emission from
the impact of excited atoms can hardly be a dominant mech-
anism either.

The electric field at the cathode surface, induced by the
near-cathode space-charge sheath, is clearly insufficient for
appreciable field or thermo-field emission. On the other hand,
the cathode surface temperature, computed taking account of
field to thermo-field emission with electric field enhancement
at the cathode surface due to surface micrononuniformities,
is substantially lower than the melting temperature of tung-
sten even in the quasi-stationary case over the entire range
of relevant current densities and enhancement factor values
considered in the literature. This would mean that pure tung-
sten cathodes of atmospheric-pressure argon arcs can operate
without melting. It is well known from the experiment that
the latter is not the case. Thus, the enhancement of the electric
field, apparently, has no effect on electron emission from cath-
odes of arc discharges, in contrast to what occurs in field emis-
sion experiments in a vacuum. A possible reason is the condi-
tioning effect produced on the arc cathode surface by high ion
fluxes, which are necessary to create strong electric fields on
the surface.

The results of application of the analysis of this work to
operation of low-voltage circuit breakers will be reported in a
forthcoming publication.
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Appendix A. Species conservation and energy
equations in non-equilibrium arc plasmas

Let us consider a multicomponent ideal gas mixture and des-
ignate by mα, nα, ρα = mαnα, and vα the particle mass,
the number density, the mass density, and the mean velo-
city of particles of species α. The mass density and mean
mass velocity of the mixture are expressed as ρ=

∑
α nαmα,

v= ρ−1∑
α ραvα. The diffusion (transport) velocity and the

transport flux of the species α are Vα = vα − v, Jα = nαVα.
Note that ∑

α

ραVα = 0. (12)

Equations of conservation of particle number, momentum,
and energy of each species are obtained by means of the
well-known procedure of integration of the species Boltzmann
equation with appropriate weights; e.g. [20, 52]. In particular,
the equations of conservation of particle number and energy
of species α may be written as

ρ
d
dt

(
nα
ρ

)
+∇· (naVα) = wα, (13)
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ρ
d
dt

(
ρα
ρ
uα

)
=−∇ · qα − pα∇· v+ τ̂α : (∇v)

+ ραVα ·
(
Fα − dv

dt

)
−
∑
β

R(e)
αβ +W(e)

α .

(14)

Here, d/dt= ∂/∂t+ v ·∇ is the material derivative; uα, qα,
pα, and τ̂α are the thermal energy per unit mass, the density
of thermal energy flux, the hydrostatic pressure, and the vis-
cous stress tensor of species α, respectively; Fα is the force
per unit mass acting on a particle of species α (it is assumed
that this force does not depend on the particle velocity); R(e)

αβ

is the rate of loss per unit volume of energy of species α due to
elastic collisions with particles of species β; and wα andW(e)

α

are rates of change of, respectively, the number density and the
energy of species α due to reactions. Note that pα = 2

3ραuα
and R(e)

αβ =−R(e)
βα. For convenience, a detailed derivation of

equations (13) and (14) is provided as supplementary material
to this paper.

Note that the species conservation equations (13) are lin-
early dependent. (When these equations are multiplied by mα

and summed over α, each term vanishes. This follows from
equation (12) and the equality

∑
αmαwa = 0, which is due to

the mass conservation in reactions.) In the following, it will be
convenient to transform the second term on the rhs of equation
(14) with the use of the mass conservation equation for the
mixture on the whole, which reads

dρ
dt

+ ρ∇· v= 0. (15)

Let us consider the case where the mixture represents a
plasma. Multiplying the species conservation equation (13) by
the species charge number Zα and the electronic charge e and
summing over α, one obtains the current continuity equation.
(Note that

∑
αZαwa = 0 due to the charge conservation in

reactions.) Making use of equation (15) and the Gauss law,
one can rewrite the current continuity equation as

∇· j= 0, j=
∑
α

eZαna (Vα + v)+ ε0
∂E
∂t

, (16)

where j is the total electric current density and E is the electric
field.

The force Fα is expressed as Fα = eZαE/mα. The contri-
bution of the electrons to themass density andmeanmass velo-
city of the plasma are negligible. Summing equations (14) over
the heavy particles (index h), one obtains the equation of con-
servation of energy of the heavy particles:

ρ
duh
dt

=−∇ · qh+
ph
ρ dρ

dt+ τ̂ h : (∇v)

+
∑
α=h

eZαnαVα ·E+
∑
α=h

R(e)
ea +

∑
α=h

W(e)
α , (17)

where

uh =
∑
α=h

ρα
ρ
uα, qh =

∑
α=h

qα, ph =
∑
α=h

pα, τ̂ h =
∑
α=h

τ̂α.

(18)

Note that ph = 2
3ρuh.

The equation of conservation of energy of the electrons is
given by equation (14) for α= e:

ρ
d
dt

(
ρe
ρ
ue

)
=−∇ · qe+

pe
ρ

dρ
dt

− eneVe ·E−
∑
α=h

R(e)
eα+W

(e)
e .

(19)

Note that pe = 2
3ρeue. The term accounting for work of viscous

stress (the third term on the rhs of equation (14)) is small due
to the smallness of the electron mass and was dropped, as well
as the term proportional to dv/dt.

It is assumed that the distribution functions of the heavy
particles are maxwellian with the same temperature Th and
the distribution function of the electrons is maxwellian with a
temperature Te; a usual assumption for thermal plasmas. Then,

ph = nhkTh, uh =
3
2
nhkTh
ρ

, pe = nekTe, ue =
3
2
kTe
me

, (20)

where nh =
∑

α=h nα is the number density of the heavy
particles.

The above derivation is similar to the one given in the book
[20], and the equation of energy of heavy particles, equation
(17), coincides with equation (14.4-1) on p 457 of [20] as
it should. However, the electron energy equation, equation
(19), does not conform to equation (14.4-2) on p 457 of [20]
in that the material derivative term on the lhs of the latter
equation is written in the form ρe due/dt. For the same reason,
equation (19) does not conform to the electron energy dens-
ity equation implemented in the Plasma module of COMSOL
Multiphysics® [21]. On the other hand, equation (19) con-
forms to equation (5.4) on p 189 of the book [19].

Since the transport, kinetic, and radiation coefficients of
the plasma in this work are evaluated by means of formulas
derived for a three-component plasma in [6], it is convenient
to give relations between the quantities employed in this work
and those used in [6]:

wα = ωα, qh =
5
2
kThJa+

5
2
kThJi+hhp, qe =

5
2
kTeJe+he,

(21)

R(e)
ea +R(e)

ei is represented by the last term on the rhs of equation

(11) of [6], W(e)
a =W(e)

i = 0, W(e)
e =−w(e)

e . Here the indices
i, a, and e refer to ions, atoms, and electrons, respectively.

Appendix B. Transforming the equations for
numerical solution

Given that the species conservation equations are linearly
dependent, the equation of conservation of the atoms,
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equation (13) with α= a, is discarded. The species transport
(Stefan–Maxwell) equations are linearly dependent as well;
therefore, the Stefan–Maxwell equation for the atoms is also
discarded. The atomic density is eliminated from the remain-
ing equations by means of equation (1). The atomic transport
velocity, which appears in the Stefan–Maxwell equations for
the ions and the electrons, is eliminated by means of the rela-
tion naVa+ niVi = 0, which follows from equation (12) after
the electron contribution is dropped.

Solving the Stefan–Maxwell equations for the ions and the
electrons (with Va eliminated) for Ji and Je and substituting
the obtained expressions into the conservation equations for
the ions and the electrons, one obtains parabolic equations for
ni and ne, which are convenient for numerical solution.

An alternative approach, which allows direct implement-
ation of the boundary condition (9), is as follows. The elec-
tron conservation equation, equation (13) forα= e, is replaced
with the current continuity equation, equation (16). In the 1D
approximation, the latter equation assumes the form coincid-
ing with that of the boundary condition (9). The electron num-
ber density is eliminated bymeans of the Gauss law. (Note that
the Stefan–Maxwell equation for the electrons after this elim-
ination involves the derivative ∂2E/∂x2, which resulted from
the term ∂pe/∂x.) Solving equation (9) jointly with the Stefan–
Maxwell equation for the ions, one obtains expressions for Ji
and Je in terms of j− ε0∂E/∂t, E, and spatial derivatives of ni,
Th, and Te. Substituting the obtained expression for Ji into the
ion conservation equation, one obtains a parabolic equation for
ni. Substituting the expressions for Ji and Je into the Stefan–
Maxwell equation for the electrons, one obtains a parabolic
equation for E. Note that this approach differs from the one
used in [6] in two aspects: it is valid for the non-stationary
case and the dependent variables are ni and E (rather than ne
and E, as in [6]).

Appendix C. Analytical estimate of ion diffusion
current

The aim of this appendix is to estimate the maximum current
density that can be transported by the ambipolar diffusion of
the ions from the bulk of atmospheric-pressure arcs to the sur-
face of a non-emitting cathode.

If the arc current exceeds, say, 100 A, then the plasma in
the arc bulk is in a state of local thermodynamic equilibrium,
or LTE, meaning that thermal equilibrium holds, i.e. the elec-
tron and heavy-particle temperatures Te and Th are close, and
ionization equilibrium holds, so the partial composition of the
plasmamay be found from equilibrium calculations neglecting
particle transport.

The ionization equilibrium, while holding in the bulk of
the plasma, is violated in a thin layer adjacent to the near-
cathode space-charge sheath: the so-called ionization layer. If
the ionization of neutral atoms occurs primarily in the quasi-
neutral plasma, then the maximum ion current that can be
extracted from the plasma (ion saturation current) is limited

by ambipolar diffusion of the ions across the ionization layer.
Let us consider the simplest case, where the plasma is atomic.
Ionization by electron impact is the dominant channel of ion-
ization of neutral atoms in atomic thermal plasmas. If the ions
are predominantly singly charged in the ionization layer and
variations of the temperatures of the electrons and the heavy
particles, Te and Th, may be neglected, then the maximum
ion current (ion saturation current) from the ionization layer
to an absorbing metal surface may be estimated with the use
of an analytical solution of the ambipolar diffusion equation
and written as [53]

ji = eDa
n(S)i

d
, Da = Dia

(
1+

Te
Th

)
, d=

1
C2

√
DakTh
kip

.

(22)

Here, Dia is the coefficient of binary diffusion of the ions and
the atoms; n(S)i is the charged particle density at the ‘edge’
of the ionization layer, which may be evaluated by means of
the Saha equation in terms of Te, Th, and the plasma pres-
sure p; C2 is the numerical coefficient defined by equation
(14) of [53], which depends on the ratio Te/Th and var-
ies between approximately 0.67 and 1; and ki is the rate
constant of ionization of neutral atoms by electron impact,
which includes both direct and stepwise ionization and is a
function of Te. Note that Da has the meaning of the ambi-
polar diffusion coefficient, d is usually called the ionization
length and represents a scale of thickness of the ionization
layer.

As an example, the ion saturation current density computed
by means of the first equation in equation (22) for the electron
temperature value Te = 20000 K and the heavy-particle tem-
perature Th varying over the range from the room temperature
to Te is depicted in figure 12; plasma-producing gas is argon
or air and the plasma pressure is atmospheric. One can see that
the ion saturation current density is of the order of 107 Am−2.

Also shown in figure 12 are the ionization length
d, the Debye length λD, and the mean free path for
collisions between the ions and neutral atoms λia =[(
n(S)a + n(S)i

)
Q̄(1,1)
ia

]−1
, where n(S)a is the number density

of the atoms at the edge of the ionization layer and Q̄(1,1)
ia

is the average cross section for momentum transfer in ion–
atom collisions. Conditions of the validity of equation (22)
read λD,λia ≪ d. One can see that the inequality λD ≪ d is
satisfied. The inequality λia ≪ d is satisfied for Th values of
the order of several thousand kelvin and higher but not for
lower values of Th, where the ion mean free path λia and the
ionization length d are comparable.

Hence, the ion motion across the ionization layer is not
necessarily dominated by collisions in the conditions con-
sidered and equation (22), which is based on the diffusion
treatment, is inaccurate. An approximate theory for condi-
tions where λia is comparable to d was developed by means of
the so-called multifluid approach [54]. The ion current eval-
uated by means of [54, equation (50)] with the coefficient
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Figure 12. Ion saturation current density and characteristic length scales. Argon (a) and air (b) plasma, p= 1bar, Te = 20000 K.

C1 replaced by C2 given by [53, equation (14)] is depicted
by the curve marked j(fl)i in figure 12. One can see that j(fl)i

is not notably different from the diffusion value j(d)i in these
conditions.
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