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Detailed Numerical Simulation of Cathode
Spots in Vacuum Arcs—I

Mário D. Cunha, Helena T. C. Kaufmann, Mikhail S. Benilov, Werner Hartmann, and Norbert Wenzel

Abstract— A model of cathode spots in high-current vacuum
arcs is developed, with account of the plasma cloud left over from
a previously existing spot, all mechanisms of current transfer to
the cathode surface, including the contribution of the plasma
produced by ionization of the metal vapor emitted in the spot,
and the Joule heat generation in the cathode body. The simulation
results allow one to clearly identify the different phases of
life of an individual spot: the ignition, the expansion over the
cathode surface, and the thermal explosion. The expansion phase
is associated with a nearly constant maximum temperature of
the cathode, which occurs at the surface and is approximately
4700–4800 K. Thermal explosion is a result of thermal instabil-
ity (runaway), which develops below the cathode surface when
the Joule heating comes into play. The development of the spot is
interrupted if the plasma cloud has been extinguished: the spot
is destroyed by heat removal into the bulk of the cathode due to
thermal conduction. Therefore, different scenarios are possible
depending on the time of action of the cloud: the spot may be
quenched before having been formed or during the expansion
phase, or even at the initial stage of thermal explosion.

Index Terms— Arc discharges, electrodes, vacuum arcs.

I. INTRODUCTION

EROSION of cathode material in vacuum arcs provides
the medium for the discharge, the cathode vapor, and the

understanding of the plasma–cathode interaction is one of the
most important issues in the theory of vacuum arcs. In some
cases, current transfer to cathodes of vacuum arcs can occur in
the diffuse mode. [This happens when the average temperature
of the cathode surface is high enough, typically around 2000 K
(see [1] and the references therein). It is interesting to note that
the physics of this regime, while supposedly being relatively
simple, still has not been fully understood (see [2] and the
references therein.)] On the other hand, in most cases, the cur-
rent on the cathode of a vacuum arc is localized in bright,
narrow regions, or cathode spots. Cathode spots in vacuum
arcs have been an object of careful experimental investigations
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(see [3]–[9] and the references therein). At present, the most
important mechanisms dominating the physics of cathode
spots are assumed to be bombardment of the cathode surface
by ions coming from an “external” plasma (a plasma generated
for the arc triggering, a bulk background plasma, or a plasma
cloud left over from a previous spot in the immediate vicinity);
vaporization of the cathode material in the spot, its subsequent
ionization, and the interaction of the produced plasma with
the cathode; Joule heating in the cathode body; and motion
of the molten metal under the effect of the plasma pressure
and the Lorentz force.

Several decades of research have resulted in a variety of
approaches available in the literature for modeling cathode
spots in vacuum arcs. There are space-resolved descriptions
of spots based on a numerical solution of 1-D [10]–[15] and
2-D [16]–[25] differential equations. Many of the available
models consider the existence of an external plasma, which
provides ions that enter the cathode sheath with the Bohm
speed and impinge on the cathode surface. This ion source,
with given spatial and temporal distributions, heats the cathode
and initiates the spot. The development of the spot is com-
puted with the heat conduction equation, taking into account
Joule heating and the energy balance at the cathode surface.
In a number of works, such modeling has revealed a fast
increase in temperature in a certain region of the cathode
body up to values exceeding the critical temperature of the
cathode material. This phenomenon may be interpreted as a
microexplosion of the cathode and is often called thermal
runaway.

Most models neglect the hydrodynamic aspects of the prob-
lem, such as motion of the molten metal and convective heat
transfer. The exceptions are [18]–[20] and [24]. The models
in [19] and [24] employ significantly different approximations
and the results differ as well. In [19], the hydrodynamic
aspects are considered in a simplified way, on the basis
of analysis of the pressure balance at the plasma–cathode
interface. A stability criterion determines whether the molten
protrusion remains stable or is removed, thus accounting for
the change in shape of the cathode surface. No thermal
runaway was found; the protrusion is destroyed by melting
and under the action of the plasma pressure.

In [24], the hydrodynamic aspects were treated in a more
accurate way, on the basis of the Navier–Stokes equations.
In contrast, no mechanism of current transfer to the cathode
surface was included and the spatial and temporal distrib-
utions of the heat flux density to and the plasma pressure
on the cathode surface were specified as a part of input.

0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: b-on: Universidade da Madeira. Downloaded on September 05,2022 at 11:27:00 UTC from IEEE Xplore.  Restrictions apply. 



CUNHA et al.: DETAILED NUMERICAL SIMULATION OF CATHODE SPOTS IN VACUUM ARCS—I 2061

The modeling results reveal the formation of a crater with an
axially symmetric liquid–metal jet at the periphery, as a result
of displacement of the molten material due to the pressure
exerted by the plasma over the cathode surface. Depending on
the conditions, the jet head can reach the critical temperature.
The formation of droplets does not occur in the modeling.
The authors supposed that this occurs through a breaking of
the axial symmetry of the jet due to the development of a
hydrodynamic instability, presumably of the Rayleigh-Plateau
type [26]–[28], so its simulation would require 3D modeling
which was not attempted in [24].

Note that one of the consequences of current transfer
to the cathode surface not being considered in [24] is the
neglect of electron emission cooling, which is a strong
effect [23], [29] that can significantly affect simulation results.
The other consequence is the neglect of the pressure exerted
over the cathode surface by ions produced by ionization of the
vapor emitted in the spot.

The works [18] and [20] assumed that the most important
features of the physics of cathode spots of vacuum arcs are
a continuous (without an interface) metal–plasma transition
and an explosion-like expansion of the cathode material.
A nonstationary two-temperature magnetohydrodynamic
model is used with account of ionization kinetics and a
wide-range equation of state. Cooling of the cathode due
to extraction of the electrons from the metal, which is a
strong effect as mentioned above, seems to be neglected.
Also neglected are space charge effects.

Thus, although significant advances have been achieved in
the last decades, the numerical modeling of cathode spots in
vacuum arcs has been inconclusive. The aim of this paper
is to perform modeling with account of all of the relevant
mechanisms and thus come closer to the understanding of the
nature of cathode spots of vacuum arcs. In particular, it will be
shown that the effect of the plasma produced by ionization of
the metal vapor emitted in the spot indeed significantly affects
the development of the spot and the formation of jets and can
result in detachment of droplets.

In this paper, the thermal development of a spot is con-
sidered, with account of the plasma cloud left over from a
previously existing spot, all mechanisms of current transfer to
the cathode surface, including the contribution of the plasma
produced by ionization of the metal vapor emitted in the
spot and the Joule heat generation in the cathode body. The
effect of the spatial and temporal distributions of the leftover
plasma cloud on spot ignition and development is studied
and the temporal evolution of the cathode temperature and
of the spot current is analyzed. It is found that in the cases
where the spot is ignited, it does not reach steady state; either
it explodes (thermal runaway) or is destroyed by thermal
conduction after the heating by the leftover plasma cloud has
been extinguished. Results of a detailed numerical modeling
with account of hydrodynamic processes (convective heat
transfer, motion of molten metal, and formation of the crater,
liquid–metal jet, and droplets) will be reported in the second
part of this paper.

The outline of this paper is as follows. The numerical
model is introduced in Section II. The results of simulation

are reported and discussed in Section III. Conclusions are
summarized in Section IV.

II. MODEL

The model employed in this paper builds upon a self-
consistent space-resolved model of stationary cathode spots in
vacuum arcs [23], [30], [31]. It exploits the fact that significant
power is deposited into the near-cathode space-charge sheath
by the arc power supply. Part of this power is transported from
the sheath to the cathode surface and the rest is transported
by electric current into the arc column. The latter means that
the plasma–cathode interaction to the first approximation is
not affected by processes in the arc column. Note that this
approach, which is sometimes called the model of nonlinear
surface heating, has also been used in the theory and modeling
of plasma–cathode interaction in arcs in ambient gases; the
recent comparison of models of various levels of complexity of
plasma–cathode interaction in atmospheric-pressure arcs [32]
has confirmed that the model of nonlinear surface heating,
while being the simplest self-consistent approach, is quite
accurate.

The thickness of the near-cathode plasma layer is much
smaller than the characteristic radius of the spot, and hence
current transfer through this layer is locally 1-D. Therefore,
the problem of plasma–cathode interaction may be solved in
two steps. In the first step, characteristics of the near-cathode
plasma layer are evaluated using a 1-D model. In particular,
the net densities of the energy flux q = q(Tw, U) and electric
current j = j (Tw, U) are found, computed as functions of
the local cathode surface temperature Tw and the near-cathode
voltage drop U . In the second step, the temperature T and
electric potential ϕ distributions are calculated in the cathode
body by means of solving the time-dependent heat conduction
equation, written with account of Joule heat generation in the
body of the electrode, and the equation of current continuity
supplemented with Ohm’s law

ρcp
∂T

∂ t
= ∇ · (κ∇T ) + σ(∇ϕ)2 (1)

∇ · (σ∇ϕ) = 0. (2)

Equations (1) and (2) are solved under the assumption of
axial symmetry in cylindrical coordinates (r, z). The material
properties, mass density ρ, specific heat cp , and thermal and
electrical conductivities κ and σ , are treated as functions of
the local temperature. Boundary conditions on the cathode
surface are written in terms of densities of the energy flux,
κ(∂T /∂n) = q(Tw, U), and electric current, σ(∂ϕ/∂n) =
j (Tw, U), from the plasma to the surface, calculated in the
previous step, where n is a direction normal to the cathode
surface and directed outward. The boundary conditions far
away from the spot are T → T∞ and ϕ → 0, where T∞ is
a given parameter (the temperature of the cathode far away
from the spot).

The model employed in this paper takes into account two
contributions to the densities of energy flux q and electric
current j from the plasma to the cathode surface, computed
independently of each other: the plasma produced from the
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metal vapor emitted by the spot and the leftover plasma cloud

q = q1 + q2, j = j1 + j2. (3)

Note that this simple superposition neglects a nonlinear inter-
action between the leftover plasma and the freshly produced
vapor from the spot. Contributions q1 = q1(Tw, U) and
j1 = j1(Tw, U) are obtained by means of the model of
near-cathode plasma layers in vacuum arcs [31], based on a
numerical simulation of the near-cathode space-charge sheath
with ionization of atoms emitted by the cathode surface [30].
Note that while electron emission from cathodes of arcs
in ambient gas is of thermionic nature and is adequately
described by the Richardson–Schottky formula, emission from
hot cathodes of vacuum arcs is of thermofield nature and can
be adequately described by the Hantzsche fit formula [33]
(see also a comparison in [34] and the corrections in [11]).
Since, however, this modeling is intended to describe all stages
of life of a spot including ones where the cathode is cold,
we do not rely on approximate formulas: the code [31] used
in this paper employs the Murphy and Good formalism [35].
(More precisely, the electron emission current density is eval-
uated by means of the method [34] and the effective work
function, which governs the emission-related electron energy
flux, by means of the fit formulas [36].)

The contribution of the leftover plasma cloud is written as

q2 = q(cl)
i f1(r) f2(t), j2 = j (cl)

i f1(r) f2(t) (4)

where q(cl)
i and j (cl)

i are given parameters and f1(r) and f2(t)
are given functions characterizing the spatial distribution and
temporal evolution of the leftover plasma cloud. The spatial
distribution is assumed to be Gaussian: f1(r) = e−(r/a)2

,
where a is a given parameter characterizing the spatial exten-
sion of the cloud. The plasma cloud does not change apprecia-
bly in a time interval τ and then decays with a characteristic
time constant τ0

f (t) =
⎧
⎨

⎩

1, t � τ

exp

(

−
(

t−τ
τ0

)2
)

, t > τ
(5)

where τ and τ0 are given parameters.
In order to specify the densities of ion current j (cl)

i and
energy flux q(cl)

i from the leftover plasma cloud to the cathode
surface, we assume that the cold ions enter the near-cathode
space-charge sheath with the Bohm speed and are accelerated
by the near-cathode voltage drop U . Then

j (cl)
i = Zeni

√
kTe

mi
, q(cl)

i = j (cl)
i U (6)

where ni , Te, and Z are the ion density, electron temperature,
and average ion charge number in the cloud, respectively, e is
the electron charge, mi is the ion mass, and k is the Boltzmann
constant.

Contributions q1 = q1(Tw, U) and j1 = j1(Tw, U) and
all the other characteristics of the near-cathode plasma are
computed by means of a Fortran code implementing the
1-D model of near-cathode plasma layers in vacuum arcs [31].
The heat conduction and current continuity equations are

solved numerically by means of the commercial software
COMSOL Multiphysics. The finite-element mesh is strongly
nonuniform, in particular in the vicinity of the spot edge,
due to a very fast variation of the density of the energy flux
coming from the plasma. A free triangular mesh was used,
with several successive refinements in the spot region. The
boundary conditions far away from the spot are written in the
same form as in [23].

Simulation results reported in this paper refer to copper
cathodes of two geometries: a planar cathode and a cath-
ode with a Gaussian-shaped microprotrusion of the form
z = h e−(r/d)2

, where h and d are given parameters character-
izing, respectively, the height and the radius of the protrusion.
The values h = 1 μm and d = 0.8 μm were assumed.
(Note that the radius of the protrusion at z = 0.1 h, given
by rprot = d

√
ln 10, equals 1.2 μm.)

The thermal and electrical conductivities of copper were the
same as in [23]. The specific heat was the same as in [37].
The function ρ(T ) was evaluated with the use of experimental
data [38] and estimates [39] for the mass density of liquid
copper in the temperature ranges T = 1358–2450 K and
T = 3000–7000 K, respectively, and the value of the mass
density at the critical point from [40] (ρ = 2390 kg/m3 for
T = 8390 K).

The near-cathode voltage drop U was set equal to 20V,
which corresponds to initiation of spots under conditions of
high-current vacuum arcs typical for, e.g., high-power circuit
breakers. The values of the ion density ni = 1026 m−3,
electron temperature Te = 2 eV, and ion charge Z = 2
were assumed as characteristic for the dense plasma left over
from a previous spot for copper cathodes (see [41] and the
references therein). Note that these parameters result in a value
of q(cl)

i of approximately 1.1 × 1012 W/m2, which is in line
with the values considered in [21], [22], [24], and [25]. The
characteristic time τ0 was set equal to 1 ns.

III. RESULTS

The temporal evolution of the maximum temperature Tmax
in the body of the cathode with the microprotrusion for
different values of a and τ is shown in Fig. 1. For τ = 10 ns
[Fig. 1(a)], two scenarios are seen depending on the value
of a. Scenario 1 occurs in the cases a = 0.25 and 0.5 μm:
the maximum temperature of the microprotrusion attains a
value of about 1300 K for a = 0.25 μm and 3100 K for
a = 0.5 μm, and then abruptly starts decreasing once the
leftover plasma cloud is extinguished (i.e., when t > τ ). One
can say that the spot was not formed in these two cases.
In the case a = 1 μm, the maximum temperature of the
microprotrusion attains a significantly higher value of about
4700 K at t ≈ 10 ns; however, it also starts decreasing
immediately after. It is legitimate to say that the spot was
not ignited in this case either.

Scenario 2 occurs in the cases a = 3 μm and a = 5 μm:
the temperature of the cathode does not start decreasing
immediately after attaining its maximum value (which happens
at approximately 5 ns), but rather stays more or less constant
around 4700–4800 K for some time. It is legitimate to say
that the spot was ignited and the ignition time is tig ≈ 5 ns.
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Fig. 1. Temporal evolution of the maximum temperature in the cathode with the microprotrusion.

The similarity of the temporal evolution of Tmax in these
two cases is understandable since the spatial extension of the
leftover plasma cloud exceeds the protrusion radius rprot in
both cases. In all the cases, Tmax for t � 100 ns is close
to 300 K: the energy supplied by the leftover plasma cloud
has been removed by thermal conduction into the bulk of the
cathode.

The cases a = 3 μm and a = 5 μm for τ exceeding
10 ns should be studied in order to identify conditions where
Tmax reaches the critical temperature of copper, which is
8390 K, i.e., thermal explosion (thermal runaway) occurs.
The corresponding plots are shown in Fig. 1(b) and (c). The
results for τ = 1 ns are also shown for comparison. The
above-described scenario 1 occurs for τ = 1 ns: for both
cases a = 3 μm [Fig. 1(b)] and a = 5 μm [Fig. 1(c)],
the temperature of the microprotrusion attains a value of about
2200 K at approximately 1.6 ns and then starts decreasing. The
spot was not ignited.

The above-described scenario 2, occurs for
τ = 10 ns and τ = 25 ns for both cases a = 3 μm
and a = 5 μm: the spot was ignited and subsequently
destroyed by heat removal into the bulk of the cathode due to
thermal conduction once the leftover plasma cloud has been
extinguished.

Two further scenarios are seen in Fig. 1(b) and (c).
Scenario 3 occurs for τ = 80 ns for the case a = 3 μm and
for τ = 50 ns for the case a = 5 μm: the thermal explosion
starts developing, with Tmax shifting from the surface into the
bulk of the protrusion and reaching 5000–6000 K, but then it
is quenched by heat conduction once t > τ and the leftover
plasma cloud has been extinguished.

Scenario 4 represents the thermal explosion of the spot. The
explosion occurs at t ≈ 97 ns for the case a = 3 μm and
at t ≈ 55 ns for a = 5 μm. The evolution of the cathode
temperature distribution for the latter case is shown in Fig. 2.

Let us proceed to modeling results for the planar cathode.
For brevity, we skip the analog of Fig. 1(a) and note only that
the minimum value of the cloud dimension needed for ignition
of the spot is a = 3 μm and the ignition time is tig ≈ 8 ns. The
temporal evolution of the maximum temperature Tmax in the
body of the planar cathode for two values of a and different τ
values is shown in Fig. 3. The same four scenarios as above
may be identified, although the ignition of the spot and its
subsequent explosion develop somewhat slower. Scenario 1
occurs for τ = 1 ns in both cases a = 5 μm [Fig. 3(a)]
and a = 10 μm [Fig. 3(b)]: the cathode temperature reaches
a maximum of 1500 K at t ≈ 1.5 ns and immediately starts
decreasing. Scenario 2 (formation of a transient spot eventually
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Fig. 2. Evolution of temperature distribution in the cathode with the microprotrusion. a = 5 μm and τ = 70 ns. The bar in kelvin.

Fig. 3. Temporal evolution of the maximum temperature in the planar cathode.

destroyed by heat removal into the bulk of the cathode due to
thermal conduction) occurs for τ = 10 ns and τ = 50 ns
for both cases a = 5 μm and a = 10 μm, with ignition of
the spot at tig ≈ 8 ns. Thermal runaway is initiated but then
quenched by thermal conduction (scenario 3) for the case
a = 5 μm for τ = 100 ns. Lastly, the thermal explosion
(scenario 4) occurs at t ≈ 103 ns for a = 5 μm and at
t ≈ 63 ns for a = 10 μm. Similar to the case of the micropro-
trusion, the maximum temperature in the spot is more or less
constant after the spot has been ignited, until either the extinc-
tion of the leftover plasma cloud (scenario 2) or the beginning

of thermal runaway (scenarios 3 and 4). The evolution of the
cathode temperature distribution for scenario 4 in the case
a = 5 μm is shown in Fig. 4.

Thus, in both cases of the cathode with the protrusion
and the planar cathode, there is a plateau in the temporal
evolution of the spot temperature after the ignition and before
the plasma cloud has been extinguished or thermal runaway
develops, whichever happens earlier. This remarkable feature
is known from the modeling of cathode spots in arcs in
high-pressure ambient gases [29] and may be understood as
follows. As the cathode surface temperature Tw increases
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Fig. 4. Evolution of temperature distribution in the planar cathode. a = 5 μm and τ = 125 ns. The bar in kelvin.

Fig. 5. qem : energy removed from the cathode surface due to electron
emission. q(v)

i and q(cl)
i : energies delivered to the cathode surface by the ions

produced by ionization of the vapor emitted in the spot and by the ions from
the leftover plasma cloud, respectively.

with time, so do the different contributions to the density
q1 = q1(Tw, U) of the energy flux from the plasma produced
by ionization of the emitted vapor in the cathode spot. The
most relevant contributions to q1 are the heating by incident
ions produced by ionization of the vapor q(v)

i and the cooling
by the electron emission qem . Their dependence on the cathode
surface temperature Tw is shown in Fig. 5. Also shown in
Fig. 5 is q(cl)

i , the heating by the leftover plasma cloud. The
combined ion heating q(v)

i + q(cl)
i exceeds qem for Tw below

approximately 4700 K. It is intuitively clear that 4700–4800 K
represents the upper limit of the cathode temperature until
the Joule heating comes into play and thermal runaway starts
developing. (In mathematical terms, this is a corollary of the
maximum principle for harmonic functions [29].) Note that
while q(v)

i is smaller (by approximately a factor of 3) than q(cl)
i

at such temperatures, its contribution to the surface heating is
nevertheless appreciable.

Since the spot temperature does not change much after igni-
tion and before the plasma cloud has been extinguished or ther-
mal runaway develops, plasma parameters inside the spot,
including the current density, also experience little variation.
One can say that the “spot brightness” remains approxi-
mately constant. On the other hand, the spot significantly
expands, as is illustrated in Fig. 2(a) and (b) for the cathode
with the protrusion and Fig. 4(a) and (b) for the planar
cathode.

The model being used allows one to self-consistently eval-
uate various spot parameters, including the current I . The
temporal evolution of the current during the spot ignition
and development is shown for the case a = 5 μm for the
cathode with the microprotrusion [Fig. 6(a)] and for the planar
cathode [Fig. 6(b)]. One can identify the moment of ignition
of the spot, tig ≈ 5 ns for the cathode with the protrusion
and tig ≈ 8 ns for the planar cathode, as the instant when the
current starts increasing from the constant value of current sup-
plied by the leftover plasma cloud (approximately 4.4A). This
coincides with the maximum temperature in the cathode attain-
ing a value around 4700–4800 K [see Figs. 1(c) and 3(a)].
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Fig. 6. Evolution of spot current. (a) Cathode with the microprotrusion. (b) Planar cathode. a = 5 μm.

Fig. 7. Parameters of the near-cathode plasma layer inside the spot. pv : saturated vapor pressure. j1: density of electric current to the cathode surface due
to plasma produced from the metal vapor emitted by the spot. Ew: electric field at the cathode surface. ti : time of flight of the ions across the sheath. τi :
time scale of ionization of the emitted vapor atoms. d: sheath thickness.

However, the plateau visible in the evolution of Tmax is absent
in the evolution of I : the current continually increases from the
moment of spot ignition until the explosion or the extinction of
the leftover plasma cloud. Since there is little variation in the
spot temperature after the spot has been ignited, and therefore,
in the current density inside the spot, the rise in current is due
to the expansion of the spot over the cathode surface seen
in Figs. 2(a) and (b) and 4(a) and (b).

It is of interest to also consider the parameters of the near-
cathode plasma layer inside the spot. Several such parameters
evaluated by means of the model [31] are shown in Fig. 7
in the relevant range of the cathode surface temperatures.
The saturated vapor pressure pv , the electric field Ew at the
cathode surface, and the current density j1 = j1(Tw, U) are
shown in Fig. 7(a); note that pv governs the density of flux
of vaporized atoms by means of the Langmuir formula: Jv =
pv/(2πmi kTw)1/2. Since Ew exceeds 109V/m, the electron
emission is not of thermionic nature, in agreement with what
was expected. Note that the emission-related electron energy
flux is always directed into the plasma in the conditions of

Fig. 7(a), i.e., electron emission contributes to cooling of the
cathode.

Other parameters of interest are the sheath thickness d ,
the time of flight of the ions across the sheath ti , and the time
scale τi of ionization of the emitted vapor atoms. Although
the asymptotic sheath theory [30], which is the basis of the
code [31] used in this modeling, does not involve any (finite)
sheath thickness, representative values of d may be obtained
by means of the Child–Langmuir sheath model evaluated in
terms of ion current density and sheath voltage. The time of
flight of the ions across the Child–Langmuir sheath evaluated
for copper ions for the sheath voltage of 20 V may be written
as 0.39 (d/μm) ns. In the framework of the asymptotic sheath
theory [30], the time scale of ionization of the emitted vapor
atoms may be estimated as τi = 1/ki n

(0)
a , where ki is the rate

constant of ionization by electron impact and n(0)
a is the value

of the atomic density at the point of maximum of electrostatic
potential. For the purposes of evaluation, this expression may
be rewritten as τi = Naw/ki naw, where naw is the value of
atomic density at the cathode surface evaluated as described
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in [31] and Naw is given by [31, eq. (3)]. The parameters d ,
ti , and τi evaluated in this way are shown in Fig. 7(b).

The assumption of a 1-D quasi-stationary near-cathode
layer [30], [31] requires that the sheath thickness d be much
smaller than the transversal dimensions (the spot radius and
dimensions of protrusions) and that τi and ti be much smaller
than the characteristic time scales of development of the spot.
Given the representative values shown in Fig. 7(b), these
requirements are met with a large margin.

IV. CONCLUSION

The developed model describes the initiation and develop-
ment of a cathode spot in a high-current vacuum arc, with
account of the plasma cloud left over from a previously
existing spot or generated at arc triggering, all the mechanisms
of current transfer to the cathode surface, and the Joule heat
generation in the cathode body.

The account of all the mechanisms of current transfer,
including the contributions from both the leftover plasma
cloud and the plasma produced by ionization of the metal
vapor emitted in the spot, allows one to identify in a natural
way the different phases of life of an individual cathode
spot: the ignition, the expansion over the cathode surface,
and the thermal explosion or destruction by heat removal
into the bulk of the cathode due to thermal conduction. The
states shown in Figs. 2(a) and 4(a) exemplify the end of
the ignition phase; the expansion phase occurs between the
states in Figs. 2(a) and (b), and 4(a) and (b), and the states
in Figs. 2(b)-(d) and 4(b)-(d) exemplify the thermal runaway
development.

The ignition phase is characterized by a fast increase in
the temperature of the cathode surface under the effect of
the ions coming from the leftover plasma. In the conditions
of Figs. 1(c) and 3(a), this phase terminates at approxi-
mately 5 or 8 ns, respectively. In Fig. 6, this phase is associated
with the horizontal section of the dependence I (t).

After the spot has been ignited, the maximum temperature
of the cathode, which occurs at the surface, does not change
much and is approximately 4700–4800 K. This is the surface
temperature at which the heating of the cathode surface,
which is due to bombardment by the ions originating in
the leftover plasma cloud and by the ions produced in the
ionization of atoms vaporized from the surface, is balanced by
the cooling of the cathode surface, which is due to electron
emission. This remarkable feature is known from the modeling
of cathode spots in arcs in high-pressure ambient gases and
manifests itself as the plateau in the dependence Tmax(t)
seen in Figs. 1(b) and (c) and 3. One can say that the spot
brightness does not change much during this phase. However,
this does not mean that the spot has reached a steady state:
the spot expands over the cathode surface, so the spot current
increases.

Eventually, the maximum of the cathode temperature is
shifted from the surface into the cathode: the Joule heating
comes into play and thermal runaway starts developing below
the cathode surface, leading to an explosion (thermal run-
away). The explosion can occur not only on a cathode with a
microprotrusion but also on a planar cathode.

The development of the spot is interrupted if the leftover
plasma cloud has been extinguished: the spot is destroyed
by heat removal into the bulk of the cathode due to ther-
mal conduction. Therefore, different scenarios are possible
depending on the time of action of the cloud: the spot may be
quenched before having been formed or during the expansion
phase, or even at the initial stage of thermal explosion.
It should be stressed that parameters of the plasma cloud
required for the ignition, and eventual explosion, of the spot
on the cathode with a 1-μm-scale microprotrusion and on the
planar cathode are of the same order of magnitude. Indeed,
the minimum spatial extension and the time of action of the
leftover plasma cloud needed for the spot to be ignited are a =
3 μm and tig = 5 ns for the cathode with the microprotrusion
and a = 3 μm and tig = 8 ns for the planar cathode,
respectively; the time of action needed for the explosion for
a = 5 μm is 55 ns for the cathode with the microprotrusion
and 103 ns for the planar cathode. Also of the same order
are the total energies that need to be deposited by the left-
over plasma cloud for the spot to be ignited and eventually
exploded, Q = πa2q(cl)

i t ; for example, the energy required
for ignition (with a = 3 μm) is 0.16 μJ for the cathode with
the microprotrusion and 0.25 μJ for the planar cathode.

In all the cases where the spot is ignited, it either
explodes or is destroyed by thermal conduction; a steady
state is never reached. This is consistent with the results of
investigation of stability of stationary cathode spots of vacuum
arcs [37]: the spots operating at a fixed value of the near-
cathode voltage are unstable.

Results of simulations with account of motion of the molten
metal, convective heat transfer, and surface deformation will
be reported in the second part of this paper. Here, we indicate
only the following. The account of the hydrodynamic aspects
does not affect the main features of development of the cathode
spot reported in this paper: the above-described ignition and
expansion phases remain clearly identifiable; the plateau in
the cathode temperature evolution during the expansion phase
remains present; the destruction of the spot by thermal con-
duction (accompanied by solidification of the molten metal)
occurs after the leftover plasma cloud has been extinguished.
Furthermore, the motion of the molten metal comes into play
on a time scale longer than the spot ignition times, and hence
results on the spot ignition time and the initial stage of the
expansion phase, computed in this paper, remain applicable.
As the spot expands further, the hydrodynamic effects come
into play and, in particular, suppress the development of
thermal runaway and may cause detachment of droplets.

An important question is if parameters of the near-cathode
plasma remaining after the spot extinction are sufficient to
initiate a new spot. This question needs to be considered with
account of the hydrodynamic aspects and is therefore beyond
the scope of this paper. Relevant estimates will be given in
the second part of this paper.
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