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Abstract

A model of cathode spots in high-current vacuum arcs is developed with account
of all the potentially relevant mechanisms: the bombardment of the cathode sur-
face by ions coming from a pre-existing plasma cloud; vaporization of the cathode
material in the spot, its ionization and the interaction of the produced plasma with
the cathode; the Joule heat generation in the cathode body; melting of the cathode
material and motion of the melt under the effect of the plasma pressure and the
Lorentz force and related phenomena. After the spot has been ignited by the action
of the cloud (which takes a few nanoseconds), the metal in the spot is melted and
accelerated toward the periphery of the spot, the main driving force being the pres-
sure due to incident ions. Electron emission cooling and convective heat transfer are
dominant mechanisms of cooling in the spot, limiting the maximum temperature
of the cathode to approximately 4700 — 4800 K. A crater is formed on the cathode
surface in this way. After the plasma cloud has been extinguished, a liquid-metal
jet is formed and a droplet is ejected. No explosions have been observed. The
modeling results conform to estimates of different mechanisms of cathode erosion
derived from the experimental data on the net and ion erosion of copper cathodes.
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1 Introduction

Cathode attachments in vacuum arcs are non-stationary and consist of a number of short-
lived spots. The most commonly accepted understanding of the life cycle of an individual
spot is as follows; e.g., [1-3] and references therein. Micrometer-scale nonuniformities, e.g.,
microprotrusions, are characteristic of cathode surfaces. It is assumed that a plasma cloud
(a plasma generated at the arc triggering or a plasma left over from a previous spot in the
immediate vicinity) is present in the vicinity of such a microprotrusion. The ion current
from the cloud heats the cathode surface, thus igniting a spot. The microprotrusion is
rapidly overheated through Joule heating and explodes, with the resulting metal vapor
expanding in all directions. This metal vapor is ionized and, in turn, starts heating a
nearby protrusion etc.

The above physical picture represents one of the scenarios leading to the formation
of explosive emission centers, or ectons [3]. It was suggested a long time ago, but still
remains a hypothesis; experimental observations and measurements cannot provide an
unambiguous verification. In such a situation, it is natural to attempt a validation of this
hypothesis by means of a self-consistent numerical modeling of an individual cathode spot
in a vacuum arc.

This task is hindered by the diverse and complex nature of mechanisms dominating the
physics of cathode spots: the bombardment of the cathode surface by ions coming from
the leftover plasma cloud; 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; melting of the cathode and motion of the molten metal under the
effect of the plasma pressure and the Lorentz force. There seem to be no papers in which
all these effects have been taken into account.

The most complete modeling of a cathode spot in a vacuum arc up to now is given in
works [4-7]. In [4], the hydrodynamic aspects are considered in a simplified way, on the
basis of analysis of the pressure balance at the plasma-cathode interface. In [5, 6], the
hydrodynamic aspects were treated in a more accurate way, on the basis of the Navier-
Stokes equations. However, no mechanism of current transfer to the cathode surface was
considered in [5] and only the ion current from the plasma cloud was accounted for in [6].

In [7], the thermal development of the spot under the effect of all the above mechanisms
except the motion of the molten metal was studied. Several phases of life of an individual
cathode spot have been identified: the ignition, the expansion over the cathode surface,
and the thermal runaway (microexplosion) or destruction of the spot by heat removal into
the bulk of the cathode due to thermal conduction. It was shown that electron emission
significantly affects the development of the spot, in particular, limiting the cathode surface
temperature during the expansion phase and preventing thermal runaway development
until the Joule heating becomes appreciable.

The aim of this paper is to study the ignition and development of cathode spots of
vacuum arcs with account of all the above mechanisms. To this end, the model [7] is
supplemented with an account of the motion of the molten metal and related phenomena:
deformation of the molten surface, surface tension effects, and convective heat transfer.
Several features of the development of the cathode spot reported in [7] remain present in
the framework of the more detailed physical picture given here: the ignition and expan-



sion phases remain clearly identifiable; the plateau in the maximum cathode temperature
evolution during the expansion phase remains present; the destruction of the spot by heat
removal into the bulk of the cathode due to thermal conduction (accompanied by solidifi-
cation of the molten metal) occurs after the leftover plasma cloud has been extinguished.
The motion of the molten metal comes into play on a time scale longer than the spot ig-
nition times, which is why the results [7] on the spot ignition time and the initial stage of
the expansion phase remain applicable. On the other hand, no thermal explosion occurs:
the development of the spot results in the formation of a crater and a molten metal jet,
and the ejection of a droplet.

The outline of the paper is as follows. The numerical model is introduced in Sec. 2.
Results of simulation are reported and discussed in Sec. 3. Conclusions are summarized
in Sec. 4.

2 The model

2.1 Equations and boundary conditions

The model comprises the time-dependent heat conduction equation, describing heat trans-
fer in the cathode body (including both the melt and the solid part); the equation of
current continuity in the cathode body, supplemented with Ohm’s law; and the continu-
ity and Navier-Stokes equations, written in the incompressible form and describing the
motion of the melt:

pcpaa—f + peu - VT =V - (kVT) + (V) (1)
V-j=0, (2)
V-u=0, (3)

0
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Here p is the the mass density of the metal, ¢,, x, 0 and p are, respectively, the specific
heat, the thermal and electrical conductivities of the metal, and the viscosity of the melt
(known functions of the temperature T), ¢ is the electric potential, u is the velocity, p
is the pressure, I is the identity tensor, j = —oV is the density of electric current in
the cathode body, and B is the magnetic field. The second term on the lhs of Eq. (1)
describes the convective heat transfer in the molten part of the cathode (an effect not
taken into account in the model [7]); in the solid part this term vanishes. The last term
on the rhs of Eq. (4) represents the Lorentz force.

The equations are solved under the assumption of axial symmetry in cylindrical coor-
dinates (7, z). Only self-induced magnetic field is taken into account, so B has only the
azimuthal component which is related to the axial component of the current density j in
the cathode body by Ampére’s law. The calculation domain for Eqgs. (1) and (2) is the
whole of the cathode, including both the melt and the solid part. The boundary condi-
tions for these equations are the same as in [7]. In particular, the boundary conditions



on the cathode surface are
kn - VT = q + qo, on -V = ji + Ja, (5)

where n is the unit vector normal to the cathode surface and directed outward, ¢; and j;
are contributions to the densities of energy flux and electric current from the plasma to
the cathode surface due to the vapor emitted in the spot, ions and electrons produced by
ionization of the vapor, and the electron emission from the cathode surface, and ¢, and j,
are densities of energy flux and electric current transported by the ions from the leftover
plasma cloud; see below.

The calculation domain for Egs. (3) and (4) is the molten part of the cathode. The
boundary condition at the cathode surface is

[=pI+ pu(Vu+ (Vu)')] -n=—p,n+F, (6)

where p,; is the pressure exerted over the cathode surface by the plasma (see Sec. 2.2
below) and Fy,; is the surface tension force evaluated in the usual way in terms of the
curvature of the molten cathode surface and the surface tension coefficient of the cathode
material. The velocity u vanishes at the interface between the molten and solid metal.

The problem is solved numerically by means of the commercial software COMSOL
Multiphysics. The enthalpy-porosity method [8, 9] is used for modeling the solid-liquid
phase transition in the cathode body. The account of the latent heat of melting is intro-
duced along the same lines as is done in simulation of metal casting [10]. The level-set
method [11, 12] is implemented for tracking the deformation of the molten cathode surface
on a fixed grid. Surface tension effects are handled within the framework of the level-set
method through the continuous surface force model [13].

Note that a similar physical problem for plasma-anode interaction in vacuum arcs has
been solved in works [14-17] by means of the software FLUENT. The enthalpy-porosity
method was used for the modeling of the solid-liquid phase transition in the anode body,
although the approach differs from the one used in this work: the energy conservation
equation is solved in terms of the enthalpy instead of the temperature. In [17], the anode
surface deformation is simulated by means of the volume-of-fluid method, which is an
alternative to the level-set method used in this work.

COMSOL Multiphysics offers the option of modeling compressible (p = p(p,T)),
weakly compressible (p = p (7)), or incompressible flows (p = const). It follows from
the analysis in Appendix A that the most accurate formulation for the continuity and
Navier-Stokes equations in the modeling of this work would be the weakly compressible
one. However, an attempt to use the weakly compressible form, which is supposedly
compatible with the level-set method used to track the deformation of the molten surface,
proved unsuccessful. Such an issue requires further extensive investigation, which was not
carried out in this work. Instead, the incompressible formulation of the continuity and
Navier-Stokes equations is used (Egs. (3) and (4)); the temperature dependence of the
mass density described in Appendix A is used in the heat and Navier-Stokes equations,
without account of the temporal and spatial derivatives of p in the continuity equation.

In order to validate the hydrodynamics part of the model, a simplified version was built
similar to the model [5]: the account of current transfer to the cathode was discarded,



the contributions of the plasma produced in the spot were neglected. The simulation
reproduces results of [5] with only minor discrepancies, which can be attributed to dif-
ferences in the chosen temperature dependencies of the material properties of copper and
the distinct numerical methods employed.

Simulation results reported in this paper refer to cathodes made of copper, with a
Gaussian-shaped microprotrusion as in [7] and planar. The (temperature-dependent) mass
density, specific heat, and thermal and electrical conductivities of copper are specified as in
[7]. Data on the temperature-dependent viscosity and the temperature-dependent surface
tension coefficient of liquid copper are taken from the experimental works [18] and [19],
respectively.

Quantities ¢1, g2, j1, and jp in Eq. (5) are evaluated in the same way as in [7]. In
particular, ¢; and j; are obtained by means of the model of near-cathode plasma layers in
vacuum arcs [20], based on a numerical simulation of the near-cathode space-charge sheath
with ionization of atoms vaporized from the cathode surface [21]. (Note that the flux of
vaporized atoms is evaluated in the model [20] by means of the Langmuir formula and
the electron emission current is evaluated by means of the Murphy and Good formalism
[22].) The contributions of the ions from the leftover plasma cloud to the energy flux and
current from the plasma to the cathode surface are written as

=0V [ 0) L),  G=i A0 R (7)

Here ¢\ = 1.1 x 1022 W/ m?; ;¥ = 5.6 x 10'° A/ m?; and f, (r) and f; (t) are functions
characterizing the spatial distribution and temporal variation of the leftover plasma cloud
and assumed in the form

e @] 50-{ ey

where a, 7, and 7y are given parameters.

Note that parameters qu) and ji(d) (the maximum densities of energy flux and electric
current transported by the ions from the leftover plasma cloud to the cathode surface)
may be expressed in terms of the maximum ion density n;, electron temperature 7T,, and
average charge state Z in the plasma cloud:

c (c A (c kZT,
g = j (“ ) D = Zen, , (9)

! e ™m;

where e is the electron charge, m; is the ion mass, k is the Boltzmann constant, and the
term A describes the energy with which an ion enters the sheath and the energy released
at the surface due to neutralization of an ion and condensation. In the simplest case
Z =1 A=FkI./24+ A, — Ay + A,, where A; is the ionization energy, A, is the work
function, and A, is the vaporization energy per atom.

Values of n; and T, reported in the literature vary over a wide range (e.g., [1, 2] and
references therein): values of n; higher than 10*® m™ have been estimated for distances
less than 1 um from the cathode surface and values in the range (3 — 6) x 102 m~3 has been
estimated for up to 5 um from the surface; reported values of the electron temperature

5



near the spot vary from 2eV up to 4 — 6eV. The average charge state in a vacuum arc
discharge with copper electrodes has been measured as Z ~ 2 (e.g., [23, 24]), but the
measurements have been performed in the anodic region of the arc, i.e., far away from
the region of interest for this work, which is a few microns from the cathode surface.
In this work, the values n; = 2 x 102 m=3, T, = 2¢V, and Z = 1 have been assumed.
The term A/e in the parentheses on the rhs of the first equation (9) is around 7.4V,
which is small compared to U, and is neglected. This gives the above-mentioned values
¢ =1.1x102W/m? and ;¥ = 5.6 x 101° A/ m?.

The near-cathode voltage drop U is set equal to 20V, which corresponds to initiation
of spots under conditions of high-current vacuum arcs typical, e.g., for high-power circuit
breakers. The parameters 7 and a in Eq. (8) were set equal to 25ns and 5 um, respectively,
unless indicated otherwise. (These values have been chosen on the basis of experimental
data on the lifetime of an individual spot on copper cathodes [25-27], and on the spatial
extension of the plasma cloud produced by a spot [2, 28]. The effect of the variation of
these parameters on the spot ignition was studied in [7].) The characteristic time 7¢ was
set equal to 1ns.

2.2 Plasma pressure acting on the cathode surface

The plasma pressure p, acting on the cathode surface comprises contributions of the
plasma produced from the metal vapor emitted in the spot and of the leftover plasma
cloud, evaluated independently of each other: p, = p; + pa. As in [7], this simple
superposition neglects a nonlinear interaction between the leftover plasma and the freshly-
produced vapor from the spot.

The contribution p; = py (T}, U) is computed as a function of the local cathode surface
temperature T, and the near-cathode voltage drop U by means of the model of near-
cathode space-charge sheaths in vacuum arcs [21], based on a self-consistent description
of ionization of evaporated atoms in the sheath and of a maximum of potential occurring
inside the sheath. The sheath thickness is much smaller than the scale of ion-atom col-
lisions (cf. Fig. 7b of [7]), hence the total energy of an ion is conserved. The velocity of
ions generated at a point z when they have reached a point x will be (designations used
in this section are the same as those in [21])

2e

v (z,2) ==+
my

[p (2) = ¢ ()] (10)

The ions generated in the region x < 0 (i.e., between the cathode and the point of
the maximum of potential) move back to the cathode. The ions generated in the region
x > 0 move into the plasma. We are interested in the ions moving back to the cathode,
hence Eq. (10) should be applied for x < z < 0 with the sign minus.

The number of ions generated in the layer z < x < z + dz per unit time and unit area
(i.e., the density of ion flux generated in this layer) isw (z) dz. When these ions have
reached a point x positioned between the point z and the cathode, their speed is |v; (z, 2)|
and the density of flux of momentum transported by these ions in the direction to the
cathode is —w (z) dzm;v; (z,z). The total density of flux of momentum of ions in the



direction to the cathode at a point x is

pi(z) = —mi/ w(2) v (z, 2) de. (11)

Eq. (14) of [21] in dimensional variables reads

2
0 dgp) ® V2m,ek; /z
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Taking into account Egs. (10), (11) and the equality w = k;n.n,, Eq. (12) may be rewritten
as

g0 [(do\?
m () = 50 (d_i) + néo)kTe (1 — eq’) ) (13)

Here ® = == — elf:(FO) as in [21]. Thus, the ion pressure is expressed in terms of the local

electric field and potential and of parameters at the point of maximum of potential (values
of potential ¢(*) and electron density ngo)). Since all the ions are absorbed by the cathode
surface in the framework of the model considered, the pressure exerted on the cathode
by the ions equals the flux of momentum of the incident ions and may be evaluated by
means of Eq. (13) applied at the cathode surface.

Note that Eq. (13) has a clear physical meaning, which is revealed by rewriting this
equation in the form

do\ 2
p () + nekT, — nOkT, = % <£) : (14)

The lhs of this equation represents the pressure difference to which the plasma layer
between the point x and the potential maximum is subjected, while the rhs represents the
integral (electrostatic) force acting on this layer, evaluated with the use of the Poisson
equation.

Expression (13) at the cathode surface is evaluated by means of the same Fortran code
which is used for evaluation of ¢; and j;; the term e¢? in Eq. (13) is exponentially small
at the cathode surface and is neglected.

The contribution of the leftover plasma cloud is written as

(cl) (cl) 2.4\
pe=p; fi(r) (), p = -

V2eU/m;

Note that the quantity \/2eU/m; has the meaning of speed of the ions impinging on the
cathode surface estimated neglecting the kinetic energy of the ions at the sheath edge.
As an example, the data on {31 in the range of temperatures relevant to the simulations
of this work and the value of pid) are shown in Fig. 1. One can see that pgd) exceeds p;
by at least a factor of 2; however, p; is important and should not be neglected as shown
below.
Also shown in Fig. 1 is the saturated vapor pressure p,. One can see that p, is

significantly smaller than p; and pgd). Furthermore, p, is significantly smaller than the
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Figure 1. p;: the pressure exerted by incident ions produced by the ionization of the metal
vapor emitted in the spot as function of the cathode surface temperature T,. pl(-d): pressure due

to incident ions originating from the leftover plasma cloud. p,: saturated vapor pressure.

pressure inside the metal, which is close to p,; = p1 + p2. It follows that, independently of
the presence or absence of the leftover plasma cloud, the pressure inside the molten metal
is sufficient to prevent a transition into the gaseous state; bubbles do not appear (i.e., no
boiling occurs).

3 Numerical results and discussion

3.1 Results

Let us consider the results obtained by simulations in the framework of the (full) model
described above and accounting for all the previously mentioned cathode spot mechanisms,
in particular, the effects of the motion of the molten metal and of the plasma production
by ionization of vapor emitted in the spot. The temporal evolution of the temperature
distribution in the cathode and of the cathode surface deformation is shown in Fig. 2 for
the cathode with the microprotrusion and in Fig. 3 for the planar cathode. The temporal
evolution of the maximum cathode temperature 7,,,, and of the spot current I is shown
in Figs. 4 and 5 by the lines marked by "HD&V".

The temporal evolution in the cases of the cathode with the microprotrusion and of the
planar cathode occurs in essentially the same way. At first, the maximum temperature of
the cathode rapidly increases; Fig. 4. At 5ns for the cathode with the microprotrusion and
at 8 ns for the planar cathode (Figs. 2a and 3a), Tr,ax has reached a value of approximately
4700 — 4800 K and changes little from then on until the leftover plasma cloud has been
extinguished (at ¢ = 25ns) and the temperature starts falling. In the case of the cathode
with the microprotrusion, the protrusion starts melting around 3ns and is completely
destroyed within 14 ns. In both cases, a crater of approximately 1 ym in depth and 5 ym
in radius has been formed by the time of extinction of the leftover plasma cloud; Figs.
2b and 3b. An axially symmetric jet develops at the crater periphery (Figs. 2c¢ and
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Figure 4. Temporal evolution of the maximum cathode temperature. (a): cathode with the
microprotrusion. (b): planar cathode. HD&V: full model. V: model without account of the
motion of the melt (the account of the plasma produced in the spot is retained) [7]. HD: model
without account of the plasma produced in the spot (the account of the motion of the melt is
retained).
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Figure 5. Temporal evolution of the spot current. Solid: cathode with the microprotrusion.
Dotted: the planar cathode. HD&V: full model. V: model without account of motion of the
molten metal [7].
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3c), followed by the detachment of the jet head (Figs. 2d,e and 3d,e). The explosion
(thermal runaway) does not occur. Note that the shape of the crater surface in the case
of the cathode with the microprotrusion is not smooth, in contrast to the case of the
planar cathode, due to the growth of small instabilities that develop as the protrusion is
destroyed and are presumably related to the implementation of the level-set method.

Let us now consider the above-described evolution in some detail. The initial phase
of the (rapid) temperature increase was interpreted in [7] as the spot ignition phase. The
current is constant during this phase as shown by the horizontal section of the dependence
I(t) in Fig. 5. Some melting of the cathode surface occurs, however the deformation of
the surface on such short times is small; Figs. 2a and 3a. Therefore, the inclusion of
the account of the motion of the molten metal in the modeling has not greatly affected
the ignition phase and this explains the identical spot ignition times, t;, ~ 5ns for the
cathode with the microprotrusion and t;, ~ 8ns for the planar cathode, obtained in this
work and in the modeling without account of the motion of the melt [7].

The spot ignition phase is followed by the expansion phase: the spot expands, while
the maximum spot temperature changes little. The expansion phase comprises states
between (a) and (b) in Figs. 2 and 3. The spot current increases. This is due to the
spot expansion and a moderate increase of the current density caused by a weak increase
in temperature. The motion of the molten metal comes into play during the expansion
phase and the shape of the cathode surface changes and the molten material is pushed
outward: a crater with a rim is formed. The main driving mechanism of the motion of
the molten metal is the action of the plasma pressure due to incident ions. Craters are
thus formed without an explosion, as the maximum temperature of the metal does not
exceed 4700 — 4800 K.

The expansion stops at ¢ = 25ns, when the leftover plasma cloud is extinguished,
and the temperature rapidly decays (Tmax ~ 2000 K already at ¢t ~ 30ns): the spot is
quenched by heat removal into the cathode bulk due to thermal conduction. However,
the melt velocity is rather high (the maximum velocity is approximately 180m/ s) by the
moment when the leftover plasma cloud is extinguished, so a liquid-metal jet is formed
under the effect of fluid inertia.

Thus, one can speak of a jet development phase which follows the expansion phase, i.e.,
starts after the leftover plasma cloud has been extinguished. At t = 40ns (Figs. 2¢c and 3c),
the bottom of the crater has cooled further, the temperature being approximately 1400 K,
while the jet head is slightly hotter with a temperature above 1700 K. At ¢t &~ 55 ns most
of the crater has attained a temperature below the melting temperature of copper, which
is 1358 K, and has solidified; Figs. 2d and 3d. The still molten jet head detaches soon
after; Figs. 2e and 3e. We remind that the model used in this work is axially symmetric,
so the detached droplet is, in fact, a ring. For brevity, we shall continue to refer to the
ejected material as a "droplet".

3.2 Effect on the spot development of motion of the melt

Lines "V" in Figs. 4 and 5 depict results of simulation for the same conditions as above-
described, but without the account of the motion of the molten metal. (These lines
depict data taken from [7]; cf. Figs. lc and 6a of [7] for the cathode with the micro-

12



protrusion.) One can see that the evolution of the maximum cathode temperature and
spot current with and without account of the melt motion is similar. Moreover, there is
little quantitative difference between the values of the maximum cathode temperature for
t < 25ms, i.e., during the ignition and expansion phases; Fig. 4. The value of approxi-
mately 4700 — 4800 K achieved during the expansion phase in both models is the surface
temperature at which the combined ion bombardment heating is balanced by the electron
emission cooling, as discussed in [7]. Slightly lower values of T},.x given by the full model
(lines "HD&V" in Figs. 4a and b) result from an additional cooling mechanism in the
spot accounted for in this model: the heat transport due to motion of the molten metal.

There is little quantitative difference between the values of the current obtained with
and without account of the melt motion during the ignition phase (for ¢ < 5ns for the
cathode with the microprotrusion and for ¢ < 8ns for the planar cathode); Fig. 5. The
difference becomes more pronounced during the expansion phase: the maximum current
attained with account of the melt motion is of about 10 — 12 A (lines "HD& V" in Fig. 5),
while without the melt motion the current reaches approximately 16 A (lines "V" in Fig.
5). One of the factors contributing to this difference are the above-mentioned slightly
lower values of the surface temperatures and, consequently, of the density of electric
current delivered to the cathode by the plasma produced in the spot.

It was shown in [7] that as the Joule heating comes into play in the modeling without
account, of the motion of the molten metal, the maximum of the cathode temperature is
shifted from the surface into the cathode and thermal runaway starts developing. This
instability is quenched if the time of action of the leftover plasma cloud is too short;
otherwise the explosion occurs. The latter is exemplified by the line marked "V, 7 = 60 ns"
in Fig. 4a for the case of the cathode with the microprotrusion. In this example, the
explosion occurs at 55 ns.

In this connection, calculations were also performed with account of the motion of
the melt (i.e., by means of the full model) with the time of action of the leftover plasma
cloud extended up to 60ns. The resulting temporal evolution of the maximum cathode
temperature is shown in Figs. 4a and 4b by lines marked "HD&V, 7 = 60ns". It can
be seen that the temperature in the cathode remains limited: thermal runaway does not
develop either. Note that the crater continues expanding and the jet does not form.

The spot current and the Joule heating computed with and without the account of the
motion of the molten metal with 7 = 60ns are depicted in Fig. 6 by the lines "HD&V,
7 =60ns" and "V, 7 = 60ns", respectively. The current computed with the account of
the motion of the melt with 7 = 60ns does not change much in the time range 25ns <
t < 60ns and is around 12 A, while the current computed without the account of the
melt motion continues to rapidly increase; Fig. 6a. Therefore, the Joule heating with
the account of the melt motion is considerably lower (Fig. 6b), which is why the thermal
runaway does not develop.

3.3 Effect of the plasma produced in the spot

The only mechanism of current, momentum, and energy transfer to the cathode surface
included in the model of the previous works [5, 6] was the flux of ions from the plasma
cloud; the contributions of the vapor emitted in the spot, ions and electrons produced
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Figure 6. Temporal evolution of the spot current (a) and the power dissipated due to Joule
heating (b). Cathode with the microprotrusion. HD&V: full model. V: model without account
of motion of the molten metal [7].

by ionization of the vapor, and the electron emission from the cathode surface have
been neglected. In designations of this work, the contributions js, p2, and g were taken
into account but ji, p1, and ¢; neglected. In this section, the effect of the mechanisms
represented by the terms j;, p1, and ¢ is investigated. For brevity, this effect is referred
to as that of the plasma produced in the spot.

Results of simulations performed without account of the terms j;, p;, and ¢; are shown
by the lines "HD" in Figs. 4a and b. There is no plateau in the evolution of T,,.., as the
cathode surface temperature is not limited by the mechanism of electron emission cooling.
In the case of the cathode with the microprotrusion, the critical temperature is reached
in t = 19ns; line "HD" in Fig. 4a. Note that, in contrast to the case of the model where
the plasma produced in the spot is taken into account while the melt motion is neglected
[7], the achievement of the critical temperature in these simulations is not due to the
development of a thermal instability, but simply due to heating of the cathode surface by
an external energy source. In this sense, the term "thermal runaway" does not seem to
be appropriate. Another manifestation of the difference between the results of the two
models is that T},,, in the model without the plasma produced in the spot occurs on the
surface, rather than inside the cathode; in this sense, the term "explosion" does not seem
to be appropriate either.

The evolution of Ty, in the case of the planar cathode (line "HD" in Fig. 4b) is
similar but slower: the maximum cathode temperature attained at ¢ = 25ns is approxi-
mately 6500 K. If the time of action of the leftover plasma cloud is extended, the critical
temperature may be reached at ¢t ~ 38 ns; line "HD, 7 = 60 ns" in Fig. 4b.

In the case of the cathode with the microprotrusion, the protrusion is destroyed but
a crater does not form before the critical temperature has been reached. Heating of the
planar cathode is slower, which allows sufficient time for a crater to form. The evolution of
the temperature distribution in the planar cathode and of the cathode surface deformation
is shown in Fig. 7. The evolution is similar to that found in the framework of the full
model and shown in Fig. 3, however, with an important difference: solidification of the
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Figure 7. Evolution of the temperature distribution and cathode surface deformation for the

case of the planar cathode. The plasma produced by ionization of the emitted vapor is neglected.
The bar in K.

liquid metal jet occurred before a droplet could detach; Fig. 7d.

This result can be understood as follows. In the simulations in the framework of the
full model, the plasma pressure p,; includes the contribution from the plasma produced
in the spot, i.e., p,; = p1 + p2, and the pressure at the spot center for ¢ = 25ns equals
0.38 GPa. In the modeling where the plasma produced in the spot is neglected, p, = p2
and the pressure at the spot center for ¢ < 25ns equals 0.28 GPa. As a consequence,
the maximum force exerted by the plasma pressure p, on the cathode surface in the full
model is about 15% higher as seen in Fig. 8a. The maximum velocity acquired by the
molten metal is thus about 40% higher in the framework of the full model (Fig. 8b). For
this reason, the speed of motion of the jet under its inertia is greater than the speed
of propagation of the solidification front in the jet, culminating in the detachment of the
droplet in the framework of the full model. The opposite occurs in the modeling where the
plasma produced in the spot is neglected: the speed of propagation of the solidification
front, being greater than the speed of the jet head, causes complete solidification before
the detachment of the jet head could occur; Fig. 7d. Thus, the pressure exerted by
incident ions produced by the ionization of the metal vapor emitted in the spot plays a
key role in the detachment of the jet head.
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Figure 8. Temporal evolution of the force exerted over the cathode surface by incident ions
(plasma pressure) (a) and the maximum velocity acquired by the molten metal (b). Planar
cathode.

3.4 Cathode erosion

The modeling results relevant for analysis of cathode erosion are summarized in Table
1. The designations are as follows. I', = [ [m;J, dAdt is the total mass of the vapor
emitted from the spot during its lifetime, where J, is the flux of atoms emitted by the
surface estimated by means of the Langmuir formula and the integrals are evaluated over
the cathode surface and over the lifetime of the spot. I'; is the mass of the ejected droplet.
Iy =T, — | [ GdAdt is the mass of the atoms vaporized in the spot that have returned to
the cathode surface in the form of ions (here G is the rate of loss of mass by the cathode due
to the vaporized atoms that have not immediately returned to the cathode surface; in the
framework of the 1D model of near-cathode plasma layers in vacuum arcs [20] employed in
this work, GG is evaluated as a function of the local cathode surface temperature and near-
cathode voltage drop with the use of the self-consistent solution of the Poisson equation
describing the space-charge sheath on vaporizing cathodes [21]). T’y = ™ ji(d)ﬁa% is the
total mass of the ions from the leftover plasma cloud that have reached the cathode
surface during the lifetime of the spot. @1 = [ [j1dAdt and Qy = jz-(d)7ra27 are charges
transported to the cathode by the plasma produced in the spot (including the emission
current) and by the ions from the plasma cloud, respectively. Finally, v, = (I', — I'1) /T,
is the fraction of the vaporized atoms that have not immediately returned to the cathode
surface; the so-called escape factor.

The rate of erosion of electrodes is usually characterized by the specific erosion (the so-
called g-factor), defined as the loss of mass by the electrode per unit charge transported.
In this connection, also shown in Table 1 are quantities g, = [',/Q, o = 2,v,d, where
Q = Q1 + Q4 is the total charge transported in the spot.

Before discussing the data shown in Table 1, it is convenient to give a few simple
considerations based on available experimental information. If there are no explosions
that could result in the emission of ionized cathode material or solid particles, then the
transport of mass from the cathode into the near-cathode plasma is due to the emission
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microprotrusion | planar
r,(107*2¢g) | 6 D
Ly(107*2¢g) | 210 220
I (1071%g) | 5.2 4.3
[y (10712g) | 74 74
Q1 (uC) 0.1 0.07
Q2 (1C) 0.11 0.11
Yo 0.13 0.14
92 (ng/C) | 340 400
9o (1g/C) | 28 27
ga(pg/C) | 980 1200

Table 1. Relevant erosion data computed in the framework of the model of this work.

of vapor and the ejection of droplets: ', =TI, + I'y. The material returns to the cathode
surface in the form of ions: I'_ = I'y + I';. The net loss of mass of the cathode caused by
the existence of an individual spot is

r=1r,+4r;—-ry—"Ts. (15)
Dividing Eq. (15) by @, one can write it in the form

9=V + ga — G2, (16)

where g = I' /@ is the specific erosion of the cathode.
Since 'y = m;()2 /€, one can write

_ Qa2
9 e(Q1+Q2)

An upper estimate of the rhs can be obtained by neglecting the charge transport by the
plasma produced in the spot, following [5]. A bit more realistic estimate can be obtained
by assuming that contributions of the cloud and the plasma produced in the spot (once
again, including the emission current) are comparable. Setting in Eq. (17) Q1 = @2, one
obtains g, = 330 ug/ C.

Assuming that most of the vaporized atoms are ionized in the immediate vicinity of
the cathode surface and return to the cathode surface as ions, one can drop the first term
on the rhs of Eq. (16). Experimental values g = 115 — 130 ug/ C have been reported
for the erosion for copper cathodes [29]. Setting in Eq. (16) ¢ = 120 ug/ C, one can
estimate the specific mass flux from the cathode surface related to the droplet ejection:
ga = 450 g/ C.

The droplets are partially vaporized in the very dense and hot plasma ball adjacent to
the spot; e.g., [30]. The vapor is ionized and a part of the produced ions move away from
the cathode with the plasma jet. The rest of the ions remain in the near-cathode region
and thus form a new plasma cloud, which will eventually ignite the next spot. The flux
of the ions in the vacuum arc plasma jet (the so-called ion erosion) measured for copper

(17)
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Figure 9. Schematic of cathode erosion.

cathodes is 33 —37 ug/ C [31, p. 157], hence the flux of the liquid phase may be estimated
as 120 ug/ C — 35 ug/ C = 85ug/ C. It follows that of the initial mass of the droplet
ejected only about 85 g/ C move into the bulk of the arc in the form of a droplet. The
rest of the mass of the droplet, 365 ug/ C, is vaporized in the plasma ball, with 330 ug/ C
forming the new plasma cloud in the near-cathode region and 35 ug/ C going into the bulk
with the jet in the form of ions. A schematic illustrating these estimates is shown in Fig.
9.

The above estimates are based on experimental values. They do not make use of
results of simulations of this work and can therefore be compared with these results. In
fact, the results shown in Table 1 conform to the estimates. Values of (); and ()5 in Table
1 are indeed comparable as assumed above. It is not surprising therefore that the values
of gy the specific mass flux from the plasma cloud in Table 1 are close to the estimated
value of 330 ug/ C. The specific flux of ions originating in the vaporization of the cathode
surface which do not return to the cathode, v,g,, evaluated using 7, and g, from Table
1, amounts to about 3.7 ug/ C and is much smaller than the other terms of Eq. (16) as
expected.

As previously discussed, the assumption of axial symmetry in the modeling leads to
the formation of an axially symmetric jet at the crater periphery and the detachment of
a ring. In reality, however, neither the leftover plasma cloud that causes spot ignition nor
protrusions on the surface of the cathode are axially symmetric, thus a ring jet cannot
develop; instead, one or a few 3D jets will be formed. Another reason for breaking
of the axial symmetry may be the development of the Rayleigh-Plateau hydrodynamic
instability at the crater rim [5, 32-34]. Thus, the mass of the computed hypothetical ring
gives an upper estimate of the mass of the ejected droplet. Indeed, the values of g, of
980 pug/ C and 1200 pg/ C appearing in Table 1, exceed the value of 450 pug/ C deduced
above from the experimental data by a factor of 2.2 or 2.7. In other words, no more than
approximately 40% of the material constituting the hypothetical ring computed in the
axially symmetric geometry actually detaches from the surface.

It is of interest to estimate the energy deposited in the plasma ball by the plasma pro-
duced in the spot during its lifetime. This energy may be estimated as [ [ %3.2kTe(1) dAdt

18



(here T is the temperature of electrons in the near-cathode layer, which is computed
as a function of the local cathode surface temperature and near-cathode voltage drop by
means of the code [20]) and equals 1.5 uJ for the cathode with the microprotrusion and
1.1 uJ for the planar cathode. In order for the model to be self-consistent, this energy
should coincide with, or exceed, the energy needed to vaporize and ionize a part of the
ejected droplet and thus form a new plasma cloud similar to the original leftover plasma
cloud assumed in the modeling to ignite the spot. The latter energy cannot be computed
without accurate 3D simulations of the detachment of the droplets, their interaction with
the near-cathode plasma, and vaporization. However, one can perform a crude estimate
with the use of the above-given simple considerations based on available experimental
information: 365%% (AU + A; + %k:Te) = 1.5 uJ. This value coincides with the above
value of the deposited energy in the case of the cathode with the microprotrusion. There
is an energy deficit in the case of the planar cathode, however this deficit is modest and
certainly below the margin of error of the estimates.

3.5 Comparison with other cathode spot models

Various modes of the crater formation process have been identified in the modeling [5].
If the maximum pressure exerted over the cathode by the plasma cloud was set equal to
0.1 — 0.2 GPa (this pressure was treated in [5] as an input parameter), then the inertial
splashing mode occurred: the velocity acquired by the molten metal during the time of
action of the leftover plasma cloud leads to the formation of a jet after the cloud has been
extinguished. The active splashing mode occurred at a pressure of 0.4 GPa: the jet has
developed and the critical temperature is reached during the time of action of the cloud.

In the modeling of this work, the jet formation occurs due to inertia, as in the inertial
splashing mode of [5]. However, the computed plasma pressure attains a maximum value
of approximately 0.38 GPa, which is comparable with that required for the active splashing
mode in [5]. Other substantial differences are that the detachment of a droplet was not
observed in the modeling [5], while in the modeling of this work the heating up to the
critical temperature was not observed.

The different results obtained in [5] and in this work are owed to the neglect of the
interaction of the plasma produced in the spot with the cathode surface in the model [5],
in particular the neglect of the cooling due to electron emission and of the pressure exerted
by the ions produced from the metal vapor emitted in the spot. The former limits the
cathode temperature, while the latter provides the necessary acceleration to the molten
metal so that a droplet may detach from the jet before the solidification front has reached
the jet head.

The modeling of this work could have, in principle, confirmed the physical picture
of the ecton concept described in Sec. 1, since all relevant mechanisms are taken into
account. However, no explosions are observed in the conditions considered in this work;
there is no appreciable effect of the pre-existing pum-size protrusion; craters are formed
and droplets detach without an explosion; and even without an explosion, the ejected
material and the energy deposited in the plasma are sufficient to instigate the formation
of a new plasma cloud that will ignite a subsequent spot.

Another physical picture of cathode spot development was proposed in [35, 36]: an
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external plasma heats the cathode and initiates the spot; once the external plasma has
been extinguished, the spot evolves until a steady state is reached. The results of the
modeling of this work are in a clear contradiction with the latter conclusion. The model
[35, 36] differs from the model of this work in a number of important aspects: the heat
conduction in the cathode is treated by means of an equation of integral heat balance in-
stead of the differential equation (which results in a loss of information and, consequently,
the model not being self-consistent [37]); the development of a spot is computed for a
given value of the spot current (and not of the near-cathode voltage drop, as done in this
work in order to simulate high-current vacuum arcs); and the hydrodynamic phenomena
are not taken into account. Presumably, the latter difference is the most important one:
the account of motion of the molten metal, taken into account in this work, prevents a
spot from attaining a steady state.

4 Summary and concluding remarks

The developed model describes the initiation and development of an individual cathode
spot in a high-current vacuum arc with account of the most important mechanisms: the
bombardment of the cathode surface by ions coming from a previously existing plasma;
vaporization of the cathode material in the spot, its subsequent ionization and the in-
teraction of the produced plasma with the cathode; Joule heating in the cathode body;
motion of the molten metal under the effect of pressure exerted by the plasma and the
Lorentz force and related phenomena.

The results of the modeling allow one to identify three phases of the spot life cycle.
The ignition phase is characterized by a rapid increase of the cathode temperature up to
4700 — 4800 K and lasts for approximately 5ns on the cathode with the microprotrusion
and 8ns on the planar cathode; Figs. 2a and 3a. Some melting of the cathode surface
occurs, however the deformation of the surface on such short times is small. Therefore, the
spot development during this phase occurs essentially in the same way as in the modeling
without account of the motion of the melt [7].

The subsequent expansion phase is characterized by a plateau in the temporal evo-
lution of T,.x and an increase in the spot current I. A crater is formed due to the
displacement of the molten metal from the center of the spot due to the pressure exerted
by the plasma.

After the leftover plasma cloud has been extinguished at ¢ = 25ns (Figs. 2b and
3b), no more energy is supplied to the cathode. The crater expansion stops and the
spot starts being rapidly destroyed by heat removal into the bulk of the cathode due to
thermal conduction. However, the melt velocity is quite high at this moment, leading to
the formation of a liquid-metal jet under the effect of fluid inertia; Figs. 2c and 3c. This
stage may be called the jet development phase. It culminates in the detachment of the
head of the jet: a droplet appears; Figs. 2d, e and 3d, e.

The cathode temperature does not exceed 4700 — 4800 K during the whole lifetime of
the spot even if the time of action of the plasma cloud is extended. This is a consequence
of the cooling due to electron emission and of convective heat transfer. If the latter
mechanism is discarded, then the Joule heating becomes sufficient to initiate the thermal
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runaway inside the cathode body and the temperature reaches the critical temperature of
copper: a microexplosion occurs; e.g., line "V, 7 = 60ns" in Fig. 4a. In the simulations
where the contribution of the plasma produced in the spot (and the electron emission
cooling) is discarded, the critical temperature is attained as well; e.g., line "HD" in Fig.
4a. However, the temperature maximum occurs on the cathode surface in this case; the
achievement of the critical temperature is simply due to heating by an external source
rather than due to the development of a thermal instability (thermal runaway). In this
sense, the term "explosion" is not appropriate in this case.

Craters are formed during the expansion phase, under the action of the pressure ex-
erted by the plasma over the cathode surface. Jet formation and droplet detachment oc-
cur under the effect of fluid inertia once the leftover plasma cloud has been extinguished.
Thus, craters form and droplets detach without an explosion. Moreover, the spot and
cathode surface evolution are essentially the same on both the planar cathode and the
cathode with the 1 ym-scale microprotrusion: the presence of a surface nonuniformity has
no appreciable effect on the spot development.

The pressure exerted over the cathode by the ions produced from the metal vapor
emitted in the spot is significantly higher than the saturated vapor pressure. It follows
that, independently of the presence or absence of the leftover plasma cloud, the pressure
inside the molten metal is sufficient to prevent a transition into the gaseous state; bubbles
do not appear and no boiling occurs.

The modeling results conform to estimates of different mechanisms of cathode erosion,
derived from experimental data on the net and ion erosion of copper cathodes of vacuum
arcs. The loss of mass of the cathode due to vaporization is virtually compensated by the
return of the vaporized atoms in the form of ions, so the dominant erosion mechanism is
the ejection of liquid droplets, partially compensated by ion flux from the plasma cloud.
The emitted droplets are partially vaporized in the near-cathode region. The produced
vapor is ionized and a part of the ions move away from the cathode with the plasma jet.
The rest of the ions remain in the near-cathode region and thus form a new plasma cloud,
which will eventually ignite the next spot.

In real experimental situations, neither the leftover plasma cloud nor protrusions on
the surface of the cathode are axially symmetric, hence the droplets are 3D rather than
ring-shaped, as in the (axially symmetric) modeling of this work. Thus, the computed
mass of the hypothetical ejected ring gives only an upper estimate of the mass of the
ejected droplet: the former exceeds the latter by a factor of about 2.5.

One can hope that the model of this work can be used, with appropriate modifications,
for investigation of plasma-electrode interaction and crater formation in discharges of other
types, for instance, ignition discharges in spark plugs (e.g., [38-40] and references therein)
and discharges between electrodes in liquids (e.g., [41, 42] and references therein).
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Figure 10. Lines: data on the equation of state for copper [50]. Points: mass density of liquid
copper evaluated by means of a fit formula with the use of data [18, 52] and saturated vapor
pressure evaluated by means of the formula [53].

After the completion of this work, one of the authors and the initiator of the work
passed away prematurely. His coworkers dedicate this paper to the glowing memory of
Werner Hartmann, a brilliant scientist and a dear friend.

A Equation of state

The microexplosion scenario on the cathode of a vacuum arc has a number of features
in common with the electrical explosion of wires. A routine approach to modeling of
the wire explosion is based on the use of 1D magnetohydrodynamic simulations with an
equation of state (EOS) of the metal for a wide range of temperatures and pressures;
e.g., [43-46]. Similar wide-range EOS are used in the models of vacuum arc-cathode
interaction assuming a continuous metal-plasma transition without an interface [47-49].
The approach to the modeling of cathode spots employed in this work does not assume
a continuous metal-plasma transition nor do the modeling results reveal microexplosions,
but the question as to whether a wide-range EOS should be implemented is still relevant.

Lines in Fig. 10 represent isotherms of copper given by the wide-range EOS of copper
[50] for several temperature values below the critical temperature (8390K). The data
were provided by the Group T-1 at the Los Alamos National Laboratory with the use of
the SESAME EOS Library [51] maintained by the group. Three branches are identifiable:
the gas state branch at low mass densities, which coincides with the ordinate axis; the
liquid state branch at high mass densities; and the vapor-liquid equilibrium branch at in-
termediate mass densities (the liquid and gas phases coexist at equilibrium and variations
of volume occur at a constant pressure).

The simulations of this work reveal that the maximum temperature T,,,, in the cathode
is limited to approximately 4700 — 4800 K. One can see in Fig. 10 that in this temperature
range and in the relevant pressure range (up to 1 GPa; cf. Fig. 1) the dependence of the
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mass density of liquid copper on pressure is weak. The dependence on temperature is
more appreciable, although not very significant: p decreases from 8000kg/ m? at low
temperatures to approximately 6000kg/ m? at high temperatures.

Thus, an accurate equation of state for a wide range of temperatures and pressures is
not critical for the modeling of cathode spots performed in this work: it is sufficient to
take into account the variation of the mass density of liquid copper with temperature. In
this work, the function p (7") was evaluated with the use of data from [18, 52, 54] as in
[7].

It is of interest to compare values given by the above-mentioned function p (") with
the data given by the wide-range EOS of copper [50] and shown in Fig. 10. Furthermore,
it is appropriate to also compare the latter data with those given by the formula [53] for
the saturated vapor pressure of copper, used in the model of near-cathode plasma layers in
vacuum arcs developed in [20] and employed in this work. This comparison is illustrated
by the points in Fig. 10: the abscissas of these points represent values of the function
p(T) and the ordinates represent the saturated vapor pressure evaluated by means of
the formula [53]. (Note that the vapor pressure of copper given by the formula [53] for
T = 8390K, 0.79 GPa, is close to the pressure at the critical point of copper given in [54],
which is 0.75 GPa.) One can see that the data used in this work do not deviate greatly
from the EOS data [50].
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