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A model of cathode spots in high-current vacuum arcs is developed with account of all the poten-

tially relevant mechanisms: the bombardment of the cathode surface by ions coming from a pre-

existing plasma cloud; vaporization of the cathode material in the spot, its ionization, and the inter-

action 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 periph-

ery of the spot, with the main driving force being the pressure due to incident ions. Electron emis-

sion 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. Published by AIP Publishing.
https://doi.org/10.1063/1.4995368

I. INTRODUCTION

Cathode attachments in vacuum arcs are non-stationary

and consist of a number of short-lived spots. The most com-

monly accepted understanding of the life cycle of an individ-

ual spot is as follows, e.g., Refs. 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 vicin-

ity) 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 scenar-

ios 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 situa-

tion, it is natural to attempt a validation of this hypothesis by

means of a self-consistent numerical modeling of an individ-

ual 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 mate-

rial 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 vac-

uum arc up to now is given in Refs. 4–7. In Ref. 4, the hydro-

dynamic aspects are considered in a simplified way, on the

basis of analysis of the pressure balance at the plasma-

cathode interface. In Refs. 5 and 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 Ref.

5, and only the ion current from the plasma cloud was

accounted for in Ref. 6.

In Ref. 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 indi-

vidual 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 prevent-

ing thermal runaway development until the Joule heating

becomes appreciable.

The aim of this paper is to study the ignition and devel-

opment of cathode spots of vacuum arcs with the account of

all the above mechanisms. To this end, the model7 is
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supplemented with an account of the motion of the molten

metal and related phenomena: deformation of the molten sur-

face, surface tension effects, and convective heat transfer.

Several features of the development of the cathode spot

reported in Ref. 7 remain present in the framework of the

more detailed physical picture given here: the ignition and

expansion phases remain clearly identifiable; the maximum

cathode temperature remains approximately constant during

the expansion phase; the destruction of the spot by heat

removal into the bulk of the cathode due to thermal conduc-

tion (accompanied by solidification 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 ignition times, which is why the

results7 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 this paper is as follows. The numerical

model is introduced in Sec. II. The results of simulations are

reported and discussed in Sec. III. Conclusions are summa-

rized in Sec. IV.

II. THE MODEL

A. Equations and boundary conditions

The model comprises the time-dependent heat conduc-

tion equation, describing heat transfer 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 continuity and Navier-Stokes equations,

written in the incompressible form and describing the motion

of the melt

qcp
@T

@t
þ qcpu � rT ¼ r � ðjrTÞ þ rðruÞ2; (1)

r � j ¼ 0; (2)

r � u ¼ 0; (3)

q
@u

@t
þqðu �rÞu¼r� �pIþlðruþðruÞTÞ

h i
þ j�B: (4)

Here, q is the mass density of the metal, cp, j, r, and l are,

respectively, the specific heat, the thermal and electrical con-

ductivities of the metal, and the viscosity of the melt (known

functions of the temperature T), u is the electric potential,

u is the velocity, p is the pressure, I is the identity tensor,

j ¼ �rru 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 model7), and 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 coordinates (r, z). Only the self-

induced magnetic field is taken into account, and so, B only

has the azimuthal component which is related to the axial

component of the current density j in the cathode body by

Ampère’s law. The calculation domain for Eqs. (1) and (2) is

the whole of the cathode, including both the melt and the

solid part. The boundary conditions for these equations are

the same as in Ref. 7. In particular, the boundary conditions

on the cathode surface are

jn � rT ¼ q1 þ q2; rn � ru ¼ j1 þ j2; (5)

where n is the unit vector normal to the cathode surface and

directed outward, q1 and j1 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 q2 and j2 are

the densities of energy flux and electric current transported

by the ions from the leftover plasma cloud, see below.

The calculation domain for Eqs. (3) and (4) is the molten

part of the cathode. The boundary condition at the cathode

surface is

�pIþ lðruþ ðruÞTÞ
h i

� n ¼ �pplnþ Fst; (6)

where ppl is the pressure exerted over the cathode surface by

the plasma (see Sec. II B below) and Fst is the surface tension

force evaluated in the usual way in terms of the curvature of

the molten cathode surface and the surface tension coeffi-

cient 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 method8,9 is used for modeling the solid-liquid

phase transition in the cathode body. The account of the

latent heat of melting is introduced along the same lines as is

done in the simulation of metal casting.10 The level-set

method11,12 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

interactions in vacuum arcs has been solved in Refs. 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 Ref. 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 (q¼q(p, T)), weakly compressible (q¼ q(T)),

or incompressible flows (q¼ const). It follows from the anal-

ysis in the Appendix 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

to be unsuccessful. Such an issue requires further extensive
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investigation, which was not carried out in this work.

Instead, the incompressible formulation of the continuity and

Navier-Stokes equations is used [Eqs. (3) and (4)]; the tem-

perature dependence of the mass density described in the

Appendix is used in the heat and Navier-Stokes equations,

without the account of the temporal and spatial derivatives

of q 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

and the contributions of the plasma produced in the spot

were neglected. The simulation reproduces the results of

Ref. 5 with only minor discrepancies, which can be attrib-

uted to differences in the chosen temperature dependencies

of the material properties of copper and the distinct numeri-

cal methods employed.

Simulation results reported in this paper refer to cathodes

made of copper, with a Gaussian-shaped microprotrusion as in

Ref. 7 and planar cathodes. The (temperature-dependent) mass

density, specific heat, and thermal and electrical conductivities

of copper are specified as in Ref. 7. Data on the temperature-

dependent viscosity and the temperature-dependent surface

tension coefficient of liquid copper are taken from the experi-

mental works Refs. 18 and 19, respectively.

Quantities q1, q2, j1, and j2 in Eq. (5) are evaluated in

the same way as in Ref. 7. In particular, q1 and j1 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 model20 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

q2 ¼ q clð Þ
i f1 rð Þ f2 tð Þ; j2 ¼ j clð Þ

i f1 rð Þ f2 tð Þ: (7)

Here, q
ðclÞ
i ¼ 1:1� 1012W=m2; j

ðclÞ
i ¼ 5:6� 1010A=m2; and

f1(r) and f2(t) are functions characterizing the spatial distri-

bution and temporal variation of the leftover plasma cloud

and assumed in the following form

f1ðrÞ ¼ exp � r

a

� �2
" #

;

f2 tð Þ ¼

1; t6s

exp � t� s
s0

� �2
 !

; t > s
;

8>>><
>>>:

(8)

where a, s, and s0 are given parameters.

Note that parameters q
ðclÞ
i and j

ðclÞ
i (the maximum densi-

ties 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 ni,

electron temperature Te, and average charge state Z in the

plasma cloud

q clð Þ
i ¼ j clð Þ

i U þ A

e

� �
; j clð Þ

i ¼ Zeni

ffiffiffiffiffiffiffiffiffiffi
kZTe

mi

r
; (9)

where e is the electron charge, mi 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 condensa-

tion. In the simplest case, Z ¼ 1; A ¼ kTe=2þ Ai � Af þ Av,

where Ai is the ionization energy, Af is the work function,

and Av is the vaporization energy per atom.

The values of ni and Te reported in the literature vary

over a wide range (e.g., Refs. 1 and 2 and references therein):

values of ni higher than 1028 m�3 have been estimated for dis-

tances less than 1 lm from the cathode surface and values in

the range of (3–6)� 1026 m�3 have been estimated for up to

5 lm from the surface; the reported values of the electron tem-

perature near the spot vary from 2 eV up to 4–6 eV. The aver-

age charge state in a vacuum arc discharge with copper

electrodes has been measured as Z� 2 (e.g., Refs. 23 and 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 ni ¼ 2� 1026m�3; Te ¼ 2eV, and Z¼ 1

have been assumed. The term A/e in the parentheses on the

rhs of the first equation (9) is around 7.4 V, which is small

compared to U, and is neglected. This gives the above-

mentioned values q
ðclÞ
i ¼ 1:1� 1012W=m2 and j

ðclÞ
i ¼ 5:6

�1010A=m2.

The near-cathode voltage drop U is set equal to 20 V,

which corresponds to initiation of spots under conditions of

high-current vacuum arcs typical, e.g., for high-power circuit

breakers. The parameters s and a in Eq. (8) were set equal to

25 ns and 5 lm, respectively, unless indicated otherwise.

(These values have been chosen on the basis of experimental

data on the lifetime of an individual spot on copper catho-

des25–27 and on the spatial extension of the plasma cloud pro-

duced by a spot.2,28 The effect of the variation of these

parameters on the spot ignition was studied in Ref. 7.) The

characteristic time s0 was set equal to 1 ns.

B. Plasma pressure acting on the cathode surface

The plasma pressure ppl 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: ppl¼ p1þ p2.

As in Ref. 7, this simple superposition neglects a nonlinear

interaction between the leftover plasma and the freshly pro-

duced vapor from the spot.

The contribution p1¼ p1(Tw, U) is computed as a func-

tion of the local cathode surface temperature Tw 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 collisions (cf. Fig. 7(b) of Ref. 7), and

hence, the total energy of an ion is conserved. The velocity

of ions generated at a point z when they have reached a point
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x will be (designations used in this section are the same as

those in Ref. 21)

vi x; zð Þ ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e

mi
u zð Þ � u xð Þ
� �r

: (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, and hence, Eq. (10) should be applied

for x< z< 0 with the sign minus.

The number of ions generated in the layer z� x� zþ dz
per unit time and unit area (i.e., the density of ion flux gener-

ated in this layer) is w(z) dz. When these ions have reached a

point x positioned between the point z and the cathode, their

speed is jviðx; zÞj and the density of flux of momentum trans-

ported by these ions in the direction to the cathode is

�wðzÞ dz miviðx; zÞ. The total density of flux of momentum

of ions in the direction to the cathode at a point x is

p1 xð Þ ¼ �mi

ð0

x

w zð Þ vi x; zð Þ dz: (11)

Equation (14) of Ref. 21 in dimensional variables reads

e0

2n 0ð Þ
e kTe

du
dx

� �2

¼eU�1�
ffiffiffiffiffiffiffiffiffiffi
2mie
p

ki

n 0ð Þ
e kTe

�
ðx

0

ne zð Þna zð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u zð Þ�u xð Þ

p
dz: (12)

Taking into account Eqs. (10) and (11) and the equality

w¼ kinena, Eq. (12) may be rewritten as

p1 xð Þ ¼ e0

2

du
dx

� �2

þ n 0ð Þ
e kTe 1� eUð Þ: (13)

Here, U ¼ eu
kTe
� euð0Þ

kTe
as in Ref. 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 (val-

ues of potential u(0) and electron density nð0Þe ). 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 following form

p1 xð Þ þ nekTe � n 0ð Þ
e kTe ¼

e0

2

du
dx

� �2

: (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 q1 and j1; the term eU in Eq. (13) is exponentially small at

the cathode surface and is neglected.

The contribution of the leftover plasma cloud is written

as

p2 ¼ p clð Þ
i f1 rð Þ f2 tð Þ; p clð Þ

i ¼ 2 q clð Þ
iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2eU=mi

p :

Note that the quantity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eU=mi

p
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 p1 in the range of tempera-

tures relevant to the simulations of this work and the value

of p
ðclÞ
i are shown in Fig. 1. One can see that p

ðclÞ
i exceeds p1

by at least a factor of 2; however, p1 is important and should

not be neglected (see Sec. III C below).

Also shown in Fig. 1 is the saturated vapor pressure pv.

One can see that pv is significantly smaller than p1 and p
ðclÞ
i .

Furthermore, pv is significantly smaller than the pressure

inside the metal, which is close to ppl¼ p1þ p2. It follows

that, independently of the presence or the absence of the left-

over plasma cloud, the pressure inside the molten metal is

sufficient to prevent a transition into the gaseous state; bub-

bles do not appear (i.e., no boiling occurs).

III. NUMERICAL RESULTS AND DISCUSSION

A. Results

Let us consider the results obtained by simulations in

the framework of the (full) model described above, account-

ing for all the previously mentioned cathode spot mecha-

nisms, 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 tempera-

ture distribution in the cathode and of the cathode surface

FIG. 1. p1: the pressure exerted by incident ions produced by the ionization

of the metal vapor emitted in the spot as a function of the cathode surface

temperature Tw: p
ðclÞ
i : pressure due to incident ions originating from the left-

over plasma cloud. pv: saturated vapor pressure.
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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

Tmax 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 5 ns for the cath-

ode with the microprotrusion and at 8 ns for the planar cath-

ode [Figs. 2(a) and 3(a)], Tmax has reached a value of

approximately 4700–4800 K and changes little from then on

until the leftover plasma cloud has been extinguished (at

t¼ 25 ns) and the temperature starts falling. In the case of

the cathode with the microprotrusion, the protrusion starts

melting around 3 ns and is completely destroyed within

14 ns. In both cases, a crater of approximately 1 lm in depth

and 5 lm in radius has been formed by the time of extinction

of the leftover plasma cloud, Figs. 2(b) and 3(b). An axially

symmetric jet develops at the crater periphery [Figs. 2(c) and

3(c)], followed by the detachment of the jet head [Figs. 2(d),

2(e) and 3(d), 3(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.

FIG. 2. Evolution of the temperature distribution and cathode surface deformation. Cathode with the microprotrusion. The bar is in K.
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FIG. 3. Evolution of the temperature distribution and cathode surface deformation. Planar cathode. The bar is in K.

FIG. 4. Temporal evolution of the

maximum cathode temperature. (a)

Cathode with the microprotrusion. (b)

Planar cathode. HD&V: full model. V:

Model without the account of the

motion of the melt (the account of the

plasma produced in the spot is

retained).7 HD: Model without the

account of the plasma produced in the

spot (the account of the motion of the

melt is retained).
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Let us now consider the above-described evolution in

some detail. The initial phase of the (rapid) temperature

increase was interpreted in Ref. 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 deforma-

tion of the surface on such short times is small, Figs. 2(a)

and 3(a). 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, tig� 5 ns for the cathode with the micro-

protrusion and tig� 8 ns for the planar cathode, obtained in

this work and in the modeling without the 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 tempera-

ture 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: 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 with-

out an explosion, as the maximum temperature of the metal

does not exceed 4700–4800 K.

The expansion stops at t¼ 25 ns, when the leftover

plasma cloud is extinguished, and the temperature rapidly

decays (Tmax � 2000 K already at t� 30 ns): the spot is

quenched by heat removal into the cathode bulk due to ther-

mal conduction. However, the melt velocity is rather high

(the maximum velocity is approximately 180 m/s) at the

moment when the leftover plasma cloud is extinguished, and

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 t¼ 40 ns [Figs. 2(c)

and 3(c)], the bottom of the crater has cooled further, with

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. 2(d) and 3(d). The still molten jet head

detaches soon after, Figs. 2(e) and 3(e). We remind that the

model used in this work is axially symmetric, and so, the

detached droplet is, in fact, a ring. For brevity, we shall con-

tinue to refer to the ejected material as a “droplet.”

B. Effect on the spot development of motion of the
melt

Lines “V” in Figs. 4 and 5 depict the results of simula-

tions for the same conditions as described above, but without

the account of the motion of the molten metal. (These lines

depict data taken from Ref. 7; cf. Figs. 1(c) and 6(a) of Ref. 7

for the cathode with the microprotrusion.) One can see that

the evolution of the maximum cathode temperature and spot

current with and without the account of the melt motion is

similar. Moreover, there is little quantitative difference

between the values of the maximum cathode temperature for

t� 25 ns, i.e., during the ignition and expansion phases, Fig.

4. The value of approximately 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 Ref. 7.

Slightly lower values of Tmax obtained from the full model

[lines “HD&V” in Figs. 4(a) and 4(b)] result from an addi-

tional 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 the account of the

melt motion during the ignition phase (for t� 5 ns for the

cathode with the microprotrusion and for t� 8 ns for the pla-

nar cathode), Fig. 5. The difference becomes more pro-

nounced during the expansion phase: the maximum current

attained with the account of the melt motion is 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 is

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 Ref. 7 that as the Joule heating comes

into play in the modeling without the account of the motion

of the molten metal, the maximum of the cathode tempera-

ture 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; oth-

erwise, the explosion occurs. The latter is exemplified by the

line marked “V, s¼ 60 ns” in Fig. 4(a) for the case of the

cathode with the microprotrusion. In this example, the explo-

sion 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

FIG. 5. Temporal evolution of the spot current. Solid: cathode with the

microprotrusion. Dotted: the planar cathode. HD&V: full model. V: model

without the account of motion of the molten metal.7
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cloud extended up to 60 ns. The resulting temporal evolution

of the maximum cathode temperature is shown in Figs. 4(a)

and 4(b) by lines marked “HD&V, s¼ 60 ns.” It can be seen

that the temperature in the cathode remains limited: thermal

runaway does not develop either. Note that the crater contin-

ues 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 s¼ 60 ns are depicted in Fig. 6 by the lines “HD&V,

s¼ 60 ns” and “V, s¼ 60 ns,” respectively. The current com-

puted with the account of the motion of the melt with

s¼ 60 ns does not change much in the time range of

25 ns< t< 60 ns and is around 12 A, while the current com-

puted without the account of the melt motion continues to

rapidly increase, Fig. 6(a). Therefore, the Joule heating with

the account of the melt motion is considerably lower [Fig.

6(b)], which is why the thermal runaway does not develop.

C. 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 works5,6 was the flux of ions from the plasma

cloud; the contributions of the vapor emitted in the spot, ions

and electrons produced by ionization of the vapor, and the

electron emission from the cathode surface have been

neglected. In designations of this work, the contributions j2,

p2, and q2 were taken into account, but j1, p1, and q1 were

neglected. In this section, the effect of the mechanisms repre-

sented by the terms j1, p1, and q1 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 j1, p1, and q1 are shown by the lines “HD” in Figs. 4(a)

and 4(b). There is no plateau in the evolution of Tmax, 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� 19 ns, line “HD” in Fig. 4(a). 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

Tmax 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 Tmax in the case of the planar cathode

[line “HD” in Fig. 4(b)] is similar but slower: the maximum

cathode temperature attained at t¼ 25 ns is approximately

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, s¼ 60 ns” in Fig. 4(b).

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 liquid

metal jet occurred before a droplet could detach, Fig. 7(d).

This result can be understood as follows. In the simula-

tions in the framework of the full model, the plasma pressure

ppl includes the contribution from the plasma produced in the

spot, i.e., ppl¼ p1þ p2, and the pressure at the spot center for

t¼ 25 ns equals 0.38 GPa. In the modeling where the plasma

produced in the spot is neglected, ppl¼ p2 and the pressure at

the spot center for t� 25 ns equals 0.28 GPa. As a conse-

quence, the maximum force exerted by the plasma pressure

ppl on the cathode surface in the full model is about 15%

higher as seen in Fig. 8(a). The maximum velocity acquired

by the molten metal is thus about 40% higher in the frame-

work of the full model [Fig. 8(b)]. 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, culminat-

ing 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 propa-

gation 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. 7(d). Thus, the

pressure exerted by incident ions produced by the ionization

FIG. 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 the account

of motion of the molten metal.7
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of the metal vapor emitted in the spot plays a key role in the

detachment of the jet head.

D. Cathode erosion

The modeling results relevant for analysis of cathode ero-

sion are summarized in Table I. The designations are as fol-

lows: Cv ¼
Ð Ð

miJv dA dt is the total mass of the vapor

emitted from the spot during its lifetime, where Jv 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. Cd is the

mass of the ejected droplet. C1 ¼ Cv �
Ð Ð

G dA dt is the mass

of the atoms vaporized in the spot, which 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 frame-

work of the 1D model of near-cathode plasma layers in vac-

uum arcs20 employed in this work, G is evaluated as a

function of the local cathode surface temperature and near-

cathode voltage drop with the use of the self-consistent solu-

tion of the Poisson equation describing the space-charge

sheath on vaporizing cathodes21). C2 ¼ mi

e j
ðclÞ
i pa2s is the total

mass of the ions from the leftover plasma cloud, which have

reached the cathode surface during the lifetime of the spot.

Q1 ¼
Ð Ð

j1 dA dt and Q2 ¼ j
ðclÞ
i pa2s are charges transported

FIG. 7. Evolution of the temperature distribution and cathode surface deformation for the case of the planar cathode. The plasma produced in the spot is

neglected. The bar is in K.

FIG. 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.

163303-9 C. Kaufmann et al. J. Appl. Phys. 122, 163303 (2017)



to the cathode by the plasma produced in the spot (including

the emission current) and by the ions from the plasma cloud,

respectively. Finally, cv¼ (Cv – C1)/Cv 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 I are quantities ga¼Ca/

Q, a¼ 2, v, and d, where Q¼Q1þQ2 is the total charge

transported in the spot.

Before discussing the data shown in Table I, it is conve-

nient 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 of vapor

and the ejection of droplets: Cþ¼CvþCd. The material

returns to the cathode surface in the form of ions: C–

¼C1þC2. The net loss of mass of the cathode caused by the

existence of an individual spot is

C ¼ Cv þ Cd � C1 � C2: (15)

Dividing Eq. (15) by Q, one can write it in the following

form

g ¼ cvgv þ gd � g2; (16)

where g¼C/Q is the specific erosion of the cathode.

Since C2¼miQ2/e, one can write

g2 ¼
Q2mi

e Q1 þ Q2ð Þ : (17)

An upper estimate of the rhs can be obtained by neglecting

the charge transport by the plasma produced in the spot fol-

lowing Ref. 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 cur-

rent) are comparable. Setting in Eq. (17) Q1¼Q2, one

obtains g2¼ 330 lg/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 g¼ 115–130 lg/C have

been reported for the erosion for copper cathodes.29 Setting

in Eq. (16) g¼ 120 lg/C, one can estimate the specific mass

flux from the cathode surface related to the droplet ejection:

gd¼ 450 lg/C.

The droplets are partially vaporized in the very dense

and hot plasma ball adjacent to the spot, e.g., Ref. 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 cathodes is 33–37 lg/C,

(Ref. 31, p. 157), and hence, the flux of the liquid phase may

be estimated as 120 lg/C–35 lg/C¼ 85 lg/C. It follows that

of the initial mass of the droplet ejected, only about 85 lg/C

move into the bulk of the arc in the form of a droplet. The

rest of the mass of the droplet, 365 lg/C, is vaporized in the

plasma ball, with 330 lg/C forming the new plasma cloud in

the near-cathode region and 35 lg/C going into the bulk with

the jet in the form of ions. A schematic illustrating these esti-

mates is shown in Fig. 9.

The above estimates are based on experimental values.

They do not make use of the results of simulations of this

work and can therefore be compared with these results. In

fact, the results shown in Table I conform to the estimates.

The values of Q1 and Q2 in Table I are indeed comparable as

assumed above. It is not surprising therefore that the values

of g2, the specific mass flux from the plasma cloud, in Table

TABLE I. Relevant erosion data computed in the framework of the model

of this work.

Microprotrusion Planar

Cv (10�12 g) 6 5

Cd (10�12 g) 210 220

C1 (10�12 g) 5.2 4.3

C2 (10�12 g) 74 74

Q1 (lC) 0.1 0.07

Q2 (lC) 0.11 0.11

cv 0.13 0.14

g2 (lg/C) 340 400

gv (lg/C) 28 27

gd (lg/C) 980 1200

FIG. 9. Schematic of cathode erosion.
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I are close to the estimated value of 330 lg/C. The specific

flux of ions originating from the vaporization of the cathode

surface, which do not return to the cathode, cvgv, evaluated

using cv and gv from Table I, amounts to about 3.7 lg/C and

is much smaller than the other terms of Eq. (16) as expected.

As previously discussed, the assumption of axial sym-

metry 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, and 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 com-

puted hypothetical ring gives an upper estimate of the mass

of the ejected droplet. Indeed, the values of gd of 980 lg/C

and 1200 lg/C shown in Table I exceed the value of 450 lg/

C deduced above from the experimental data by a factor of

2.2 or 2.7. In other words, not 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 produced in the spot during its

lifetime. This energy may be estimated as
Ð Ð j1

e 3:2kTð1Þe dA dt
(here, Tð1Þe 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 code20) and equals 1.5 lJ for the cathode with the

microprotrusion and 1.1 lJ for the planar cathode. In order

for the model to be self-consistent, this energy should coin-

cide with, or exceed, the energy needed to vaporize and ion-

ize 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 detach-

ment 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 consider-

ations based on available experimental information:

365 lg
C

0:2lC
mi

Av þ Ai þ 3
2

kTe

� �
¼ 1:5lJ. This value coincides

with the above value of the deposited energy in the case of

the cathode with the microprotrusion. There is an energy def-

icit in the case of the planar cathode; however, this deficit is

modest and certainly below the margin of error of the

estimates.

E. 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 Ref. 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 splash-

ing 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 in Ref. 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 Ref. 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, heating up to the critical temperature was not

observed.

The different results obtained in Ref. 5 and in this work

are owed to the neglect of the interaction of the plasma pro-

duced 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 cath-

ode 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, con-

firmed the physical picture of the ecton concept described in

Sec. I, since all relevant mechanisms are taken into account.

However, no explosions are observed in the conditions con-

sidered in this work; there is no appreciable effect of the pre-

existing lm-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 Refs. 35 and 36: an 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 model35,36

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 instead of the

differential equation (which results in a loss of information

and, consequently, the model not being self-consistent37);

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 impor-

tant one: the account of motion of the molten metal, taken

into account in this work, prevents a spot from attaining a

steady state.

IV. SUMMARY AND CONCLUDING REMARKS

The developed model describes the initiation and devel-

opment of an individual cathode spot in a high-current vac-

uum 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
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interaction 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 character-

ized by a rapid increase in the cathode temperature up to

4700–4800 K and lasts for approximately 5 ns on the cathode

with the microprotrusion and 8 ns on the planar cathode,

Figs. 2(a) and 3(a). 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 the account of the motion of the melt.7

The subsequent expansion phase is characterized by a

plateau in the temporal evolution of Tmax 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

t¼ 25 ns [Figs. 2(b) and 3(b)], 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 veloc-

ity is quite high at this moment, leading to the formation of a

liquid-metal jet under the effect of fluid inertia, Figs. 2(c)

and 3(c). This stage may be called the jet development

phase. It culminates in the detachment of the head of the jet:

a droplet appears, Figs. 2(d), 2(e) and 3(d), 3(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 run-

away inside the cathode body and the temperature reaches

the critical temperature of copper: a microexplosion occurs,

e.g., line “V, s¼ 60 ns” in Fig. 4(a). In the simulations where

the contribution of the plasma produced in the spot (and the

electron emission cooling) is discarded, the critical tempera-

ture is attained as well, e.g., line “HD” in Fig. 4(a).

However, the temperature maximum occurs on the cathode

surface in this case; the achievement of the critical tempera-

ture 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 appropri-

ate in this case.

Craters are formed during the expansion phase, under

the action of the pressure exerted by the plasma over the

cathode surface. Jet formation and droplet detachment occur

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 is essentially the same on both the planar

cathode and the cathode with the 1 lm-scale microprotru-

sion: the presence of a surface nonuniformity has no appre-

ciable effect on the spot development.

The pressure exerted over the cathode by the ions pro-

duced from the metal vapor emitted in the spot is

significantly higher than the saturated vapor pressure. It fol-

lows that independently of the presence or the 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, and so, the dominant erosion mechanism

is the ejection of liquid droplets, partially compensated by

ion flux from the plasma cloud. The emitted droplets are par-

tially 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, and 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 interactions and crater formation in discharges of

other types, for instance, ignition discharges in spark plugs

(e.g., Refs. 38–40 and references therein) and discharges

between electrodes in liquids (e.g., Refs. 41 and 42 and refer-

ences therein).
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APPENDIX: EQUATION OF STATE

The microexplosion scenario on the cathode of a vac-

uum 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 magnetohy-

drodynamic simulations with an equation of state (EOS) of

the metal for a wide range of temperatures and pressures,

e.g., Refs. 43–46. Similar wide-range EOS is used in the
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models of vacuum arc-cathode interactions that assume 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 transi-

tion 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 obtained

from the wide-range EOS of copper50 for several tempera-

ture values below the critical temperature (8390 K). The

data were provided by the Group T-1 at the Los Alamos

National Laboratory with the use of the SESAME EOS

Library51 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 equilib-

rium branch at intermediate 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 Tmax 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 mass density of liquid copper

on pressure is weak. The dependence on temperature is more

appreciable although not very significant: q decreases from

8000 kg/m3 at low temperatures to approximately 6000 kg/

m3 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 cop-

per with temperature. In this work, the function q(T) was

evaluated with the use of data from Refs. 18, 52, and 54 as in

Ref. 7.

It is of interest to compare values obtained using the

above-mentioned function q(T) with the data obtained from

the wide-range EOS of copper50 and shown in Fig. 10.

Furthermore, it is also appropriate to compare the latter data

with those obtained from the formula53 for the saturated

vapor pressure of copper, used in the model of near-cathode

plasma layers in vacuum arcs developed in Ref. 20 and

employed in this work. This comparison is illustrated by the

points in Fig. 10: the abscissas of these points represent the

values of the function q(T) and the ordinates represent the

saturated vapor pressure evaluated by means of the for-

mula.53 (Note that the vapor pressure of copper obtained

from the formula53 for T¼ 8390 K, 0.79 GPa, is close to the

pressure at the critical point of copper given in Ref. 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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