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Abstract
A model for the initial phase of unipolar arcing has been developed with account of an
externalenergy source which triggers the arcing, the vaporization of the atoms from the heated
surface, the ions and electrons produced by ionization of the vapor, the electron emission from
the metal surface, and melt motion and surface deformation. Current transfer outside the arc
attachment is taken into account and the potential difference between the plasma and the metal
surface (the plate) is evaluated from the condition that the net current transferred to the plate is
zero at each moment. The model is used for simulation of the interaction of an external energy
load (laser beam) with a tungsten plate immersed in a helium background plasma. The results
revealed the formation of a crater, but no jet formation or droplet detachment. If the plate is large
( =R 100 mm), the peak temperature attained is 5200 K, and the plate potential remains below
the plasma potential. If the plate is small ( =R 10 mm), a peak temperature of 7500 K is reached,
the potential of the plate surpasses the plasma potential, circulation of the melt at the pool
periphery occurs, and the erosion (which is mainly due to the vaporization of the metal atoms in
the spot) reaches the value of 37 μg.

Keywords: unipolar arcs, plasma-electrode interaction, arc discharges

(Some figures may appear in colour only in the online journal)

1. Introduction

The erosion of the walls, or more specifically, of the plasma-
facing components in fusion devices is a possible source of
impurities in the core plasma, which may lead to disruptions
during the device’s operation. Arcing between the plasma and
the wall, triggered by so-called edge-localized modes (or
ELMs, i.e. plasma instabilities which deliver high energy and
particle losses to the plasma-facing components), is thought to
be one of the mechanisms of the erosion in devices with high-Z
plasma-facing components; e.g. [1–4]. Another possible
mechanism of arc triggering is the presence of runaway elec-
trons, which are not only associated with high energy fluxes but
also with a large electric field in the sheath region; e.g. [5, 6]
and references therein. Since the plasma-facing components are

electrically isolated, when an arc is triggered, the current cir-
culates between the plasma and the wall and the net current to
the wall is zero: this is the so-called unipolar arc [7].

Arcing in fusion devices is a longstanding research issue;
e.g. [5, 8–10] and references therein. Until recently, it was
thought that arcing was of minor importance as it is restricted
to unstable phases of the plasma operation in fusion devices.
However, recently this issue has gained attention (e.g. [1–3]
and references therein), in particular due to the decision to
begin the operation of the ITER tokamak with a tungsten
divertor; e.g. [11] and references therein.

Many dedicated experiments and numerical simulations
have been performed to study the behavior of tungsten in
response to ELMs and ELM-like transient heat loads,
[6, 12–23]. As far as unipolar arcs are concerned, of particular
interest is the work [14], which reports a direct experimental
observation of a unipolar arc ignited in a stationary plasma. In
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the experiment, an isolated tungsten plate was exposed to a
helium plasma, and then irradiated by a laser pulse, simulat-
ing the ELM. The ignition of an arc was evidenced by bright
emission detected by a fast camera, an increase of the plate
potential from the floating potential, and by erosion trails left
on the plate (similar to those observed on tungsten tiles
in fusion devices). This line of research has been continued in
[19, 24–30]. One of the phenomena observed and studied in
these works is the formation of nanostructures on the surface
of the tungsten plates due to the background helium plasma
irradiation, and it is well understood that the properties of this
nanostructure layer are significantly different from those of
bulk tungsten [31–34]. The thickness of this layer is a few
micrometers, depending on the exposure time to the helium
plasma. Arcing was not observed if the laser pulse irradiated
the same position twice; this was thought to be due to the
destruction of the nanostructures by the energy load delivered
by the laser pulse in the first irradiation, which were then
absent for the second irradiation [14]. The conclusion was
that the nanostructures on the plate surfaceare essential for
arc ignition in the experimental conditions of [14].

With regard to theoretical work, a few papers [25, 27, 30]
attempted simulating the behavior of arc spots with modeling
based on a phenomenological description of the spot motion;
special care was taken to ensure that the model describes
grouping of the spots, which occurs in certain conditions and
has an effect on the width of the erosion trails left on the plate
and on the velocity of overall spot motion. In [33], a numerical
analysis of the temperature evolution in the tungsten plate was
carried out in an attempt to understand the results of temper-
ature measurements, which showed that melting of the
nanostructures had occurred, despite the measured temperature
never reaching the melting temperature. As far as the
mechanisms responsible for the unipolar arc ignition and sus-
tainment are concerned, it had been proposed [35] that
explosions of micrononuniformities on the plate surface due to
field emission and Joule heating (the so-called ecton mech-
anism) would be a key mechanism of both unipolar arcs in
fusion devices and cathode spots in vacuum arcs. This line of
research was pursued in [28, 36, 37], where the experimental
results of [14] and subsequent works were analyzed by means
of estimates in the framework of the ecton mechanism.

The results of the above-described experimental works
suggest that there are two phases of unipolar arcing. An intense
external energy flux, i.e. the laser pulse, causes significant
heating of a wide region of the plate surface and the potential
difference between the plasma and the plate is reduced by some
30V; the initial phase. After about 0.6 ms the laser beam is
switched off, however the potential difference remains the
same and small (much narrower than the laser impact site)
bright spots are seen moving away from the impact site. This
second phase of unipolar arcing lasts for about 3 ms.

The authors of works [36, 37] assume explosions of the
nanostructures, in agreement with the model [35], to be the
arcing mechanism of unipolar arcs: a dense plasma existing in
the vicinity of a nanostructure causes an intense heating of the
structure due to high-density thermo-field electron emission
current, which results in an explosion. During the initial phase,

the dense plasma is generated, within several microseconds, as
the laser radiation is absorbed by the nanostructures and intense
vaporization occurs, followed by ionization of the evaporated
atoms. During the second phase, a nanostructure is heated by
the dense plasma that has been generated at a previous
explosion, which occurred in the vicinity.

There is little doubt that explosions of the nanostructures,
hypothesized by the authors [36, 37], may be the governing
mechanism at the second phase of unipolar arcing. However,
this is less certain as far as the initial phase is concerned. Order
of magnitude estimates show that, at the laser impact site, a
nanostructure with a height of the order of 1 μm, as those of the
experiment [14], will be melted within one or few micro-
seconds. Hence, the nanostructures can hardly affect the initial
phase of unipolar arcing. A possible alternative mechanism is
similar to the mechanism of formation of cathode spots in
vacuum arcs: at the heated laser impact site, significant
vaporization and electron emission occur, the latter causing the
ionization of the emitted vapor. Consequently, current transfer
is initiated and the plate potential increases, so that the electron
current outside of the impact site compensates the current
transfer inside the site, i.e. unipolar arcing is triggered. In this
sense, the laser pulse interaction with the surface represents the
initial phase of unipolar arcing and the impact site can be called
an arc spot. (Note that it appears that the term ‘arcing’ as used
by the authors of [14] refers only to the second phase.)

The formation of cathode spots in vacuum arcs have been
modeled in [38–42]: the action of an external energy (and
particle) flux ignites a cathode spot, and its subsequent
evolution leads to the formation of a crater, and a molten
metal jet at the periphery of the crater, and eventually to the
ejection of liquid droplets. (It is interesting to note that no
microexplosions are reported in virtually all simulation con-
ditions.) It is therefore of interest to apply a similar model for
the initial phase of unipolar arcing in fusion devices.

The latter is the objective of this paper. (We stress that
modeling of small bright spots that are responsible for current
transfer at the second stage of unipolar arcing is beyond the
scope of this work.) A model for the initial phase of unipolar
arcing in fusion devices is developed on the basis of the
detailed numerical model of plasma-cathode interaction in
vacuum arcs [40]. The model takes into account an external
energy source, which delivers the intense heat flux to trigger
the arcing and ignite the arc spot, the vaporization of the
atoms from the heated surface, the ions and electrons pro-
duced by ionization of the vapor and the electron emission
from the metal surface in the arc spot, and relevant hydro-
dynamic phenomena, including convection and surface
deformation. Since the arc is unipolar, the model [40] is
supplemented with an account of current transfer outside the
arc spot and the potential difference between the plasma and
the electrode is evaluated from the condition of the net current
to the plate being zero at each moment. The developed model
is used for simulation of the interaction of an external energy
flux with and current transfer to a tungsten metal plate
immersed in a helium background plasma in conditions
similar to those of the experiment [14].
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The outline of the paper is as follows. The numerical
model is introduced in section 2. Results of simulation are
reported and discussed in section 3, and a comparison with
results of modeling of cathode spots of vacuum arcs is given
in section 4. Conclusions are summarized in section 5.

2. The model

The aim of this work is to develop a simulation model of the
initial phase of unipolar arcing, i.e. arcing triggered by an
intense external energy flux, for conditions related to those
which are expected to occur when arcing is triggered in
plasma-facing components in fusion devices. Note that the
model does not aim at describing the interaction of an ELM
with the divertor (or other plasma-facing components) on the
whole; rather, a region comprising the arc spot and its sur-
rounding environment is considered in the modeling. The
modeling conditions are illustrative of, although not exactly the
same as in (see discussion in section 2.3) the experiment [14].

The task of the modeling is to simulate the heating of the
laser impact site on the plate surface by an intense external
energy flux, the ignition of an arc spot at the impact site due
to the initiation of current transfer by electrons emitted and
ions produced from the ionization of the emitted vapor at the
site, and an increase of the plate potential so that the electron
current outside of the arc spot site compensates the current
transfer inside the spot. Modeling of small bright spots that
are responsible for current transfer at the second stage of
unipolar arcing is beyond the scope of this work.

The model employed in this work is based upon a self-
consistent detailed numerical model of plasma-cathode inter-
action in vacuum arcs [40, 43]. The latter models exploit the
fact that part of the power deposited into the near-cathode
space-charge sheath is transported from the sheath to the
cathode surface, while the rest is transported by electric current
into the arc column. This means that, to a first approximation,
the plasma-cathode interaction is not affected by processes in
the arc column. (This approach, which is sometimes called the
model of nonlinear surface heating, has been used widely in the
theory and modeling of plasma-cathode interaction in arcs in
ambient gases, and is quite accurate, despite being the simplest
self-consistent approach; e.g. see [44].)

The same approach is used in the model of this work. The
thickness of the near-electrode plasma layer is much smaller
than the characteristic radius of the arc spot and the spatial
distribution of the external energy load, hence current transfer
through this layer is locally one-dimensional (1D). The pro-
blem of the plasma-electrode interaction may, therefore, be
solved in two steps. In the first step, characteristics of the
near-electrode plasma layer are evaluated using a 1D model.
In particular, the net densities of the energy flux and electric
current delivered to the electrode, and the pressure exerted by
the plasma over the electrode surface in the arc spot are
found. In the second step, distributions of parameters, such as
temperature and melt velocity, are calculated in the electrode
by means of solving a 2D axially symmetric model.

In other words, the arc plasma is not explicitly considered
in the modeling of this work: the parameters of the near-
electrode plasma layer evaluated in the first step are intro-
duced as boundary conditions describing the energy and
current transfer in the arc spot and pressure acting on the
electrode surface in the model of the second step. (This is the
same procedure employed in [40, 43].)

A detailed description of the model employed in this
work is given in the following sections.

2.1. Equations and boundary conditions

Let us consider a circular metal plate immersed in a back-
ground plasma and subjected on one side to an intense
external energy load. The model comprises the Navier–Stokes
equations describing the motion of the molten metal of the
plate, in conjunction with the heat transfer equation in the
plate, including both the melt and the solid:

· ( ) =u 0, 1

( · ) · [ ( ( ) )] ( )r r m
¶
¶

+  =  - +  + 
t

p
u

u u I u u , 2T

· · ( ) ( )r r k
¶
¶

+  =  c
T

t
c T Tu . 3p p

Here ρ is the the mass density of the metal, cp and κ are the
specific heat and the thermal conductivity of the metal, and μ is
the viscosity of the melt, u is the velocity, p is the pressure, and
I is the identity tensor. The equations are solved under the
assumption of axial symmetry in cylindrical coordinates (r, z),
with material parameters ρ, cp, κ and μ considered as known
functions of the temperature T. The enthalpy-porosity method
[45, 46] is used for modeling the solid–liquid phase transition
in the metal, which implies solving equations (1) and (2) in the
whole of the plate, including both the molten and solid parts
(the solution for the velocity vanishes inside the solid part).

Forces due to surface tension effects and due to the
pressure ppl exerted by the plasma and by the externalenergy
source are introduced as boundary conditions for the Navier–
Stokes equations at the face of the plate subjected to the
external energy load, similar to [40]. The pressure ppl com-
prises contributions from the plasma produced from the metal
vapor emitted in the arc spot, p1, from the background
plasma, p2, and from the external energy load, p3; the force
due to surface tension is evaluated in the usual way, in terms
of the curvature of the molten metal surface and the surface
tension coefficient of the material. At all the other faces of the
plate, the velocity u is set equal to zero.

The boundary conditions for the heat conduction
equation at all the faces of the plate are written in terms of
densities of the energy flux q from the plasma to the plate
surface. The model takes into account four contributions to q,
computed independently of each other:

( )= + + -q q q q q , 41 2 3 4

where q1 is the density of the energy flux to the plate surface
due to the vapor emitted in the spot, ions and electrons pro-
duced by ionization of the vapor, and the electron emission
from the metal surface; q2 is the density of the energy flux
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delivered to the plate by the ions and the electrons from the
background plasma; q3 is the density of the energy flux
delivered to the surface by the external energy load, and q4 is
the density of the energy flux lost by the plate surface due to
radiation into the plasma. All the above-described terms are
taken into account in the boundary condition at the face of the
plate which is subjected to the external energy load. q1 and q3
are dropped at all the other faces.

Note that it is widely accepted that, as the energy flux
from ELMs (or laser beam) significantly heats the plasma-
facing components (or metal plate), the evaporation of atoms
from the surface will produce a significant amount of vapor
that will presumably shield the metal surface from further
heating and evaporation due to the external energy load; e.g.
see [47, 48]. In order to accurately describe such a phenom-
enon, a nonlinear interaction between the external energy load
and the freshly produced vapor from the arc spot should be
considered. The latter is beyond the scope of this work and
has not been attempted; instead the simple superposition,
equation (4), has been assumed.

The net density of electric current j transferred from the
plasma to the metal surface is comprised of two independent
contributions,

( )= +j j j , 51 2

where j1 is the density of electric current due to the ions and
electrons generated from the vaporized atoms and due to the
emission of electrons in the arc spot; and j2 is the density of
electric current transported to the plate surface by the ions and
electrons from the background plasma, which is minor inside
theimpact area of the external energy load and of primary
importance on the rest of the plate surface.

A characteristic of the unipolar arc is that the net current
to the plate is zero at every moment. If there is no spot, fluxes
of ions and electrons from the background plasma are equal at
each point of the plate and the resulting potential of the plate
(floating potential) is lower than the potential of the plasma.

When an arc spot is ignited on the plate, the local
emission of electrons from the spot reduces the potential
difference U between the plasma and the plate from the
floating potential to the cathode fall potential of the arc (i.e.
the arc burning voltage) [7]; in other words, the potential of
the plate increases and approaches that of the plasma. This
means that more electrons from the background plasma can
cross the sheath and reach the plate against the retarding
potential, which has been lowered, thus balancing the cur-
rent transfer initiated in the arc spot, and satisfying the
condition that the total current to the plate is zero at each
moment. The variation of the potential difference between
the plasma and the plate, ( )=U U t , is computed with this
condition, i.e. the current transferred by the plasma pro-
duced in the arc spot I1 is balanced by the current transferred
by the background plasma over the whole surface of the
plate. Since j2 takes the same value at all points of the plate
surface, this condition reads

( )ò= =I j A I j A, d , 61 2 plate 1 1

where the integral is evaluated over the face subjected to the
external energy load and Aplate is the total surface area of all
faces of the plate.

One needs to analyze the distribution of potential at the
edge of the near-electrode plasma layer in order to specify a
distribution of U along the plate. If the magnetic field were
absent, the variation of the potential at the edge in the radial
direction could be estimated as p sD =U I r2 s1 , where rs is a
characteristic spot radius and σ is the classical conductivity of
the background (helium) plasma. Assuming I1=100 A,
=r 0.5 mms , and s = -10 S m4 1 as illustrative values for

conditions of the experiment [14], one finds D »U 3 V.
Neglecting this value compared to characteristic values of U
(30–60 V ), one can assume U to be the same at each point of
the plate. However, this reasoning is changed by the presence
of the magnetic field. The analysis performed in [49] has
shown that in the case where the magnetic field is perpend-
icular to the plate, the transverse scale of the return current
region is determined by the perpendicular ion viscosity
(classical or anomalous) and the longitudinal scale depends
on the classical conductivity. In the experiments [14], the
magnetic field was 0.1 T and parallel to the plate or oblique. It
was found that the inclination angle of the magnetic field
affects the motion of the bright spots at the second phase of
the unipolar arcing; no effect on the initial stage was reported.
In this work, the effect of the magnetic field over the dis-
tribution of potential at the edge of the near-electrode plasma
layer is not considered and U is assumed to be the same at
each point of the plate, i.e. the potential difference between
the plasma and the plate is constant over the whole plate.

Furthermore, it should be considered that as the local
emission of electrons from the arc spot increases and results
in a further reduction of the potential difference between the
plasma and the plate, this may lead to an inversion of U; more
specifically, the plate potential increases and approaches the
plasma potential and may then surpass it, i.e. a transition to a
regime where the plate potential is above the plasma potential
occurs. This transition is taken into account in the modeling,
as described in detail in section 2.2. It is important to note
that, independently of the regime (i.e. of whether the plate
potential is below or above the plasma potential), the heated
area of the plate where the arc spot is ignited operates as a
cathode at every moment, while the rest of the plate outside
the arc spot always operates as an anode; in other words, the
current enters the plate in the arc spot and returns to the
plasma from the rest of the plate’s surface.

Estimates based on the laser beam characteristics and of
plasma parameters in typical experimental conditions show
that the pressures exerted on the metal plate by the back-
ground plasma, p2, and by the external energy load, p3, are
negligible when compared to the pressure p1 exerted by the
plasma produced from the metal vapor. Therefore, the pres-
sures p2 and p3 are neglected, and ppl=p1.

The initial condition is T=T0 at t=0, where T0 is the
temperature of the plate while it is immersed in the back-
ground plasma before the irradiation by the external energy
source. T0 is governed by the condition of equilibrium
between the density of the energy flux q2 delivered by the
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background plasma to the plate surface and the density of
energy flux q4 lost by the plate surface due to radiation into
the plasma, i.e. q2=q4.

The problem is solved numerically by means of the
finite-element method. The account of the latent heat of
melting is introduced along the same lines as is done in
simulation of metal casting [50]. A front-tracking method is
implemented for explicitly tracking the deformation of the
molten surface on a moving grid.

2.2. Plasma-metal interaction

The choice of conditions of modeling reported in this work is
based on the experiment [14]. Let us consider a tungsten (W)
plate immersed in a helium (He) background plasma and
subjected on one side to an intense energy flux from a laser.
We remind, once again, that the initial phase of unipolar
arcing is characterized by the interaction of the external
energy flux (laser beam) with the metal plate, resulting in the
ignition of an arc spot, and the arc spot comprises the laser
impact area; see section 1.

The density of electric current j1 transferred in the arc
spot is defined as a function of the local surface temperature
Tw and of the potential difference U between the surrounding
plasma and the plate, and is given by:

( )( ) ( )= + -j j j j , 7i e1
W

em
W

where ( )ji
W is the density of current of ions coming to the plate

surface, generated from the vaporized tungsten atoms; jem is
the electron emission current density; and ( )je

W is the density
of current of thermalized electrons of the tungsten plasma that
reach the surface of the plate after having overcome the
potential barrier.

Quantity j2 is determined as

( )( ) ( )= -j j j , 8i e2
He He

where ( )ji
He and ( )je

He represent the densities of electric cur-
rents of ions and electrons coming to the plate from the
helium background plasma.

Let us first consider the regime where the plate potential
is below the plasma potential, so U>0. The density of
current of ions ( )ji

W coming to the plate surface from the
tungsten plasma produced in the arc spot is evaluated
assuming that all the vapor emitted from the surface is ionized
and that all the tungsten ions produced, which are assumed to
be singly ionized, return to the surface:

( )( ) =j eJ . 9i v
W

Here e is the electron charge and Jv is the flux of atoms
emitted by the plate surface, which is evaluated by means of
the Langmuir formula

( )( )p=J p m kT2 , 10v v i w
W

where pv is the pressure of the saturated vapor of tungsten, k is
the Boltzmann constant, and ( )mi

W is the mass of the ions
formed from the tungsten metal vapor.

The emission current density jem is evaluated by means of
the Richardson–Dushmann formula, with account of the
Schottky correction. The surface electric field is obtained by
means of the model [51]. The latter takes into account the
limitation of the electron emission current by the negative
space charge accumulated in the near-electrode layer. In other
words, the positive ion space charge of the near-electrode
space-charge sheath is partially neutralized by the electrons
being emitted in the arc spot; since tungsten is a refractory
metal the amount of thermionically emitted electrons present
in the sheath is significant and the current density of the
emitted electrons has an upper limit, which in the model [51]
corresponds to the case of zero surface electric field. As an
example, the computed maximum value of the thermionic-
emission current density, jb, is shown in figure 1 for two
values of the potential difference between the surrounding
plasma and the plate of =U 40 V and =U 5 V in the range

Figure 1. Computed values of jb, jR, and jem for two values of the potential difference U between the plasma and the plate, in the range of
surface temperatures Tw relevant to the simulations of this work.
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of surface temperatures Tw relevant to the simulations of this
work; the electron temperature ( )Te

W of the tungsten plasma is
assumed to be 2 eV and the work function Af is set to 4.55 eV.
jb is strongly dependent on the surface temperature as can be
expected, and only weakly dependent on the potential dif-
ference. Also shown in figure 1 is the thermionic electron
emission current density jR resulting from the evaluation of
the Richardson formula (without the Schottky correction); the
Richardson constant for tungsten was assumed to be equal to

´ - -60 10 A m K4 2 2 [52]. For Tw below a certain value
which depends on U but is generally around 4000 K, >j jbR ,
the surface electric field is zero and the resulting current
density jem coincides with jb. As Tw increases, both jR and jb
increase, but jb increases faster. (This is a consequence of the
vaporization energy Av, which is 7.98 eV for tungsten,
exceeding the work function; a feature characteristic of
refractory metals.) For temperatures above 4000 K, the
situation reverses, i.e. the inequality <j jbR holds, and jem is
given by the Richardson–Dushmann formula (with the
Schottky correction) and lies between jR and jb.

The density of electric current of thermalized plasma
electrons coming to the plate from the tungsten plasma, ( )je

W ,
is evaluated by means of the usual expression

⎛
⎝⎜

⎞
⎠⎟ ( )( ) ( )

( )

( )p
= -j en

kT

m

eU

kT

1

4

8
exp , 11e

e

e e

W W
W

W

where me is the mass of an electron and ( )n W is the density of
the tungsten plasma at the sheath edge. Note that the product
of the first to third multipliers on the rhs is the thermal flux of
electrons and the last (exponential) factor takes into account
reflection of the electrons by the potential barrier. The plasma
density is evaluated in terms of ( )ji

W and the Bohm speed
( ) ( )kT me i
W W :

( )( )
( )

( ) ( )=n
j

e
kT m . 12i

e i
W

W
W W

The density of the energy flux q1 coming to the plate
surface due to the tungsten vapor emitted in the arc spot, ions
and electrons produced by ionization of the vapor, and the
electron emission from the metal surface is evaluated as a
function of Tw and U, given by:

( )( ) ( )= - - +q q q q q , 13i e1
W

em ev
W

where ( )qi
W is the density of the energy flux delivered to the

metal surface by incident ions (generated from the vaporized
tungsten atoms); qem and qev are the densities of the energy
fluxes removed from the surface due to electron emission and
vaporization, respectively; ( )qe

W is the density of the energy
flux delivered to the surface by plasma electrons. These
quantities are evaluated as

⎛
⎝⎜

⎞
⎠⎟ ( )( )

( ) ( )
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2
, 14i
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( ) ( )= +q
j

e
kT A2 , 15w fem

em

( ) ( )= +q J A kT2 , 16v v wev

( ) ( )( )
( )

( )= +q
j

e
kT A2 , 17e

e
e f

W
W

W

where Ai is the ionization energy of tungsten. Note that the
term 2kTw on the rhs of equations (15) and (16) describes the
average kinetic energy of an emitted electron or vaporized
atom leaving the electrode surface. (Both emitted electrons
and vaporized atoms are assumed to have a half-Maxwellian
distribution; 2kTw appears instead of kTw

3

2
because of the

difference between the average value of the product of the
kinetic energy of motion of the particles and the particle
velocity, on one hand, and the product of the average values,
on the other.)

The pressure p1 exerted by the plasma produced from the
ionization of the emitted tungsten vapor is evaluated, as a
function of Tw and U, by means of expression:

( )
( )

( )
=p

q

eU m

2

2
. 18i

i

1

W

W

Note that the quantity ( )eU m2 i
W has the meaning of speed

of the ions impinging on the metal surface estimated
neglecting the kinetic energy of the ions at the sheath edge.

The densities of electric currents of ions and electrons
coming to the plate from the helium background plasma, ( )ji

He

and ( )je
He , in the regime where the plate potential is below the

plasma potential are evaluated as
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Here ni, ne and Z are the ion and electron densities and the ion
charge number in the helium background plasma (known
parameters; note that =n Zne i), ( )Te

He and ( )Ti
He are the

electron and ion temperatures of the background plasma, and
( )mi
He is the mass of an ion of the helium plasma. Note that

the physical meaning of equations (19) is similar to that of
equations (12) and (11).

The density of the energy flux q2 delivered to the plate by
the ions and the electrons from the helium background plasma
is specified as in [53], with some minor terms (those pro-
portional to the electron emission current density and the
Schottky correction) omitted:

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
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( )
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( )
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where E is the ionization energy of helium.
Let us now consider the regime where the plate potential

is above the plasma potential, corresponding to negative
values of the potential difference U between the surrounding
plasma and the plate. There is no acceleration of the emitted
electrons in the space-charge sheath in this regime and
therefore no production of ions or electrons in the
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near-electrode region. Therefore, in this regime the terms
( )ji
W and ( )je

W in equation (7), the terms ( )qi
W and ( )qe

W in
equation (13) and equation (18) are dropped. The density of
electron emission current jem is evaluated by the Richardson
formula (without the Schottky correction) with account of the
reflection of the emitted electrons by the potential barrier; i.e.
equation (7) is written in the form

⎛
⎝⎜

⎞
⎠⎟ ( )=j j

eU

kT
exp . 21

w
1 R

Equations (19) in the regime where the plate potential is
above the plasma potential ‘exchange places’:
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and equation (20) is written as
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Note that the expression for the electron Bohm speed (the
last multiplier on the rhs in the second expression of
equation (22)) is a general form of the expression derived
in [54].

The above assumption that all vaporized atoms are
ionized and return to the surface, made for the evaluation of
j1, q1, and p1 in the regime where the plate potential is below
the plasma potential (U>0), is justified when the energy
available for the ionization, Wavail, is greater than or equal to
the energy required for the ionization of all the vapor emitted.
The energy necessary for the ionization of the emitted vapor
is =W J Av iion . The energy available in the near-electrode
plasma layer for the ionization of the emitted atoms may be
roughly estimated as

⎜ ⎟⎛
⎝

⎞
⎠ ( )( )= + -W

j

e
kT eU kT2

5

2
. 24w eavail

em W

Note that the term 2kTw represents the energy of the emitted
electrons, eU represents the energy gained by the emitted
electrons as they are accelerated in the sheath, and ( )kTe

5

2
W

describes the energy carried away by the electron current
leaving the sheath for the bulk plasma, accounting for
enthalpy transport.

Numerical estimates show that the condition Wavail

Wion is satisfied for U exceeding approximately 5 V. For lower
values of U, Wavail becomes smaller than Wion and then very
rapidly turns negative, meaning that there is no production of
ions or electrons in the near-electrode region. The implication
is that an intermediate regime exists in the range
5 VU>0 V, where the transition of the plate potential
from below to above the plasma potential occurs. A more
careful study is needed in this range. In this work, such a

study is not undertaken. Instead, in the range 5 V>U>0
the terms ( )ji

W and ( )je
W in equation (7) and the terms ( )qi

W and
( )qe
W in equations (13) and (18) are dropped and a linear

interpolation is used to smooth the transition from
equation (7) at =U 5 V to equation (21) at U=0.
Equations(7)–(18) are used in the range U 5 V and
equations (19) and (20) in the whole range U 0.

The density of the energy flux q3 delivered to the surface
by the external energy source (laser beam) is specified as

( ) ( ) ( )=q q f r f t . 25r t3 peak

Here qpeak is a given parameter characterizing the maximum
density of energy flux delivered by the external energy
source; and ( )f rr and ( )f tt are functions characterizing the
spatial distribution and temporal variation of the external
energy load and assumed in the form

⎜ ⎟ ⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

⎡
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⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ( ) ( )

t
= - = -

-
f r

r

a
f t

t t
exp , exp , 26r t

2
0

2

where a, τ, and t0 are given parameters.
The density of the energy flux q4 lost by the plate surface

due to radiation into the plasma is

( )es=q T , 27w4
4

where σ is the Stefan–Boltzmann constant and ε is the
emissivity of the tungsten plate surface.

2.3. Material functions

The model of this work does not take into account the
nanostructure layer, since the nanostructures within the
impact site of the external energy load (i.e. within the arc
spot) are rapidly destroyed and will have no effect on the
initial phase of unipolar arcing, as evidenced by the estimates
given in section 1 and by special simulations reported in
section 3.3. Thus, the (temperature-dependent) mass density,
specific heat, thermal conductivity, viscosity and surface
tension coefficient are set equal to those of bulk tungsten and
taken from [55]. The emissivity ε of tungsten is taken from
[56]. The pressure pv of the saturated tungsten vapor is taken
from [57–59].

In the experiment [14], the plate potential increases by
approximately 30 V from the floating potential in response to
the laser irradiation. Assuming 10 V as a typical value of the
near-electrode voltage drop during arcing (i.e. the arc burning
voltage), one comes to the conclusion that the initial potential
difference U between the plasma and the plate is about 40 V,
which corresponds to an electron temperature in the helium
background plasma of about 13 eV. It was assumed

( ) ( )= =T T 13 eVe i
He He in this work. The helium ions of the

background plasma in these conditions are doubly ionized, so
it is set Z=2. The ionization energy E in equations (20) and
(23) is set as 79 eV, which is the sum of the first and second
ionization energies for helium.

The initial temperature of the plate is set to =T 1900 K0 ,
a value reported in [14] for the temperature of the plate
immersed in the helium plasma before the laser irradiation.
The background plasma electron density ne in the expressions
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for ( )ji
He and ( )je

He was found by solving the equation q2=q4
and turned out to be equal to ´ -3.05 10 m17 3.

The laser pulse used to trigger the unipolar arc in the
experiment [14] had a peak power of -10 W m10 2 (which
corresponds to that of ELMs expected in ITER) and a dura-
tion of ∼0.6 ms. The impact site on the plate had a diameter
of approximately 0.8 mm, when the the laser beam was
normal to the plate. Accordingly, the parameters qpeak
and τ in equations (25) and (26) are specified as

= -q 10 W mpeak
10 2, and t = 0.3 ms. The power of the laser

beam is assumed to reach the maximum value at =t 5 ms0 .
Two values of the parameter a specifying the spatial variation
of the external energy load are considered for simulations,
=a 0.1 mm and =a 0.4 mm.
The plate thickness in the modeling is 0.2 mm; two

values of the plate radius R have been considered for the
modeling, namely =R 10 mm and =R 100 mm.

Note that some important experimental parameters are
not reported in [14], e.g. the temperature of the helium ions. A
value of 6 eV for the electron temperature in the background
plasma, mentioned in [14], is difficult to reconcile with the
reported measured initial potential difference (i.e. floating
potential) of 60 V: an estimate obtained by means of the well-
known formula for the determination of the floating potential
gives an initial floating potential of approximately 21 V.
Therefore, no attempt was made to perform simulations for
exactly the same conditions as in [14]; the objective was
rather to report illustrative results of modeling of the inter-
action of an external energy flux with and current transfer to a
tungsten metal plate immersed in a helium background
plasma.

3. Numerical results and discussion

Let us consider the results obtained by simulations in the
framework of the model described above. Three sets of
simulation conditions have been considered for the modeling
of this section, with different values of the radius R of the
tungsten plate and of the parameter a specifying the spatial
variation of the external energy load, table 1.

3.1. Potential of the plate below the plasma potential

The computed temporal evolution of the temperature dis-
tribution in the metal plate and of the plate surface defor-
mation is shown in figure 2 for the simulation case 1. Figure 3
depicts the temporal evolution of the potential difference U
between the plasma and the plate and of relevant arc spot

parameters, namely the maximum plate temperature Tmax, the
current I1 transferred by the tungsten plasma in the spot, the
maximum pressure exerted by the produced tungsten plasma
p1,max, and the maximum velocity of the melt vmax, for case 1.

The external energy flux (laser beam) comes into play at,
say, =t 4.5 ms (at this moment, »q q10%3 peak). The max-
imum plate temperature starts rapidly increasing and at
approximately 4.7 ms melting of the surface begins,
figure 2(b). Simultaneously, the pressure exerted over the
surface by the produced tungsten plasma grows, figure 3(c),
and pushes the molten metal outwards; a crater begins
forming at approximately 4.9 ms, figure 2(c). The surface
temperature attains a maximum of about 5200 K when the
power delivered by the external energy load is at maximum,
which happens at 5 ms; figure 3(a). The potential difference
between the plasma and the plate is reduced from the floating
potential to approximately 18 V, figure 3(a), and the current
transferred in the arc spot reaches a maximum of about 400 A,
figure 3(b). The formed crater expands on the plate surface
(states (c)–(e) in figure 2), achieving a final depth of
approximately 50 μm and a radius of approximately 300 μm;
figure 2(f). The maximum temperature decays quickly to a
little less than 4000 K after the external irradiation has ceased
at »t 5.5 ms, and then remains approximately constant for
nearly 3 ms (until »t 8.5 ms), after which the temperature
decay resumes. No jet formation, or droplet detachment
occurs.

The computed temporal evolution of the potential dif-
ference U between the plasma and the plate and of relevant
arc spot parameters for case 2 are shown in figure 4; for
brevity, we skip the analog of figure 2 and note only that the
crater dimensions are smaller than in the preceding case 1,
due to the parameter a specifying the spatial variation of the
external energy load being smaller as well.

The temporal evolution in case 2 occurs in essentially the
same way as in case 1, and only the most relevant aspects are
discussed here. Melting of the surface begins at 4.7 ms, and at
4.8 ms a crater begins forming. The surface temperature
attains a maximum of about 5200 K, and the potential dif-
ference U is reduced to approximately 5 V; figure 4(a). The
current transported by the tungsten plasma in the arc spot
attains a maximum of about 17 A, figure 4(b). The temper-
ature decays very quickly after the laser irradiation has
ceased, and the final crater depth and radius are approximately
10 μm and 70 μm, respectively.

Let us now consider the above-described evolution in
cases 1 and 2 in some detail. Fluxes of helium ions and
electrons compensate each other at each point of the plate
surface, before the external energy load (laser) starts acting;
the potential difference between the plasma and the plate
equals the floating potential, as shown by the horizontal
section of the dependencies U(t) in figures 3(a) and 4(a). The
plate surface starts being subjected to the external energy load
at approximately 4.5 ms, and the increase in the temperature
results in the initiation of electron emission and vaporization
of tungsten atoms with their subsequent ionization in the laser
impact site, i.e. the ignition of an arc spot. The transfer of

Table 1. Sets of simulation conditions considered for the modeling of
this work.

Simulation case Plate radius R (mm) Parameter a (mm)

1 100 0.4
2 10 0.1
3 10 0.4
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current by the produced tungsten plasma is initiated. I1, which
initially was zero, starts rapidly increasing, figures 3(b) and
4(b), due to not only the continued increase in temperature,
but also due to the expansion of the arc spot, which is shown
in figures 2(b)–(d). Furthermore, as the production of the
tungsten plasma increases and the ionized atoms return to the
surface, the pressure exerted on the surface by these ions
starts growing as well, figures 3(c) and 4(c), and pushes the
molten material in the arc spot outward. A crater with a rim
begins forming. Note that the highest values of the melt
velocity (which reach about -1.8 m s 1 and -1.2 m s 1 in cases 1
and 2, respectively; see figures 3(c) and 4(c)) always appear at
the surface at the crater periphery close to the rim, while most
of the melt has significantly lower velocities below -0.5 m s 1.
Very little to no circulation of the flow is observed, i.e. the
molten metal always flows away from the center toward the
crater rim.

The ignition of the arc spot leads to a reduction of the
potential difference U between the plasma and the plate, from
the floating potential to the arc burning voltage of about 18 V
in case 1 and 5 V in case 2; figures 3(a) and 4(a). This
decrease allows a greater influx of electrons from the back-
ground plasma; the current transferred by the ions and the
electrons of the helium plasma from the surface of the plate

into the plasma increases so as to balance the current I1
transferred in the arc spot. The potential difference U does not
reduce further, i.e. no inversion of U occurs in either case, and
the plate potential remains below the plasma potential at all
stages of the simulation.

The arc spot starts cooling down after the external energy
load is switched off, as heat is removed from the spot by
electron emission and heat conduction into the plate, and the
transfer of current in the spot rapidly decays, as well as the
current transferred by the helium plasma. The crater expan-
sion stops as the melt velocity quickly reduces to zero;
figure 2(e). The potential difference between the plasma and
the plate returns to the floating potential. In case 1, after an
initial rapid decrease, the surface temperature remains more or
less constant for some time at a level slightly below 4000 K,
after which the plate cools down further. In case 2, the surface
temperature decays very quickly, within 0.5 ms, to a level
slightly above 2000 K, after which the plate cools down
further at a slower rate. Note that the net current transferred to
the plate is zero at all stages of the simulation, as is char-
acteristic of the unipolar arc [7].

The model being used allows a self-consistent evaluation of
the erosion of the tungsten plate, stemming from vaporization
of the metal atoms in the arc spot (we remind that the simulations

Figure 2. Evolution of the temperature distribution and plate surface deformation, in simulation case 1 ( =R 100 mm and =a 0.4 mm). The
bar in K. The black line represents the melting temperature isotherm.
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of this work have revealed the formation of a crater, but no jet
formation or droplet detachment). The total mass of vapor
emitted from the arc spot during its lifetime is evaluated as

( ) ( )ò òG = m J A td dv i v
W W , where the integrals are evaluated

over the face of the plate subjected to the external energy load
and over the lifetime of the arc spot. For cases 1 and 2, the
computed values of ( )Gv

W are, respectively, 1.4 and m0.066 g; the
latter values differ between the two cases because the parameter
a governing the arc spot size is different in cases 1 and 2.

The temporal evolution of the components of the density
of the energy flux delivered to the plate surface (see
equation (4)) at the center of the arc spot is shown in
figure 5(a) for simulation case 1 and figure 5(b) for simulation
case 2. The component q1 is negative at each moment of the
simulation, since the electron emission cooling exceeds
heating by the ions and electrons produced by ionization of
the tungsten vapor emitted in the spot; a more detailed dis-
cussion is given in section 4.1 below. One can see that the

energy balance of the spot is dominated by the external
energy load (q3) and electron emission cooling (-q1), the
energy flux delivered to the plate by the ions and the electrons
from the background helium plasma (q2) and the radiation
cooling (q4) are minor effects.

Evolution of Tw at the center of the arc spot is virtually
the same up to =t 5 ms in cases 1 and 2, while the difference
in U is more pronounced (the minimum values of U attained
in each simulation are 18 V and 5 V, respectively). The fact
that there is little difference in the maximum values of ( )-q1
seen in figure 5 shows that a significant difference in the value
of the potential difference U at the same temperature Tw (as is
the case in simulation cases 1 and 2) only slightly affects the
electron emission cooling. The effect of U on the energy flux
q2 delivered to the plate by the background helium plasma is
greater, as seen in figure 5, but, as mentioned above, q2 is
negligible inside the arc spot. Thus the variation of the
potential difference U between the plasma and the plate plays
only a small role in the energy balance of the spot.

Figure 3. Results of simulation of the initial phase of unipolar arcing, in simulation case 1 ( =R 100 mm and =a 0.4 mm).
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Note that another simulation was performed for case 2,
where the helium ions were assumed to be singly ionized and
the ion temperature ( )Ti

He was close to the room temperature
(i.e. ( ) ( )T Te i

He He ) and was thus neglected, i.e. parameters of
the background plasma presumably closer to those of
experiment [14]. The results do not differ greatly from those
reported above: the maximum surface temperature attained
was about 5100 K (rather than 5200 K ) and the potential
difference U was reduced to approximately 10 V (rather than
5 V ). The different values are explained by slight changes in
expressions (19) and (20), which mean that the current
transferred by the helium plasma necessary to compensate I1
of figure 4(b) is obtained at a higher value of U than in the
first simulation in case 2.

3.2. Potential of the plate above the plasma potential

The third simulation case, the one with a plate radius R of
10 mm and the spatial variation a of the external energy load

equal to 0.4 mm, is the most similar to conditions of the
experiment [14]. The temporal evolution of the temperature
field and of the deformation of the molten surface in case 3 is
qualitatively similar to those of the previous simulations,
which is exemplified by figure 2. The crater dimensions are
virtually the same as those resulting from case 1, with a depth
of approximately 50 μm and a radius of about 300 μm. The
computed temporal evolution of the potential difference U
between the plasma and the plate and relevant arc spot
parameters for case 3 are shown in figure 6. The most notable
differences between the results of this and of the previous
simulations are the potential difference U turning negative; a
higher value of the temperature, which is approximately
7500 K; and a circulation of the melt on the periphery of the
melted pool, which develops at »t 4.9 ms and is revealed by
the change in sign of the radial component of the melt
velocity vr, as seen in figure 6(c).

U turning negative means that, as the laser heat load
comes into play, the plate potential approaches that of the

Figure 4. Results of simulation of the initial phase of unipolar arcing in simulation case 2 ( =R 10 mm and =a 0.1 mm).
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plasma and then exceeds it, so a transition of the plate
potential from below to above the potential of the plasma
occurs at approximately 4.8 ms. The reason for this is as
follows. The parameter a governing the arc spot (i.e. the laser
impact site) size is the same in cases 1 and 3. The plate radius
in case 3 is much smaller than that of case 1, the consequence
being that there is a significantly lower current available from
the helium plasma (see equation (6)) to balance the current
transferred in the arc spot. Therefore, high values of the arc
spot current I1, which reach a few hundred amps in case 1,
cannot be compensated in case 3 by the helium plasma cur-
rent. Hence, the current I1 transferred in the arc spot should be
limited in case 3, and this is why the potential difference U
between the plasma and the plate turns negative.

The regime with the plate potential above the plasma
potential lasts a little less than a millisecond: a peak value of
the plate potential of 3 V above the plasma potential (i.e.

= -U 3 V) is attained at =t 5.1 ms, i.e. very shortly after
the maximum of the external energy load. After this, U begins
increasing rapidly until becoming positive once more at
5.6 ms; figure 6(a). Subsequently, the potential difference
between the plasma and the plate continues to rapidly increase
until about 7 ms; after, the increase proceeds at a slower rate
until U returns to the floating potential. The current I1 trans-
ferred by the tungsten plasma in the spot attains a maximum
of about 50 A at =t 5.1 ms, i.e. simultaneously with the
maximum of the plate potential, figure 6(b).

An important result of the simulation of this section is the
peak value of the temperature of the plate of 7500 K that is
attained, which is higher by over 2000 K than the peak value
obtained in the previous simulations. The higher peak temp-
erature is owed to the reduction of the electron emission from
the plate surface due to the transition to the regime with the
plate potential above the plasma potential. In this regime, the
emission of electrons is limited by the potential barrier (see
equation (21)), which reflects the emitted electrons back to the
surface, and thus significantly reduces the cooling due to

electron emission, the dominant surface cooling mechanism.
As a consequence, heating of the plate by the external
energy source grows unhindered by any significant cooling,
leading to a peak temperature higher than in the previous
simulations, as well as to a higher value of the plate ero-
sion, ( ) mG = 37 gv

W .
Figure 6(c) shows the distribution of radial velocity of

the melt at »t 5 ms at three different radial positions on the
plate, r=0.15, 0.25, and 0.35 mm. Note that =z 0.2 mm
corresponds to the plate surface, and the melting-point iso-
therm is positioned at »z 0.13, 0.14, and 0.16 mm for the
three above-cited values of r, respectively. The solid and
dashed lines of figure 6(c) show that in the central part of the
melted pool the melt flows from the center of the pool
towards its periphery and the velocity monotonically increa-
ses toward the surface and with increasing radial distance. On
the other hand, at a position of =r 0.35 mm corresponding
to the developing crater rim, vr is negative in the range

 z0.16 mm 0.195 mm and turns positive at z
0.195 mm, i.e. very near to the surface, as shown by the
dotted line on figure 6(c). In other words, the bulk of the
molten metal at the pool edge flows back toward the center of
the pool, with only a small part near the surface flowing
outwards away from the center, resulting in a circulation of
the melt at the pool periphery.

3.3. Effect of the nanostructure layer

In the experiment [14], the tungsten plate is initially exposed
for 30 min to the helium plasma, the consequence of which is
the formation of a fine layer of extremely thin nanostructures
with a height of about m1.5 m. The estimates cited in section 1
have shown that such nanostructures are rapidly destroyed
when subjected to the laser energy load and can hardly affect
the initial stage of unipolar arcing (in other words, the
nanostructures within the laser impact site will have no effect
on the ignition and development of the arc spot, as described

Figure 5. Temporal evolution of the components of the density of the energy flux q delivered to the plate surface in simulation case 1 (a) and
2 (b). q1: density of the energy flux due to the tungsten vapor emitted in the spot, ions and electrons produced by ionization of the vapor, and
the electron emission from the metal surface. q2: density of the energy flux delivered to the plate by the ions and the electrons from the
background helium plasma. q3: density of the energy flux delivered to the surface by the external energy load. q4: density of the energy flux
lost by the plate surface due to radiation into the plasma.
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in more detail in section 1). In order to verify these estimates,
special simulations have been undertaken.

A circular calculation domain representing the nanos-
tructure layer is introduced directly above the (circular)
tungsten plate, with the same radius and a height of m1.5 m.
The mass density and thermal conductivity of this layer are
known to be significantly different from those of bulk tung-
sten; according to the experiments [32, 34], the mass density is
reduced to approximately 10% of that of bulk tungsten, while
the thermal conductivity becomes 1% or less of that of bulk
tungsten. Thus, in the simulations reported in this section the
(temperature dependent) mass density of the nanostructure
layer is set to r r= 0.1layer , and the thermal conductivity to
k k= 0.01layer in the axial direction and to zero in the radial
direction; here the mass density ρ and the thermal conductivity
κ are those of the bulk tungsten. As the nanostructure layer is
heated to the melting temperature Tmelt and begins melting,
the distinction between this layer and the bulk of the

plate disappears; therefore, the above-mentioned values
r r= 0.1layer and k k= 0.01layer are used for temperatures
below Tmelt and are replaced with the bulk values for >T Tmelt.
The other material properties (specific heat, viscosity and
surface tension coefficient) remain unchanged, as well as all
other parameters and material functions described in section 2.

Results of simulations performed with the account of the
nanostructure layer in simulation case 1 are shown infigure 7.
Figures 7(a) and (b) show the central part of the calculation
domain,  r0 0.035 mm,  z0.19 mm 0.2015 mm, at
two different moments, =t 4.5 and 4.6 ms. The nanostructure
layer is positioned in the region  z0.2 mm 0.2015 mm,
the rest of the calculation domain is the bulk tungsten. The
layer is visibly hotter than the bulk, which, of course, is due to
the reduced thermal conductivity of the layer. At approxi-
mately 4.6 ms, points on the plate surface start reaching the
melting temperature, the nanostructure layer starts being
destroyed and the differences between the layer and the bulk

Figure 6. Results of simulation of the initial phase of unipolar arcing in simulation case 3 ( =R 10 mm and =a 0.4 mm).
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tungsten plate disappear within a few microseconds. The
nanostructure layer does not have an effect in the melting or
deformation of the surface: figure 7(c) coincides with
figure 2(d). Distributions at subsequent moments are also
identical and skipped for brevity; in particular, the formed
crater is identical to that in the modeling results shown in
figure 2.

The dependence ( )T tmax coincides with that from the
modeling of section 3.1 except at the beginning, where
the maximum plate temperature is slightly higher due to the
reduced thermal conductivity of the layer; figure 8.

The simulations performed with the account of the
nanostructure layer in the other simulation cases yield similar
results. Thus, the effect of the nanostructure layer is negligible
due to the rapid destruction of the layer, in agreement with the
estimates in section 1, and the neglect of the nanostructures in
the modeling of the initial stage of unipolar arcing is justified.

It should be stressed that this conclusion refers only to
the initial stage of unipolar arcing, i.e. the production of the
plasma due to the rapid heating, by an external energy flux, of
a significant part of the electrode surface (i.e. the arc spot)

which is much wider than individual nanostructures. The
individual nanostructures presumably play a major role in
the second phase of unipolar arcing, which occurs after the
external energy flux is switched off, as discussed in section 1.

3.4. Parameters of the near-electrode plasma

It is of interest to consider parameters of the near-electrode
plasma layer inside the arc spot. (We remind once again that
the term ‘arc spot’ refers in the context of this work to the
initial phase of unipolar arcing and means a wide heated area
of the plate, i.e. the laser impact site, rather than the small
bright spots responsible for current transfer at the second
phase of arcing.) The thickness of the sheath at the center of
the arc spot, i.e. of the sheath formed by the tungsten ions,

( )d W , evaluated by means of the Child–Langmuir sheath
model in terms of the ion current density ( )ji

W and U the
potential difference between the surrounding plasma and
the plate, is shown in figure 9 for =U 20 V as a function of
the surface temperature Tw. Also shown is the characteristic
distance of ionization ( )li

W of the evaporated tungsten atoms
estimated in the framework of the model [60]. Note that, in
the simulations of this work, the range of Tw relevant to the
following discussion is T 4500 Kw , since this is the surface
temperature at which current transfer by the tungsten plasma
produced in the arc spot is initiated, i.e. the ignition of the arc
spot occurs and plasma production in the spot begins.

On one hand the assumption of a 1D treatment of the
quasi-stationary near-electrode layer inside the arc spot, used
in the model of this work, requires that the sheath thickness

( )d W and the characteristic distance of ionization ( )li
W be much

smaller than the transversal dimensions (the arc spot radius
and the spatial distribution of the external energy load). Given
the representative values shown in figure 9, these require-
ments are met with a sufficient margin in the range

T 4500 Kw . (Note that for Tw below 4500 K, the repre-
sentative values of ( )d W and ( )li

W approach the same order of

Figure 7. Evolution of the temperature distribution and plate surface
deformation. The model takes into account the nanostructure layer.
The bar is in K. (a), (b) The heated nanostructure layer is shown in
detail. (c) Global overview of the forming crater.

Figure 8. Temporal evolution of the maximum plate temperature in
conditions of simulation 1. Dotted: model with account of the
nanostructure layer. Solid: model without account of the nanos-
tructure layer (from figure 3(a)).
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magnitude of the transversal dimensions, however no pro-
duction of tungsten plasma occurs since the arc spot has not
yet been ignited, or will have been extinguished after the laser
irradiation has ceased.)

On the other hand, the above parameters are also useful in
analyzing the potential effect of a magnetic field on the ions in
the near-electrode layers. Assuming a magnetic field of 0.1 T
as in the experiment [14], one finds that the Larmor radius of
the ions produced from the ionization of the emitted tungsten
vapor, ( )rL

W , is about 20mm. One can see from figure 9 that
( ) ( ) ( ) dr l, iL
W W W . The estimated sheath thickness due to the

background helium ions, ( )d He , is approximately 95μm, which
is a few orders of magnitude smaller than the corresponding
Larmor radius, ( )rL

He , which is about 7 mm. One can conclude
that the effect of the magnetic field on the motion of the
tungsten and helium ions in the sheath is negligible in
the conditions [14] relevant for this work. Note that this is
also the case in the conditions of cathodes of vacuum arcs [61].

In the operation conditions of fusion devices, the
magnetic field is expected to be up to two orders of magnitude
higher than that of experiment [14]. In such conditions, the
estimated Larmor radii will be ( ) ~r 0.2 mmL

W and
( ) m~r 70 mL
He . The former value will be still higher than ( )d W

and ( )li
W for T 4500 Kw , hence the effect of the magnetic

field on the motion of the tungsten ions in the sheath inside
the arc spot will still be negligible. On the other hand, ( )rL

He

will be lower than ( )d He , hence the magnetic field will affect
the motion of the ions in the sheath outside the arc spot in
fusion devices; a well-known effect.

4. Comparison with results for vacuum arcs

4.1. Parameters of plasma-metal interaction

An example of comparison of parameters of the tungsten
plasma-metal interaction, described by the model of this work

and by the model of near-cathode layers in vacuum arcs [62],
is shown in figure 10 for two values of the potential difference
between the surrounding plasma and the plate of =U 20 V
and =U 5 V (i.e. in the regime with the plate potential being
below the plasma potential) in the range of surface tempera-
tures Tw relevant to the simulations of this work. Before
proceeding to the comparison, let us briefly discuss general
features of the results given by the model of this work, which
are depicted in figure 10 by solid lines. For low local surface
temperatures, the production of the vapor and its ionization
are negligible and q1, j1, and p1 are virtually zero. A sig-
nificant tungsten plasma production starts as the temperature
increases up to approximately 4000 K and ( )-q1 , j1, and p1
rapidly grow. The behavior of parameters q1, j1 and p1 for

=U 20 V and =U 5 V is similar, with the computed values
of ( )-q1 , j1, and p1 being understandably lower for the smaller
value of U. It is interesting to note that the density of the
energy flux q1 is negative in the whole range of temperatures
shown, figure 10(a). The reason is that as the surface temp-
erature increases, so does the emission of electrons from the
surface; in fact, the cooling due to electron emission increases
much faster than the heating due to ion bombardment, which
means that the production of the tungsten plasma contributes
to the cooling of the plate surface against the intense heating
due to the external energy load.

The density of electron emission current is the dominant
contribution to the density of electric current j1 transferred in
the spot, which reaches values of the order of -10 A m9 2 at

=T 5000 Kw , figure 10(b); the current transported by the
tungsten ions returning to the plate is small. On the other
hand, the pressure exerted on the plate due to ion bombard-
ment is appreciable, of the order of –0.5 1 atm as seen in
figure 10(c), and is sufficient to push the molten metal in the
spot outward as discussed in section 3.

The dotted lines in figure 10 show the results of eva-
luation by means of the model of near-cathode layers in
vacuum arcs [62], based on numerical modeling of the near-
cathode space-charge sheath with ionization of atoms vapor-
ized from the cathode surface [63], and employed in [40, 43].
Differences between the solid and dotted curves are minor for
the case =U 20 V and become more pronounced for

=U 5 V. The differences can be understood as follows. The
model of near-cathode space-charge sheaths [51], used in this
work, takes into account the limitation of the thermionic
electron emission current by the emitted electrons accumu-
lated in the sheath, while the model [63] does not. This results
in lower values of the electron emission current density jem
and, consequently, of j1 and q1 given by the model of this
work. The evaluation of the pressure p1 exerted by the ion
bombardment on the metal surface is also performed with
different approaches in the two models, the one used in this
work (equation (18)) being a more simplified approach than
that of the model [62, 63].

It is of interest to compare the above parameters of the
near-electrode layer on the tungsten plate with parameters of
near-cathode layers on copper cathodes in vacuum arcs,
evaluated in [62]. The density of energy flux q1 in the latter
case is positive for surface temperatures up to approximately

Figure 9. Parameters of the near-electrode plasma layer inside the arc
spot. ( )d W : thickness of the sheath formed by the tungsten ions. ( )li

W :
characteristic distance of ionization of the evaporated tungsten
atoms.
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4300 K, since the ion heating exceeds the electron emission
cooling, and is greater by up to 2 orders of magnitude; the
density of electric current j1 transferred in the spot and the
pressure p1 exerted by the plasma on the surface are up to 3
orders of magnitude higher. This difference arises due to the
different natures of the two metals: copper is a volatile metal,
while tungsten is a refractory metal with a significantly higher
energy of vaporization. The latter, in particular, leads to an
increase of the temperature at which the metal starts being
vaporized and ionized in the spot.

4.2. Spot characteristics

It is of interest to compare characteristics of arc spots com-
puted in this work with characteristics of spots on copper
cathodes of vacuum arcs, computed in [40]. The pressure due
to the tungsten ions returning to the surface is up to 4 orders
of magnitude lower than the ion pressure in the modeling of

vacuum arcs, which was up to 0.38 GPa. This explains why
the velocities computed in the modeling of this work and seen
in figures 3(c) and 4(c) are significantly smaller than the
velocity of up to 180 m s−1 in the modeling of vacuum arcs
(see figure 8(b) in [40]). As a consequence, the velocity
acquired by the molten metal in the modeling of this work is
insufficient to drive the formation of liquid-metal jets at the
crater periphery.

The plateau in the temporal evolution of the maximum
temperature, seen in figures 3(a) and 6(a), is seemingly
similar to the plateau in the modeling of cathode spots in
vacuum arcs reported in [40, 43], which is also a feature
known from the modeling of cathode spots in arcs in high-
pressure ambient gases [64]. However, the physics respon-
sible for the plateau in the modeling of this work is different.
In [40, 43], the plateau is owed to a balance between the
heating due to ion bombardment and the cooling due to
electron emission. In the modeling of this work, quantity q1 is

Figure 10. Computed values of q1, j1 and p1. Solid: model of this work. Dotted: the model of near-cathode layers in vacuum arcs [62].
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negative in the whole range of the temperatures in the plate,
which means that electron emission cooling is always greater
than the heating due to ion bombardment. When the external
energy load is switched off, at first, there is a fast decrease of
the surface temperature due to strong electron emission
cooling. As Tmax decreases, the cooling due to electron
emission is reduced significantly. The plate continues to cool
down due to heat conduction into the bulk, but since the latter
is a less intense mechanism compared to the cooling due to
electron emission, the plateau in the temporal evolution of the
temperature appears, figures 3(a) and 6(a). Eventually, the
melt solidifies completely; since the thermal conductivity of
tungsten almost doubles at the solidification, the plate temp-
erature continues decaying further at a faster rate.

The arc spot current I1 computed in the different simu-
lation cases studied in this work is larger than the current of
spots on cathodes of vacuum arcs, while the current density j1
is 2–3 orders of magnitude smaller. The reason is that the arc
spot size is significantly larger in the initial phase of unipolar
arcing. On the other hand, one could expect that the current of
the much smaller spots ignited during the second phase of
arcing would be much closer in value to that of the spots on
cathodes of vacuum arcs.

Unipolar arcing is characterized by a zero net current
transferred to the electrode at each moment, ensured by the
balance between the current transferred in the arc spot and the
current transferred by the background plasma outside the arc
spot. Since this balance is to be maintained during the laser
action, the potential difference U between the plasma and the
electrode lowers and, in particular conditions, may become
negative, which amounts to the potential of the plate sur-
passing the potential of the plasma. It should be stressed that
the arc spot continues to operate as a cathode in this regime.
On the other hand, the potential difference between the
plasma and the cathode is always positive in cathode spots in
vacuum arcs.

The erosion of the metal plate in the modeling of this
work stems from vaporization of the metal atoms in the arc
spot (no jet formation or droplet detachment occur), resulting
in a loss of mass of the tungsten plate of up to a few tens of
micrograms. In contrast, the dominant mechanism of erosion
of copper cathodes of vacuum arcs is the ejection of liquid
droplets, while the mass loss due to vaporization is negligible.
It is also interesting to note that the erosion of the tungsten
plate is much more significant than that of the copper cath-
odes of vacuum arcs, due to the heated area on the electrode
(i.e. the arc spot size) being larger in the former case; to
exemplify, the arc spot radius in the modeling of this work is
approximately 400 μm, while in the modeling [40] it is
about 5 μm.

5. Summary and concluding remarks

The results of experimental works on unipolar arcs [14, 19,
24–30] suggest that there are two phases of unipolar arcing.
An intense external energy flux, i.e. the laser pulse, causes
significant heating of a wide region of the plate surface and

the potential difference between the plasma and the plate is
reduced by some 30 V; the initial phase. After about 0.6 ms
the laser beam is switched off, however the potential differ-
ence remains the same and small (much narrower than the
laser impact site) bright spots are seen moving away from the
impact site. This second phase of unipolar arcing lasts for
about 3 ms. The authors of works [36, 37] assume explosions
of the nanostructures, in agreement with the model [35], to be
the arcing mechanism of both phases of unipolar arcs.

There is little doubt that explosions of the nanostructures,
hypothesized by the authors [36, 37], may be the governing
mechanism at the second phase of unipolar arcing. However,
this is less certain as far as the initial phase is concerned.
Order of magnitude estimates show that, at the laser impact
site, a nanostructure with a height of the order of 1 μm, as
those of the experiment [14], will be melted within one or few
microseconds. Hence, the nanostructures can hardly affect the
initial phase of unipolar arcing. A possible alternative
mechanism is the same as that of the life cycle of cathode
spots in vacuum arcs: at the heated laser impact site, sig-
nificant vaporization and electron emission occur, the latter
causing the ionization of the emitted vapor. Consequently,
current transfer is initiated and the plate potential increases, so
that the electron current outside of the laser impact site
compensates the current transfer inside the site, i.e. unipolar
arcing is triggered. In this sense, the laser pulse interaction
with the surface represents the initial phase of unipolar arcing
and the impact site can be called an arc spot.

A model for the initial phase of unipolar arcing has been
developed on the basis of the detailed numerical model of
plasma-cathode interaction in vacuum arcs [40]. The model
takes into account an externalheating which triggers the arc
spot, the vaporization of the atoms from the heated surface,
the ions and electrons produced by ionization of the vapor,
the electron emission from the metal surface, and relevant
hydrodynamic phenomena, including convection and surface
deformation. Since the arc is unipolar, the model [40] is
supplemented with an account of current transfer outside the
arc spot and the potential difference between the plasma and
the metal surface (the plate) is evaluated from the condition
that the net current transferred to the plate is zero at each
moment.

The developed model is used for simulation of the
interaction of an external energy load (laser beam) with and
current transfer to a tungsten plate immersed in a helium
background plasma in conditions similar to those of the
experiment [14]. Simulations were performed for different
dimensions of the plate and laser beam radii. Note that no
attempt was made to perform simulations for exactly the same
conditions as in [14], rather, illustrative modeling results are
reported.

An arc spot is ignited as the plate surface starts being
subjected to the external energy load, and the potential dif-
ference U between the plasma and the plate is reduced from
the floating potential to the arc burning voltage. After the
external energy load is switched off, the arc spot is extin-
guished, and U returns to the floating potential. The results
revealed the formation of a crater, but no jet formation or
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droplet detachment. The latter is in contrast to what was
found in the modeling of cathode spots in vacuum arcs [40]
and is explained by significantly lower melt velocities in the
conditions studied, when compared to those of cathode spots
in vacuum arcs, which are much more extreme. It was found
that the nanostructure layer has a negligible effect, due to its
rapid destruction under the external energy load.

Of particular interest of the modeling conditions treated
in this work are those with the spatial scale of variation of the
external flux, a, equal to 0.4 mm; note that the laser beam
radius in the experiments [14] was 0.4 mm. In the case where
the plate is large ( =R 100 mm), the peak temperature of the
plate attained is 5200 K, the plate potential remains below
the plasma potential at every moment, and no circulation of
the melt is observed. In the case where the plate is small
( =R 10 mm), a peak temperature of 7500 K is reached, the
plate potential surpasses the potential of the plasma and
remains above it for nearly a millisecond before returning to
the floating potential, and circulation of the melt at the pool
periphery occurs (the molten metal near the pool surface
flows away from the center of the melt pool while the bulk
of the melt near the pool edge flows toward the center of
the pool).

The dominant mechanism of erosion in the initial phase
of unipolar arcing is the vaporization of the metal atoms in the
arc spot, in contrast to the case of cathode spots in vacuum
arcs, where the ejection of droplets is the dominant mech-
anism of erosion, and mass loss due to vaporization is neg-
ligible. The amount of metal eroded during the event is m1.4 g
in the case where the plate is large and reaches a significantly
higher value of 37 μg for the small plate.
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