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Abstract. The paper reviews the vaporization phenomena at a target heated by heat flux from an adjacent
plasma in vacuum and in low pressure discharges. The kinetics of a non-equilibrium layer and the direct and
returned mass fluxes formed in the vicinity of the target are described. The mechanism of cathode vaporization
taking into account cathode electron emission in vacuum arcs is considered. It is shown that in vacuum arcs the
cathode electron beam relaxation region is an energetic zone which supports the generation of charged particles
by atom ionization, balancing losses from ion motion towards the cathode and electron current. The mechanism
of electron transport from the cathode to the plasma for cathode materials with strongly different thermal
properties is considered. It is shown that the cathode electron current is controlled by a near-cathode space
charge sheath whose structure depends on the thermo-physical properties of the cathode material. The potential
structures has a large electric field at the cathode surface (like Cu), or a virtual cathode (W), or double plasma
sheath (Hg), depending on the ratio of the electron emission flux to the vaporized atom flux, which in turn

depends on the cathode material.
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I. INTRODUTCTION

Electrical current in vacuum can be maintained if neutral or charge particles are generated in the
interelectrode gap. In a low pressure gas a high current density discharge can be supported if the density of the
charged particles in the near electrode area exceeds the ambient plasma density. Both in vacuum and low
pressure gas, the charged particles can be added by ionizing atoms emitted from the electrodes or walls. The
classical examples of such discharges are the electrical arc in vacuum [1,2] and discharges in low pressure
devices [3,4].

In ablative wall discharges (e.g. metallic electrode ablation in arcs [2,5], Teflon ablation [3]) the velocity
distribution function (VDF) is not in equilibrium in the region adjacent to the surface. A relaxation zone where
the VDF of the evaporated atoms transforms to the equilibrium VDF is formed near the wall. The length of
relaxation zone, named the Knudsen layer, is a few collisional mean free paths of the vapor particles. The
hydrodynamic parameters (temperature, density, velocity) in the Knudsen layer establish the relationship
between the equilibrium vapor pressure at the wall temperature and heavy particle pressure which is a result of
plasma flow in the wall region. The phenomena are similar to those appearing during laser evaporation [6].

Considering current near the electrode, the following question must be addressed: how is current
continuity preserved from the highly conductive metallic electrode to the less conductive plasma near the
electrode? The electrical current is supported by the electrons in a metal and in the plasma. However the
electron densities in these media are vastly different. This leads to different mechanism of current continuity at
the plasma interfaces with the anode and the cathode.

In many cases (depending on the gap geometry and discharge current), the whole anode surface
operates as collector of the electrons ejected from the attached plasma. However, when the anode is relatively
small, and in cases where the current cannot be collected by the entire anode surface, the anode plasma
constricts and an anode spot appears. In this case the constricted region forms an additional heat flux heating
the anode and causing its evaporation at the level required for the process to be self-consistent [1]. The main
problem of the anode region of a vacuum arc is the energy source for plasma generation. It was shown that the
problem can be solved considering the Knudsen layer parameters and taking into account the ohmic energy
dissipation in the spot plasma and in the region of plasma expansion from the spot [7].

At the cathode, only a small area of the surface contacts the constricted plasma region; electrons are
emitted only from this area. Sufficient electrons and atoms are emitted for self-consistent current continuity.

Experimentally, the contact between the plasma and the cathode in vacuum arcs appears as a bright spot
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named the cathode spot [1]. The time dependant phenomenology of cathode and anode spots as well as their
parameters (current, velocity, erosion rate and e.t.c) were observed and described [1,5].

Current continuity in the cathode region is more complicated. There are several phenomena such as
atom evaporation, cathode electron emission and a large electric field at the cathode surface due to the positive
space charge of the ion flux to the surface. Therefore a few relaxation zones are present for the flow of the
atoms, ions, plasma electrons and electron emitted from the cathode. A strong electric field accelerates the
charged particles in the electric sheath near the cathode. Also, the difference in the temperature of various
species and the bulk cathode temperature should be taken into account. A general formulation for ablation in
the cathode region should be based on self-consistent consideration of these phenomena.

Thus, wall ablation in electrical discharges in essence is a transition between wall and the attached
current-carrying plasma and the following questions should be considered:

How does the VDF of the patrticles tend to equilibrium?

What is the relation between the lengths of different particle relaxation zones?

What is the relation between the plasma gasodynamic parameters in the Knudsen layer near the

ablative wall and their equilibrium values?

How does the rate of material evaporation into a current-carrying plasma differ from evaporation into

vacuum?

What is the mechanism of electron transport from the cathode to the plasma for cathode materials with

strongly differing thermal properties?

Below a review of evaporation phenomena in different plasma systems (Sec.ll) and the state of kinetic
vaporization theory (Sec.lll) will be presented. The characteristic vacuum arc cathode spot parameters (Sec.IV)
and the mechanism of current continuity for ablative wall-plasma transition in the cathode region with electron
emission will be described (Sec.V). The characteristics of electron emission transport near different cathode
materials (leading in some cases to a virtual or plasma cathode with a double sheath) will be discussed in

Sec.VI and the reviewed results as well as the original calculations will be summarized in Sec.VII.

Il. PLASMA SYSTEMS WITH ABLATIVE WALL

High intensity heat fluxes to walls or electrodes are generated in different plasma systems and these
heat fluxes heat the wall and may lead to vaporization. Below the plasma interaction with ablative walls in

typical systems will be discussed



Vacuum arcs. Arcs are used in circuit breakers and in plasma systems used for tool coatings and thin
film deposition [5]. The electrical current in vacuum can be conducted when the electrode vapor filled the
interelectrode gap is ionized [1]. The electrodes are intensively heated by the high current density immediately
adjacent to the electrode surfaces. The current is considerably constricted and hence the current density is very
high at the cathode spot. The cathode spot is a region that includes the hot cathode surface which emits vapor
and electrons and the dense plasma near the cathode from which the plasma jet expands into the ambient
space. The electron current in the cathode plasma and in the plasma jet to the anode closes the electrical
circuit. Usually numerous cathode spots were observed for sufficiently large arc currents (e.g. 1kA) [5]. The
observation shows that cathode spots are very small luminous plasma regions that move on the cathode

surface. Spot types were classified [1,5,8,9] according to the spot velocity Vg, spot lifetime t and spot current I.

High-speed motion (10-100m/s) and short lifetime (<10 ps) are associated with type 1 spots. The type 1 spot
current is relatively small, e.g. <10 A. The spot velocity is lower when the cathode surface is cleaner. Therefore
it was defined the additional two sub-types of spot 1-1 and 1-1I for arc spot appeared before and after cleaning

the cathode surface respectively. Slow, (Vg~0.1m/s) spots with lifetimes of about t=100 ps and spot currents of

about 10 A are defined as type 2 spots that preferably appear when a small amount of gas is present. Several
spots can appear together on the cathode surface and this collection of spots is called a “group spot”. The
group spot current for copper is in the range of I=100-200 A. The periodic fluctuations of the spot brightness, on
a nanosecond time scale, are associated with the lifetime of spot fragments. A fragment size of about 10 um
and current per fragment of about 10 A were found on Cu cathodes [9]. A small spot current about 0.1 A was

observed by Kesaev on mercury and Cu film cathodes [10].

Ablative plasma accelerators. Typical ablative plasma accelerators include the pulsed plasma
thruster (PPT) [3], capillary discharge [11,12], electrothermal accelerators [13], and ablative railguns [14,15].
Wall heating and evaporation forms ablated controlled discharges [16]. PPT is considered as an attractive
propulsion option for orbit insertion, drag compensation and attitude control of small satellites [3,17]. The PPT
propellant (Teflon) is heated during the discharge by the plasma and ablates. The ablated vapor is ionized in
the vicinity of the solid propellant and is accelerated by an electromagnetic force.

The rate of polyethylene ablation is necessary for determining a boundary condition used for calculating

the ablative flow of plasma in a capillary channel [18]. In a railgun, the rail electrodes are heated by plasma



column radiation and particle energy flux. The plasma is produced by electrode evaporation and ionization [19].
There the rate of electrode evaporation is determined the plasma density and the projectile acceleration.

MHD power generation. In this application, high speed and large enthalpy gas flows in a channel are
slowed down by a crossed magnetic field, inducing an electric field. The ionization of the gas is enhanced by
doping with low ionization energy atoms, such as potassium. The potassium also condenses from the gas on
the cooled metallic electrode surfaces and then re-evaporates by the induced electrical discharges which are
strongly constricted near the electrode [20]. It was shown that the plasma density in the constricted region
reaches a level comparable to that in the cathode region of a vacuum arc and therefore the evaporation
phenomena can be described similar to that in a cathode spot [20].

Unipolar arcs in Tokamaks. The unipolar arc appears at electrically floating surfaces contacted by
plasmas [21]. In contrast to usual bipolar arcs, the unipolar arc occurs at one electrode which serves both as
cathode and anode. In a tokamak this type of arc was observed as a hot spots [22], which leaves an erosion
track at the isolated plate. The unipolar arc can introduce a large impurity flux into the core of tokamak plasma.
The arc is initiated by negative charging of the floating surface to a large potential when a relatively hot plasma
contacts the wall. The wall potential reaches a few tens of volts with respect to the plasma and an intensive
local heat flux causes wall evaporation.

Also a unipolar arc can be generated in a low pressure plasmas and the surface phenomena (track
size, erosion rate) depends on high frequency power injected into the plasma [23]. The plasma generation in
the hot spot of a unipolar arc is similar to that in the vacuum arc cathode spots and the erosion mass flow from
the target in a tokamak can be studied by the mathematical model of the cathode erosion mass flow in vacuum
arcs [1,2]. The hot spot in a tokamak appears at the wall or at a film covered the wall. The erosion track, caused
by arc spots on tungsten films covering a carbon substrate, was observed in experiments modeling unipolar arc
phenomena in fusion plasmas [24].

Laser action on metals. In contrast to evaporation in a discharge, which can affect the plasma
conductivity and the discharge current (dependent heat source), during moderate power laser radiation the
metal target is heated and vaporized by an independent heat source [6]. However, for sufficiently high power
laser radiation, power absorption in the plasma generated near the target must be taken into account. Plasma
absorption reduces the power flux at the target surface on the one hand, while on the other hand plasma

interaction with the radiation and target [25,26] as well as possible instabilities [27], must be taken into account.



l1l. KINETICS OF A CONDENSED MATERIAL VAPORIZATION IN A VACUUM.

Langmuir [28] showed that the rate of evaporation W, (atom/cm?/s) into vacuum from a surface is

determined by the equilibrium (saturated) vapor pressure P as;

where m is the atom mass, k is Boltzmann’s constant and T, is the surface temperature. Eq. (1) assumes that
all evaporated atoms are evacuated from the surface into surrounding space and that none return. Eq. (1) is
applicable for relatively low temperatures when P<ltorr [28]. Later, the evaporation of liquid mercury into
vacuum was studied by Knudsen [29], who showed that for strong evaporation a kinetic treatment is required
due to non-equilibrium effects as shown schematically in Fig.1. For higher surface temperatures, some atoms
flow back to the surface due to rarified collisions, and therefore the net rate of material evaporation is less than
that given by Eq. (1). The saturated vapor pressure increases with the surface temperature and the dense
vapor flow can be treated hydrodynamically. However, in the immediate vicinity of the surface, the collisions
create a non-equilibrium layer of several mean free path lengths where the atoms are returned back to the
surface. The particle distribution function f approaches equilibrium in this layer named Knudsen layer or atom
relaxation zone. Collisions in the vapor relax the distribution function (DF) towards a Maxwellian form. Thus two
regions appear near the surface: i) a non-equilibrium region with rare collisions and ii) a collision dominated
region with hydrodynamic vapor flow. A kinetic approach was used to solve the Boltzmann equation to
determine the flow parameters (density n, temperature T and velocity v) in the non-equillibrium region. The
parameters at the external boundary of the Knudsen layer determine the boundary condition describing the

hydrodynamic flow along a path from the surface. In general, the Boltzmann equation is

o of df
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where v is the velocity vector, r is a spatial coordinate, and f is the distribution function. Usually equation (2)

df
with the exact collision term (E)COI can only be solved for limited cases. Except of direct numerical simulation,

the method of moments or modeling the collision term in (2) is used to analytical solve the kinetic problem. A
given distribution function which differs only slightly from the local equilibrium distribution function f; is used.
The collision term was modeled by Bhatnagar et al (BGK); their approach is simplest for the present case of

sharp variation of the vapor parameters near the wall [30]:
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This is called the relaxation model wherein a constant collision time 7is assumed. In most practical
cases, the characteristic time of the hydrodynamic parameter set is smaller than the characteristic time of the

heat flux change to the surface. Therefore a steady state one-dimension problem was considered [6]:

Boundary conditions:
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Anisimov considers the near surface non-equilibrium layer as a discontinuity surface in the
hydrodynamic treatment of expanded vapor in laser-solid interactions [31]. His work was based on a previously
developed approach to the shock wave problem or strong rarefaction wave problem and therefore bimodal
distribution functions were used for the kinetic analysis [32]. In this case, the distribution function f(x,v) within
the non-equilibrium layer was approximated by the sum of two known terms before and after the discontinuity
with coordinate-dependent coefficients a(x).

f(x,v) = a(x)fy(v) + [1-a(x)]f(v)

fi(v) =fo v>0

fo(v) = Bt (v) v<0

The evaporated atoms have a half-Maxwellian DF (fo) with the surface temperature and a given density
[33], and this DF was served as boundary condition at the evaporated surface x=0. At the external boundary ()
of the Knudsen layer, the vapor patrticles are in equilibrium and therefore the full Maxwellian DF, f., (v) shifted by
velocity u, was used. The relationship between the vapor parameters in the equilibrium and in the discontinuity
region was obtained using the conservation of mass, momentum and energy and the conditions at the
boundaries of the Knudsen layer: a(0)=1 and a()=0

Assuming sonic velocity at the external boundary u=usg, of the Knudsen layer, Anisimov [6,31] obtained
that the evaporated atom flux is about 0.82 W,. Fisher [34] solved the kinetic problem using the BGK approach
and obtained that the rate of evaporation into an infinite half-space is about 0.85 W,. Thus the obtained vapor

7



flux is different from the flux W _ associated with equilibrium pressure calculated with surface temperature T.
The vapor flow regime with flow at the sonic velocity us, at the external boundary of the Knudsen layer, i.e. for
condition u=ug, was named in the works of Refs [35,36] as the free-flow regime into vacuum. Bhatnagar et al’
approach [30] was extended to the case of vaporizing molecules, taking into account their internal degrees of
freedom [37,38]. The Knudsen layer analysis was performed in order to predict the jump conditions across the
layer for polyatomic gas as a function of the specific heat ratio yand the Mach number M at the layer edge as
parameters. It was shown that the jump of particle temperature and density increases with yand M.

Electrode vaporization into plasma taking into account also the electron evaporation (emission) was
treated kinetically by Beilis [35,36,39] (detailed below). The definition of an non-free (impeded) plasma flow
when M<1 was introduced. The condition for impeded plasma flow was obtained. Using methods obtained
earlier [31,35], Teflon ablation in a discharges was calculated for known plasma density and temperature [40]
and the analytical results were compared with Direct Simulation Monte Carlo (DSMC) [41] calculations. It was
found that the thickness of the kinetic layer increases from a few particle mean free paths for small velocity
(M<<1), up to about 10 mean free paths for evaporation with sound velocity at the outer boundary of the layer.
This approach [35,39,40,41] was used for analysis of the coupled phenomena between wall ablation and
plasma flow in two types of PPTs. In one of them, the discharge was between two electrodes across the Teflon
propellant [42]. It was shown that the existence of two ablation modes with a velocity smaller than the local
sound speed and a velocity close to the sound speed at the edge of non-equilibrium layer is determined by the
current density in the acceleration region. In the other PPT, the propellant forms a coaxial Teflon cavity adjacent
to a metallic anode and a ring cathode placed at the exit of the plasma flow [43]. The plasma flow in the cavity
was investigated self-consistently taking into account the kinetics of the Teflon ablation. The mass ablation and

impulse thrust as functions of the Teflon cavity length were calculated.

IV. CATHODE PLASMA AND ELECTRON BEAM RELAXATION ZONE

Let us consider the details of the ablation in the plasma adjacent to the ablation surface for vacuum arc
cathode vaporization and electron emission. The transition characteristics between the cathode and the near
cathode plasma will be described. The more simple case of non-emitted electrode was previously considered
[7] by removing the effects of electron beam emission.

In this paper as an example a copper cathode will be considered. Let us discuss the typical plasma

parameters in the near-cathode region. Within the framework of the vaporization model [1,2,44] the plasma



consists of atoms, ions and two groups of electrons — i) fast electrons in an emission beam and ii) slow plasma

electrons. The ionized vapor near the cathode is characterized by a heavy particle density of n~1026 m-3 with

a degree of ionization of =0.1 or more and an electron temperature of Tg~1eV and more, a slow plasma
electron-electron mean free path of Lgg~0.0lum, and ion-ion and ion-atom mean free paths of
Lji~Ljg~Li~0.01um. The plasma is separated from the cathode surface by a space charge sheath (ballistic zone

<0.01 um) with a potential drop U, of about 15V [10]. The cathode electron emission beam is accelerated in the
ballistic zone, so that its electrons achieve a relatively large kinetic energy in comparison to the slow plasma

electrons. The electron beam heats the slow plasma electrons in a relaxation zone Ly as shown in Fig. 2. In

general the electron beam energy relaxes in several ways, namely by exciting plasma oscillations or by
collisiing with plasma particles [45]. An estimation showed that electron beam momentum and energy relaxation
was due to collisions with plasma electrons [46]. Since the energy of electron beam exceeds the slow electron
energy by an order of magnitude, the mean free path of accelerated beam electrons is two orders of magnitude

larger then Lgg or Lj, i.e. the electron beam relaxation zone is about Lp~1um.
Thus, inside the relatively large electron beam relaxation zone, a collision dominated plasma is formed.
This fact is crucial for the model to be able to describe the cathode evaporation, using a hydrodynamic
treatment in order to calculate the ion back flow to the cathode surface.
Since the spot radius is in the range of about rg = 10-100um the cathode evaporation problem can be
considered in a 1-D approximation.
V KINETICS OF CATHODE VAPORIZATION

In general, to describe the kinetics of cathode vaporization, the following steady state system of

equations in a one-dimension approximation should be solved:

Ve € 0 Sy 5)
ox m, ov
AIVE = 78] [ £, (V)OV = [ Fo(V)OVT ©6)

where indices a - e,i,a represent the electrons, ions and atoms respectively, and E(x) is the electric field
distribution in the near cathode region. The system (5)-(6) is very complicated and therefore the following model
was proposed taking into account the structure of the near cathode plasma and different characteristic

relaxation zone lengths [1,2,35]. The near cathode vapor is a partially ionized gas that is separated from the
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cathode surface by an electrical sheath in which the charged particles are accelerated. The cathode is heated
mainly by ions accelerated across the sheath and the collision dominated plasma is heated by the accelerated
electron beam. In contrast to the simple model of only neutral atom evaporation by laser radiation [6,31], there
are two main characteristic discontinuity layers in the near cathode plasma - for the heavy particle and electron
distribution functions.

Four characteristic boundaries can be distinguished in the near-cathode region, Fig. 3. The origin of the
coordinate system is defined at the cathode surface, and the x-direction coincides with the direction of the vapor
flow. Boundary 1 is at the cathode surface at x=0, boundary 2 is at the external boundary of space charge
(ballistic) zone, boundary 3 is at a distance of the Knudsen layer length from the cathode surface for the heavy
particles and plasma electrons, and boundary 4 is located at a distance equal to the electron emission beam
relaxation length from the cathode surface. The gas parameters (density, velocity and temperature) at these

boundaries are denoted as Ngj» Uy Taj' where indices a - e, i, a are the electrons, ions, atoms respectively and
j=1,2,3,4 indicates the boundary number and ngy and n, are the equilibrium electron and heavy particle
densities determined by the cathode surface temperature Tg,.

The problem of cathode evaporation in a vacuum arc similarly to metal evaporation by laser radiation
[6,31] should be solved to determine the parameters only at the mentioned above control boundaries while their
x-dependence is not required, so that the problem reduces to integrating the equations which are expressed the

conservation laws at the above particles and boundaries in following form:

[ £00v,)dv = ngtx): [V F 6V )V, =160 ugx):
g [[(vp —u,)? +v,? +v22]f(x,va)dva:M2W ....................................... )

where f(x,v ) is the velocity distribution function at the control boundaries, v 4 is the velocity vector, vy is the
particle velocity component in the x-direction and u, is the velocity of the ionized vapor. Let us describe the
VDF on all mentioned boundaries. The VDF is half-Maxwellian (positive velocity vy) with the cathode

temperature at the first boundary in accordance with particle emission from the cathode determined by
evaporation for atoms [33] and for electrons [47]. The evaporated atoms are significantly ionized within one
mean free path [44], therefore the reverse flux consists of atom and ions, whose velocity distribution (negative

velocity vy) at boundary 1 can be approximated as shifted Maxwellian ones by the plasma parameters

determined at this boundary from the problem solution [6].
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At the external boundary 3 of the Knudsen layer, the heavy particles are in equilibrium. Therefore the

heavy particle distribution function is a shifted full Maxwellian with parameters n,3, ug3, and T,3. For

electrons, the VDF consists of a shifted full Maxwellian for the plasma electrons and a shifted half-Maxwellian
for the electron emission beam. At boundary 4, the parameters of all particles are in equilibrium and therefore

there the distribution functions are shifted full Maxwellians with parameters ng4, Ugg, Tgg. Between the

boundaries 1 and 2 is the space charge sheath. At boundary 2 the plasma electrons are returned, while the ions
and emitted electrons are accelerated with energy eUc. These effects determine the charged particle shift

velocities and change the parameters of the VDF at boundary 2.
The velocity distribution function of the particles for v ,,<0 is denoted by f “aj and for v 5, >0 is by f +aj'

where

m,h

fy =y (Ta")s’2 eXP[=M, N, (Vg = Uy ) V2, +V2)] oo (8)

and where hm-:(ZkTaj)'l, VayVgz are the random particle velocity components in the y- and z-directions, m 4 is

the particle mass and k the Boltzmann constant.

Next, the conditions at the boundaries are written.

At boundary 1: fn1=Tom +f o1 *oi1= 0,

H I R - — .
At boundaries 3 and 4 .fa]—f 01+f ajr j=3,4;

In contrast to boundary 3, at boundary 4 the electron beam disappears and then the electron current is
defined only by the electrical conductivity of the plasma (in essence, boundary 4 serves as the boundary for the
electron Knudsen layer). Further, the problem is reduced to obtaining a system of equations from the
conservation laws (7) taking into account the momentum and energy change due to the electric field in the
space charge layer and the elastic and nonelastic collisions. Within the Knudsen layer, and hence at boundaries
1-3, the conservation laws (7)-(8) produce 18 equations. This system includes two equations for densities, four
equations of mass continuity and four equations for the momentum and energy (for heavy particles and
electrons) at boundaries 1-2, as well as eight such equations at boundaries 2-3. However, at each boundary

and for each particle there are 28 unknowns (including the cathode potential drop) that follow: N gjy Taj' Vai, Uc.

The number of unknowns can be reduced to the number of equations taking into account the following
conditions. Since the space charge layer thickness is much less than the Knudsen layer thickness, we have two
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guasi-neutrality conditions Ngj =Njj (7=2,3), assuming single ionised ions [44]. The mean free paths for ion-ion

and ion-atom collisions are equal and that the effective momentum and energy relaxation lengths for heavy
particles is determined by ion-ion collisions and is about one mean free path. Therefore it can be assumed that

Tij:Taj (=1,2,3) and Vij “Vaj (7=3). It should be noted that at boundary 2 the ion velocity is determined by the

condition at the sheath-plasma interface and at boundary 1 the ions are accelerated towards the cathode in the

space charge layer, reaching a velocity of VC:(eUC/m)l’Z. This velocity is used as the shifted velocity for the ion

distribution function at boundary 1. Finally, if the ionization-recombination length and plasma velocity are small
in comparison to the length of the relaxation zone and to the thermal velocity respectively, then at boundary 4

Saha’s equation is fulfilled [44], i.e. ngg =ngg, Were ngg is the equilibrium electron density. In this case, an

additional diffusion equation [44] determines the ion density at boundary 3, closing the above system of
equations.

In order to determine the equilibrium parameters (ngqg,ng) at the cathode surface, it is necessary to

supplement the kinetic equations with equations for emission of electrons and heavy particles from the cathode

as well as with equation for the electric field (E) at the surface and the cathode energy balance (Tg) [2,44]. The

electron energy balance is determined by energy influx from the emitted electrons and energy dissipated by
atom ionization, convective transport by the electric current and ion outflow in the relaxation zone. In this
formulation, the current per spot is a given parameter while the cathode and plasma parameters at the
mentioned boundaries including the cathode potential drop can be determined as a part of the problem. The
rate of mass flow of the ionized vapor G could be obtained by

G=mngyvs, m=m;=ms, e T P (9)

Also, the plasma flow is divided into two basic regions, kinetic before boundary 3, and hydrodynamic
after boundary 3. As results of the kinetic solution, the relation between the equilibrium parameters of ngg, ng,
To: and the non-equilibrium plasma parameters at boundary 3 can be obtained (see below). Therefore the
plasma parameters at boundary 3 serve as boundary conditions for hydrodynamic equations of mass,
momentum and energy in the expanded plasma jet. The details of the very bulky full system of equations can
be found elsewhere [2,35,44,46]. Examples of typical calculations as well as new calculated results will be

present below showing the role of beam relaxation zone and sheath structure in cathode current continuity with

different cathode materials.
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VI. CALCULATION RESULTS

The saturated electron emission flux can be compared with the saturated vapor flux for different
materials, according to their thermo-physical properties. The materials can be categorized into three classes for
this comparison: i) those with intermediate properties, e.g. Cu, ii) refractory materials with high values, e.g. W or
ii) volatile materials with low values, e.g. Hg [1,2]. The cathode materials can also be characterized by the ratio
of the electron emission energy to the atom evaporation energy x which can be related respectively to the
mentioned classes as i) x~1, ii) x<1 and ii) x>>1. It was shown [2] that for these materials, the plasma-cathode
transition region has different structures and therefore different potential distributions and the electric fields near
the cathode in electron beam relaxation zone. The electric field at the cathode surface is one of important
parameters which control the current continuity in the cathode region [1,2]. Let us consider the self-consistent
calculation for each above mentioned case.

Intermediate materials. The typical cathode materials with intermediate thermophysical properties
include Cu, Ti, Al, and Ag, as well as graphite. For these materials, the solution of above mentioned system of
equations can be obtained using the model presented here [2]. In the calculation below, Cu, Ti, and C cathodes
are considered and the evaporated mass flow results are presented. In all calculations, the spot current, in the
range 1=1-20A, and the spot life time t, in the range from 0.1 ps to steady state, were used as parameters. The
calculation showed that the electric field at the cathode surface is relatively large (~10MV/cm) and the cathode
electrons are emitted thermoionically, enhanced by the Shottky effect due to the large electric field.

The fraction of cathode mass loss Ke=GMW,|, the normalized plasma velocity b3:m1’2V3/(2kT3)1’2, the
cathode erosion rate normalized by current G=71°G/l and the heavy particle density nzp=ns/nq at external edge
of the Knudsen layer (boundary 3) normalized by the saturated vapor density were obtained as functions of the
spot current | (see Figs 4a-7a) and life time t, (see Figs 4b-7b). The dependencies on spot current, |, were
calculated for the steady state case and the dependencies on t were calculated for I=5A. It is shown that K, b3,
Gy increase and nsy decreases with spot current and life time. The mentioned time dependencies for Cu and C
are similar and they are significantly different than for Ti. The main change of the spot parameters with spot life
time occurs up to about 10us for Cu and C and up to 1ms for Ti. The steady state cathode erosion rate for Cu is
close to Ti and both are significantly larger than for graphite (Fig.6a). The main change of the spot parameters
with spot current is up to about 10-15A for Cu and Ti and up to 5A for C. However, the character of the Gy

dependence on | for Ti is close to that for C but they differ greatly in their absolute values (Fig.6b).
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Refractory materials. The problem of current continuity in vacuum arcs with refractory cathodes stems
from the thermophysical properties of refractory materials, leading to a large electron emission to atom
evaporation rate ratio (~10) for a wide range of cathode temperatures Ts [2]. The cathode spot model, which
works well with cathodes having moderate thermophysical properties, predicts for refractory cathodes so small
a plasma density that the temperature T cannot be supported by the outflow plasma energy to the electrode
[1,2]. This problem was overcome using a new virtual cathode model that takes in account that the electron
density exceeds the ion density in the sheath adjacent to the cathode and the consequent negative space
charge forms a potential minimum U, with respect to the plasma potential and has a potential difference of 4U
with respect to the cathode (Fig.8) [1,2]. A lower electron emission current density jo was obtained using the
virtual plasma cathode model [2]. The electron beam relaxation zone with reduced electron emission current
was considered. A solution was found, but the electron current fraction s= j¢/j remained very large, more than
0.99 and consequently only a single large spot with current density j>10° A/lcm? was obtained [2]. However,
slowly moving and steady-state spots with j<106 Alcm? are observed on tungsten cathodes in vacuum arcs
[8,48]. Calculations [2,44] also showed that with moderate cathode materials, the lower j is consistent with lower

electron current fraction, e.g. s <0.8.

Generally, when the virtual plasma cathode model was used, zero electric field at the plasma side of
the sheath E, was also assumed [49]. As a result, the ratio of emitted electron current density j. to the incident
ion current density j; is proportional to the square root of the ion mass m to the electron mass m, ratio, i.e.
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jelii~(m/mg)™, [49]. Thus je is much larger than the ion current density j. A mathematical analysis of the sheath
structure shows that with W cathode, in the near cathode region the ratio jfji will be lower if E,#0. This
conclusion is consistent with the sheath-presheath models for the transition region between a negatively
charged wall and a collision dominated plasma [50,51,52,53]. A model of virtual plasma cathode taking into
account the non-zero electric field at the plasma sheath interface and electron beam relaxation zone in near
cathode quasi-neutral plasma was developed for vacuum arc refractory cathodes [54]. The electric field Ep. was
calculated from Poison’s equation, taking into account the space charge from the ions, plasma electrons back-
flowing towards the cathode and electrons emitted by the virtual cathode. A parameter K¢q was defined as the
ratio of Ep to Te/Lg, where Ly is the plasma Debye length. The dependence of K¢ was calculated as a function of
s for I=20A and U=20V [5]. Fig. 9 shows that K.y decreases with s and reaches about 0.1 for s>0.9. For this

condition, the spot current density j as function on s is presented in Fig. 10. It can be seen that j is about

10°A/cm?for s<0.9.
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Volatile materials. The regular cathode spot models [2] also meet a discrepancy and cannot
consistently explain the cathode spot operation on highly volatile cathode such as Hg. This discrepancy is
explained below. According to the calculations, a relatively high plasma density of about 10™-10%* cm? is
obtained from the saturated Hg pressure at low cathode temperatures, e.g. ~1000 C. This plasma density is
sufficient to balance the cathode energy. However this cathode temperature is too low to provide sufficient
electron emission. As a result, the plasma in the electron beam relaxation zone cannot be sufficiently heated,
the plasma temperature is very low according to the plasma energy balance and the plasma cannot be re-
generated. Thus, the traditional model for the volatile materials needed modification by adding a specific
mechanism to control the plasma energy balance, current continuity and the mercury evaporation. Let us
consider a double space sheath [55] appeared in plasma volume and which is a transient layer between non
emitted Hg cathode and conductive plasma.

Double sheath model. A model was proposed [55], in which the near-cathode region is modeled by two
distinct regions, divided by a double space charge layer. Previously, a double layer in a high-voltage discharge
with a low density of charged particles was observed experimentally [56]. Moreover, a double layer also
appears over a considerable range of the particle densities when sharp changes of the discharge channel
cross-section occur [57] or in plasma configurations with divergent magnetic field [58,59,60,61]. The principle
cathode plasma structure in the case of Hg is presented schematically in Fig. 11. The schematic potential
distribution in the different plasma regions is shown in Fig. 12. According to the model [55], the plasma region |
directly contacts the cathode surface (boundary 1) and in this region a screening potential drop U is formed.
The plasma region | shares boundary 2 with the double sheath layer (region Il). Electrons are created in region |
by electron impact, and boundary 2 thus serves as a plasma cathode for the rest of the discharge, while current
continuity is maintained at boundary 1 mostly by the ion current. Thus there is no requirement for the cathode
surface to emit an electron current equal to the circuit current -- the electrons are generated by the plasma
cathode, similar to what occurs in the cathode region of a glow discharge.

Region Il (ballistic zone) is a collisionless space charge double-layer having a relatively large potential
drop Ugh. Generally, the thickness of the double layer is of the order of the Debye length. Region Il borders the
external plasma (region lll) which extends to boundary 4 in the anode direction. Its length is the relaxation
length of the electron beam emitted from region I. Both electrons emitted from region | in the direction of the
anode, and ions extracted from region Il (see Fig. 12) pass through the double-layer (region Il) on the way to

their respective destinations, and are accelerated by the potential drop in the double layer. The additional
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energy imparted to the plasma particles on their way to region | is critical in providing the power that ultimately
is necessary for ionization, and hence producing the necessary electron flux in region |. Excited atoms flowing
into the first plasma region play also an important role in its energy balance, as does the outflow of the atoms
from region lll. The excited atoms at the metastable level should be taken in account for produce step ionization
of the mercury atoms [55].

A one-dimensional system of equations describing current continuity and energy conservation were
formulated and solved for the above model [55]. Two types of time-dependent solutions were found, with
characteristics times of 0.1-1 us and 100 us, respectively. These times correspond to the experimentally
observed spot life times for the transitional and fundamental arc forms, respectively observed by Kesaev [10].

The potential drop in the plasma regions (Fig. 12) U; and U,, typically <0.5 V, are small in comparison
to the double sheath potential drop Ug, (10-15 V). Fig. 13 shows that Uy, decreases with spot life time and
depends weakly on the spot current, if the cathode erosion coefficient is constant. The calculation shows that
Ush can be small (~10V) in accordance with the measurements of the arc voltage with Hg cathode [10]. The
length of the first plasma region is calculated to be 10 um, which is approximately equal to the experimentally
observed dark space in the Hg vacuum arc [10]. Acceleration of electrons from the first plasma region through
the layer with potential drop Ug+U, explains the observation of fast electrons with energy exceeded the

measured arc voltage [10].

VIl SUMMARY AND DISCUSSION

Strong vapor density and temperature jumps appear near vaporized walls due to intensive heating. The
back flux to the wall is generated in a length of few mean free paths in the non-equilibrium (Knudsen) layer,
adjacent to the vaporized wall. When only atom collisions produce back flux, the vapor flows with sound velocity
Vgn at the external boundary of the Knudsen layer. This occurs in moderate power laser-matter interactions [6].
Another case is for electrode vaporization into an adjacent current-carrying discharge plasma. Since the atoms
are ionized and an additional energy is dissipated in the plasma volume, the plasma flows with a sub-sonic
velocity at the external boundary of the Knudsen layer. We named these as the free flow regime (v=vs,) and the

impeded (non-free) flow regime (v<vg,) [35,36].

In the vacuum arc cathode region, electron emission plays an important role in supporting the current
continuity of the discharge. In particular, the relaxation zone of a highly energetic electron emission beam is

much larger than mean free paths of the heavy particles and plasma electrons. This fact allows understanding
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the plasma phenomena (vapor ionization, current, mass and energy transfer) by a plasma hydrodynamic
treatment using the plasma parameters at the Knudsen layer as boundary conditions. A self-consistent solution
of the plasma flow in the Knudsen layer and in the hydrodynamic region shows a humber of effects in a vacuum

arc cathode ablation. Below we summarize the main results.

1. In vacuum arc cathode spots, the mass flow is significantly impeded and the normalized velocity
bs<<1. In the calculated region of | and t for the vacuum arc cathode spot, the heavy particle density at the
external boundary of Knudsen layer to the saturated density ratio ny/ny=0.72-85 is significantly larger than in the
case of free laser evaporation in vacuum, where it is ns/ng = 0.3 [6,31]. This means that the Knudsen layer
structure problem in high current discharges is different from laser metal evaporation. The difference is due to
different vapor generation conditions. Indeed, in the case of laser action (10*-10°W/cm?), the heat flux to the
target is determined by an external heat source (laser power) which is independent of the extracted vapor
intensity (except the effect of “plasma shielding” which described by an absorption coefficient in case of high
intensity laser irradiation, 210°W/cm? when the absorbed energy can influence on the plasma expansion [25]).

Therefore the vapor freely expands into vacuum at the sound velocity.

Another case includes electrode vaporization in vacuum arc spots and ablative accelerators, unipolar
arc in tokamaks, capillary discharges etc. In those cases the heat flux to the wall is determined by parameters
of the generated plasma, i.e. the evaporation phenomenon is coupled with the adjacent plasma. For example, in
the cathode spot, the ion flux to the cathode, which serves as the primary energy source for the cathode,
depends on the cathode evaporation rate, vapor velocity and its ionization. A large fraction of the returning
mass flux to the cathode is a result of the cathode erosion products flow in a condition when the plasma and
cathode heating are supported self-consistently. Thus the plasma flow velocity depends on the energy
dissipation in the electrode body and in the plasma, and is controlled by condition (certain level of plasma
density and plasma temperature) supported the cathode spot operation. Therefore the plasma flow is impeded,
the plasma velocity at the external boundary of Knudsen layer is less than the sound velocity and the cathode
vapor expansion is impeded. As a result, the rate of cathode mass loss is lower than by free-flow regime of
evaporation in vacuum supported by laser radiation. This result has experimental evidence explaining the
transition of instable fast moving spot type (flow impeded only by own spot plasma) to type of slow relatively
stable spot when the background pressure increase (plasma expansion from the spot is limited by the external

gas pressure) and understand the arc voltage fluctuation at low (threshold) current arc in vacuum [1,2,5].

17



2. The electron emission can be considered as electron evaporation from the heated cathode. As a
result, the jumps of electron density and temperature are not originated similarly as the jump of the heavy
particle because the beam electrons have the following characteristics: i) the electrons are charged particle
moving in an electrical field and ii) the accelerated electrons move in a zone with an addition electron source
due to ionization. Therefore the plasma energy balance changes due to electron emission energy dissipation in
the quasi-neutral plasma region which is the electron relaxation zone. The beam electron relaxation zone is
analogues to an electron beam Knudsen layer. Electron beam relaxation is an important phenomenon which
determines the regeneration mechanism of the plasma slow electrons and ions supporting the vacuum arc

operation.

3. The mechanism of current continuity and the structure of wall plasma transition depend on the
physical properties of the cathode materials. This dependence is determined by the relation between rates of
electron and atom evaporation. The structure of the wall to plasma transition region provides the conditions for
electron transport in the cathode plasma region. When a relatively large ion current to the cathode is generated
the large electric field at the cathode surface occurs. This electric field enhanced the cathode electron emission
and supports the cathode heating by ion bombardment at a level for sufficient cathode evaporation. This
mechanism occurs with a wide region of cathode materials with intermediate physical properties. Previously
such approach was also used for cathode materials with violently different physical properties but in calculations
with arbitrary parameters [5,10]. However, the closed system of equations for model based on a high electric

field at the cathode surface cannot be solved for volatile (e.g. Hg) and refractory (e.g. W) cathode materials.

In the volatile case, the electron emission is practically negligible in comparison to the rate of
evaporation and therefore a model with a double sheath and a plasma cathode was proposed [55] to explain
the nature of current continuity in the cathode-plasma transition region near the cathode. The calculated low
cathode potential drop, which explains the observed cathode voltage of 9-10 V, is an important feature of the
double sheath model for the Hg cathode. Just the opposite is the case of a refractory cathode for which the rate
of atom evaporation is negligible compared to the high rate of electron evaporation, and therefore a vanishingly
small ion current was obtained in frame of the traditional cathode spot model [1,2,44]. Therefore a virtual
cathode model was devised [54] which allows sufficient reduction of the large electron emission flux. The
important point of the virtual cathode model is that the electric field in vicinity of the cathode surface in the
sheath is typically zero while at the sheath-plasma interface the electric field is significant. This sheath structure

supports a relatively large ion current fraction which is necessary for self-consistent W cathode spot operation.
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The mentioned electric field is calculated to be much smaller than the field determined by the ratio of electron
temperature to the Debye length. This electric field is necessary for supporting a relatively low spot current

density on tungsten cathodes, as observed experimentally.

In summary, it should be emphasized that the material vaporization in the current-carrying self-
sustained systems consists of several complicated phenomena including the mass flow from the target in the
Knudsen layer, the plasma energy dissipation in the ionization and expansion regions and the plasma-electrode
transition layer. The aforementioned typical structures are different for materials with different thermal
properties.
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Figure captions

Fig.1 Schematic diagram of rare atomic collisions in the Knudsen layer. The back flux /7, to the surface is
generated at the length of Knudsen layer and /5 is the direct atom flux in accordance with target temperature T,
and saturated vapor pressure Py.

Fig.2. Schematic model of the electron beam relaxation zone L, and ion mean free path L; in a vacuum arc
cathode region illustrating the relative lengths and showing the ion flux to the cathode which can be calculated
by hydrodynamic treatment of the ion flow.

Fig.3. Model of vacuum arc cathode evaporation. Structure of kinetic layers in the cathode current-carrying
plasma.

Fig.4a. Steady state cathode evaporation fraction as functions of spot current.

Fig.4b. Time dependence of the cathode evaporation fraction.

Fig.5a. Steady state normalized plasma velocity at the external boundary of the Knudsen layer as functions of
the spot current.

Fig.5b. Time dependence of the normalized plasma velocity at the external boundary of the Knudsen layer.
Fig.6a. Steady state cathode erosion rates normalized by the spot current as functions of the spot current.
Fig.6b. Time dependence of the cathode erosion rates normalized by the spot current.

Fig.7a. Heavy particle densities at the external boundary of the Knudsen layer nz normalized by the saturated
density ng as functions of the spot current.

Fig.7b. Time dependence of heavy particle densities at the external boundary of the Knudsen layer nj
normalized by the saturated density n,.

Fig.8. Schematic presentation of the virtual cathode structure for a refractory cathode material.

Fig.9. Electric field at the sheath-plasma interface normalized by the ratio of the electron temperature to the
Debye length as a function of the electron current fraction in the spot with W cathode erosion rate as parameter.
Fig.10. Spot current density as function on electron current fraction in the spot with cathode erosion rate as
parameter.

Figll. The plasma layer structure with a plasma cathode and an electron beam relaxation zone near a Hg
cathode.

Figl2. Near cathode (mercury) schematic potential distribution in the cathode plasma region | (screening
potential drop Ug), in double sheath Ug, (region Il) and in the electron beam relaxation zone (region Ill). U; and
U, is the potential drop in the plasma regions | and Il respectively.

Fig.13. Time dependence of sheath potential drop for mercury cathode.
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Fig.1 Schematic diagram of rare atomic collisions in the Knudsen layer. The back flux / to the surface is
generated at the length of Knudsen layer and /5 is the direct atom flux in accordance with target temperature T,
and saturated vapor pressure Py,
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U, is the potential drop in the plasma regions | and Il respectively.
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