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Modern theory of plasma-cathode interaction in
high-pressure arc discharges and perspectives of

Its application to cathode spots in vacuum arcs

M. S. Benilov
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Abstract- Understanding of cathode phenomena in
high-pressure arc discharges has considerably improved
during thelast decade dueto effort invested by researchers
from several countries. This talk is concerned with a
review of present understanding of cathodes of
high-pressure arcs, with an emphasis on theoretical and
modeling aspects and on perspectives of transfer of the
resultsto vacuum arcs.

I. INTRODUCTION

Cathodes of high-pressure arc discharges have bee
under intensive investigation for many decades; a
review published in 1961 by Ecker [1] already irmed
more than 600 references. However, reliable
experimental data and self-consistent theoreticadets
started to emerge only in the 1990s. By now, tie®it
of plasma-cathode interaction in high-pressure arc
discharges is developed relatively well; see rejigw

Results achieved in the theory of high-pressure arc
cathodes, apart from being of scientific and
technological importance by itself, are of interésé to
their potential importance for understanding operat
of cathodes of vacuum arc discharges, which i$ stil
incomplete in spite of many decades of intensive
investigation. Depending upon the electron emission
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Fig. 1. Structure of the near-electrode perturipatégion in
high-pressure arc discharges.

modeling results and results of electrical and rizr
measurements is demonstrated. Results of analgtizhl
numerical investigation of stability of differentoaes

of current transfer are presented and discussduerOt
topics include theoretical and experimental
investigations of transient regimes of current ¢fan
modeling of multi-species plasmas with complex
chemical kinetics; effect of variation of the work
function of the cathode surface; theory of solitappts,
i.e., spots on large cathodes (the spot radius is
determined in a self-consistent way). A free onlioel

and metal vapor generation processes, models of for simulation of axially symmetric modes of curren

cathode spots in vacuum arcs can be divided into tw
categories, evaporation models and explosive molttels
the framework of evaporation models, the physics of
cathode spots in vacuum arcs is not fundamentally
different from the physics of cathode spots in
high-pressure arc discharges. Therefore, undelisigind
of cathode phenomena in vacuum arcs may
considerably benefit from results achieved recently
cathode phenomena in high-pressure arcs.

This talk is concerned with a review of present
understanding of cathodes of high-pressure ardh,ani
emphasis on theoretical and modeling aspects, &nd o
perspectives of transfer of the results to vacuues.a
The model of nonlinear surface heating, on whiah th
theory is based, is presented and discussed, akihg
its numerical realization. Modeling results areegivfor
axially symmetric cathodes. The steady-state modes
presented and discussed include the diffuse mode an
different spot modes. A good agreement between the

transfer is demonstrated. The possibility to apiblg
results to cathode spots in vacuum arcs is disduisse
detail.

II. THEORY OFPLASMA- CATHODE INTERACTION

A. Structure of the Near-Cathode Perturbation Region

Different kinds of perturbations introduced intceth
arc plasma by electrodes manifest itself on differe
length scales. This allows one to divide the
near-electrode perturbation region into a number of
sub-regions with different physics as shown in Hig.
Two of these sub-regions are particularly importast
far as the cathode phenomena are concerned: the
ionization layer and the space-charge sheath. ©he i
flux to the cathode surface is generated in thez&ion
layer. The ions, after having been acceleratedhgy t
sheath electric field, bring their energy to th¢hode
surface. This is the main mechanism of heatinghef t
cathode, although some additional heating may be
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provided by fast plasma electrons that can overcihme
decelerating electric field in the sheath and retieh
cathode surface. Energy necessary for ionizatiotién
ionization layer comes from acceleration by theashe
electric field of electrons emitted by the cathode.

In the following, the ionization layer and the
space-charge sheath jointly will be termed the
near-cathode layer. The near-cathode layer gives a
dominating contribution to the voltage drop in thieole
near-cathode perturbation region. It follows thhe t
voltage drop U in the near-cathode Ilayer is
approximately the same for all points of the arc
attachment.

B. The model of Nonlinear Surface Heating

dependences found at the previous step, thus
determining distributions of parameters of the
near-cathode layer along the cathode surface.

Integrating the current density distribution, omel$ the
arc current corresponding to the considered valubeo
near-cathode voltage.

If the principal aim of a study consists in a maulgl
of a cathodic part of the discharge, which is theeg
e.g., in investigations dealing with cathode emosihe
procedure of solution terminates here. Otherwises o
can calculate the arc plasma outside the near-datho
layer, taking necessary boundary conditions from th
solution obtained at the second step; the thind. ste

The above-described approach is usually referred to

The above means that the plasma-cathode interaction as the model of non-linear surface heating. Thetmos

in high-pressure arc discharges is governed byira th
near-cathode plasma layer comprising the spaceyehar
sheath and the ionization layer, and this neareckh
plasma layer is to a first approximation unaffeclsd

the outside plasma. Therefore, there is in priecipbd
need to calculate the whole system arc-cathode
simultaneously: one can first find a solution fdwet
near-cathode layer, then a solution describing the
cathode, and finally a solution for the arc colufitare
specifically, the procedure is as follows.

As a first step, one calculates characteristicshef
near-cathode layer. Since this layer is much thritimen
a characteristic dimension of the arc attachmémhaly
be treated as locally one-dimensional (1D). Theeefo
characteristics of the near-cathode layer are foasnd
functions of the local surface temperatdig and the
near-cathode voltage drap (It should be stressed that
in the framework of such approach current transfer
across the near-cathode layer to any point of tice a
attachment depends only on the temperature of the
cathode surface at this point but not at other tgpifhe
near-cathode voltage drop U represents a combined
voltage drop in the space-charge sheath and in the
ionization layer and is the same for all pointghe arc
attachment.) In particular, densities of the netrgn
flux and the electric current from the plasma te th
cathode surface are fourgk q(Ty,U), j=j(Tw,U). These
characteristics do not depend on the total arceatiror
the shape of the cathode and it is sufficient loutate
them only once for every given combination of the
cathode material, the plasma gas and its pressure.

At the second step, one calculates the temperature
distribution inside the cathode body and on thdaser
This amounts to solving inside the cathode the
(multidimensional) heat conduction and current
continuity equations with the boundary conditions
supplied by the dependenogsq(T,,U) andj=j(T,,U).

If the Joule heat production in the body of théhode is
unessential, which is usually the case for low-euntr
high-pressure arcs, the current continuity equatiay
be excluded from consideration. After this probleas
been solved, one can substitute the surface temupera
distribution obtained as a part of the solutioroitiie

important features of this model are as followgstri
the models is self-consistent: what is specifiedds a
distribution of the energy flux from the plasma otse
surface but rather a dependence of the energy flux
density on the local surface temperature, this
temperature being unknovapriori. Second, the model
admits under certain conditions more than one wwiut
at the same value of the arc current, with differen
solutions describing different modes of currenhsfar.
This feature allows for a self-consistent calcolatof
different modes, thus eliminating the necessity of
switching different mechanisms (such as thermionic
electron emission versus thermo-field or field esioiB)

"by hand" in order to calculate different modesjaklihis

a usual way of simulating different modes in other
models.

The model of nonlinear surface heating was
apparently first suggested in 1963 by Bade and[3hs
who not only gave a mathematical formulation of the
problem but also forwarded an assumption of excgen
of two or more solutions for any given set of input
conditions, corresponding to different modes ohode
operation. However, neither such multiple solutions
were found in [3] nor their existence was provead a
the importance of this work has not been properly
appreciated at the time. As a consequence, thelrobde
nonlinear surface heating was virtually forgotteor f
several decades and has apparently been re-dischver
with some or other variations, more than once. Aved
of the model of nonlinear surface heating has etair
the 1990s, after it was proved that the model iddee
gives multiple solutions describing different modss
current transfer. It is interesting to note thag fiirst
such proof [4] was given by means of the bifuraatio
analysis, which is a wusual tool in studies of
self-organization in nonlinear dissipative systems.
Understanding of the fact that different modesiwofent
transfer to cathodes of high-pressure arc disclkarge
represent self-organization phenomena and must be
described as such was beneficial also for the suiese
development of the theory. By now, the model of
nonlinear surface heating has become Vvirtually
universally accepted.
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Fig. 2. Density of the net energy flux from a higfessure arc to the
cathode surface vs. the local surface temperahieathode, Ar
plasmap=1bar.

IIl. EXAMPLES OF MODELING RESULTS

A. Solution on the Plasma Side

An example of the dependenqgrT,,U) can be seen
in Fig. 2 (calculations by means of the model [B]}[
A detailed discussion of this dependence can badou
in [6]; here we only note the following. The donting
mechanisms of energy exchange between the plas
and the cathode at these valuedJddre the ion heating
and cooling by thermionic emission. At relativetym
Tw the ion heating grows with increaseTqf faster than
thermionic cooling, so the net energy flux to tla¢hode
surface increases. A, increases and the ionization
degree on the plasma side of the ionization laye
approaches unity, the increase of the ion currkntss
down; the increase of thermionic cooling overcomes
increase of ion heating and the net energy fluxsta
decrease. Note that the dependence oh T, in the
case of higherU possesses two maxima. The first
maximum originates in a deviation of the ion cutren
the cathode surface from the diffusion value; teosd
maximum is due to a rapid increase of the heatiyng b
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Fig. 3. Current-voltage characteristics of différsteady-state modes
and typical distributions of the temperature of ththode surface
associated with each mode. Rod W cath&mm,h=10mm, Ar
plasmap=1bar. Circles: bifurcation points.
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Fig. 4. Current-voltage characteristics. Rod W cd&éhR=0.75mm,
h=20mm, rounding 1Q@m, Ar plasmap=2.6bar. Points: experiment
[13].

surface will normally decrease not increase.
B. Steady-Sate Modes of Current Transfer

Examples of calculation results for the
plasma-cathode interaction on the whole are shown i
Figs. 3 and 4. Fig. 3 shows data from [8] and [8§l a
refers to a cylindrical cathode of the radks2mm and
the heighth=10mm. Two of the modes shown in this

plasma electrons which is subsequently overcome by figure are axially symmetric, one of these modeisde

thermionic cooling.

The non-monotony of the dependenceqobn T,,
which is seen in Fig. 2, is the root reason oftexise of
multiple modes of current transfer to thermionic
cathodes. The growing section of this dependence,
which occurs at relatively lowl,, around 3000K, is
potentially unstable: a local increase of the safa
temperature will result in an increase of the laadrgy
flux from the plasma; the latter will cause a new
increase of the local temperature etc, i.e., anthér
instability may develop. Note that a growing
dependenceg(T,,) is unusual from the point of view of

the diffuse mode and the other being the first Igxia
symmetric spot mode. The diffuse mode exists at all
currents and its CVC (current-voltage characte)idtas
two branches, one falling and the other rising asafed
by a point of minimum [8]; only the falling brandk
seen in Fig. 3. The first axially symmetric spotdao
embraces steady states with a spot at the centiéreof
front surface of the cathode and exists in a lichite
current range,d145A. The 3D modes shown in Fig. 3
are modes with one, two, three, or four spots eetige
of the front surface, and a mode with a spot actwer
and two spots at the edge. The 3D modes also iexist

conventional heat exchange: if the temperature of a limited current ranges.

heated surface increases, the net external heatofline

Under conditions of Fig. 3, a value of the arc entr



exists for each 3D mode such that at this curreat t
cathode temperature distribution associated wiil th
mode turns axially symmetric and the corresponding
state belongs to one of axially symmetric modeds Th
phenomenon, called bifurcation, or branching, of
solutions, is well known in mathematical physicglan
frequently occurs in nonlinear systems admittirefest

of different symmetries. The 3D modes with spotthat
edge branch off from the diffuse mode, and the mode
with a spot at the center and two spots at the edge
branches off from the first axially symmetric spadde.
Points at which this branching occurs coincide with
bifurcation points predicted by the bifurcationdhg[7],
which are shown in Fig. 3 by circles.

The CVC shown in Fig. 4 by the solid and dashed
lines has been calculated by means of the codd .
dotted line represents modeling results [10]. TMCE
of the spot mode calculated by two groups aredoad
agreement, which adds credibility to the theory.

An extensive comparison with results of detailed
electrical and thermal measurements has convincingl
validated the model of nonlinear surface heating.(e
[2], [6], [9], [11]-[15]); an example of such comfson
is seen in Fig. 4.

C. Sability of Steady-State Modes of Current Transfer

In(stability) of steady-state modes of current sfen
to thermionic cathodes of high-pressure arc diggar
is a result of competition between a positive feamith
which is present on the growing section of the
dependence of the density of energy flux from the
plasma onT, the local surface temperature (see
discussion of figure 2), and heat conduction in the
cathode body, which tends to smooth out perturbafio
i.e., produces a stabilizing effect.

A pattern of stability that has been establishadafo
current-controlled arc on a rod cathode on thesbasi
an analytical treatment [16] and numerical requi#§ is
as follows. In all the cases, the spectrum of
perturbations is real, which means a monotonic
development or decay of perturbations. All moddent
than the diffuse mode and the first 3D mode (theleno
with one spot at the edge of the front surfacehaf t
cathode) are unstable, which includes modes witremo
than one spot and the axially symmetric mode with a
spot at the center. The pattern of stability of difeuse
mode and the first 3D mode is shown in Fig. 5. The
diffuse mode is stable beyond the first bifurcatmmint
and unstable at lower currents. The low-voltagentina
of the first 3D spot mode is unstable; the hightagé
branch is stable. The transition between the diffus
mode and the high-voltage branch of the first 3Dtsp
mode is non-stationary and accompanied by hysgeresi
as shown by arrows. The first 3D spot mode on an
axially symmetric cathode is neutrally stable aghin
infinitesimal rotations.

D. On-line Tool for Smulation of Axially Symmetric
Current Transfer to Rod Cathodes
A 2D simulation technique of plasma-cathode
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Fig. 5. Stable modes of current transfer to a dyloal cathode of a
current-controlled arc discharge and transitiorta/éen them. Rod W
cathodeR=2mm,h=10mm, Ar plasmgp=1bar. Full circle: the first
bifurcation point.
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2 http: {fwww.arc_cathode.uma.ptftool/phpfindex.php
Step 2
STEP 1: Specifying Input Parameters o

Plasma-producing gas: |MH

Plasma pressure: 1 bar

Cathode: material radius (m)  height (m)
[w [0.001 [0.010

Cooling temperature: |293 K

Radiation: & .t 0.f,

Variability of the work

function: ot f

(W cathode, NH and CH o

plasmas)

0.005 (NH, MH, and XH plasmas)

Content of sodium:

Content of thallium: IF (MH and XH plasmas)
Content of dysprosium: W (MH and XH plasmas)
Content of scandium: W (MH and XH plasmas)
Content of cesium: W (CH, MH, and XH plasmas)
Content of zinc: W (XH plasma)

Content of indium: W (XH plasma)

Content of thorium: W (XH plasma)

Content of iodine: W (XH plasma)

Submit Reset
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Fig. 6. Interface of the free on-line tool for silation of axially
symmetric steady-state current transfer to rodni@ric cathodes in
high-pressure plasmas [18].

interaction has reached a point where it can be
automated. A free on-line tool for simulation ofiadly
symmetric steady-state current transfer to rodozih
is available in the Internet [18]. The database of



plasma-producing gases includes, but is not limited
He, Ne, Na, Ar, Kr, Xe, Cs, Hg, air, mixtures Na-Hg
and Cs-Hg, plasmas of mercury or xenon with addlitio
of metal halides. The database of cathode materia
includes W, Mo, Fe, Nb, Zr.

At present, the tool simulates the diffuse mode
Future versions will calculate bifurcation points
positioned on the diffuse mode, including the first
bifurcation point that represents the limit of sl of
the diffuse mode, and simulate the first axially
symmetric spot mode.

It should be stressed that the tool is destinedonbt
for researchers but for engineers as well, so tlerm
need to study theoretical papers in order to be &bl
use the tool. The interface of the tool is showFRim 6.

V. APPLYING THEMODEL OFNONLINEAR SURFACE
HEATING TO CATHODE SPOTS INVACUUM ARCS

There are two groups of theoretical models of
plasma-cathode interaction in vacuum arcs: model
based on considering this interaction as a collecti
phenomenon (e.g., reviews [19] and [20]), and nm®del
treating this interaction as a sequence of indiddu
events, termed microexplosions, or microspots, or
fragments, or "ectons" [19], [21]. Best developed a
present are theoretical models of the first grotipese
models are not fundamentally different from the
theoretical models of plasma-cathode interaction in
high-pressure arcs. Therefore, the model of noatine
surface heating may be applied in order to desdtibe
plasma-cathode interaction also in vacuum arc
discharges, its applicability being limited only tiye
assumption of a collective phenomenon. Clearly, the
physics of the near-cathode plasma layer in vacanas
is different from that in high-pressure arc disgjes:
evaporation of the cathode material must be takém i
account.

4x10M
W/m? |
3x10''

2x10'"

1x10M

Fig. 7. Density of the net energy flux from a vaguarc to the cathode
cathode vs. the local surface temperature. Cu datho

some or other implementation of Steenbeck's "ppieti
of minimum power or considerations concerning
processes on the plasma side. This is a conseqoéace
loss of information which occurs when a treatmeit o
the differential thermal-conduction equation, which
allows one to determine the temperature at evemtpo
of the cathode body, is replaced by only one finite
equation, the equation of integral heat balanceciwis
insufficient to determine two parameters of a sfikst
radius and temperature). Obviously, the lacking
relationship should be sought where the loss of
information has occurred, which is the treatment of
thermal conduction in the cathode, and any attetmpt
derive it from unrelated considerations cannot be
satisfactory; see discussion in [23].

The approach based on model of nonlinear surface

The above-described approach based on the model of heating allows one to solve this problem in a redtur

nonlinear surface heating has been applied to coppe
cathodes of vacuum arcs in [22]. The dependence

q(T,,U) for a copper cathode, calculated in [22], is
shown in Fig. 7. One can see that this dependenceti
qualitatively  different from that typical for
high-pressure arcs shown in Fig. 2, although nuraéri

values are much higher. Characteristics of spots on

copper cathodes of vacuum arcs, calculated by n&fans
the model of nonlinear surface heating in [22], dhav
been found [19] to reasonably agree with the erpent.
Note that higher values of the energy flux from the
plasma (the function) in vacuum arcs explain smaller
radii of cathode spots which are observed in
experiments with vacuum arcs.

Since cathode spots in vacuum are small, they may b
described by a model of a solitary current-collegti
spot surrounded by a current-free region. Howetrer,
spot radius in most theoretical models either remai
indeterminate or is determined with the use of eirgli
parameters or arbitrary theoretical assumptionsh sis

way: a model of a current-collecting spot surrouhtsg

a current-free region can be self-consistentlyveeriin
the framework of such approach, including a
relationship determining the spot radius [24]. Ntftat
the latter relationship may be viewed as a comlitib
coexistence of phases, which is well known in
theoretical physics, the roles of hot and cold phas
being played by the current-collecting and, respelst,
current-free sections of the cathode surface.

The model of nonlinear surface heating can in a
natural way be modified in order to take into actou
melting of the cathode and deformation of its suefa
(for example, the growth of protrusions). This wbul
require supplementing the heat-conduction equation
inside the cathode with fluid dynamics equationkilev
the solution on the plasma side remains the same.
Similarly, the model of nonlinear surface heatimag @n
a natural way be modified in order to take intocact
Joule heating inside the cathode.



V. CONCLUSIONS [19] B. Jiittner, "Cathode spots of electric ardsPhys. D: Appl. Phys., vol. 34,

A self-consistent and universally accepted theony a no. 17, pp. R103-123, 2001.

. . . . [20] 1. I. Beilis, "State of the theory of vacuuncs," |EEE Trans. Plasma i.,
simulation methods of the plasma-cathode interadtio vol. 29, 1o 5. pp. 657-670, 2001,

high-pressure ar_C diSChargeS have been deVelolf_lfd an [21] G. A. Mesyats, Cathode Phenomena in a Vacuum Discharge: The
validated experimentally. The model of nonlinear Breakdown, the Spark, and the Arc. Moscow: Nauka Publishers, 2000.
surface heating' on which the theory and simulation [20] M. S. Benilov, "Nonlinear heat structures aact-discharge electrode
methods are based, may be implemented as a part of  SPotsPhys Rev.E vol. 48, no. 1, pp. 506-515, 1993.

theoretical models of plasma-cathode interaction in [23] M. S. Benilov, "Method of matched asymptotikpansions vs. intuitive
P approaches: Calculation of arc cathode spoEEE Trans. Plasma Sci., vol.

vacuum arcs which are based on considering this 35 1o 1, pp. 249-255, 2004.

interaction as a collective phenomenon. [24] M. S. Benilov, "Maxwell's construction for ndimear heat structures and
determination of radius of arc spots on cathodebysica Scripta, vol. 58,
no. 4, pp. 383-386, 1998.
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