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à Marie-Claude

H~fécoutez pas les prophètes de la mémorisation qui attachent peu d'importance à
la compréhension. Cette compréhension doit être la première venue en importance dans la
hiérarchie de ('intelligence humaine. La Nature est d'une beauté telle qu'elle mérite d'être
comprise et non d'être apprise par ('Homme pour être appréciée à sa juste valeur. u
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A MODEL OF THE ELECTRIC ARC ATfACHMENT

ON NON-REFRACTORY (COLD) CATHODES

ABSTRACT

In tbis work., a physical model describing the electric arc attachment on electron

emitting non-reftaetory (cold) cathodes is developed and applied to Cu~ Fe and Ti

cathodes. The model considers the possibility ofa pressure build up in the cathode region

due to the strong vaporization of the cathode, the formation ofa cathode sheath according

to the Bohm's model, and the ion-enhanced thermo-field emission of electrons by the

cathode surface. The self-sustaining operating conditions of the discharge are defined by

two simple criteria based on particle and energy balance considerations. Results clearly

show the necessity of having high local metallic vapor pressures in the cathode region of

non-refractory cathodes in arder to have a self-sustaining arc attachment. A minimum

pressure ofat least (9 atm is needed for a Cu cathode. This minimum pressure is shawn to

decrease as the cathode material boiling temperature increases according to an exponential

decay law. Current densities of the order of 1010 A m-2 are maintained at the surface of a

Cu cathode mainly by the emitted electrons. A comparison of the three different models

for the electron emission current found in the literature allowed to define the limits of

validity of each model for two typical arc-cathode interaction systems~ and to evaluate the

underestimation made on the emission current density when a less appropriate model is

used. This underestimation is shown to cause an overestimation of important parameters

such as the cathode surface temperature and metaJlic vapor pressure in the cathode region.

An analysis ofthe mechanisms ofheat transfer to the cathode surface allowed ta show that

the confinement of the cathode spot plasma fonning the arc attachment could favor the

production of vapors to the detriment of liquids. Such a phenomenon is of importance in

Arc Ion Plating for instance. Heat losses by conduction in the cathode bulk larger than 1010

ID



•

•

•

W m-2 are shown to ravor the formation of liquid volumes in a JlS time scale. This liquid

volume formation is shown to increase with the initial cathode temperature and current

carried at the arc attachment point.
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UN MODÈLE DE L'AITACHEMENT DES ARCS ÉLECTRIQUES SUR
LES CATHODES NON-RÉFRACTAIRES (CATHODES FROIDES)

RÉsUMÉ

Un modèle physique décrivant ('attachement d'un arc électrique sur une cathode

non réfractaire et émettrice d'électrons est développé et appliqué à des cathodes en cuivre

(Cu)~ fer (Fe) et titane (Ti). Le modèle considère la possibilité d'une pression importante

de vapeurs métalliques dans la zone cathodique due à la fone vaporization de la cathode,

la formation d'une gaine électrique selon le modèle de Bohm, et l'émission thermo-champ

d'électrons de la cathode accentuée par la présence d'ions dans la zone cathodique. Le

régime auto-entretenu de la décharge électrique est défini par la vaJidation de deux critères

simples basés sur des balances particulaires et énergétiques. Les résultats montrent

clairement la nécessité d'avoir de fones pressions de vapeurs métalliques dans la zone

cathodique pour l'obtention d'un régime d'attachement auto-entretenu. Une pression

minimum d'environ 19 atm a été évaluée dans le cas du Cu. Cette pression minimum s'est

montrée décroître exponentiellement avec l'augmentation de la température de

vaporization du matériau de la cathode. Des densités de courant de l'ordre de 10.0 A m-z

sont maintenues à la surface de la cathode et ce~ principalement par les électrons émis de

cette dernière. Une comparison des différents modèles utilisés pour le calcul de la densité

de courant d'électrons emis a permis de définir les limites de validité de chaque modèle

pour deux situations particulières d'intéractions arc-cathode, et aussi d'évaluer les sous­

estimations de ce paramètre induites par l'utilisation d'un modèle moins approprié. Ces

sous-estimations induisent une sur-estimation des paramètres importants comme la

température de surface de la cathode et la pression des vapeurs métalliques présentes dans

la zone cathodique. Une analyse des transferts de chaleur à la surface' de la cathode a

permis de constater que le confinement du plasma métallique formant la tache cathodique
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pourrait favoriser la production de vapeurs au détriment de la production de liquides, ceci

ayant une importance pratique dans le cas de la déposition par pulvérisation cathodique par

exemple. Des pertes par conduction thermique dans la cathode supérieures à 1010 W m-2

causent la fonnation de volumes liquides à la surface de la cathode dans des temps de

l'ordre de la microseconde. Cette fonnation de volumes liquides s'est montrée dépendre

de la temperature initiale de la cathode et du courant transporté dans la zone

d'attachement.
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CHAPTER 1

GENERAL INTRODUCTION

In recent years there has been an increasing interest in modeling arc-electrode

interactions. This interest is motivated by the primary desire of understanding the complex

mechanisms goveming the arc attachment on eleetrodes but a1so~ by the need to develop

plasma systems showing better performance. A problem of major concem still restraining

the use of plasma systems over long periods of time is the phenomenon of electrode

erosion. Typical examples of erosion by an electric arc are encountered in the development

of high-enthalpy arc gas heaters and plasma torches for chemical processing and re-entry

simulations (Milos and Shepard 1994), switch gears and circuit breakers (Guile 1971),

magneto-plasma-dynarnic (MPD) thrusters for space propulsion (Choueiri 1992~ Satheesh

el al (992) and high intensity discharge (HID) lamps (Almeida and Benilov 1997).

ln sorne other cases however~ electrode consumption is essential and a better

understanding of the complicated phenomena involved would help reaching better

performances. One cao think for instance of the electric arc welding process where the

electrode rnaterial is used to join two workpieces~ to any vacuum arc process such as arc

ion-plating (AIP) where an electric arc is used to vaporize the cathode material for

deposition on a remote substrate, cr to the electrogun metal vapor plasma discharge used

to produce vapors of different metals at a high rate (Raja et al (997). A better

understanding is crucial for the two last examples where the formation and emission of

liquid droplets ftom the arc attachment points on the cathode must be avoided while

maximizing the cathode material vaporization rates.
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The arc-cathode interactions have been the subjeet of numerous studies for Many

years (Guile (971) and are today even more studied due to the number of new plasma

processes involving surfaces. The cathode region is however known as the least

understood region of the arc (Zhou and Heberlein 1996). From a theoretical standpoint,

the complexity of the phenomena involved still prohibits a detailed theory. From an

experimental standpoint, the extremely small dimension ofthe arc attachment region on the

cathode, and sometimes the movement of the arc foot itself, make the observation of any

important quantity difficult or impossible. Sorne consequences of tbis are the few

experimental data available, and the appearance in the literature of Many incomplete

studies and sometimes, contradictory results. This lack of knowledge is even more

pronounced for the interactions of high pressure ares with non-refTaetory cathodes where

no microscopie model cao be found in the literature.

1.1. Overail Objective

Over the last fifteen years, considerable efforts have been dedicated by the graduate

students and professors of the Plasma Techllology Research Centre (CRTP) of McGiIl

University to study the erosion phenomena in high pressure plasma systems simulating

thermal arc plasma torehes with non-refractory cathodes (the terminology Hhigh pressure~'

used in this study includes atmospheric and higher pressures~ in contrast to vacuum arcs).

The emphasis was put mainly on the reduction of the cathode erosion rate by

contamination ofthe cathode surface (Szente 1989), on the search for low-erosion cathode

materiaIs (Kwak 1994), and on the optical monitoring of the plasma and cathode erosion

products (Desaulniers-Soucy (992). Simultaneously to atmospheric pressure erosion

studies, experiments were carried to understand the characteristics and use the low

pressure "cathodie arcn (vacuum arc) for deposition and erosion behavior in the transition

between vacuum (10~ torr) to atmospheric pressure arcs (Meunier and Drouet 1987,

Meunier 1990, Kandah 1997). AIl these experimental studies have led to a considerable

enhancement of our knowledge of such systems, but a detailed theoretical study is needed

to provide qualitative and quantitative explanations for the experimentally observed

phenomena. A theoretieal study wouId also define the basis needed for the future

2
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developments of cathode materials showing better characteristics such as lower erosion

rates. This thesis work is aimed at developing a model for such systems.

1.2. Organization of the Thais

In order to achieve tbis general objective, the present thesis was realized in three

main parts.

In Part l, the problem of arc attachment on non-retTactory cathodes is defined by

reviewing the actual knowledge of the arc-cathode interactions~ and by studying the Iimits

of the actual models (Chapter 2). Chapter 2 not ooly consists of a Iiterature revie\v, but

aIso of a presentation of some preliminary calculations necessary to define the basis of the

model developed later in Chapter 4. To complete the problem definitio~ an analysis of the

surface morphology of sorne. non-reftactory cathodes having been exposed to a high

pressure electric arc is presented in order to define the mode of arc attachment that will be

studied in this thesis.

Part II consists of the modeling study itself The physical model describing the arc

attachment on non-reftactory cathodes is tirst developed in Chapter 4 and applied in

Chapter 5 to three different cathode materiaJs. These are respectively copper (Cu), iron

(Fe) and titanium (Ti). The accent will be put mainly on copper since it represents the

extreme case where the thermionic arc cathode modeJ~ which successfully explains the

attachment of high pressure Ar arcs on refractory W cathodes. cannot be applied. The

conditions necessary for the self-sustaining arc attachment will he tirst obtained by

validation of two simple criteria based on panicle and energy balance considerations, and

the mechanisms of heat and current transfers to the cathode studied thereafter. ft will

become c1ear in Chapter 5 that the high erosion rates observed on such non-refractory

cathodes are directly attributable to the necessity of having high local metallic vapor

pressures in the cathode region for a self-sustaining operation of the arc. Such conditions

expected to prevaiJ in the cathode region force the cathode to emit electrons in the

"thermo-field" emission regime. In such a situatio~ the use of the simple Richardson-

3
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Dushman equation to describe the current of electrons emitted from the cathode is

inappropriate~ and the use ofa more sophisticated model becomes necessary. At this poin~

a critical comparative study of the electron emission models found in the literature is

carried out (Chapter 6). Chapter 7 concludes the modeling study and is dedicated to a brief

study of liquid volume formation al the arc attachment point(s) on the cathode. The

formation of liquid volumes is associated with the impossibility for the cathode to dissipate

the strong heat flux coming from the arc root by conduction or radiation. Such liquid

volumes are imponant since they represent a possible source of further erosion when

microdroplets are ejected.

The last part of the thesis (Part III) consists of a general conclusion and sorne

recommendations for funher studies.

4
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CHAPTER2

BACKGROUND AND PRELIMINARV RESULTS

ON ARC-CATHODE INTERACTIONS

ln terms of modeling efforts dedicated to the arc-cathode interactions in high

pressure arc systems (thermal arc plasmas), the attention has been aImost only focused on

refractory cathodes probably due to the extensive use of such systems in industry (e.g. Hsu

and Pfender 1983, Lowke el al 1992, Zhou and Heberlein 1994, and Rethfeld el 01 1996).

Thanks to their refi"actory properties, such cathodes can sustain the high temperatures

needed for a strong emission of electrons from the cathode (thermionic emission) without

strong melting and vaporization which cause erosion. Considerable efforts are now made

by several leading research groups to integrate such cathode models to the existing arc

column models in order to describe the entire electric arc system in a self-consistent

manner (Zhu et al 1992, Benilov and Maroua 1995 and references therein). This is

however far from being the case for high pressure electric arcs interacting with non­

refractory, highly vaporizing cathodes when only partial, and sometimes inadequate

descriptions are reported. This thesis work attempts to enhance our knowledge of such

systems by extending the actuaI models for high pressure arcs on refractory cathodes to

non-refractory cathodes.

This chapter presents the necessary background information and sorne preliminary

results needed to set the basis of the model developed in Chapter 4. A brief definition of

the high pressure arc followed by a review of the principal characteristics of the cathode

region are first presented in section 2.1. In section 2.2, a review is made ofthe mechanisms

allowing electron extraction from the cathode. A presentation of the basic distinctions

between the modes of arc attachment on both refractory and non-refractory cathodes

6
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constitutes the first part of section 2.3. Following this are presented a discussion

concerning the difficulties encountered when trying to expIain the attachment of high

pressure arcs on non-reftactory cathodes using the actual models, and an introduction to

the approach of high local pressure cathode spots that we favored as a solution to the

problem. Chapter 2 terminates with a review ofthe actual models describing the formation

of such spots.

2.1. Introductory COD(epts

1.1.1. A Definition of the mgb Prasure Arc

"An arc is a discharge of electricity between electrodes, in a gas or in vapor from

the electrodes, which has a voltage drop at the cathode of the order of the excitation

potentiaJ of the electrode vapor ..." (Guile 1971). This general definition of the arc states

explicitly the basic needs to sustain an arc: two electrodes, the anode (positively charged)

and the cathode (negatively charged) and a medium filling the gap between the electrodes

an allowing the current transfer between them. In vacuum arcs, where no filling gas is

present, the medium corresponds to the vapors produced by erosion of the cathode. For

high pressure arcs, this medium is composed of the ambient gas filling the chamber and to

sorne extent, the electrode erosion products. On the universal voltage4 current

characteristic curve of the OC electrical discharge tube (Roth 1995~ chap_ (0), arcs

correspond to the discharge regime carrying a current higher than 30 mA for a relatively

low cathode voltage drop (-10-20 V). High pressure arcs are highly luminous and show

relatively large current densities (» 1 A m-2
) explaining their use since more than 200

years for lighting purposes and as sources ofenergy for materials processing (Roth (995).

The maintenance of a high pressure arc into a self-sustaining regime (regime

avoiding from the spontaneous extinction) is strongly dependent on the conditions

prevailing in the electrode regions; especially those prevailing at the cathode. These

electrode regions assume the transition trom the metallic conduction in the electrodes to

the gaseous conduction in the high pressure arc column. The anode acts as the electron

collector and the basic processes occurring in the anode region are relatively simple. On

7
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the other hand, the cathode region shows much more complicated processes since the

current transfer is in this case not only assurned by the electrons extracted trom the

cathode surface, but aIso by the ions accelerated by the cathode voltage drop and the

plasma eleetrons retro-diftùsing towards the cathode surface (Guile 1971).

2.1.2. Principal Characteristics or tbe Catbode Region

Figure 2. 1. 1 represents schematically the cathode region ofa high pressure arc on a

hot, thermionically emitting cathode (refraetory cathode). For modeling purposes, the

cathode region which connects the arc column to the cathode surface is generally

described in terms of an ionization zone (or presheath) and a cathode sheath (or cathode

space charge zone) (Benilov and Marotta 1995, Hsu and pfender 1983, Lowke et a/ 1992,

Rethfeld el al 1996, and Zhou and Heberlein 1994). The presheath is responsible for the

formation of charged particies while the cathode sheath is responsible for the important

electric phenomena ofthe cathode region. The overall thickness of the cathode region is of

the order of 102_103 Debye lengths (Ào is _10-1 m in an Ar plasma at atmospheric

pressure).

1ArcColumn ,
(LTE plasma) 1

1
1
r

Ionization Zone
(presheath)

ec----.
~

fA\-.c-.c- 'V

A+-

1 1
1 Cathode : Cathode
1 1

1 Sheath !
1 l, ,
, 1
1 1

1 i-I _-...,
1
1
1
1

i ions
1

~clectrons

•

FIGURE 2. 1.1. General representation ofa high pressure arc attachment region on a hot~

thermionicallyemitting cathode (cathode region).•
IO~ 103 Debye lengths fewDebye

lengths
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The establishment of the self-sustaining arc column from the emission of electrons

ftom the cathode surface can be described by the following scenario. The electrons

extracted from the cathode (beam electrons) under the action of the high surface

temperatures and electric field strengths travel without collision in the cathode sheath, and

start to ionize the filling gas atoms (and ions), or vapors emitted from the cathode, in the

presheath. Further collisions inducing ionization, charge exchange, recombination, energy

exchange, occur among charged and neutral particles in the presheath, and an eleetrically

charged volume is maintained in kinetic (coUisional) equilibrium. Radial diffusion

(ambipolar diffusion) oecurs towards to cold walls of the discharges causing losses of

charged particles tram the hot core of the discharge. If the strength of the electron source

at the cathode is high enough to maintain the sufficient ionization in the presheath needed

to assume the current transfer in between the two eleetrodes and to compensate for the

radial diffusion losses, the arc discharge will be self-sustaining. Obviously, the cathode

plays the imponant role of maintaining the sufficient electron emission but, the plasma of

the presheath plays, on the other hand, the imponant role of maintaining the favorable

conditions for strong electron emission ftom the cathode. It is on the way to achieve the

self-sustaining operating conditions that reftactory and non-refractory cathodes exposed to

a high pressure arc differ strongly as will be seen in this thesis.

In terms of CUITent transpon, the following imponant charge carriers can be

identified in the cathode region: 1) The electrons emitted from the cathode. 2) The ions

formed in the presheath and accelerated towards the negative cathode surface. These ions

are responsible for the maintenance of a high cathode surface temperature upon ion

bombardment. 3) Sorne plasma electrons reach the cathode surface by retro-diffusion in

the adverse potential gradient and contribute only weaIdy ta the current transfer. The

attraction of the ions by the negative cathode (with respect to the plasma potential), and

the repulsion of the plasma electrons induce the formation of a net positive charge in the

cathode sheath (so-called 'space charge'). Such a space charge is responsible for the

establishment of the high surface electric field strengths.

9
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The cathode region shows an important constriction due to the graduai change

from gaseous conduction in the arc column to metallic conduction of electricity in the

cathode. The current densities in the arc column are of sorne 103 A m-2 and considerably

increase to values larger than 107 A m-2 at the arc foot on the cathode. Important gradients

of ail quantities occur in the cathode region as it cao be seen with the schematic

representation of figure 2.1.2. The temperatures, particle number densities and voltage

show important drops as one gels doser to the cathode. The voltage drop in the presheath

is usually low in comparison to the one in the cathode sheath (1 to 2 V in comparison to 8­

15 V in the cathode sheath~ e.g. Zhou and Heberlein 1994~ fig. Il). As a result, it is

sometimes assumed that ail the cathode voltage drop occurs in the cathode sheath (e.g.

Hamilton and Guile 1968).

The important decrease of the potential in the cathode region is responsible for the

formation of large electric field gradients; the electric field strength is -103 V m-l in the

LTE plasma and exceeds 107_10. V m-l at the cathode surface. Due to the increasing 10caI

electric field observed as one goes towards the cathode (increasing ratio Elp, Boulas et al

1994, chap. 1), deviations tram LTE appear and the plasma conditions are no longer

defined by a unique temperature. Even closer to the cathode, the concept of temperature

losses its sense due to the assumption of a collisionless cathode sheath. In terms of these

temperatures, the heavy species temperature strongly decreases in the cathode region to

accommodate the cathode surface temperature, while the beam electrons, aIl emitted with

a single energy, thermaIize after collisions with the different components of the plasma gas

forming the presheath (electron beam relaxation).

The respective boundaries separating the important zones of the cathode region are

defined as follows: The boundary shared by the cathode sheath and the presheath (so­

caIled 'cathode sheath edge') is located at a distance Xc: from the cathode surface where the

electron (Ile) and ion (IIi) densities start to differ, while the boundary shared by the LTE

plasma of the arc column and the presheath is defined where the electron (Tc) and heavy

species (Th) temperatures start to diiTer.

10
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FIGURE 2.1.2. Schematic representation of the voltage.. particie number density and
temperature distributions in the cathode region of a high pressure arc on
an emitting cathode (adapted tram Roth 19959 fig. 9.21).

•
Depending on the electric field strengths and temperatures that are maintained at

the cathode surface mainJy by the ions bombarding the cathode and maintaining the space
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charge, the electrons will be extraeted trom the cathode in the thermionic (10'_10· V m-I)~

thermo-field (101_1010 V m"l) or field emission regime (>1010 V m-1
) as is discussed in the

neX! section (section 2.2).

2.2. Electron Emission (rom the Cathode

The accurate calculation of the flux of electrons emitted trom the cathode surface

is crucial since these electrons carry a dominant fraction of the total current to the cathode

surface. However, after almost 100 years of researcb in the field (starting with Richardson

190 I)~ the theory of electron emission from the cathodes of electric arcs is still incomplete

due to the complexity of the phenomena involved in the cathode region. For instance,

Guile (1971) reported at least eight mechanisms allowing electron transfer trom the

conduction band of the Metal to the arc. Fortunately, not ail ofthem are dominant.

For a clean metallic cathode~ ooly three parameters govem the electron emission

processes from its surface: 1) its temperature (Ts), 2) the macroscopic surface electric field

strength (Es), and 3) the presence of ions in the cathode region. The geometry of the

emitter and the presence of a tbin film covering the surface. microimpurities embedded in

the cathode surface and adsorbates will also influence the electron emission. but to a

negligible extent for the conditions prevailing under the attachment point on the cathode

(reasons discussed in section 4.1). When only the temperature effect is concemed (low

surface electric field and low ion density and charge). the electron CUITent is accurately

predicted by the Richardson-Dushman equation for thermionic emission which reads:

(2.2.1 )

•
where cP is the cathode material work function. Electron emission by a pure electric field

effect is described by the Fowler-Nordheim equation for field emission (Fowler and

Nordheim 1928). When thermal and electric field effects combine, the electrons are being

emitted in the so-called 'thermo-field' (T-F) regime (Lee 1959). The theory of T-F
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electron emission has been developed by Murphyand Good (1956) and Christov (1966)

and proved valid for a wide range of temperatures and electric field strengths by Christov

and Vodenicharov (1968). In arc-cathode systems, the high temperatures and high electric

field strengths needed for thermo-field emission are mainly maintained by the ions present

in the cathode region. Such ions heat up the cathode by bombardment and generate the

important electric field at the cathode surface by formation of a space charge (previous

section).

Until recently, the local modification of the potential 'experienced' by the electrons

outside the metal surface due to the presence ofa high density of ions was not considered.

As it was shown theoretically by Gayet et al (1996) and Spataru et al (1997), the thermo­

field emission current is funher enhanced when a density of ions iii larger than _102
-1 m-J is

present in the cathode region. Such high densities of ions are encountered in cathode spots

(Jüttner 1987), but a1so in the cathode region of high pressure arcs on refTactory cathodes

when p» 1 atm (Schmidt and Speckhofer 1996).

The respective effects of these three main parameters on the emission processes

can be visualized with the help of figure 2.2.1 which shows the one-dimensional potential

energy curve for an electron outside the metal surface for three cases: 1) thermionic

emission (dotted line), 2) thermo-field emission (long dashes), and 3) ion-enhanced

thermo-field emission (continuous line). The respective equations allowing to calculate the

emitted electron current density for the three cases are now presented in the next three

sections (sections 2.2.1-2.2.3). The effects of protusion~ adsorbates and thin films are

discussed in sections 2.2.4 and 2.2.5.

13
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FIGURE 2.2. L Schematic representation of the I-dimensional potentiaJ experienced by
the electrons outside the metal surface. Thennionic emission (short
dashes), thermo-field emission (long dashes)~ and ion-enhanced thenno­
field emission (continuous fine).

...2.2.1. Field-Enhanced Thermionic Emission

Thermionic emission from the surface occurs when an electron from the top of the

conduction band (Fermi level~ Er) gains enough energy by thermal agitation to overcome

the classicaJ potential barrier at the surface. The height of the potentiaJ barrier corresponds

to the material work function •. The potential energy ofthe electron at a distance x outside

the metal surface is described by the classical image potential:

•
~(x)=
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and the current density of thermionic electrons calculated using the Richardson-Dushrnan

relation (equation (2.2.1». High surface electric fields induce a reduetion of the height of

the potential barrier at the metal surface by an amount L1+=<eEJ41tEo)J2~ allowing an easier

thermal promotion of the eIectrons above it. This effect is known as the Schottky effeet. In

the presence of a macroscopic surface electric field E~ the electron potentiai outside the

metal surface takes the fonn:

P:r(x) =
el

----eEx
161r&o X s

(2.2.3)

•

•

and the Richardson-Dushman equation for thermionic emission once corrected for the

Schottky effect reads:

(2.2.4)

The last equation, more commonly called the field-enhanced thermionic equation,

is generally used in modeling the arc-cathode interactions with refractory cathodes where

the surface temperatures are high (Ts>3500 K) and the surface electric field strengths

relatively low (Es<108 V m-I) (e.g. Benilovand Maroua 1995. Lowke et al 1992. Rethfeld

et al 1996, and Zhou and Heberlein 1994). Its simplicity makes its treatment easy.

2.2.2. Murphy and Good Formalism for Thermo-Field Emission

When the surface electric field strengths become higher than -lOg V m··, the field­

enhanced thermionic equation becomes inappropriate since the electrons are now being

emitted not ooly by thermal promotion above the potentiai barrier of height .-~. at the

metal surface, but also by quantum tunneling across the barrier. According to Murphy and

Good (1956)~ the thermo-field emission current density j;~ is related to the temperature

of the emitter Ts, the surface electric field strength E~ and emitter work function • by:
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•
CI)

J:':;(Es,1;,tP)=e fD(Es'W) N(W,I;,;)dW
-Ir"

(2.2.5)

where -Wa is the effective potential of the electrons inside the metal surface (.Wa

-10 eV), D(Es, W) the electron tunneling probability across the barrier, and N(W, l's, .)

dW, the number of Fermi-Dirac distributed electrons having energies between W and

W+dW and incident on the barrier per unit of lime and surface area. The result of the

numerical integration of equation (2.2.5) using the technique presented in Appendix A for

~=4.5 eV is presented in figure 2.2.2.

•

Field emission

15
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10 9
'C(S ft, 8

s v 11] '/
j)

Thermionic emission

5000
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3000 ~\
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7 1000

• FIGURE 2.2.2. Thermo..field emission electron current density predicted by the Murphy
and Good equations (j:~) in the ~..log(Es) plane for ,=4.5 eV.

16



•

•

•

Backgrolllldand Preliminary Re.flills 011 Arc-Cathode lllteracliolls

The thermo-field emission current density tends ta become independent from the

electric field Es for small fields (thennionic emission) and independent from the

temperature Ts for large fields (field or cold emission). The fonnalism of Murphy and

Good (1956) accounts accurately for the thermo-field emission current for electric field

strengths up ta 1010 V m-1 (Miller and Good 1953), but its treatment is much more

complex than the simple field-enhanced thermionic equation due to the number of

numericaJ integrals necessary ta perform. Note finally that equation (2_2. 1) is a limiting

case ofequation (2.2.5) for Es -+ 0 (Appendix B).

2.2.3. EfTects of Slowly Moving Ions

The approach ofslowly moving ions (free moving) in the close vicinity of the metal

surface (few angstroms) favors two mechanisms of ion-assisted electron emission by

modification of the surface potential barrier (concept schematically represented in figure

2.2. 1 by the potential weil): 1) A non-resonant process which is simply the enhancement of

the tunneling probability across the barrier due to the reduction of the barrier height, and

2) a resonant process attributable to the formation of a quasi-stationary bound state for the

electron outside the metal surface upon temporary neutralization with the incoming ion

(Gayet el al 1996 and Spataru et al (997). (n this process. the potentiaJ barrier formed by

the macroscopic eleetric field is momentarily split into two thinner barriers having much

higher transition probabilities for electron tunneling. These two electron extraction

processes were known to occur in the cathode region of arcs since the 60's (Guile 1971

and references therein), but to our knowledge, no accurate caJculations of their Mean

enhancement effects on the electron current density have been carried out until recently by

Gayet et al (1996) and Spataru et al (1997).

Gayet et al (1996) defined a convenient mean ion-enhancement factor Il as the

ratio of the therrno-field emission current in the presence of ions to the thermo-field

emission current in the absence of ions (equation (2.2.5». Taking ioto account tbis ion­

enhancement effect, the thermo-field emission current density is now defined as:
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(2.2.6)

CaIculations made by Gayet et al (1996) for Ir and H2
- ions approaching a Cu

cathode exposed to a macroscopic electric field strength Es=109 V m- I suggest that the

enhancement of the T-F emission current sets for cathode surface temperatures below

4000 K or ion densities above 1024 m-3 (Table 2.2.1). This enhancement factor is shown to

depend strongly on the surface temperature T5, ion density Ilj and charge =j, and weak1y on

the nature of the metal (at least for Al, W and Cu), the nature of the ion incident on the

surface.. and the surface electric field Es for values _]09 V m-l
.

TABLE 2.2.1. Calculated averaged ion-enhancement factor Il for Ir ions (protons)
slowly moving in the close vicinity of a Cu cathode with Es=109 V m-I

.

Values in parentheses were calculated for alpha particles·-

Temperature (KI
ion density, "i

(xIOU m-J ) 2000 2500 3000 3500
81 212 (12769) 38.6 (849) 15 (162.5) 8.6 (55.5)
8.6 30 (1828) 6 (115) 3 (22.6) 2 (8.5)
2.5 9.8 (543) 2.6 (35) 1. 7 (7.6) 1.4 (3.4)
1.1 4.8 (230) 1.7 (15) 1.3 (4) 1.2 (2)

-: data taken from Gayet el al (1996)

2.2.4. EfTects of Protusions

Sharp asperities and protusions present at the surface of the cathode are kno\vo to

enhance the electron emission current due to local enhancement of the surface electric field

(Farrall 1980). Field-enhancement of the electron emission current by 102 to 103 are

commonly encountered with needle-shaped tip of field-emission electron guns used for

instance in FEGSEM (field-~rnission gun §Canning ~lectron microscope). This

enhancement phenomenon bas an important effect during the cathode spot ignition

processes (section 2.3_7), but becomes negJigible under a buming spot where the surface is

relatively plane (Hull 1962).
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2.2.5. EfTects or Adsorbates, Microimpuritia and Thin Films

Adsorbates present at the metal surface have almost the same effect as the slowly

moving ions on the electron emission current: they make available energy states for the

eleetrons outside the Metal surface which favor electron emission by the tunneling etfeet

(Duke and AJferieff 1967). The adsorbates are generally weakly bound to the surface and

easily desorbed by the thermal action of the arc. Therefore, adsorbates probably play an

important role only during the ignition process of the cathode spot (section 2.3.7).

Semicondueting and insulating microimpurities embedded in the cathode surface

along cracks or grain boundaries (AUen el al 1979) and thin films covering large areas of

the cathode surface significantly enhance the electron emission (GuHe and Hitchcock

1975). Such enhancement etfects have been thoroughly studied in the context of vacuum

insulation where they are considered harmful since they reduce the minimum electric field

strengths needed for breakdown on pure metals (_106 V m-1 rather than -3xI09 V rn-il

(Latham 1983 and Halbritter 1985). Like the adsorbates~ such coatings are also thought to

play an important role in the cathode spot ignition process (Haworth 1950~ Hancox 1960).

However, since films are generally more strongly bound to the surface than adsorbates. the

arc might be attached to the metallic cathode through these films~ at least for a while.

The theory of electron emission across metal-semiconductor barriers (so-called

Schottky barriers) was developed in the 60's (e.g. Crowell and Sze 1966 and Padovani and

Stratton 1966) and its complex description is far beyond the scope of this thesis. For

metal-insulator barriers, the mechanism leading to electron emission is schematically

represented in figure 2.2.3 (inspired from Guile and Hitchcock 1975). An insulating layer

of sorne nm « 10 nm) covering the cathode surface is being charged by the positive ions

drifting from the plasma. These uMeutralized positive ions charge the oxide surface and

are responsible for the establishment of an electrostatic electric field across the oxide film

(dielectric) causing electron emission by tunneling.
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FIGURE 2.2.3. Schematic representation of the electrostatic electric field establishment
across a thin insulating (dielectric) film on the cathode and the electron
emission process.

The high electric field strengths necessary for strong field electron emission across

the dielectric (>109 V rn-I
) are established in a relatively short period oftime when exposed

to the ions drifting from a plasma. Aetually, the time 't necessary to establish a field E

across the dielectric film is (equation obtained assuming a constant electrid field across the

dielectric):

E&o&r
t" =----"-

},o"f
(1.2.7)

•

wherefis the fraction of the ion flux}ion that sticks on the surface of the dielectric

and &r, the dielectric constant of the film. Taking for example a CUzO dielectric exposed to

an atmospheric pressure Ar + Cu plasma of temperature Ta and assuming that 1% of the

ions stick on the surface (f=O.O 1), the typical time seale required to charge the dielectric

surface until a field E=2x109 V m-a is less than 10 ms as it cao be seen with figure 2.2.4.

For the regions containing an important amount of Cu vapors (lets say 1-10 %), this lime

scale is less thao a ms. Such a time scale is less than the typical residence time of the arc at
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a given location for magneticalJy driven arcs rotating on non-refTactory cathodes (point

discussed later in section 2.3).
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FIGURE 2.2.4. Time necessary to charge a CU20 dielectric (Er=7. 1) until establishment

of a film electric field of 2xl09 V m-I with /=0.01 and for several
fractions pC/Ptot in an Ar + Cu plasma (l~=LTE plasma temperature)
(Based on our calculations).

•

2.2.6. Nottingham ElTect

The emission of electrons from the cathode surface is associate~ with an energy

exchange with the lattice; depending whether the energy of the emitted electron is higher

or [ower than the energy of the replacing electron coming trom the external circuit. the

electron emission is associated with a cooling or heating effect (Nottingham effect~

Nottingham 1941; the equations necessary to calculate the Nottingham energy exchange

term are presented later in section 4.3.3). Under the conditions encountered at the cathode

surface ofelectric arcs~ the emission ofelectrons results in a cooling etfeet for the cathode.
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Only during the iniation phase of an arc on an initially cold cathode is the Nottingham

heating observed. This phenomenon is fundamental in the arc ignition process as it will be

discussed in section 2.3.7.

2.3. Attachment or Higb Pressure Arcs OD Non-Rerractory Cathodes

2.3.1. General Observations

High pressure arcs burning on non-refraetory cathodes such as copper show the

emission of metallic vapor bursts which induce fluctuations of the arc parameters such as

the arc voltage~ temperature and species densities (DesauJniers-Soucy and Meunier

1995b). The erosion of copper cathodes is important as shown by the measurement using

the cathode weight loss method (Szente 1989 and Kwak 1994). An important quantity of

copper fume entrained by the plasma gas condenses on the reactor walls as a powder

(Kwak 1994). Due to the high erosion rates observed, the arc root of such systems is

usually put into rotation to reduce the local thermal loads which cause erosion (Munz et al

(992).

At atmospheric pressure~ the arc root moves by a succession of random jumps in

the direction induced by the external magnetic field (Amperian motion) as observed with

rapid photography (Szente (989). For a pure Cu cathode in a pure argon plasma.. the arc

root remains at a given location on the cathode for a long period (sorne ms) before making

a jump over a large distance to another site. It is shown that the ease at which the arc root

is moved to a new attachment region on the cathode is related to the cathode ability to

emit electrons (Munz et al (992). As studied by Szente (1989)~ the addition of reactive

molecular gases such as CO and N2 ta the inert plasma gas (e.g. argon) results in a

smoother and faster movement of the arc and a lower erosion rate. The same phenomenon

was observed by Kim et al (1995) where the addition of Nz to a low pressure argon arc

moving on a Ti cathode resulted in an abrupt reduetion of the cathode erosion rate when a

TiN film formed. Such reactive gases are thought to form adsorbates. microimpurities or

possibly tbin films upon contact (or reaetion) with the cathode and become sites showing a

high probability of arc ignition. As it was calculated in section 2.2.5, such films charge
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quickly when exposed to the ions drifting from the plasma, and become high electron

emission sources where new arc attachment points are ignited.

Sorne typical results obtained for copper cathodes in a magnetically rotated arc

system (system iIIustrated in figure 3. 1. 1.) by Szente el al (1994), Desaulniers-Soucy and

Meunier (1995a) and Kwak and Munz (1996) are reported in Table 2.3.1. For ail these

experiments the arc current was set equal to 100 A, the extemal magnetic field to O. 1 T,

and the total gas f10w rate to 20 L min··. The electrode spacing was 4 mm.

TABLE 2.3. 1. Erosion results obtained for a magnetically rotated arc between two
concentric electrodes. Anode material: Copper.

Cathode Gas v_ Vire Er 8<"ul
:

Material M lm s·11 (PI CIl (m·J)

CUl Ar 44 2 13.5 n.d.

CUl Ar+O.3%vol. Nz 38 34 3.0 6xl021

CUl Ar+O.1 %vol. CO 22 75 0.4 5xl02O

Cu+IO%W l Ar 30 50 6.0 n.d.

Cu+ 1O%Nb 1 Ar 26 60 0.6 n.d.

Cu+ 1O%Ni 3 Ar 44 7.1 4.8 n.d.

1: from Szente el al ( 1994)
2: Desaulniers-Soucy and Meunier (1995a) at 1 mm from the cathode.
3: from Kwak and Munz (1996)

A few important remarks have ta be made conceming the results presemed in

Table 2.3.1 since they will be discussed later in the thesis:

i) There exists a direct relationship between the cathode erosion rate and the number

density of Cu atoms (Cul) present in the plasma close to the cathode (Meunier and

Desaulniers-Soucy 1994). This suggests that erosion is an atomic process such as

vaporization.
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ii) The vaIue of 22 V for the arc voltage in an Ar+O.I%vol. CO plasma mixture on Cu

electrodes is slightJy lower than the value of23 V for the sum of the cathode and anode

voltage drops obtained by Hamilton and Guile (1968) using a similar setup but with a

pure Ar plasma on Cu electrodes. This observation suggests that the voltage drops at

the electrodes are reduced when oxide layers are formed. It is however most probably

the cathode region which sees its voltage drop decreasing due to an easier electron

emission process (section 2.2.5). This phenomenon is not observed with N2 since

copper does not form strong nitride films like TiN on Ti cathodes. ElectronicaJly

excited or dissociated nitrogen chemisorbs on copper as an atomic species to fonn a

stable Cu3N structure (observed on Cu(110) by Baddorf and Zehner 1990) which is

however completely desorbed at 800 K.

iii) Copper composite cathodes show lower erosion rates and burning arc voltages~ and

higher arc root velocities when compared to copper cathodes. The wide range of

melting temperatures of the alloying element (1726 K for Ni, 2740 K for Nb and 3680

K for W) suggests that the reduction of the erosion rate is not due to the formation of a

more refractory surface. It is probably more related to the presence of microimpurities

embedded at grain boundaries and local enhancement of electric field which lead to an

easier electron emission process (Allen el al 1979 and Hamilton and Guile 1968).

2.3.2. Fundamental Distinctions between Refractory and Non-Refractory Cathodes

Cathodes of high pressure electric arc systems are either classified as thermionic or

nonthermionic electron emitters. Thermionic cathodes are made of refractory materials

such as tungsten and can sustain the high temperatures needed for strong thermionic

emission without strong melting or vaporization. On the other hand~ nonthermionic

cathodes made of non-refractory materials such as copper cannot sustain such high

ternperatures and a severe erosion is observed. The name nonthermionic comes from the

fact that such cathodes are expected to emit electrons rather in the thermo-field or field

emission regime. This distinction made between the two types of arc cathodes is clearly

seen with figure 2.3.1 which presents the amount of atoms vaporized from the cathode
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(equation (2.3.1) per thermionic electron emitted (equation (2.2.1» as a function of the

cathode surface temperature. This ratio would represent the cathode 'ability' to operate in

the thermionic range (the lower is the ratio ervapliRD , the higher is the 'ability').

The equation that relates the rate of vaporization to the cathode material vapor

pressure reads (Zhou and Heberlein 1994):

r .= Pi
vap,l 4(m.k T /3)1n

l B r

lE+lO
Non - Refractory

,...-, lE+6• 1
1

'--'

Q
CI:::
~

Co lE+2 Tid

~
(1)

Refractory
Zr

lE-2

1E-6 L..--....---'-_~.......I.----.._"""--......r..... "'O"---l
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~ [K]

(2.3.1)

•
FIGURE 2.3.1. Calculated ratio of the flux of vaporized atoms (rvap) to the flux of

thermionic electrons (jRD!e) as a function of the cathode surface
temperature for different cathode materials.
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According to figure 2.3.1, tungsten and copper which are commonly used as high

pressure arc cathode materials, clearly represent the two extremes and therefore,

considerably different behaviors for the arc attachment pointes) on the cathode are

theoretically expected and experimentally observed. These ditferent behaviors are

summarized in Table 2.3.2.

TABLE 2.3.2. Estimated conditions and behaviors of the arc attachment point(s) for
refraetory and non-refraetory cathodes ofhigh pressure arcs.

Type of Cathode Reftactory Non-Refractory

Other Dames - Hot cathode - Cold cathode
- Therrnionic cathode - Nonthermionic cathode
- High-boiling point cathode - Low-boiling point cathode

Operating temperature1 >3500 K Wide range, generaJly belo\v
3000 K (if field emission
prevails)

Current densityl 107-10" A m-2 _1010 _IOll A m-l

Mechanism of electron Thermionic emission Field or thermo-field emission
emission
Number of attachment One and diffuse over sorne Several and constricted over
points mm 5-20 flm

Movement of the arc Fixed or limited Rapid
attachment point(s)l displacement
Excess pressure above No evidence Evidenced by depression of
the cathode} liquid metal

1:data taken from Guile (1971), Table 2.

2.3.3. Crater Formation: Time Scale and Current Density

Another basic feature that ditferentiates the arc attachment on non-refractory

cathodes from reftactory cathodes is the formation of craters which suggest an important

constriction of the arc foot. Indeed, the charaeteristic trace left by the arc foot on a

refractory cathode is rather a gross melting of the surface (Zhou et al 1996). Figure 2.3.2

shows a scanning electron micrograph (SEM) of the surface of a copper cathode arced by
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a magnetically rotated,. atmospheric pressure argon arc operated at a current of 100 A for

30 sec (schematic of the arc chamber represented in figure 3.1.1). Observation of the

cathode surface reveals an important number of craters of -5-1 0 ~m-diameter and sorne of

up to 25 J.1m-diameter uniformly distributed along the trace left by the arc (arc groove)

showing that liquid volumes are formed and displaced to sorne extent forming craters \Vith

rims and splashes with sharp edges. Overlapping of the craters is due the numerous

passages of the arc root at the same location (-600 rotations in 30 sec).

FIGURE 2.3.2. Scanning electron micrograph (SEM) of a Cu cathode surface arced by
an atmospheric pressure argon arc operated at 100 A for 30 sec.

Contrary to refractory cathodes which show a relatively stable and diffuse

attachment of the arc. the attachment of high pressure arcs on non-refractory cathodes is

made of several highly constricted and dynamic structures ~dancing· over the surface (so­

called ·cathode spots·). The voltage fluctuations of the arc are associated with the ignition

and extinction of such structures (burst emission of metallic vapors. Desaulniers-Soucy
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and Meunier 1995b). The craters left on the cathode are being formed in a time much less

than the ms scale (probably at the J.lS scale, Tioursi and Haug 1997). Knowing that a heat

flux of 2x109 W m-2 brings a copper cathode to the vaporization temperature in about 10

ms (based on our calculations), considerably higher values for the heat flux are expected to

form the craters. Liquid volume displacement trom the crater is thought to be due to

thermo-capillary convection within the liquid bath (Kharin 1992) or ion plasma pressure

release (if any) upon extinction of the cathode spots (Gray and Pharney 1974). Thermo­

capillary flows however require a minimum time to set on.

Indirect estimations of the current density at the arc foot of an atmospheric

pressure argon arc on a copper cathode reveal values ofllDt ranging ftom _108 A m-2

(Szente et al 1991) to -109 A rn-2 (Marotta and Sharakhovsky 1996) when the

measurement method does not allow a resolution of the internai structure of the

attachment region (resolution > 100 J,lm). Actually, these values for the current density are

representative of the arc root itself Measurements allowing a resolution of the internai

structure of the arc attachment region (e.g. voltage fluctuations combined with crater size

estimations, Tioursi and Haug (997) reveal current densities per cathode spot of 8x1010

and 6.4xl011 A rn-2
, respectively for non-refractory Ag and Au cathodes. Such high current

densities per cathode spot were also estimated, but not to the same degree of accuracy, by

Szente et al (1991) who obtained values ranging from 1010 to 1011 A m-2 for Cu cathodes

(same range reported by Guile 1971). Estimations of the current carried per each copper

cathode spot at atmospheric pressure range ftom 0.7 A (Drouet 1985 and references

therein) to 2-20 A (Guile 1971). According to these estimations for Cu. an arc carrying a

total current of 100 A would have 5-150 active cathode spots. It is generally assumed that

the crater corresponds to the current transfer region and that the current density is

constant over the crater radius. There is however no definitive proof of these assumptions

(this discussion will be continued in chapter 6).

The concept of an internai structure for the arc attachment region on the cathode

surface is represented on figure 2.3.3. which shows the estimated existence area for the
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cathode spot traces left on the copper cathode offigure 2.3.2. The arc attachment is made

of macrospots carrying a current density of the order of 108
_ 109 A m-2 which themselves

are composed of several cathode spots (or subspots) of 5-10 IJm-diarneter. The number of

momentary active macrospots for tbis system is 1-2 as observed with a high speed camera

(Szente 1989). As it cao he seen with figure 2.3.3, the current density per cathode spot

under those conditions ranges approximately from 5xl09 to 10 11 A m-2
. The existence time

of a macrospot or simply, the residence time of the arc at a given locatio~ is much higher

than the typical existence time of a cathode spot (ms compared to flS). Thus, the number

ofcathode spots fanning the arc attachment is constaotly changing in rime.
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FIGURE 2.3.3. Estimated total current density per spotjtOl on a Cu cathode arced by an

atmospheric pressure Ar arc (figure 2.3.2) as a function of the observed
crater radius r_ (spot radius) for several values of the current per spot Iso
Insert: Schematic of the arc attachment region. Shaded area: Estimated
existence area for the CUITent density (Based on our calculations).
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2.3.4. Limitations of the Actual Models

Any model attempting to describe the interactions of a high pressure arc with a

non-refractory copper cathode must successfully explain the following experimentai

observations:

-
J) Current densities per cathode spot exceeding 5xJff A m o2 for pure copper cathodes.

Such high current densities cannot be accounted for by the actual models

developed for refractory cathodes even if one assumes that the cathode surface is boiling.

For instance, a boiling copper cathode operating at atmospheric pressure would have a

surface temperature Ts=2836 K and a vapor pressure pcu=1 atm (101325 Pa). Simple

calculations using the Murphy and Good equation for thermo-field emission (equation

(2.2.5) or figure 2.2.2) show that, for such a surface temperature, the surface electric field

strength needed to account for a current density of 5x109 A m-2 by electron emission alone

is Es=2.8x 109 V m-'. Such a high value for Es would induce field emission of electrons

which is inconceivable at atmospheric pressure due ta a too low ion density in the cathode

region. Indeed, a solution of the Poisson's equation in the cathode sheath using the method

described by Prewett and Allen (1976) allows to obtain a value for Es which is barcly of

2.8x 1OR V m-' for Vc=15 V (estimated cathode sheath voltage drop on a Cu cathode.

Kesaev 1965).

The other solution is to assume that ail the current is carried by the ions. Simple

calculations using equation (2.3.1) and assuming that ail the atoms vaporized from the

cathode surface are ionized and accelerated back towards the cathode by the cathode

voltage drop allow to obtain a maximum ion current density jion of _108 A m-2
, which value

is by far too low. Indeed, even if the ion current had been sufficient. this idea would he still

debatable since one cannot justify such a high flux of ions without a high flux of electrons

(the beam electrons are responsible for the generation of ions by ionization in the

presheath). Funhermore, calculations of the total incoming heat flux to the cathode surface

using a standard model for refractory cathodes Ce.g. Rethfeld et al 1996 and Zhou and
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Heberlein 1994) show that the predicted incoming heat flux (rnainly due to ion

bombardment) is too low (-109 W m-2
) to maintainthe cathode surface at its boiling

temperature (Ts=2836 K) under steady state conditions due to the important conduction

losses in a copper cathode. A solution would be to have a cathode voltage drop much

larger than 15 V (close to 100 V), but it is known that an atmospheric pressure argon arc

burning between two copper electrodes is self-sustaining for an arc voltage of 23 V only

(Hamilton and Guile (968).

2) The fonnation ofliquid volumes and craters on a copper cathode in a ps-time scale.

Heat fluxes larger than 1010 W m-l are necessary to form Iiquid volumes in the J.lS

time scale (based on our own calculations reported in Chapter 7). Such high values are

around one order of magnitude larger than what is predicted at atmospheric pressure using

the refractory arc cathode models. Also, the formation of depressions within the craters by

expulsion of liquid matter cannot he attributed only to the onset of important Iiquid

movements by the thermo-capillary forces for the time seale consid~red (Kharin 1992).

The possibility of a local excess pressure must he considered.

Due to these experimental observations and the simple calculations just mentioned,

the application without modifications of the models developed for refractory cathodes to

non-refractory cathodes is doubtful. Previous attempts to do so showed difficulties such as

predictions of cathode surface temperatures exceeding 4900 K for copper (Durgapal 1993)

or showed the impossibility of predicting the conditions prevailing in the cathode region

when vaporization cao no longer he neglected. For instance. Morrow and Lowke (1993)

Iimited their study to the calculation of the current density necessary to bring a copper

cathode to its melting temperature. Most of the other studies related to the arc attachment

on non-refractory cathodes were oriented towards a macroscopic description of the arc

movement and/or heat transfer ta the cathode, and therefore, no information relating the

conditions prevailing within the cathode region could he inferred (e.g. Milos and Shepard

1994, Testé et al 1995 and Marotta and Sharakhovsky 1996).
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2.3.5. The Concept of High Local Pressure

As concluded by Guile (1971), it seems that the self-sustaining operation of an high

pressure arc on a non-refraetory cathode is possible only if sorne destruction of the

cathode surface occurs. The presence of a high density of metallic vapors in the cathode

region would have the etfect of maintaining a high ion bombardment and a high surface

electric field which in tum, would allow a high current density (both ion and electron

emission cUITents). In such a scenario a pressure build up would naturally occur upon

cathode spot ignition (Schwirzke et QI 1993) and would be maintained by the synergetic

effects of high ion bombardment heating, and high vaporization. Like the vacuum arc

cathode spot, the cathode region of a high pressure arc on a non-refraetory cathode would

be composed of a high density metallic vapor plasma formed by vaporization of the

cathode. The conditions within the cathode region allowing a self-sustaining operation of

the arc would be those satisfaying the energy balance at the cathode surface and allowing

the emitted electrons to maintain sufficient ionization in the cathode region (so-called

'conditions for a self-sustaining arc' discussed in Chapter 4).

The concept of pressure excess was also introduced to explain the high current

densities observed in the cathode region of high intensity arcs where the current is ofsome

kA's (Maecker 1955, Cobine and Burger 1955 and Lee 1959). However, in such high

current arcs, the pressure excess (build up) is created by the self-magnetic pinch effect

(Maecker effect, Maecker (955) associated with the high CUITent and high current

densities at the arc foot, and not by the cathode vaporization process itself For instances,

a high current.. atmospheric pressure arc (1 atm) operating at 10 000 A and having a

current density of 109 A m-2 at a refractory cathode would induce a self-magnetic pinch

pressure ~I (P.\! = J.Io(jror 14", Boulos et al 1994) of -10 atm (1 Mpa) balanced out by

the kinetic plasma pressure in the cathode region. In such a case, the self-magnetic pinch

pressure is the source of a high local pressure above the cathode. On the other hand, for a

low current, atmospheric pressure arc (1 atm) on a non-refractory Cu cathode, even if one

assumes high values for the current and current density per cathode spot of respectively 50

A and 1010 A m-2
, the pressure excess associated with the self-magnetic pinch remains low
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~I -0.5 atm (50 kPa». Model calculations assuming a metallic plasma pressure of 1.5

atm allow a current density of barely 3xIO' Am-l, which is almost two orders of

magnitude below the current density associated with ~r=O.5 atm. In such a case, the self­

magnetic pinch pressure cannot be responsible for the high local pressure.

2.3.6. Similarities with Vacuum Arc Cathode Spots

The concept of high local pressure in the cathode region is well-kno\\'Jl to people

investigating the vacuum arc cathode spots. Local metallic vapor pressures exceeding 10

atm are estimated for copper (Jüttner 1985) and it is known that the self-maintenance of

the unipolar vacuum arc is assumed by tbis dense plasma region.

The vacuum cathode spots are usually grouped under two categories (Anders and

Anders 1991): Type 1 spots show a rapid movement (l0-100 m S·I), a low erosion rate

(0.1-10 J.1g C-1
), small crater radii «1 J.lm), and low current per spot «<1 A). Such spots

occur on contaminated surfaces (oxide layers). Type 2 spots show a slower movement

(0.1-1 m 5-
1
), a much higher erosion rate (30-100 J.1g C-I

), large craters radii (5-20 J.lm),

and a high current per spot (2-20 A, Siemroth 1995). Such spots occur on clean metallic

surfaces. The cathode spots of high pressure arcs on clean non-refractory cathodes (figure

2.3.2) have strong similarities with vacuum cathode spots of type 2. The erosion rate for

type 2 cathode spots is however higher than what is observed at atmospheric pressure., but

sorne effects that are not present under vacuum could have to be considered (neutral

redeposition for instance). Typical current densities per spot reponed in the literature

show a broad range trom 101 to 1012 A m-2 (Siemroth 1995).

These similarities were also observed by Kimblin (1974) and Emtage (1975) while

studying the cathode spot structure in the transition from vacuum ta atmospheric pressure.

The explanation of Kimblin (1974) was that, since the local pressure within the cathode

spot is high (several atmospheres), the internai spot behavior is not likely to be disturbed

for ambient pressures up to atmospheric. Indeed, the behavior of the cathode spots on

clean copper cathodes seem not to be affected until an ambient gas pressure of around Il
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atm is reached (Guile 1971 and references therein). The radius of the plasma bail fonning

the cathode spot is however strongly reduced as the ambient gas pressure increases

(Meunier and Drouet 1987).

This concept of a correspondence between the vacuum arc cathode spots and high

pressure arc cathode spots suggests that their behavior can be described for the whole

ambient pressure range by a unique model. It is known that the diffuse attachment of an

atmospheric pressure arc on a tungsten cathode does not show any excess pressure.

Therefore, for tungsten, the transition ftom constricted high pressure cathode spot in

vacuum to the diffuse attachment at atmospheric pressure must occur somewhere between

vacuum and 1 atm (0.1 MPa). For copper, tbis ambient gas pressure where the transition

occurs is probably weil above atmospheric, ifsuch a transition occurs.

2.3.7. Cathode Spot Ignition

This last section of the chapter is a review of the actuaJ knowledge of the

mechanisms leading to the i8rÛtion of new arc attachment points on the cathode surface, or

simply the cathode spot ignition processes. Figure 2.3.4 is used for the following

description.

The ignition of an arc discharge between two electrodes requires an electrical

breakdown; the formation of an electricaJly conducting channel between the two

electrodes (concept valid at any pressure). This breakdown occurs when an electron flux

emitted trom the cathode is maintained for a sufficiently long time to aJlow the onset of

ionization of the filling gas and the establishment of a self-sustaining arc. For the first

ignition event of the discharge, the cathode is cold (300 K) and no significant thermionic

emission trom the surface occurs (see figure 2.2.2). Field emission of electrons is then

induced by generating a giant voltage pulse across the interelectrode gap which

momentary establishes a large surface electric field at the cathode. Onset of field emission

on pure metal cold cathodes (300 K) occurs for E.-3xl09 V m-·, but due to the presence

of impurities at the surface, field emission is observed for much lower values ofEs (_106 V

34



•

•

•

Backgrolll1da"dPrelimil1ary ResulLr 011 Arc-Cathode Interactiolls

rn- I
) (Latham 1983). Practical experiences show that a pulse of -20 kV is sufficient to

ignite an electric arc in argon with an interelectrode gap of4 mm (E _5x106 V rn-I
) •

Under vacuum conditions:t where no filling gas is present in the chamber, a

microvolume undemeath the cathode surface heats up by resistive Joule heating and. by the

Nottingham heating associated with the field emission of electrons (He and Haug 1997)

until it explodes within sorne tens of ns fonning a high density rnetaJlic plasma, or cathode

spot (Schwirzke et al 1993). This mechanism of spot ignition by microexplosion of

cathode material or the 'ecto~' formation mechanism was described by Mesyats (1995).

Light emission from localized spots on the cathode (cathode spot formation) is observed

prior to the electric breakdown confirming tbis idea of a high density plasma (Hurley and

Dooley 1978, Mentel el al 1994 and Nachtigall and Mentel 1991). The breakdown events

occur at localized areas on the cathode surface showing insulating impurities or sharp

protusions (field-enhancernent effeets).

When ions are already present in the interelectrode gap (ions produced by a

burning spot in the close vicinity of the new ignition site), the ignition ofa new conducting

channel is easier and less destructive (Schmoll and Hartmann 1997 and He and Haug

1997). These ions heat up the cathode by bombardment allowing thermionic emission of

electrons. Due to this thermionic emission, the intensity of the electric field required for

cathode spot ignition decreases with the increasing ion current. These ions also charge up

insulating layers present at the cathode surface favoring electron emission (section 2.2.5).

As discussed by Schmoll and Hartmann (1997)~ two limiting cases can then be

identified for the onset of breakdown and fonnation of cathode spots: 1) the non­

stationary, fast explosive destruction of the emitter corresponding to the field emission­

dominated ignition (time scale of sorne tens of os), and 2) the quasi-stationary thermionic

emission with slow evaporation and pressure buildup induced bya high ion current (time

scale > J.ls). The regime of breakdown and new spot formation in the close vicinity of a
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burning spot will be located in between these two extremes depending on the conditions

external to the buming spot (plasma density).
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FIGURE 2.3.4. Schematic representation of the ignition process for a new arc
attachment point on the cathode surface. (a) Heating of the protusion by
Joule and Nottingham heating; field-emission of electrons. (b) Pressure
build up; surface heating by ion bombardment, Joule and Nottingham
heating; enhancement ofelectric field due to the ions. (c) Operating spot.
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Desorbed neutral atoms trom the cathode are also thought to play an imponant

role under vacuum conditions since they provide material which, upon ionization, help

establishing the discharge channel (Schwirzke et a/(993). At high chamber pressures, the

adsorption of gas atoms on the cathode rather helps forming a high surface density of

locaIized regions showing high probabiIity for spot ignition (Szente 1989).
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CHAPTER3

SEM SURFACE ANALYSIS

3.1. Introduction

In this chapter~ the surface morphology of Cu and Ti cathodes haviog been

exposed to a high pressure electric arc (1.1 atm) was analyzed in order to ideotify the

different modes of arc attachment on the cathode and to estimate the size of the arc

attachment points. Two ditferent arc attachrnent modes are observed 00 such cathodes: 1)

constricted arc attachment on impurities and/or surface layers made of oxides or nitrides

giving rise to small crater diameters «J.lrn-size) and low erosion rates~ and 2) constricted

arc attachment on clean metallic surfaces which gives rise to the formation of large craters

(>Jlrn-size) and high erosion rates. The transition trom one mode of attachment to the

other is discussed and sorne generaJ comments are made concerning the relationship that

exists between the mode ofarc attachment and the erosion rate.

3.2. Preparation or the Cathodes

3.2.1. Equipment and Materials

The electric arc system used in tbis study is esser:ttially the same as the one used by

Kwak (1994) for cathode erosion studies and is schematically represented in figure 3. 1.1.

It basically consists of a non-transferred arc in a cylindrical geometry simulating

conventional cold electrode plasma torches. The arc is put into rotation with the help of a

magnetic coil surrounding the arc chamber. The electrodes and reactor walls are strongly

water-cooled. The spacing between the two electrodes is 4.0 mm. The plasma gases are

injected through the bottom of the charnber al low velocity in order not to detlect the arc~

and collected at the top of the chamber before being re-directed to an exhaust. The arc is

struck at the nearest distance between the two electrodes. An alumina paste covers the
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anode water leads in order to prevent arcing elsewhere. The cathode assembly was

designed to accommodate standard 38. 1 mm..OD tubing for convenience.
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FrGURE 3.2. 1. Schematic representation of the erosion test chamber and auxiliary
equipment.

•

Electric power is delivered to the arc using a series of 4 Miller SRH-444 power

supplies giving an open circuit voltage of320 V and a maximum power ofSO kW. The arc

is ignited by adding a high frequency pulse (MHz) ofseveral kV ta the open circuit voltage

using a Miller HF..2S0..1 arc starter. The current delivered ta the arc is monitored by

measuring the voltage drop across a calibrated sOn..SOOA resistor connected in series with

the grounded cathode. A SYntron POO63 OC power supply is used to deliver the current to

the water..cooled magnetic coil surrounding the arc chamber.
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High purity argon (99.9990.Ica) was used as the main plasma gas. High purity

nitrogen was used for the experiments involving contamination of the cathode material.

Two cathode materials have been used: OFHC copper and welded ASME SB338 titanium

38.1 mm-On tubings. The anode was made ofelectrolytic copper.

3.2.2. Experimental Conditions and Pro(edura

Before any experiment, the top-flange assembly holding the cathode was

disassembled from the reactor for cleaning and installation of a new cathode. At that time,

all the powder and dust deposited on the reaetor walls were taken off The new cathodes

were cleaned for 10-15 min in a dilute nitric acid solution in order to remove the oxides

and other surface contaminants. The test cathodes were 6naJly rinsed with water after the

acid treatment and dried with a Iint free paper before being mounted on the cathode

holder. The cathode holder was then insened in the reactor assembly and bolted. As soon

as ail the water and gas leads were connected, a mechanical pump was used ta vacuum the

reactor chamber from air. The time elapsed between mounting a clean cathode and

pumping down the reactor was kept under 10 min to minimize oxide reformation. Water

was then allowed to circulate in the reactor assembly and the rotameters adjusted to supply

enough cooling. Ail the power supplies were then tumed on and the current to the

magnetic coil adjusted to generate a magnetic field strength on the axis of the cathode

holder of 0.1 T. The mechanical pump was turned off and an argon flow of 20 L min-' was

maintained in the reactor by adjusting a regulation valve. The chamber pressure was

adjusted to 1.1 atm to avoid air entrance trom leaks (contamination). The water cooling

indicators were ail checked again and finally, the arc was ignited. The arc current was

adjusted within less than 5 sec to its desired value of 100 A. At this moment~ the flow of

the contaminant gas, if any needed, was allowed and adjusted to the desired value. During

the experiments, the arc current and water f10w indicators were constantly checked for

safety.

The arc was run for a detennined period of time and extinguished by tuming off

the safety switch on the control panel. The Oow ofcontaminant gas was quickly tumed off
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and the argon flow maintained during the cooling down period (-5 min) in order to

maintain an oxygen-free atmosphere. After having tumed otT the power supplies, the

cathode holder was disassembled from the reactor and the cathode taken offand stored.

Two plasma gas compositions were used in the present study: 1) pure argon and 2)

argon contaminated with nitrogen (1% vol. N2). The experiments in pure argon allow to

observe the arc attachment in the transition from an initiaUy contaminated cathode (native

surface oxides) to a c1ean cathode. Indeed, even though great cares are taken during

cleaning, one cannot eliminate reoxidation of the test cathodes during reassembling.

Therefore, once ignited, the arc in pure argon is initiaUy burning on a contaminated surface

that progressively c1eans up due to the thermal action of the arc. When the plasma gas is

contaminated with nilrogen, contamination of the cathode surface is maintained. Indeed,

both Cu and Ti are shown to react with activated nitrogen to form most probably layers of

CU3N and TiN, respeetively (most stable nitrides).

3.3. Observations

The observations of the cathode surface morphology after arcing were carried out

using a JEOL JSM-840A scanning electron microscope (SEM). No special preparation of

the sampie was carried out except for drying and dust removaI. MetaIlization of the surface

was not necessary.

3.3.1. Pure Argon Plasma

The experiments carried out in pure argon plasmas showed an interesting behavior

that was also observed by Kwak (1994). The time needed to reach steady state operation

of the arc was -30 sec for Cu and -20 min for Ti, respectively. As discussed by Kwak

( 1994), tbis time scale needed to reach steady state operation is related to the time scale

needed for a change in the mode of arc attachment; at and shortly after ignitio~ the arc is

burning on an oxidized surface while after a given arcing period, the oxide is taken away

by the thermal action of the arc root. The imponant difference between the time scales

observed for Cu and Ti is probably related to the differences in the propenies of the most

41



•

•

•

S/M Surface Ana/l'sIs

stable oxides formed. Indeed~ the Most stable oxide ofCu is Cu20 with a formation energy

~G of -350 kJ mort and a melting temperature of 1500 K while these properties for the

most stable oxide of Ti~ Ti~05. are respectively -3000 Id marI and 2450 K (Kwak 1994).

Therefore. the arc attachment on an oxidized cathode surface is thought to be maintained

for a longer period on Ti than on Cu. This is clearly shown in figures 3.3.1 through 3.3.3

giving the surface morphology of Cu and Ti cathodes as obtained with a scanning electron

microscope (SEM). Figure 3 3.1 corresponds to the surface morphology of a Cu cathode

having been exposed to the arc for 30 s; Figure 3.J.2. ta a Ti cathode having been exposed

for 30 5.• Figure J.J.3. ta a Ti cathode having been exposed for! hours.

FIGL"RE 3 3. 1. Surface morphology (SEM) of a Cu cathode having been exposed ta a
pure Ar plasma operating at 100 A for 30 s.

:\n important quantity of large craters is observed on the Cu cathode of figure

3.3 1. Displacements ofliquid volumes are also observed. Typical crater radii range from 5

to 15 Jlrn. It is however difficult to estimate their size accurately due to their overlapping.
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[ndeed~ the arc made more than 500 rotations within this 30 s period al an average velocity

of2 rn S·l (Kwak 1994). An analysis of the cathode surface at a higher resolution revealed

ooly a limited number of craters of dimension Iess than the Jlm-size. The large craters are

characteristic of an arc burning on a clean cathode.

FIGLRE 3 3 2 Surface morphology (SELVI) of a Ti cathode having been exposed to a
pure Ar plasma operating at 100 A for 30 s.

For Ti~ the crater radii are less than 1 Jlm for a cathode having been exposed to the

arc for 30 s (figure 3.3 2) No large craters are observed suggesting that the arc had

burned on a contaminated surtàce tor ail that time. For much longer time periods.

characteristic traces of an arc burning on a pure metallic surface stan to appear as it can be

seen \vith tigure 3.3.3 where large craters are observed (l0-20 J,lm-radius) However. small

crater radii are still observed showing the presence of surface contaminants even after :2

hours of operation in a pure Ar plasma. As discussed by Kwak (1994), this might be due

to the ppm concentration of oxygen in an Ar cylinder and the high reactivity of Ti with

oxygen.
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FIGURE 3.3.3. Surface morphology (SEM) of a Ti cathode having been exposed to a
pure Ar plasma operating at 100 A for 2 hours.

3.3.2. Argon+Nitrogen Plasma

\Vhen low concentrations ofa reactive gas is added to the inert plasma gas. surtàce

contaminants appearing in the form of adsorbates. inclusions or thin films are permanently

formed and taken off the cathode surface. The arc attachment on the cathode leaves small

radius craters of dimension less than the J.1m-range. these being closely spaced as it can be

seen with tigures 3 J.-t and 3.3 5

The arc behavior in the case of a Cu cathode exposed to an .-\r~1~'ovol ~~ plasma

was shown to remain stable for a long period of time showing that a dynamic equilibrium

of formation and removal of the contaminants was achieved ln the case ofTi ho\vever. the

arc became unstable after about 20 min of operation due to the formation of an insulating

Ti~ layer (also observed by Kwak (994) \vhich is stable at high temperatures
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FlGURE 3.3.4. Surface morphology (SEM) of a Cu cathode having been exposed to an
Ar+ l°/clvol N2 plasma operating at 100 A for 5 min.

FIGURE 3.3.5. Surface morphology (SE~[) of a Ti cathode having been exposed to an
Ar.J..l ~~vol N2 plasma operating at 100 A for 15 min. .
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3.4. Discussion and Conclusion

Two different types of arc attachment are observed for non-refractory cathodes

exposed to high pressure arcs depending on the presence or not of surface contaminants.

When contaminants are present, small craters of radius less than the J,lm-scaIe are left on

the cathode while much larger craters are left on c1ean metallic cathodes (>5-10 J-lm). Such

a behavior is also observed with vacuum arc cathode spots (Rakhovskii 1976). Arc

attachment leaving small craters is associated with a low erosion rate. Actually, as reported

in Table 2.3.1, the erosion rate ofa Cu cathode is around 13.5 J-lg C·t when exposed to an

atmospheric pressure argon arc whüe this erosion rate decreases respectively to J.0 and

0.4 flg C-1 when l%vol ofNz and CO is added to the inen argon gas (Table 2.3.1). The

high density of small-radius craters left on the cathode surface lets suggest that the arc is

maintained by a high frequency ignition of new cathode spots on contaminated sites. Such

a mechanism of arc attachment leading to the formation of small-radius craters cao be

described bya three steps scenario:

1) As it was discussed in section 2.3.7, a high emission of electrons is possible from these

contaminated sites without the need for the formation of the cathode spot plasma (high

pressure plasma). The density of plasma ions coming from the ionization of the ambient

gas atoms is sufficient to charge the dielectric surface within a time scale less than the

residence time of the arc at a given location (see figure 2.2.4) and therefore~ to allow

the sufficient electron emission current. As long as no cathode spot plasma is formed~

the erosion of the cathode is negligible since no vapors coming from the cathode

erosion are needed for the current transfer.

2) The current transfer through the impurity sites is however associated with a high

dissipation of heat by Joule heating due to the non-conductive nature of the dielectric

impurities. Therefore, after a short period of time of high current transfer, the

destruction of the emission sites might occur according to two scenarios: i) Explosion

of the impurity inclusion or film due to an excessive Joule heating, or ii) by dielectric

breakdown across the impurity layer that occurs due to the formation of charge carriers
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at elevated temperatures. In both cases, an eleetrically-conducting channel is formed

between the arc column and the metallic cathode.

3) A cathode spot plasma is formed. A large amount of vapors is then produced and liquid

volume displacements occur. Once formed, the cathode spot bums for a short period

ooly since much higher emission sites are present aU around it and new emission centers

are formed.

An estimation of the number ofcraters left on the Ti cathode offigure 3.3.2 allows

to roughly calculate the number of arc attachment points that were active during an arc

rotation. Indeed, the surface density of craters is -0.2 JJm-2 and the arc trace left on the

cathode surface was about 5 mm-wide giving rise to approximately 108 craters on the

surface (cathode inner radius of 34 mm). The velocity of the arc was about 8.7 m S·l

(Kwak 1994) and therefore, approximately 4x10" craters were fonned per arc rotation

during the tirst 30 s of the arc establishment. This nurnber is probably higher since the

overlapping of the craters prevented an accurate calculation of their surface density. The

same kind of calculations for the Cu cathode of figure 3.3.1 give roughly 103 craters per

rotation during the tirst 30 s of the arc establishment. Such numbers, even though they are

approximate in nature, give a rough idea of the dynamics of the arc attachment points on

the surface of non-refTactory cathodes. An interesting phenomenon is observed here: the

number ofcraters formed on a Ti cathode is much larger than on a Cu cathode for the first

30 s of arcing in Ar. As it was said before, impurities are present at the surface of the Ti

cathode for a long period of time comparatively to the Cu cathode which is cleaned in a

time period probably much less than 30 s. Therefore, like for the vacuum arc on a

contaminated surface, the attachment of a high pressure arc on a contaminated cathode

surface is assumed by an important number ofsmall cathode spots carrying a small current.

As the surface gets c1eaner, a transition in the arc attachrnent mode occurs from the mode

characterized by numerous small cathode spots burning on impurity sites to a mode with

ooly a limited number of cathode spots buming on a pure metallic surface. Such cathode

spots cause a high cathode erosion and leave large craters on the cathode surface upon
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extinction. The remaining oftbis thesis is dedicated to the development ofa physical model

of such cathode spots of high pressure arcs and on a theoretical estimation of their

properties.

Note finally that surface contamination also plays an important role with refractory

cathodes. For instance, zirconium (Zr) is known to be a low-erosion cathode for air plasma

applications (Marotta (991). Tbis is probably due to the formation of a stable zirconium

mode at the cathode surface that helps electron emission according to the scenario

discussed in section 2.2.5. Furthennore, Zr is probably a better material than W for such

an application" even though the curves presented in figure 2.3.1 let suggest the contrary,

since W makes a volatile oxide when reacting with oxygen (W03). Another example where

contamination plays an imponant role is the voluntary addition of Th02 inclusions to W in

order to form high emission sites on the cathode surface (so-called Lthoriated tungsten

cathodes').
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CHAPTER4

DEVELOPMENT OF THE PHYSIC~~LMODEL

4.1. General Desc=ription and Assumptions

Due to the paraUel made between the attachment of high pressure arcs on a non­

refractory cathodes and the vacuum arc cathode spots (sections 2.3.5 and 2.3.6), the

present model was inspired from the existing models of such cathode spots. The model

combines the quasi-stationary vacuum arc model (Ecker 1980) for the concept of high

local pressure. the snow-plow expansion model (Meunier 1990) for radius estimation.. and

the collisionless cathode sheath model developed for high pressure arcs interacting with

non-vaporizing~ refractory cathodes for the current and heat transfer to the cathode surface

(Rethfeld el al 1996 and Zhou and Heberlein 1994). For the first time in such modeling

studies. the enhancement of the thermo-field electron emission current induced by the

presence of slowly moving ions in the cathode region was taken into account using the

fonnalism of10sso (1997).

An electric arc is attached to a low boiling point cathode by one or several cathode

spots which number depends on the arc current (figure 4.1.1). Each cathode spot has been

ignited according to the scenario described in section 2.3.7 and expands into the ambient

gas. During the expansion (initial expansion velocities of the plasma/gas boundary up to

IO-J rn/s. Jüttner 1985), the state of the material within the cathode spot changes gradually

from solid metal to liquid metal (_1021 m-3
), to a high pressure, two-temperature metallic

plasma~ and to a LTE metallic plasma at the hemisphere boundary (Anders el al 1992).

Mass conservation of the expanding plasma suggests that the density of matena! in the

cathode spot decreases with the square of the distance to the surface.. i.e. Il(r)=" 'Ir
(Jüttner 1985 and Meunier 1990). After its ignition period, the cathode spot plasma

remains confined by the arnbient gas within an hemisphere of radius smaIler than the
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millimeter scale until favorable conditions for the creation of a new one are encountered.

The final radius of the hemispherical cathode spot cao be calculated using the 'snow-plow'

expansion model described by Meunier and Drouet (1987) and Meunier (1990). According

to this model, a cathode spot plasma carrying a current of 10 A and expanding from a

copper cathode into an atmospheric pressure argon plasma would have a final radius of

-0.37 mm.

The following assumptions are made in order to describe the cathode spot plasma

region:

1) A quasi-stationary description is made for the cathode spot. After ignition of the spot

(time scale < ns), it is assumed that the cathode spot plasma propenies remain

unchanged during the spot lifetime. Typical time scales for plasma processes (T=À.oIv\h.c)

for p=35 atm (3.5 MPa) and 7::=1 eV (lI 600 K) are _IO·IS s.. which values are

considerably less than the time scales ofspot existence (> ns to flS). On the other hand..

the heat transfer within the cathode has to be treated in the fully time-dependent regime

(Chapter 6) due to much larger time seales (same time scales as spot existence).

2) The ambient background gas has no effect on the internai cathode spot propenies

(Emtage 1975 and Jüttner 1987). Therefore, the conditions prevailing within the

cathode spot and necessary for a self-sustaining arc attachment are independent of the

conditions external to the spot. This is expected to be true for ambient gas pressures up

to Il atm (Guile (971) for copper cathodes in an ambient argon atrnosphere.

3) The liquid metal surface is in equilibrium with its vapor. Therefore, the cathode surface

temperature under the spot is related to the metallic plasma pressure via a vapor­

pressure curve, i.e. Ts=Tsfp). This assumption allows to decouple the cathode sheath

model describing the current and heat transfers from the plasma to the cathode surface

from the heat transfer model in the cathode bulk.
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4) The cathode spot might fonn on an impurity or a protusion according to the scenarios

discussed in section 2.3.7 but~ once it is formed, the cathode spot is burning on a pure

metaJlic surface showing no curvature (Hull 1962).
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FIGURE 4.1.1. Schematic representation of the attachment region of a high pressure arc
on an emitting non-refractory cathode.

5) The cathode region is described using the usual approach used for high pressure arcs

interacting with refractory, non-vaporizing cathodes (Hsu and Pfender 1983.. Zhou and

Heberlein 1994, and Rethfeld el al 1996). This cathode region is composed of a

cathode sheath and an ionization zone or presheath (figure 4.2.1).

6) A net positive space charge (cathode sheath) is formed in front of the cathode surface

due to the presence, in different amounts, of three types of charge carrier: 1) the

thermo-field electrons emitted by the cathode surface and carrying a current densitY}T-F,

2) the ions generated by ionization in the presheath of the atoms vaporized from the

cathode surface~ these are accelerated back towards the cathode, and carry a current
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densityjion~ and 3) the plasma electrons retro-diftùsing towards the cathode surface and

carrying a current densityibde.

7) The cathode sheath is I-dimensional since ilS thiclcness (a few Ào) is much less than the

cathode spot radius.

8) The cathode sheath is collisionless. No collisions involving momentum exchange among

particles nor ionization, recombination or charge transfer occur in the cathode sheath.

Thus the heavy species temperature is constant and equal to the cathode surface

temperature throughout the cathode sheath (i.e. Ts=T,Jp)=ThJ, and the individual

current densities are conserved. The collisionless assumption implies that the thickness

of the cathode sheath Xc is smaller than any inelastic collision mean free paths involving

particularly charged species:

where the Mean free path for collisions among particles a and h (o=neutrat i=ïon,

e=electron) is calculated using the relation:
•

À.o < Xc < Àio or Àeo or Àa: or ~i or À,ii (4.1.1)

(4.1.2)

•

9) The cathode sheath is described using the Bohm~s model (Riemann (991) which implies

as a necessary and sufficient condition for the ions produced in the presheath ta enter

the cathode sheath at the local sound velocity, Le. vrs~ = C; (Bohm velocity).

ID) The primary role of the presheath (ionization zone) is to provide charged species by

ionization of the vaporized metal atoms that will in this way contribute to the current

transfer in the cathode spot. The ionization of neutrals is mostly assumed by the beam

eleetrons close to the cathode sheath edge, which mechanism is progressively replaced
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by thermal ionization by the plasma electrons as the distance in the presheath increases.

The beam electrons are efficient in teons of ionization at their entrance in the presheat~

even though their density is low, due to their relatively high energy (-10-20 eV). For

larger distances ta the cathode, the beam electrons become plasma electrons upon

inelastic collisions (beam relaxation), and the ionization state is maintained by the few

plasma electrons occupyjng the highest energy states of the Maxwell-Boltzmann

electron distribution function. Since an increasing ratio Elp is observed as one goes

towards the cathode (figure 2.1.2), departures trom LTE exist in the presheath. The

plasma of the presheath consists then of a twO-temperature, electrically neutral plasma

mixture in collisional (kinetic) equilibrium. At the boundary shared with the cathode

sheath (cathode sheath edge), the electrons assume a much higher temperature than the

heavy species temperature which is assumed to be equal to the cathode surface

temperature (i.e. TeX » Tb
fC = Ts(P».

The physical model is restrained to the description of the cathode sheath only

(sections 4.2 to 4.4). The cathode sheath voltage drop Vc: that is usually calculated by

resolution of the equations for the presheath is therefore specified. Proper boundary

conditions (section 4.6) are specified at the cathode sheath ends for the resolution of the

model' s equations.

4.2. Current Transfer in the Cathode Sheath

In this section, the equations necessary to calculate the individual current densities

in the cathode sheath are developed. These include the equations for the respective particle

number densities and velocities as a function of the local potential 1~(x) in the cathode

sheath, and the equations for the current densities themselves. The detailed schematic

representation of the cathode region presented in figure 4.2.1 will be used for tbis

discussion.

According to the assumptions, the total electric current density in the cathode

sheath is conserved and is defined as:
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•
(4.2.1)
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FIGURE 4.2.1. Detailed representation of the cathode region of an emitting cathode

exposed to a high pressure arc.

4.2.1. Electron Emission Current

Due to the combined action of the high cathode surface temperatures (1~)~ high

surface electric field strengths (El)' and high densities of ions in the cathode region (lIi)~ a

strong thermo-field current ofelectrons is emitted trom the cathode surface at a rate given

by equation (2.2.6). Once in the cathode sheath~ these emitted electrons of density IIT-F are

accelerated by the cathode sheath voltage drop to a velocity Vr-F giving rise to a current

density in the sheath:

(4.2.2)

•
Unless specified~ ir-F =i:~;:/ (equation 2.2.6). Since the cathode spot is assumed

to bum on a pure metallic cathode showing no curvature (assumption 4), the effects of

geometry (section 2.2.4) and contamination (section 2.2.5) on the electron emission
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current are not considered here. The thermo-field electrons are emitted trom the cathode

with a mean kinetic energy Kc defined by (Benilov and Marotta 1995):

(4.2.3)

and accelerated by the local potential in the cathode sheath V(r) to a velocity:

(4.2.4)

giving rise to a density IlT-F of thermo-field emitted electrons in the cathode sheath defined

by:

(4.2.5)

•
4.2.2. Ion Current

Each ion species cames a current density Ji in the cathode sheath which once

summed up, give rise to a total ion current density defined by:

(42.6)

•

where the local sound velocity is:

(~.1 = [~ [T,,~tt + '~ T./~]]I'Z
t: L ... /I,

1

At the cathode sheath edge where electrical neutrality still prevails {"tt =L =,", )y

equation (4.2.7) resumes to the Bohm velocity (assumption 9):

(4.2.8)
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Once in the cathode sheath the ions are accelerated to a velocity Vi by the voltage

drop Vc-V:

(4.2.9)

where their Volt-equivalent initial velocity Vh is defined by:

(4.2.10)

Applying the conservation of cunent density for each individual ion species a1lows

to obtain the ion density distributions in the cathode sheath:

4.2.3. Back-Ditrusing Plasma Electron Current

A fraction exp(-eP::lkoTc:} of the Maxweli-Boltzmann distributed plasma electrons

present at the cathode sheath edge have sufficient energy to reach the cathode surface with

their thermal velocity giving rise to a negative contribution to the total current density:

•
_. [ ]1,2

V "i Cs _ V"
,,- -Il

1 ( ) - (V) - 1 V. +. (V - V)
V, h .. , t:

(4.2.11)

(4.2.12)

where the thermal velocity for the back-diffusing plasma electrons at the cathode sheath
edge is:

•

S~ _ (8k8 I:sll J12
V bdl -

mn,
(4.2.13)
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Since the back-diffiJsing plasma electrons are repelled by the cathode sheath

eleetric field., their density decays as the distance to the sheath edge increases according to

an electrostatic Boltzmann's distribution:

(4.2.14)

where the density ofback-diftùsing plasma electrons al the cathode sheath edge is given by

the difference between the density ofplasma electrons and the density of incoming thermo­

field electrons:

(4.2.15)

•
4.2.4. Poisson's Equation

The panicle number densities in the cathode sheath are related to the local potential

via the Poisson's equation. When ions., emitted and back-diffusing plasma electrons are

present in the cathode sheath, the one-dimensional Poisson"s equation takes the form:

d
2

V e ( J--:=-- ~::" -II -II
dx 2 ~ 1 1 T-F bd&!

&0 1
(4.2.16)

•

Once the value ofEs is known (Es appears in 'I-r-F)., the distributions of potential and

particle densities can be obtained by integration of equation (4.2.16) from (.r=O, V=O) to

(x, V(x». This integration for the whole cathode sheath is straightfonvard when both sides

of equation (4.2. 16) are multiplied by (dV 1cIx)dx since the right-hand side depends then

only on the local potential V. while the left-hand side can easily be integrated by pans

using E = -dVldx. The determination ofEl from equation (4.2.16) is now discussed.

4.2.5. Surface Electric Field Strength

The analytical expression for the surface electric field strength necessary to

calculate the density of thenno-field electrons 'lT.F appearing in equation (4.2.16) is

obtained using the method originally developed by Mackeown (1929) considering the ions
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and emitted eleetrons, and later extended by Prewett and Allen (1976) to include the back­

difiùsing plasma electrons. This method consists of the integration of the PoissonYs

equation over the entire cathode sheath thickness (xc> using the boundary conditions:

~ =E
~r=o s

~
dV

-0
d.r r=-'t

(4.2.17a)

(4.2.17b)

and allows to obtain the foUowing analytical expression for Es when equations

(4.2.5), (4.2.11) and (4.2.14) are taken for the species densities:

•
E: =2eJ-: L(/~n)[(v;. + :,V~) 1/2 -IJ +...
2 &0'''' v;.

.. '

C'alI~.?t-~

._(2m) \12[(K ) \:2 (K) 1'2J..._J, F __e _.+V __• +...
Co e e" e

. ,
"...~ Jh- "';"'0- jNlJ ••"rr>ttS

(42.18)

•

Strictiy speaking, the boundary condition 4.2.17b is not vaJid since the local

electric field strength at the cathode sheath edge is not zero~ but of the order of 103 V rn-l,

Howevery such a value is low in comparison with the value taken at the cathode surface

(Es-I0
8-I09 V rn-il and thereforey the use ofboundary condition 4.2.17b introduces ORly a

small error on Es (as also observed by Klein et al (994).

4.3. Reat Transrer to the Cathode Surface

The principal contribution to the incoming heat flux ftom the cathode spot plasma

to the cathode area under the spot is the bombardment by the retuming ions (qion)~ and
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back-diffusing plasma electrons ('/bdc). Energy is lost by emission ofthermo-field electrons

(Nottingham effect, qn«), by conduction through the cathode bulk (qcond), and by

vaporization of the cathode materia! (q".). Radiative heat losses from the cathode area

under the spot is negligible in comparison with the other heat fluxes. Radiation from the

metallic vapor plasma ta the surface is not considered. The expression for the net heat flux

from a momentary stationary cathode spot plasma to the cathode surface area under the

spot then reads:

(4.3.1)

•

which expression is a simplification of the equation proposed by Cobine (1941 ).

Since the cathode sheath is assumed collisionless, the hydrodynamic transport

equations for heat transfer are not applicable in tbis region (Knudsen layer). Thus one has

to describe the particle fluxes to the cathode in terms of the free-molecular tlow approach

(directed transport by individual particles).

4.3.1. Retuming Ion Bombardment

Each ion accelerated in the cathode sheath which bombards the cathode surface

liberates upon impact the sum of its initial enthalpy, its translational energy gained in the

cathode sheath, and its neutralization energy with electrons of the cathode surface giving

rise to a net heat flux:

( .J[st T.s~ : Jq =' l.!..- 8 h + • V + ' EJ-' _. A'0" ~. 2 -, c ~ YI -,'f'olJ!"
1 ., • e , ~ _1 J=I

or traru.unO"<M. .
llUlIlli f/ftttTah:.JlIoif

(4.3.2)

•
Equation (4.3.2) slightly underestimates the actua! heat flux brought to the surface

by the ions since their possible condensation after neutralization has not been taken into

account. For copper, the condensation energy of an atom on the surface is -3.15 eV/atom

which is comparable to the neutralization energy ofa singly charged copper ion (-3.22 eV
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when Es = 0). Indeed, this phenomenon can not be taken into account since the values of

the accommodation coefficient for copper at elevated temperatures are not known. The

usuaI assumption that ail the ions are backscattered after neutralization (Klein et al 1994)

was therefore made.

4.3.%. Baek-Dift'using Plasma Electron Bombardment

The back-diftùsing plasma electrons Iiberate upon impact with the cathode surface

the sum of their condensation energy and initial enthalpy giving rise to a heat flux:

(4.3.3)

•
4.3.3. Energy Exehange Assoeiated with Electron Emission (Nottingham Effeet)

The emission of electrons from the cathode surface is accompanied by an energy

exchange EN (so-called LNottigham potential'); the electrons are promoted outside the

potential barrier at the metal surface by taking their energy from the lattice. The net energy

exchange with the cathode, the so-caIled LNottingham potential' is defined as (Swanson el

al 1966):

co

eN =. e fWP(W,Es,I;.;)dW+;
ir-F(Es ' I: .;) -4)

(4.3.4)

•

where P( ur,E~,1~,') cJW is the total energy distribution for the electrons. Equation (4.3.4)

involves a double integration on the electron energy which complicates its resolution

(P(W$5'1',,') is obtained from an integration over the electron energy from 0 to W).

Fitting formula of equation (4.3.4) were obtained by Paulini el al (1993) for IOs<Es<lOlo

V m- l and 2~<5 eV, respectively, were used in this study to reduce the calculation

efforts. As reported by the authors the use of these fitting fonnula introduces an average

error of 1.1% and a maximum error of4.56% when compared to the exact calculations.
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The results of calculation of &N using the fitting formula are represented in figure

4.3. 1. and compared with the values predieted using:

. 2kTe.v =;~1f + __s

e
(4.3.5)

which equation is the limit of equation (4.3.4) when field emission across the barrier

becomes negligjble (thermionic emission).

6
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FIGURE 4.3.1. Nottingham potential of the electron e~ as a function of the cathode
surface temperature T., and surface electric field strength Es for ,=4.5
eV. Continuous line: equation (4.3.4) using fitting formula of Paulini et
al (1993). Dashed line: equation (4.3.5).

Equation (4.3.5) is commonly used in modeling the interactions between thermal

arcs and refraetory cathodes (e.g. Senilov and Marotta 1995 and references therein). One
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can observe an increase of the discrepancy between the two predictions (fitting fonnula for

equation (4.3.4) vs equation (4.3.5» as the emission conditions favor field emission (high

values of Es and low values of 1',) due to electron tunneling across the barrier which

induces a lower energy exchange; the eleetrons pass directly through the barrier without

having to be promoted above it.

When a flux jT-F of electrons is emitted from the cathode surface, the Nottingham

energy flux takes the form:

(4.3.6)

•

A positive value for EN corresponds to cathode cooüng upon electron emission,

while a negative value corresponds to a cathode heating upon electron emission. Such a

heating effect appearing for high surface eleetric field stren8ths and low temperatures (see

for example figure 4.3.1 for Es=10 10 V m-1 and Ts<2700 K) plays a fundamental role in the

arc ignition process on initiaUy cold cathodes (section 2.3.7). The temperature at which the

cooüng effect changes to a heating effect for a given eleetric field strength is called the

'inversion temperature'.

4.3.4. Reat Lost by Cathode Material Vaporization

The net heat loss due to the cathode material vaporization cao be estimated using

the expression for the flux ofvaporized atoms (equation 2.3.1):

(4.3.7)

where 11 is the condensation energy ofthe cathode material atoms.

4.3.5. Conduction Losses

Since radiative heat losses are negligible, the remaining of the energy flux brought

to the cathode surface under the spot is dissipated to the cathode bulk by conduction:

• qcond =q;n -qnDl -qvap (4.3.8)
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4.4. Criteria for a Self-SustainÎng Arc Operation

Essentially two criteria must be validated in o~der for the arc attachment on the

cathode to be self-sustaining. The first criterion (equation 4.4.2a) is based on a panicle

balance for the ionization process, while the second (equation 4.4.2b) is based on a

requirement for a minimum heat flux to maintain the cathode surface at its boiling

temperature.

4.4.1. Fint Criterion

The principal role of the cathode ofan electric arc is to provide a sufficient flux of

eleetrons to maintain the discharge. These electrons (beam electrons) are emitted from the

cathode under the combined actions of the high surface temperatures and electric fields

maintained mainly by the ions flux bombarding the cathode surface and forming the

cathode sheath. Once emitted from the cathode, the electrons are accelerated through the

cathode sheath without collisions to the ionization zone where inelastic collisions with

neutrals producing ions result in the formation of an electrica11y-conducting channel

between the two electrodes (arc column formation). According to tbis scenario, it is

obvious that the self-sustaining operation of the arc discharge is possible ooly if the

conditions prevailing in the cathode region are those favoring a sufficient thenno-field

emission ofelectrons.

The fraction ft,i of the beam electrons that are left for ionization after collisions can

be defined as:

(4.4.1)

•

where i stands for ionization and e for excitation, the v's are the frequencies of the

collision processes and the O"s, the collision cross sections. Obviously,jbi is less than unity

since ail the a's are positive. The maximum energy taken by the beam electrons before to

start colliding corresponds to the cathode sheath voltage drop, and is therefore less than

10-20 eV for high pressure arcs. For this energy range, ooly single-ionization occurs upon
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electron impact (Freund et al 1990). This observation and the condition defined by

equation (4.4.1) allow to define the most restraining criterion for the self-sustaining

operation of an arc discharge maintained by a beam of electrons emitted trom the cathode

(jT-F):

jlal < 1
Jr-F

(4.4.2a)

This criterion states that the flux of ions produced by ionization of the neutrals by

the beam electrons cannot be higher that the flux ofbeam electron that generates it.

4.4.2. Second Criterion

The second criterion that must be validated is that the net heat flux brought in by

the plasma to the cathode surface and left for conduction in the cathode must be larger

than zero since the plasma is the only source of heat (i.e. -iJT / tZ >0 at the cathode

surface). Such criterion reads:

The case qcand=O would correspond to a situation where ail the incoming heat flux

is lost by cathode malerial vaporization and electron emission cooling. If Joule heating in

the cathode volume undemeath the arc attachment point became important in comparison

with the incoming heat flux from the plasma, it would become possible to have qf;ond<O.

Indeed, in this situation the heated volume undemeath the cathode surface would become

a source of heat flux across the plasma-cathode interface. As reported by Marotta and

Sharakhovsky (1996), such a situation is possible for total current densities at the cathode

surface much larger than 1011 A m-2
. Such values are however not likely to be observed

(Chapter 5).

•
qftM > 0 (4.4.2b)

•
4.5. Erosion

Erosion is the phenomenon by which cathode material is 10st under the action of

the electric arc. It is commonly expressed in units of mass lost per unit charge passing

through the cathode. The erosion rate expressed this way is independent of the arc current
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and arcing time. This allows to make comparisons among ditrerent experiments. Three

main mechanisms are responsible for the erosion of pure metal cathodes exposed to an

electric arc (Kharin 1992): 1) The vaporization of the cathode materia! at an atomic rate

r ...~, 2) the ejection ofmicrodroplets due ta the ion pressure release upon spot extinction,

and 3) the ejection of microdroplets due to the onset of important thermo-capillary flows

within the molten bath. There may be other causes of rnicrodroplets and/or macro

"chunks" ejection for exarnple ftom gas dissolution in the high temperature cathode

followed by explosure-like destruction of the surface after the arc passage. For instance,

Munz and Habelrih (1992) observed that arc operation in Ar+H2 over a Cu cathode

resulted in the formation of a 100-200 Jolm powder composed of melted flakes or

agglomerates. Ali these exarnples show that the calculation of the erosion rate Er requires a

fluid dynamics-heat transfer model of the cathode region under the spot coupled with a·

model of the cathode region.

4.5.1. Erosion by Vaporization

When liquid microdroplets ejection can be neglected, the erosion is due to the

cathode material vaporization only and cao be estimated using the following expression (in

unit of mass per unit ofcharge):

(4.5.1)

•

4.5.2. Re-Deposition of Ions and Neutrals

Equation (4.5.1) corresponds to the maximum erosion rate by vaporization since

the redeposition of returning ions or neutrals diftùsing back towards the cathode has not

been taken into account. Under vacuu~ one can assume that all the neutral atoms expand

into the chamber and do not recondense on the cathode. Thus, ooly the ions accelerated

back towards the cathode by the cathode voltage drop May possibly condense on ilS

surface (within the spot or in the close vicinity). The vacuum erosion rate by vaporization
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stands then between a maximum value E:::', and a minimum value E:::' reached when

ail the ions incident on the surface condense upon impact:

(4.5.2)

•

•

4.5.3. Liquid Volume Formation

The heat flux brought by the cathode spot plasma that cannot be dissipated by

electron emission q,.. and vaporization q~ is dissipated by conduction in the cathode

volume undemeath the cathode spot (qcond). When the arc stays a sufficient time at a given

location, liquid volume formation occurs and the erosion process due to vaporization

might be enhanced by the ejection of microdroplets (Gray and Phamey 1994). Once

ejected these microdroplets are taken by the gas stream and leave the arcing zone or are

redeposited on colder sections of the electrodes or on the reactor walls, causing a net

cathode erosion. Liquid volume displacement is not considered as a source oferosion since

the displaced cathode materia! stays as an integral part of the cathode. It however causes

damages to the cathode surface. The liquid volume formation process will be studied in

details in Chapter 7 by a transient heat transfer analysis of the cathode region under the

spot considering the solid-liquid phase change.

4.6. Boundary Conditions

The model's equations presented in sections 4.2 through 4.5 form a self-consistent

set of equations for the cathode spot plasma that is solvable if the conditions at both ends

of the cathode sheath edge are specified. These conditions include the plasma conditions at

the cathode sheath edge (p and 1;'") and the cathode sheath voltage drop Vc . The cathode

surface temperature does not have to specified for a non-refractory cathode since

according to the assumptions made, tbis temperature is related to the metallic vapor

pressure within the cathode spot plasma, i.e. T.=T.(P). The method used to calculate the

plasma composition at the cathode sheath edge knowing p, ~S~and r"SI! =~ (p) is

discussed in the next section.
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4.6.1. Composition of a Two-Temperature Plasma

In the plasma out of LTE present in the cathode region, the electron temperature

Tc is much higher than the heavy species temperature Th. A consequence of tbis gap

between the two temperatures is the higher densities of charged panicles achieved in

comparison to the densities encountered under LTE conditions at the same pressure. The

plasma composition in such a case is calcuJated using the two tluids approach; an electron

fluid at ternperature Te and a heavy species tluid at temperature 1h.

For the case considered in this studY9 no reaction among molecules is involved. The

ooly possible reactions among the species are the forward reaetion of electron impact

ionization and its reverse reaction, the three-body recombination. The reactions proceed

according to:

•
where A is either a neutral atom or an ion. The equation of reaction equilibrium implies

that the ratio of the forward (kr) to the reverse (k,.) rate coefficients is given by:

k{(7;., 1;) _ ".0{. "0:
k r (7;.,1;) " ..,

(4.6.2)

•

This ratio is function of both the electron and heavy species temperatures and

therefore, it is not likely that a simple expression involving the ratio of the species partition

functions evaluated al their own temperatures as often seen with equilibrium constants can

be obtained. However, since the reaetion rate is a measure of the velocity at which the

reactants approach each other and since bath reactions of ionization and recombination are

rate-controlled by the electrons, it is assumed that bath reactions occur at the electron

temperature. By making the assumption that kt< Th,Tc) - kt< Tc> and kr< Th, Tc} - kr< Tc),

Richley and Tuma (1982) obtained an expression relating liA, "A'" and "e to Tc which takes

the form:
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•

•

where KD( Tc) is the equilibrium constant for the reaction based on the particle

number densities (since a unique temperature is defined). QA and QA- are respectively, the

electronic partition function for the species A and A·. Note here that tbis development

based on a kinetic approach yields the generalized Saba equation obtained using the mass

action law (Zemansky and Dittman 1981) al a single temperature Tc. However, tbis is only

due to the fact that both the forward and reverse reactions occur al a rate imposed by the

sarne species (electrons in tbis case).

The calculation of the two-temperature plasma composition is performed using the

NASA method based on the equilibrium constants (Appendix C). In tbis method, a set of Z

equations (Z being the number of species in the plasma) relating the different number

densities of species IIi ta p, Tc and T" is solved iteratively from an initiai guess of the

plasma composition. These Z equations are respectively the equation expressing the

electricaI quasi-neutrality in the plasma:

the Dalton' s law for the total pressure:

Il =~·II
~ ~"l 1 ..,

(4.6.4)

(4.6.5)

•

and a set of Z-2 equations expressing the equilibrium constants tor the ionizationl

recombination reactions (equation (4.6.3». The presence of a high density of charged

particles in the cathode region induces a lowering of the ionization potentials and an

increase ofthe total plasma pressure (Griem 1964) given respectively by:
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•
and

where the Debye length Ào is:

(4.6.6)

(4.6.7)

(4.6.8)

•

4.7. Calculation Procedure

For a given set of boundary conditions (p, 1~, V~) and an initial guess for the

surface electric field strength Eh equation (4.2.18) for Es is first solved by iteration by

recalculating the thermo-field emission current at every step. Knowing the value of Es.. the

Poisson's equation (4.2.16) is integrated over the entire cathode sheath trom V=O to V=V~

using a spatial step Ar =Â.~ 150 in order to obtain -1000 data points representing

accurately the spatial distributions of V(x) and of the different panicle densities (equations

(4.2.5), (4.2.11) and (4.2.14». The value of x~ is then determined when V=~'~. The

different contributions to the current and heat transfers to the cathode surface under the

spot are finally calculated. Ail the calculations are repeated for a wide range of metaJlic

plasma pressures and electron temperatures in order to perform a parametric study.

4.8. Materials Properties

The electronic partition functions Qi( Tc) necessary for the calculation of the plasma

composition were taken from Tamaki and Kuroda (1987) and Drawin and Felenbok

( 1972). The vapor pressure curves were fitted ftom the experimental data reponed by

Honig and Kramer (1969) according to the general relation:

•
Q

log(p)=-+blog(7;)+cZ; +d1;2 +e
1;

(4.8.1)
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and extrapolated to pressures higher than atmospheric. Such an extrapolation is thought to

not introduce a significant error since the fits of equation (4.8. 1) were obtained

considering fifteen orders of magnitude for the vapor pressure (l0·14_ 100 atm) and

extrapolated over less than two orders of magnitude (p<102 atm). Figure 4.8.1 shows the

vapor pressure data reported by Honig and Kramer (1969) for the three metaJlic elements

that are studied in Chapter S (Cu~ Fe and Ti), and the extrapolations for p>lOo atm

( 10 1325 Pa) obtained using the fitting formula (4.8. 1). One can see that the trends of the

experimentally obtained data are maintained by the fits for surface temperatures below

4500K.
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IE+3

• r--""""!
~ lE+1Q..........
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IE-3 -
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1 000 2000 3000
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4000

•

FIGURE 4.8.1 Vapor pressure curve for Cu, Fe and Ti. Continuous line: data reported
by Honig and Kramer (1969). Dotted line: fits of the data using equation
(4.8.1).
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CHAPTER5

MODEL'S PREDICTIONS W1TH CU, FE AND TI CATHODES

5.1. Introduction

This chapter presents the predictions of the model developed in Chapter 4 when

applied ta Cu, Ti and Fe cathodes. The goal of the study is to determine the conditions

prevailing within the cathode region of a high pressure arc on a non-refractory cathode

which allow a self-sustaining attachment of the arc. The attention is put mainly on Cu

because this element is one of the most commonly used cold-cathode materials. The

mechanisms of current and heat transfers to the cathode surface" the distributions of

voltage and particle densities in the cathode sheath, and the cathode material consumption

rate (erosion rate) are tirst studied by making a parametric study with two of the three

independent parameters of the model (section 5.2). These parameters are the metallic

plasma pressure p, and the electron temperature Test;. The third independent parameter, the

cathode sheath voltage drop Vc;, is set equal to a specifie value and the effects of slight

deviations trom this value are discussed later (section 5.5). The study is then extended in

section 5.3 ta include Ti and Fe, which elements show a more refractory behavior than Cu,

in arder to generalize the concept ofhigh local pressure with several elements. The validity

of the coIlisionless cathode sheath assumption is discussed in section 5.4. A general

discussion of the results and a sununary conclude the chapter (section 5.6).

5.2. Parametric Study with Cu: Influence orp and T.Jtt

The metallic plasma pressure p and the electron temperature Tr:te at the cathode

sheath edge are the two parameters affecting the most the properties in the cathode sheath.

The cathode sheath voltage drop Vc is less determinant as it will be seen in section 5.4. For

tbis first parametric study, and as discussed in section 2.3.5 indicating that a high local
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plasma density is expected to prevail in the cathode regio~ p was allowed to vary ftom 1

ta 70 atm (0.1 to 7 MPa) and TeK trom 0.9 to 2 eV (10 440 to 23 200 K). For some

reasons related ta the calculation of the plasma composition, it was impossible to extend

the parametric study beyond 70 atm. The reasons for this are discussed in section 5.2.3.

5.2.1. Choice orthe Cathode Sheath Voltage Drop

For tbis parametric study, the cathode sheath voltage drop Vc was set equal to 15

V. A number of studies relating the properties of vacuum arc cathode spots on copper

cathodes used a value of 15 V after the measurements of Kesaev (1965). As shawn by

Kesaev, this value for Vc: is expected to remain the same at atmospheric pressure. A value

of 23 V was determined by Hamilton and Guile (1968) for the minimum operating voltage

(V:) ofan argon arc operating at atmospheric pressure on copper electrodes. A value of

15 V for Vc lets 8 V for the sum of the voltage drops in the ionization zone (1-2 V), in the

anode sheath (4-6 V, - of the arder ofe, (4.5 V), and in the electrodes (1-2 V), which

values are ail reasonable. A value of Vc: significantly lower than 15 V would mean a larger

anode sheath voltage drop, which is not likely. A larger value is hardly conceivable taking

into account the minimum arc voltage of -23 V. The effects of slight deviations from

Vç =15 V will be discussed in section 5.5.

5.2.2. Minimum Plasma Pressure for a Self-Sustaining Arc

As discussed in section 4.4, criteria 4.4.2a and 4.4.2b based on partic1e and energy

balance considerations have been defined to determine the conditions for which the

cathode spots forming the arc attachment on the cathode are self-sustaining. The criterion

4.4.2b is validated for the whole range of electron temperatures investigated when p<70

atm as discussed later in section 5.2.7. Figure 5.2.1 shows the evolution of the ratio}iœl}T-F

(criterion 4.4.2a) as a function ofp and TeK. This ratio shows a strong dependency on p

and T/IC
• It is shown that the criterion}ioJjT_F <1 is validated only for p >19 atm (Pmin-19

atm) showing the necessity of having high local metallic plasma pressures in the cathode

region for a self-sustaining operation and therefore, a strong vaporization of the cathode

surface. It is shown also that the closer is the electron temperature to 1 eV, the lower is
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•
the minimum metallic plasma pressure needed for a self-sustaining operation. This

observation will be discussed later in the section relate<! ta the current transfer ta the

cathode surface (section 5.2.4). As discussed previously in section 4.4.1, the conditions

prevailing in the cathode region and for which}iaJjT-F =1 are not likely and one must rather

look for ratios jiaJ}T-F smaller than unity for a representative view of the actual conditions.
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\, '
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\,\
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1.00 f----~~\~'\,-----------;
....'

....'-'.,....
".
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\ "., ••..., ."......., '."
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FIGURE 5.2.1. Ratio }iorl}T-F (criterion 4.4.2a) for a two-temperature Cu plasma as a
function ofp for Vc=15 V and 0.9< ~sr<2.0 eV.

•

It is interesting to note that tbis ratio tends towards a limit as the metallic plasma

pressure gets high (p>50 atm) and for ail the electron temperatures considered. This (imit

ranges trom }iotljT-F -0.25 ta -o.4~ the lowest value being for 7::sc=1 eV. This range for

}iarl}T-F is the same as the one theoreticaUy predieted by Zhou and Heberlein (1994, figure

5) for the self-sustaining operation ofa high pressure argon arc on a refractory W cathode,
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but under conditions where no vaporization occurs. As shown by this limiting behavior,

the current transponed by the ions to the cathode surface is at least of 25% ofthe electron

current, and this seems to be true for bath refraetory and non-retTactory cathode cases.

One very important result of the model presented in this study is that for high

metallic plasma pressures within the cathode region, the non-refractory copper cathode

starts to behave like a refractory cathode according to the classification made with figure

2.3.1; i.e. the flux of emitted electrons becomes higher than the flux of vaporized cathode

material atoms for a given surface temperature. Figure 5.2.2 shows tbis behavior where the

ratio erv3/JT-F (not ervapljRD as with figure 2.3.1) is plotted as a function of the plasma

parameters within the cathode spot. Due to the high temperatures associated with the

strong ion bombardment at high pressures, but also due to the important surface electric

field strengths established by the ions, the flux of electrons emitted from the cathode

becomes higher than the flux of atoms being vaporized. The results of figure 5.2.2 are

extremely interesting in view ofthe complexity of the arc-cathode interaction system. They

indicate that both refractory (hot) and non-refractory (cold) cathodes etfectively behave in

a similar way provided the criteria for a self-sustaining operation of the arc are validated.

[ndeed, for refractory materials, strong thermionic emission is achieved without a strong

vaporization of the cathode surface while for non-refractory materials, a pressure build up

in the cathode region resulting in the emission of electrons in the strong thermo-field

emission regime is necessary. Such a symmetry in the arc behavior also puts forward the

importance of a proper calculation of the electron current being emitted by the cathode

surface. This will the subject ofa comprehensive investigation in Chapter 6.

This simple analysis of the minimum metallic plasma pressure (Prnù&) needed for the

self-sustaining operation of an electric arc on a non-refraetory Cu cathode brings two

preliminary conclusions: 1) Vaporization of the cathode in such a case is not only a

consequence ofthe strong heat input trom the arc that cannot be dissipated by conduction

into the cathode bulk; the strong vaporization of the cathode is a Ilecessary conditioll for

the establishment of a self-sustaining arc attachment. The pressure build up in the cathode
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•
region is a consequence of tbis strong vaporization and is necessary for the maintenance of

surface conditions allowing strong electron emission. 2) Since the minimum metallic vapor

pressure is much higher than the ambient gas pressure (reference made to 1 atm), the

nature of the ambient gas has, a priori, no effect on the description of the arc attachment

on such cathodes. The nature of this extemal gas would however affects the confinement

of the arc spots (Meunier 1990) and their dynamics (Szente 1989, Jüttner 1997).

lE+l
Cu
~=15V

... " . ......

------ -------

--- ------

-- T:= =0.9 eV
=1.0 eV
=1.5 eV
=2.0 eV

"Refractory behavior"
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\ ....., "'-.., •....

'" ,.,.:...•
'\. ...

, >.>:->,'

~
1
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FIGURE 5.2.2. Ratio er..·ap/jT-F for a two-temperature Cu plasma as a function of p for
Vc= 15 V and 0.9< 7;s" <2.0 eV. The corresponding cathode surface
temperatures are indicated in parentheses (in K).

•
S.2.J. Plasma Propel1ies

Before going further in the analysis of the current transfer to the cathode, it is

necessary to know the behavior of the plasma mixture at high metallic pressures (p> 19

atm\ low heavy species temperatures (Th
C -3500-4000 K), and low electron temperatures
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•
(Tc!iC=O.9-2 eV). Such conditions introduce imponant reduetions of the ionization

potentials, especially for the low-ionization species present here, and deviations from the

ideal gas behavior. The relevant plasma propenies are plotted as a function of the electron

temperature and metallic plasma pressure in figures 5.2.3 through 5.2.5. Figure 5.2.3.

shows the electron density at the cathode sheath edge (Ile1, figure 5.2.4 the lowering of

the ionization potential of Cu atoms (âEfCI,CIII:J see equations 4.6.6 and 4.6.8), and figure

5.2.5, a pararneter charaeterizing the deviation of the plasma mixture tram the ideal gas

behavior (âp/p, see Dalton's law (4.6.5) and equation (4.6.7».

•
lE+25

~
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p= 10 atm

~ ~ lE+24c
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•
FIGURE 5.2.3. Electron density in a two-temperature Cu plasma as a funetion of Tr:'c

andp.
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As shown in figure 5.2.3, the electron density ": (and therefore the ion density

Il;r), peaks for an electron temperature Tt;1C of -1 eV, and tbis for any pressure. The

increasing trend at low electron temperatures is attributable to the increase of the

ionization rate of the Cu atoms with the increase of the eleetron energy (or temperature).

The decreasing trend observed for higher electron temperatures is mainly due to the

overall decrease of the partic1e number densities with the increasing electron temperature

(Dalton's law). The lowering of the ionization energy of the coppel' atoms (M:.L •Cld )

shows the same behavior since it is directly reIated to the electron density (figure 5.2.4).

1.6

~ 1.2>
0--..

• -- P =10 atm- 0.8U
"8

UJ
<l

0.4 -
p = 1 atm

2.01.81.61.41.21.0

0.0 '-- ----1

0.8

FIGURE 5.2.4. Lowering of the ionization potentiaJ of the Cul species as a function of
Te

sc andp.

•
Remembering that the ionization potentiaI of Cul is 7.72 eV. one can see that the

lowering ofthe ionization potential becomes considerable as the electron density increases.

Thus~ the densities of charged partic1es caIcuIated while taking ioto account the
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electrostatie effeets are higher that those that would be ealeulated considering an ideai

plasma at a pressure p.

Figure 5.2.5 shows how far from the ideal gas behavior the metallie plasma mixture

deviates. As expected, tbis deviation follows the eleetron density since an inerease in tbis

density means higher electrostatie interactions. Indeed, a high density of charged particles

within a given volume induces an excess pressure build up due to the repulsive forces

among particles earrying the same charge. The approximation of an ideal gas involving no

Coulombic (electrostatie) interactions stans then to lose its accuracy, and therefore a

positive correction Ap to the total pressure must he made to the Dalton's law (equation

(4.6.5». In such a scenario, the higher is the metallic plasma pressure p the higher are the

electrostatie effects, and therefore the higher is the pressure correction âp.

=IOabn
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• FIGURE 5.2.5. Pressure correction for a two-temperature Cu plasma as a funetion of
TeK andp.
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Unfortunately, for the conditions (p, Tc) inducing a pressure correction âplp

larger than -0.65 (metallic plasma pressures larger than -75 atm), the calculation of the

two-temperature plasma composition became impossible due to important numerical

instabilities. The source of these instabilities is not known. The large gap between the

electron and heavy particle temperatures might be the cause since these instabilities are not

observed under LTE conditions (unique temperature). Fortunately, tbis limitation occurs at

a pressure where criterion 4.4.2b is violated for Tc11:=1.0 eV and therefore, the maximum

pressure for a self-sustaining operation (Pmu) can al least be estimated for one case with

Cu. This problem is not observed with Fe and Ti since the self-sustaining pressure ranges

are weil below 75 atm as it will be seen later in section 5.3.

5.2.4. Current Transrer to the Cathode

The total current density in the cathode sheath j14Jt is plotted in figure 5.2.6 as a

function of the cathode spot metallic plasma pressure p and electron temperature Te!le at the

cathode sheath edge. The current transport in the cathode sheath is mainly due to the ion

Uion) and emitted electron currents (jT-F): the relatively important voltage drop in the

cathode sheath makes the back-diftùsing plasma electron current Ubde) negligible.

The total current density is -10· A m-z for p=l atm (lIc~=6xl021 m-·l , l~!C=l.OeV)

and increases with the metallic plasma pressure. This value of -10· A m-2 for }Ia(

corresponds to the maximum current density that cao be obtained for an atmospheric

pressure arc burning on a boiling cathode when the process of pressure build up in the

cathode region is not considered. This is the so-called 'limit' of the thermionic arc cathode

model discussed in section 2.3.4.

For the minimum metalJic plasma pressure necessary for a self-sustaining arc

obtained earlier in section 5.2.2 (Pmift-19 atm for Tc!IC=l eV~ figure 5.2.1), a minimum total

CUITent density of -3.5xI09 A m-2 (Tcc=l eV) is observed. This value agrees weil with the

rough estimate of the minimum current density per spot reported in section 2.3.3 for a

clean Cu cathode exposed to an atmospheric pressure argon arc (-5xI09 A m-z).
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FIGURE 5.2.6. Total spot current density as a function of p for ~~=15 V and
0.9< T/~<2_0 eV.

The model predicts a maximum current density for any value of the pressure al

Tcse-1.0 eV attributable to the peak in the electron density (and ion density) ofa Cu plasma

al this temperature (figure 5.2.3). [ndeed~ the high ion densities have a fivefold enhancing

effect on the total current density: 1) A high ion density means a high ion current density.

2) A high density of charged particles is associated with a high metallic plasma pressure

and therefore~ to a high cathode surface temperature which favors electron emission since

both parameters are related to each other via a vapor pressure curve. 3) A high density of

ions present in the cathode region establishes large surface electric fields at the cathode
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surface which induces an imponant reduetion of the cathode material work function

(~cI»=1.2 eV for Es=109 V m-l). 4) For surface electric fields larger than 109 V rn-l, field

emission across the potential barrier at the metal surface becomes considerable leading to

thermo-field emission of electrons (see figure 2.2.2). 5) A high density of slowly moving

ions in the cathode region further enhances the emission process by forming high transition

probability states for the electrons outside the metal surface (section 2.2.3). Since the

current density is strongly coupled with the surface temperature, eleetric field strength and

ion density, the choice of the proper equation to describe the electron emission processes

under such conditions is again ofprùnary importance.

The rate at which the total curreot density }((11. increases with the metallic plasma

pressure shows a change in slope when the current transport in the cathode sheath changes

from an ion-dominated, low current density mode (}rol :x: pU) to an emitted electron-

dominated, high curreot density mode (jtol oc pl~) as it cao be seen with figures 5.2.7 and

5.2.8. These figures show the fraction of the total current density carried respectively by

the ions vionljloh figure 5.2.7) and thermo-field electrons (JT.F!jIOh figure 5.2.8). In

comparison, the current density ofback-diftùsing plasma electrons normalized to the total

current density VwJjtot) a1ways stays below 1% for the whole pressure and electron

temperature ranges.

Obviously, the transition from an ion-dominated to an emitted electron-dominated

current transport mode occurs at the metallic plasma pressure p for which }iorljT.F = l,

which pressure corresponds to the minimum pressure allowing a self-sustaining arc

attachment for a given electron temperature (validation of criterion 4.4.2a). At low

rnetallic plasma pressures (non-self-sustaining case), the flux of vaporized atoms is

important in comparison ta the flux of emitted electrons (see figure 5.2.2) and thus, the

flux of cathode material ions accelerated back ta the cathode after ionization in the plasma

is quite large with respect ta the thermo-field electron current. As the metallic plasma

pressure ïncreases, the emission conditions at the cathode surface become favorable for
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strong thermo-field emission (high Es, T., and /li), and the eleetron emission current

becomes dominant.

•
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FIGURE 5.2.7. FractionJioniJlol of the total spot current density carried by the ions as a

function ofp for Vç=IS V and 0.9< 1;s~<2.0 eV.

The change of slope cao now be interpreted from a theoreticaI standpoint. For low

pressures (Iow current densities), the ion current is dominant and increases with the

metaIIic plasma pressure approximately as j, oc pu since j, :Cll:~ .T:12 == p. pO.1 (equation

(4.2.6». For higher pressures, the thermo-field electron current is dominant and increases

with the metallic plasma pressure approximately like JT-F x: pl". Indeed~ for Ts-JSOO-

4000 K jT-F oc E: ~ and since Es XII,"2 oc pl/2 by equations (4.2.18) and (4.6.S)~

• 1 ~

lT-F :x: P - .
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FIGURE 5.2.8. Fraction ]r-Fljlol of the total spot current density carried by the emitted

electrons as a function ofp for Vc=15 V and O.9< 1:3~ <2.0 eV.
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S.2.S. Electron Emission Conditions

Figure 5.2.9 shows the evolution of the electron emission conditions at the cathode

surface as a function of the metallic plasma pressure and electron temperature. The higher

is the plasma pressure the higher is the surface temperature since the equilibrium vapor

pressure curve is an increasing function of the temperature. [t is shown that for a self­

sustaining operation of the arc spot (p>PrnÎD), the cathode surface temperature under the

spot Ts is higher than -3500 K which is -660 K higher than the normal boiling of copper

(2836 K). The surface electric field strength Es increases iTom _108 V m-I for p=1 atm to

-2x109 V m-I for p=70 atm explaining the strong increase of the thermo-field emission

current density observed. The surface electric field strength is shown to depend on the

electron temperature and reaches its maximum values for Tc-=1 eV where the electron
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density peaks for any value ofthe pressure. Indeed~ the higher is the eleetron density at the

cathode sheath edge~ the higher is the degree of compression of the cathode sheath

(thickness Xc, figure 5.2.10), and therefore the higher is the resulting surface electric field

strength. The compression of the cathode sheath is theoretically studied in section 5.2.6.
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FIGURE 5.2.9. Surface electric field strength E5 and cathode surface temperature under
the spot Ts as a function ofp for V~=15 V. E5 is plotted for 0.9< 1;s~ <2.0
eV. T. is independent of Tc·,

•
As we have seen in section 2.2.3, the electron ernission current is funher enhanced

due to the presence of a high density of charges in the cathode region. Table 5.2.1 reports

the values taken by the enhancement factor P as a function of the total current density
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(plasma pressure) and for ~1C=1.0 eV. Remember that p is defined as the ratio of the

thermo-field emission current calculated while taking into account the presence of ions

(equation (2.2.6» to the thenno-field electron emission current calculated in the absence

of ions (equation (2.2.5». Pis shown to be around 2 for the conditions expected to prevail

within the cathode spots on a Cu cathode.

TABLE 5.2.1. Ion-enhancement factor Pof the thenno-field emission current iT-F as a
function ofthe conditions prevailing within the cathode spots.

jtot p T. IIi- P
[xl09 A m-%] [atm] [K] [xIO%~ m-J ] [-]

1 7.4 3316 3.44 1.73

5 23.6 3648 9.24 1.88

la 34.2 3759 12.8 2.15

30 65 3964 22.3 1.75

The enhancement factor P is shown to increase slightly with the current density ilot

up to around p-2.15 for}Iot-I OlO A mo2 and stans to decrease for higher current densities.

Remember that the factor P is an increasing function of the ion density lIi!îC and a

decreasing function of the surface temperature of the emitter 1~ (see Table 2.2.1). For low

current densities, the increase of the ion density with the current density has a more

important effeet on P than the surface temperature. For high current densities~ the reverse

phenomenon is observed: Pdecreases due to the dominant effect of the increasing surface

temperature. As it was reported in Table 2.2.1 the presence of doubly charged ions would

considerably enhance the value ofp. However, for a metallic Cu plasma having an electron

temperature of 1 to 2 eV, the density of Cu- ions is weak and these ions do not have any

observable etfeets on 13.

The compression of the cathode sheath which results in an increase of the surface

electric field strengths when the electron density increases is shown in figure 5.2.10. The
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•
cathode sheath thickness X~ is obtained trom the double integration of Poisson's equation

(4.2.16) over the distance to the cathode surface (x) un~ a potential V=Vc is reached. This

figure shows the evolution of the cathode sheath thickness Xc as a function of the metallic

plasma pressure and electron temperature at cathode sheath edge (both effects combined

indicate the effect ofthe electron density). Indeed, the higher is the pressure and the closer

is the eleetron temperature to 1 eV, the higher is the electron density. Actually, for

pressures higher than 5 atm, the cathode sheath thickness is shown to be inversely

proportional to the pressure; i.e. Xc X p-l. For the conditions allowing a self-sustaining

operation of the cathode spots (p >19 atm), the cathode sheath thickness is less than 0.03

flm. Such a small thickness indicates why the cathode sheath region of this type of arc is

aImost impossible ta studyexperimentally.
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FIGURE 5.2.10. Cathode sheath thickness Xc: as a function of p for ~=15 V and
0.9< ~#<2.0 eV.
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5.2.6. Internai Structure of the Cathode Sbeatb

The establishment of high surface electric fields at the cathode surface is closely

related to the electrical phenomena involved inside the cathode sheath. The internai

structure of the cathode sheath is presented in figure 5.2.11 for a particular self-sustaining

situation where p=3s atm and TCIC=I eV. The distributions oflocal potential V and particle

number densities (lliD'" Ile, ''wc and Ily-F vs or) are plotted as a function of the distance in the

cathode sheath. This distance was nonnalized by the Debye length ÀD in order to give a

feeling of the distances involved with respect to the charaeteristic length for the

electrostatic interactions. The total current density corresponding to tbis situation is

}tot=I010 A m-2
, typical of such discharges. Such a high metaIlic plasma pressure in the

cathode region is responsible for an electron density at the cathode sheath edge

IleIC=1.3x1o~ m-), and a cathode sheath thickness ofooly 2.2x10'" m, which corresponds to

-22 limes the Debye length evaIuated al the cathode sheath edge conditions (ÀD=I.02xIO·9

m).

The totaI density of ions (Cu ~ and Cu~) close to the cathode surface is reduced to

-20 % of its value at the cathode sheath edge while this number is less than IO-s% for the

back-diffusing plasma electrons. Due to the strong thermo-field emission of electrons at

the cathode surface, the electron density stops decreasing at a distance r/ÀD -5 from the

cathode and starts increasing for lower distances to reach -0.8% of Ilesc at the cathode

surface. The ions and thermo-field emitted electrons are being accelerated in the cathode

sheath by the favorable potential gradient. As a result~ their respective densities decrease as

their velocities increase in order to conserve the individual current densities. Il is

interesting to note that, even though the ion density is much higher than the electron

density in the close vicinity ofthe cathode surface~ the ion current is lower than the emitted

electron current (see figures 5.2.7 and s.2.S). This is attributable to the much higher

velocities assumed by the emitted electrons (-5x lOs m S-l for the emitted electrons in

comparison to -7x103 m S-I to the Cu'" ions impinging on the cathode).
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FIGURE 5.2.11. Distribution of the panicle number densities and voltage in the cathode
sheath as a function of the distance trom the cathode surface for Vf;= 15
V.. J:st'=l.O eV and p=35 atm. ÀD-I.02xlO·9 m and the corresponding
total current density isilot=lOIO A m-2

.

The voltage distribution in the cathode sheath shows a sharp decrease as one goes

towards the cathode surface producing large surface electric field strengths as repor1ed in

figure 5.2.9. Due to the formation of a net positive space charge in the cathode sheath

(use =Il,0rr -llT - F - lib.. ), the local electric field E(x) is not constant throughout. ActuaUy,

it increases from zero at the cathode sheath edge (Mackeown's assurnption.. equation

(4.2.17b» and takes its largest value at the cathode surface (Es). The formation ofthis net

positive space charge in the cathode sheath is shown in figure S.2.12. At the cathode

sheath edge the plasma is still electricaUy neutral and therefore, the space charge vanishes.

As one goes towards the cathode, the ions being attraeted and the plasma electrons
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repelled, a space charge starts to fonn and reaches its maximum density at a distance of

around 13ÀD from the cathode surface. Closer to the cathode, the thermo-field electrons

emitted from the surface attenuate the space charge.

0.5 ~-------------,------,
Cu
~=15V

T se =1.0 eV
c

p=35 ann
0.4

0.3

0.2

~

1
1.......,
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•
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FIGURE 5.2.12. Space charge formation in the cathode sheath for ~:=15 V. J:J~=1.0 eV
and p=35 atm. À.o-1.02xI0·9 m and the corresponding total current
density is 11(1(=1010 A rn-2

.

•

From tbis simple analysis it becomes c1ear that the strong thermo-field emission of

electrons from the surface of clean Metal cathodes is due to the formation of an important

space charge, which is itselfdue to the presence ofa high density ofcharged particles (ions

and electrons) in the cathode region. For the case of non-refractory cathodes, the plasma

ions formed by ionization ofthe ambient gas atoms would not be in a sufficient number to

fonn the space charge nec:essary for strong electron emission (criterion 4.4.21, jT-F >jiaa);
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the ionization of the metallic vapors coming from the cathode erosion and the pressure

build up are necessary. Indeed the space charge density Ilsr:. is shown to increase with the

metallic plasma pressure in the cathode region as it cao be seen with figure 5.2.13 which

shows the evolution of the space charge density as a fuoction of the local potential in the

cathode sheat~ and for two values of the pressure. The local potential V is used rather

than the distance to the cathode surface x in order to have the same scale for the !wo

conditions investigated.

Cu
~=15V

Tl'C =1.0 eV
e

lE+25
p=50 atm

•
~

M
1

E
s......I

lE+24

lE+23 o

--------------------
p=35 atm

5

v [V]
10

---

15

•
FIGURE 5.2.13. Space charge Ils as a funetion of the local potential in the cathode sheath

V(x) for Vc=15 V, 7;#=1.0 eV and for!Wo values ofp (35 and 50 atm).

Figure 5.2.13 cao now be used to understand fram a theoretical standpoint the

concept of compression of the cathode sheath with the increasing electron density
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introduced in section 5.2.5. The cathode sheath tbickness Xc; is determined by integration of

the Poisson's equation from the cathode surface where V=O and x=O to V=Vc and .r=rc;.

The right hand side of the Poisson's equation is proportional to the net space charge

density Ile and therefore, the higher is nie the shorter is the integration distance rc; before

getting V=Vc;.

S.%.7. Beat Transfer to the Cathode

The knowledge of the incoming heat flux to the cathode., and how this flux is

dissipated is of fundamental importance for understanding the erosion phenomena. Figure

5.2.14 shows the calculated total incoming heat flux trom the cathode spot plasma to the

surface under the spot qift as a function of the metallic plasma pressure p, and electron

temperature Tete. As for the current transfer trom the plasma to the cathode, the impinging

ions are responsible for almost ail the incoming heat flux trom the plasma since the back­

diffiJsing plasma electron curreot is low for tbis cathode sheath voltage drop « 1 %). The

incoming heat flux peaks again at an electron temperature of -1 eV as is the case for the

CUITent density.

The incoming heat flux is shown to increase with the metallic plasma pressure and

a graduai change of slope is also observed when the CUITent transfer mode changes from

the ion-dominated to the emitted electron-dominated mode. However, rather than having

an increase in slope as observed with the total current density }IOI, we observe a decreasing

trend: in terms of current transfer, the strong emission of thermo-field electrons helps

increasing the total current density to the cathode while in terms of heat transfer., electron

emission induces an heat loss from the cathode. Indeed, for the range of surface

temperatures and electric field strengths expected, which values are respectively higher

than 3500 K and lower than 2xl09 V m·l (see figure 5.2.9), the Nottingham potential &~ is

greater than zero (see figure 4.3.1) and therefore, the electron emission a1ways results in a

cooling effect for the cathode. This phenomenon bas an important practical consequence

as it will be discussed later in section S.5.
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FIGURE 5.2.14. Total incoming heat flux to the cathode spot surface 'lin as a function of
p for Vc=15 V and 0.9< 7:#<2.0 eV.
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An incoming heat flux larger than 3xl010 W m-z is evaluated for the self-sustaining

operation of the arc spots on Cu (p> 19 atm). This incoming heat flux is dissipated by

conduction into the cathode qcood.. latent heat of vaporization qvap.. and electron emission

cooling qnul as it can be seen with figure 5.2.15. For low pressures (Iow current densities)..

the main heat loss is by conduction into the cathode bulk while Nottingham cooling

becomes dominant at high pressures (high current densities) due to the favorable electron

emission conditions (figure 5.2.9). The fraction q....,Iqin of the incoming heat flux lost by

cathode material vaporization ooly slightly increases with the metallic plasma pressure due

to the slow increase of r.... with p (equation (2.3.1». On the other hand~ the fractions

qcond/qin and qrtDt/qin are shown to vary strongly with the pressure and electron temperature

due to their dependency on their respective current densities, which are themselves
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strongly dependent on these two parameters. The effects of the electron temperature are

more pronounced at elevated current densities (high pressures). Important variations of the

electron emission current density result from small variations of the surface electric field

strength (jror x: E:), themselves being induced by the variations of the electron density

(Es x ,,:12) with the electron temperature. It is not surprising to observe that for the

conditions allowing the maximum electron density for a given pressure, i.e. Te:IC=l.O eV,

the electron emission cooling is the highest. Indeed, as it was discussed in section 5.2.6,

the higher is the electron density Ile:te, the higher is the surface electric field strength Es and

therefore, the higher is the electron emission current density.
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FIGURE 5.2. 15. Distribution of the different heat losses from the cathode spot surface as

a function ofp for Vc:=IS V and 0.9< ~S~<2.0 eV.
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Figure 5.2.16 shows the heat losses by conduction ooly (qcond) as a function orthe

metallic plasma pressure and electron temperature. Criterion (4.4.2b) states that for a self­

sustaining operation of the arc discharge, q«Rtl > O. Figure 5.2. 16 shows tbis criterion is

validated for metallic vapor pressures below -67 atm when Tc!C=1 eV, and somewhat

higher values for Tete ditferent than 1.0 eV. Unfortunately, the model did not allow the

calculation of the exact pressure p above which criterion (4.4.2b) fails for Tete ditferent

than 1.0 eV due to the problems mentioned in section 5.2.3. However, one can see than

the evolution ofPru.T. with Tc· follows the same trend as Pmin; both Pmin and Prru.T. take their

lowest values at ~1C=1.0 eV. On the other band, some reasons discussed later in section

6.3.3 allow us to think that the cathode spot plasma on a Cu cathode is operating at

TcSl:=l.O eV, which temperature is at which the charged particle densities and total current

density peak.
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FIGURE 5.2.16. Heat flux lost by conduction qcortd as a function of p for ~'::=15 V and
0.9< 1;- <2.0 eV.
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A metallic vapor pressure pfla,=67 atm for TcSl:=I.O eV allows a maximum CUITent

density at the cathode surface }lot-3xIOIO A m-2 (see figure 5.2.6). Considering the

minimum value estimated in section 5.2.4 for P=Prnin.. the range -3.5x:109-3x:l0 1o A m-2 is

obtained trom the present model for the range of total CUITent densities per spot needed for

a self-sustaining operation on a Cu cathode. Such a range of total current densities

corresponds ta a range of current per spot /. of 0.5 to 10 A (see figure 2.3.3) when crater

diameters of around 5 ta 15 I!m are considered (see figure 3.3.1), and when the

assumption that the arc current is flowing through the crater surface area only is made.

Such currents peT spot agree weil with those estimated for vacuum arc on Cu (Siemroth et

al 1995 reported values ofaround 2-20 A).

5.2.8. Erosion by Vaporization

Knowing the flux of vaporized atoms necessary to maintain a self-sustaining arc

spot, one can estimate the erosion rate due to vaporization. According to equation (4.5. 1),

the erosion rate by vaporization E;:' is proportional to the metallic plasma pressure p

and inversely proponional ta the total current density11oc. For self-sustaining operations of

the arc spot (p> 19 atm), itat oc pJ~ and therefore E:;:p decreases as p increases like lIpo.s

as can be seen in figure 5.2. 17. When no redeposition of ions nor neutrals is considered~

the erosion rate is fairly high. When sorne ions bombarding the cathode surface condense

upon impact.. the erosion rate by vaporization is reduced and stands between the limits

given by relation (4.5.2). The range of experimentally measured vacuum erosion rates for

copper cathodes (65-115 J.lg C-1
, Farall 1980) is also indicated in Figure 5.2.17. These

measurements stand between the limits imposed by relation 4.5.2) for 1.0<Tc,;c<2.0 eV_

Two observations are important to make here: 1) The present model developed for

a high pressure arc on a non-refraetory cathode allows to predict relatively weil the

vacuum arc erosion rates. This shows again the similitude between the vacuum arc cathode

spots and the atmospheric arc cathode spot (tbis seems to be true for Cu). 2) It is

interesting ta note that the measured vacuum erosion rates.. which correspond to overall
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erosion including microdroplets ejection, in faet fall within the limits evaluated considering

ooly cathode material vaporization and ion condensation. Such a behavior correlates with

smaIl ratio ofconductive heat flux to vaporizing heat flux for copper as the current density

is increased (figure 5.2.15 for pressures at or above 45 atm). This indicates that a very

small volume, ifany, should be present in the copper cathode spot at high current densities

(point to be discussed in Chapter 7). The high thermal conduetivity and the high vapor

pressure ofcopper are mainly responsible for tbis behavior.
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FIGURE 5.2.17. Calculated erosion rate by vaporization (E::~) and erosion rate by

vaporization considering ion redeposition ( Er~~ ) for a c1ean Cu cathode

as a funetion of p for Vc=15 V and 0.9< z:~<2.0 eV. The measured
vacuum erosion rate for Cu (- 65-115 J,lg C- I

) is represented by the
shaded area.
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According to Figure 5.2.17 the model predicts a minimum erosion rate of

approximately 20 J,l8 C- l ifail the ions recondense on the cathode surface. This scenario is

however not likely to occur explaining why such low erosion rate values are not observed

under vacuum conditions. However~ such a low value for the erosion rate would be

possible if part of the neutral atoms present in the cathode regjon condense. Indeed~ at

higher ambient gas pressures~ the cathode spot plasma is confined within an hemisphere of

a much lower radius than under vacuum conditions and redeposition of neutrals occurs

(Meunier 1990).

Erosion rate values reponed by Szente et al (1992) for an atmospheric pressure

argon arc interacting with a non-reftactory copper cathode show, like under vacuum

conditions, a rather large variation of -4 to 50 J.1g C-l
. It is shown that the erosion rate is

strongly dependent on the conditions prevailing in the chamber (e.g. type of gas and gas

flow rate) and the velocity at which the arc moves (when forced todo so)~ the lowest

values of erosion being observed for low gas flow rates, high arc velocities, and as a

general mie, for gas compositions and surface conditions that promote arc ignition and arc

mobility. High values of 25-50 J.1g C-t close to those of the vacuum situation are observed

when the arc is almost stationary. Thus, these observations suggest that when agas is

present in the chamber and extemaJ means are used to move the arc. the erosion rate is

also function of the propenies outside the cathode spots. Such surface propenies would

affect strongly the mechanism of new spot ignition. The present model cannot take ioto

account these effects.

5.3. Model's Predictions with Fe and Ti Cathodes

As it was discussed in section 2.3.2, copper and tungsten when used as high

pressure arc cathodes represent two extreme cases: for copper, we have seen that a strong

vaporization of the cathode is necessary for establishing the self-sustaining arc conditions

while for tungsten, tbis seems not necessary since ooly a weak vaporization is observed

(generally below 0.1 J.lg C-t
). According to figure 2.3.1, an intermediary behavior should

be observed with metallic elements such as iron (Fe) and titanium (Ti).
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Table 5.3.1 shows the model's predictions of the self-sustaining arc spot conditions

for Cu, Fe and Ti cathodes. The cathode sheath voltage drops of Fe and Ti are not known.

However, the propenies of these materiais let suggest that their cathode sheath voltage

drops fall in between the large value of Vc:=15 V for Cu and the lower value of Vc:=8 V for

w. Therefore~ Vc:=10 and 15 V were chosen for the calculations. AIl the results reponed in

Table 5.3. 1 were obtained with Tc-=1 eV which is the approximate electron temperature at

which the electron densities of Cu, Fe and Ti plasmas peak (the three elements having

similar first ionization potentials). Like for a Cu cathode, the minimum pressure for self­

sustaining operation (PmiD) was shown to he determined by criterion 4.4.2a while the

maximum pressure (Pmu), determined by criterion 4.4.2b for both Fe and Ti cathodes.

TABLE 5.3. 1. Model'5 predictions of the self-sustaining operating conditions for the
arc spots on Cu, Fe and Ti cathodes

Material Tv Vc P... j ... (p...) p.a. j,ut (pmu) T'§ jior/jT-F (Pmu)

[K] [V] [atm] [A m-1
] [atm] [A m-l

] [K] [-]

Cu 2836 15 19 3.5x109 67 3xl01O >3600 0.25

Fe 3135 15 8.5 2.3xl09 36 2.2x101O >3780 0.22

Ti 3562 15 -1 -3.1xl0' 8 5.9x109 >3560 0.24

Fe 3135 10 12.5 3.1"109 37 1.6x 1010 >3900 0.33

Ti 3562 10 1.25 2.78xl08 6.5 3.5x109 >3560 0.38

Results show an interesting behavior that could be expected after analysis of figure

2.3. 1: the more refractory is the cathode materia! the lower is the metallic plasma pressure

needed for a self-sustaining operation of the arc spots. The highest pressure range is

observed with Cu (19-67 atm) which bas the lowest boiling temperature of the three

materials, followed by Fe (8-37 atm) with the intermediary boiling temperature, and finally

by Ti (1-8 atm) with the highest boiling temperature. This can be seen clearly with figure

5.3.1 where the range of metallic plasma pressures needed for a self-sustaining operation

of the arc spots is plotted against the cathode material boiling temperature. The range of
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metallic vapor pressures corresponding ta the estimated range of surface temperatures for

W (Ts=3700-4600 K, Benilov and Marotta 1995) is also plotted in figure 5.3.1.
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FIGURE 5.3.1. Range ofmetallic plasma pressure needed for a self-sustaining operation

of the arc spots as a function of the cathode material ~s boiling
temperature Tv.
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The results presented in figure 5.3.1 allow to draw an important conclusion: It

becomes clear from the analysis that led to figure 5.3. 1 that reftactory and non-refractory

cathodes of high pressure arc systems differ ooly in the way they achieve the necessary

conditions for a self-sustaining operation of the arc. Indeed~ it is shown with figure 5.3.1

that the two extreme situations are actually representing the two limits of a unique

description; the self-sustaining operation of an arc discharge on a retfaetory (hot) cathode

(e.g. W) is achieved without the need of vaporization of the cathode surface while on a
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non-refractory (cold) cathode (e.g. Cu), a strong vaporization resulting in a pressure build

up in the cathode region is necessary. We can now understand why an arc over a W

cathode which has a normal boiling of 5828 K does not require a high vapor pressure of

cathode material to be self-sustaining.

The current density per spot also decreases as the material becomes more

refractory. The Mean current density on a Cu cathode is -1.7x.l0 10 A m-2 while it is around

_108 A m-2 for W. Note aJso that the operating temperatures for ail the cathode materiaJs

considered are higher than -3500 K, and that the ratios }iotljT-F are ail approx.imately the

same (for P=Prrwc. for instance). Finally, it is interesting to make a link between the

theoretically estimated total current densities and the ex.perimentally determined erosion

rates since both parameters are thought to be closely related to each other {relation

(4.5.1». The erosion rates of c1ean Cu and Ti cathodes obtained after arcing under similar

conditions are respectively, E;:-M =13.5 J.lg C·1 and E: =1.6 J.lg C-1 (Kwak 1994)7 giving

rise to a ratio of -10 for their erosion rates. The ratio of their respective average current

densities is also of -10 (Table 5.3_1) showing again the intimate relationship between

erosion rate and current density_

5.4. Validity or the Collisionless Cathode Sheath Assum ption

The collisionless cathode sheath assumption was made in the development of the

physical model in arder to considerably simplifY the problem. In such a situation7 no

collisions involving ionization nor momentum exchange occur aJlowing the current

densities to be conserved in the cathode sheath. In order to validate such an assumption7

the characteristic lengths for ionization (l') and momentum exchange (lM) must be

compared to the thickness of the cathode sheath xc. As suggested by equation (4. 1.1)7 an

important number of such charaeteristic lengths must he estimated. However7 we limit

ourselves here to the estimation of two characteristic lengths that we think are the most

important. These are respectively the charaeteristic lengths for single-impact ionization of
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a neutral atom by a beam electron, À.'._o' and for momentum exchange between a beam

electron and a neutral atom, Â.~~o'

The beam electrons exit the cathode sheath with a mean kinetic energy of the order

of the cathode sheath voltage drop eV'.:. For the present case, this corresponds to 15 eV.

At tbis incident electron energy, the single-impact ionization cross section with a neutral

Cu atom is u:_CMl -J.19xIO·20 m2 (Freund el a/1990). For the conditions reported in figure

5.2.11 for instance (p=35 atm and TeS =1 eV), the density ofneutral atoms is 5.4xI02S m-3

and therefore, Â'._caJ = 1/nou:_au =5.85x10-7
• Such a value is -27 rimes the cathode sheath

thickness evaluated under the same conditions (rc=2.2xlO·' ml. Therefore, the ionizing

collisions occur much farther in the presheath and tbis, for the whole range of pressures

investigated in this study.

According to the experimental measurements of Trajmar et al (1977), the

momentum exchange cross section for an electron having an energy of 15 eV and colliding

with a Cu atom is u:'c.r =58x 10.20 m2
, which value is considerably higher than u: CaJ'

Therefore, much smaller characteristic lengths for tbis interaction are expected as it can be

seen with figure 5.4.1 which shows the evolution of the ratio r~ / ).':' c,,/ as a function of the

metallie plasma pressure for TelC=I.O eV. The results show that the assumption of a

collisionless cathode sheath is easily validated at atmospheric pressure but.. becomes Jess

accurate as the metaJlic plasma pressure (density) increases. Up to a pressure of around 55

atm, the ratio xç / Â.:~caJ is still Jower than unity. This observation lets suggest that, above

such a high pressure, a transition from a collisionless cathode sheath to a collision­

dominated cathode sheath should occur (Benilov 1997).
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s.s. Innuence of the Cathode Sheath Voltage Drop

For ail the results presented in section 5.2 for a Cu cathode. the cathode sheath

voltage drop was set to the best experimental estimate known 0:=15 V). The simple

analysis of section 5.2.1 showed that a value for Vc: significantly different than 15 V is not

likely. A sensitivity study of the model's predictions using slightly different values for Vc;

has been carried out and the results have shown that:

•
i) The higher is the metallic plasma pressure the higher are the effects of a slight variation

of Vc: on the estimate of the total current density as shown on figure 5.5. 1. This is due

to the fact that as the pressure increases, the total current density becomes proponional

to E;, where Es significantly varies with Vç according to relation (4.2.18). For Vc:
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varying by the large amount of ±3 V, the corresponding variations ofjlot are around

±20% for p=65 atm.

-o­.~

lE+lO

lE+9

------------_..--­---------------------
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..._ - --_ _.-_.-_.- •...•...•....................

'.

•

p=5 atm
_.-......... =12 atm

Cu --- =20 atm
T;I:=1 eV ------ =35 atm

=65 atm

lE+8
8 10 12 14 16 18 20

Vc [V]

FIGURE 5.5. 1. Total CUITent density j,al as a function of ~ ~ and p for l~!iI:= 1 eV.

ii) The higher is the cathode sheath voltage drop~ the lower is the minimum metallic

plasma pressure necessary for a self-sustaining operation (Pmin) as shown on figure

5.5.2. For Vc: varying of ±1 V, pmin varies of ±1 atm. For Vc: varying by an imponant

amount of ±3V, pmm varies by around ±4 atm ooly.
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FIGURE 5.5.2. Ratiojionlir-f" (criterion 4.4.2a) as a function of V~ andp for 7~sc=I eV

5.6. Discussion and Conclusions

The results presented in this chapter have shown that the self-sustaining attachment

ofhigh pressure arcs on non-refractory cathodes such as Cu, Fe and Ti is possible only if a

significant vaporization of the cathode surface occurs. The current transfer to the cathode

in such a case is mainly assumed by ion-enhanced thermo-field electron emission from the

surface. This mechanism however requires the establishment of large electric fields at the

cathode surface by the space charge fonned by the ions. Since the plasma formed in the

ambient gas covering the cathode surface cannot fumish enough ions~ the supplementary

ions are generated by ionization of the metallic vapors coming from the cathode erosion.

These ions are efficient in bombarding the cathode and allow maintaining high surface

temperatures and therefore, high vapor pressures of cathode malerial Cp> 19 atm for Cu) in

the cathode region causing the strong erosion rates observed. The strong erosion rates of
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non-refractory cathodes exposed to high pressure arcs must then be seen as a IIecessary

condition for the self-sustaining attachment of the arc rather than a simple consequence of

the important heat load conting trom the arc that cannot be dissipated by conduction into

the cathode bulk. This observation suggests that a minimum erosion is necessary for the

operation of electric arcs on non-refractory cathodes. Therefore, forcing the arc to move

or increasing the cooling rate of the cathode, though proved to be efficient in reducing the

erosion rate, cannot totally prevent it.

An existence domain for the cathode spots on a Cu cathode was found for current

densities ranging from -3.5xI09 to _3x1010 A m-2 when TCIC=I.O eV. For current densities

higher than 1010 A m-2
, the ratio of the ion to emitted electron current }ieml}T-F remains

essentially constant as the current density increases and ranges trom -0.25 to 0.40.

Surprisingly, such fractions correlate weil with those encountered for the self-sustaining

operation regime of high pressure argon arcs on reftactory W cathodes, but under totally

different spot conditions (we are thinking especially in terrns of the metallic pressure).

Such a behavior is very interesting and was a1so observed with non-refractory Fe and Ti

cathodes. With such an approach ta the definition of the self-sustaining operating

conditions, no special distinction is made between refractory and non-refractory cathodes:

only the sufficient production of ions by a beam of electrons emitted from the cathode is

concemed. A simple rough anaIysis of the ionization processes in the ionization zone lold

us why the ratio }ioJ}T-F must be lower than unity but, a detailed analysis is needed to

expIain why tbis ratio would preferably range from 0.25 to 0.4.

Il was shown that the validation of criterion (4.4.2a) allows to estimate the

minimum metallic plasma pressure Pmin for a self-sustaining operation of the arc attachment

while criterian (4.4.2b), the maximum pressure Pma.,. It is important to note that the range

of pressures predicted tbis way is rather large since both criteria are not too restrictive. As

discussed in the previous paragraph, the actual ratio }iarl}T-F is Iower than unity giving rise

to a value for p_ larger than the one estirnated with}iOD/JT-rl (see figure 5.2.1). On the

other hand, the value estimated for Pru.'t is certainly too high since tbis pressure was
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determined by setting qcood=O' Indeed, since liquid volumes are formed, qcmtd>O and

therefore, the aetual value taken byp~ is lower than the one estimated using qCDftd=O as it

can be seen with figure 5.2.16.

An analysis of the heat transfer ta the cathode surface under the spot has shown

that as the total current density per spot increases, the fraction of the incoming heat that is

lost by conduction into the cathode bulk decreases. Indeed, the heat losses by electron

emission and cathode material vaporization are shown to increase with the total current

density suggestïng that the ratio of the liquid mass formed to the vapor mass formed

decreases as the current density increases. This behavior is interesting; It suggests that one

could enhance the production of vapor and reduce the production of liquid volumes

(conduction losses) by increasing the local plasma pressure in the arc spots by means of

confinement. This is ofinterest in applications such as arc-ion plaling (AlP) or electrongun

arc welding (Raja et al 1997) where the internal confinement of the cathode spots would

enhance the cathode materiaJ vaporization and reduce the formation of liquid droplets.

Results obtained recently by Kandah (1997) showed that the application of a magnetic

field in the close vicinity of the cathode surface resulted in a considerable reduction of the

microdroplets production (Jiquid volumes) and an increase of deposition rate (vapor

production). Further investigations are needed to determine if the internai cathode spot

confinement by such magnetic means is responsible for this behavior. A priori, this seems a

plausible explanation.

The model's predictions for the erosion rate of a Cu cathode are in fairly good

agreement with the experimental measurements obtained under vacuum conditions where

the redeposition of neutrals can be neglected. At high chamber pressures the efTects of the

conditions extemal to the cathode spots (gas nature~ t10w rate, magnetic field ...) can no

longer be ignored and therefore, the present model could not predict the erosion rate

accurately. ln faet, any attempt to theoretically determine the erosion rate of copper

cathodes exposed ta a high pressure arc will have to account for: 1) The redeposition of

neutrals on the cathode surface. For DOW, the accommodation coefficients of copper at
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elevated temperatures are not known (point a1so raised in section 4.3.1). 2) The

coalescence ofthe cathode spots al elevated pressures. In such a situation, vaporization of

the cathode surface occurs not only trom under the isolated cathode spots, but also from

the surface located between the spots since bigh temperatures are maintained there (Szente

1989). Furthermore, the pattern formed by the group of cathode spots affects the erosion

rate. For instance, the cathode spots line up along the extemal magnetic field Unes (Drouet

1985) and lower erosion rates result trom tbis. The nature of the arnbient gas also affects

the dynamics of the cathode spots and therefore, their Mean distances and residence times

at given locations (Szente 1989, lüttner 1997).

The application of the model to other metallie elements (Fe and Ti) showing

intermediary boiling temperatures respective to Cu and \V has shown the progressive

transition trom a regime necessitating a pressure build up in the cathode region for a self­

sustaining operation of the arc spots (e.g. Cu) to a regime not necessitating it (e.g. W).

Indeed, as we saw with figure S.3.1, the average metallic plasma pressure needed for a

self-sustaining operation decays exponentially with the boiling temperature of the cathode

matenal. Figure S.3. 1 could actually be used to predict the range of metallic plasma

pressures needed for a self-sustaining operation on other intermediary metallie elements.

Since the cathode erosion phenomenon is mainly due to material vaporization which is

itself related ta the vapor pressure, the erosion rate also correlates with the boiling

temperature of the cathode material.

A well-known method of reducing the cathode eroslon rates is to favor the

existence of highly electron emissive sites on the cathode surface that do not necessitate

the presence of a high density of ions to operate. Such high emission sites can be dielectrie

impurities embedded at the cathode surface as we believe it is the case for an arc burning

in Ar+N2 or Ar+CO and on a non-refractory Cu cathode for instance. In such a situation,

dielectric inclusions are thought to fonn al the cathode surface by reaction of the plasma

gas with the cathode material. However, though highly electron emissive., such dielectric

inclUSions are eventually being destroyed by the action of the arc according to the scenario
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presented in section 3.4. Therefore, the erosion rate is momentary reduced when the arc is

attached to such dielectric inclusions but, increases again after the inclusions have been

destroyed and the cathode spots fonned. In order to maintain a low erosion rate, dielectric

inclusions must constantly being formed, and the arc constantly moved to avoid long

lasting cathode spots. This is probably why the combination of rotating the arc and making

it bum in reactive main plasma gases is successfu1 in reducing the cathode erosion rates

(Szente 1989).

On the other band, in some applications of the thermal arc plasma technology, the

plasma gas must stay inert or the contaminant gas added to the main plasma gas does not

react with the cathode surface to form inclusions favorable for electron emission. ln both

situations then, no erosion rates below the minimum value characteristic of the cathode

material can be achieved. Voluntary addition of contaminants to the cathode has its limits

too since the embedded contaminants diftùse out the cathode surface during the arc

operation due to the important temperature gradients in the cathode. It is known that the

low-erosion qualities of thoriated-tungsten cathodes when used as arc cathodes degrade

with aging of the cathode due to the bulk diffiJsion and evaporation of the thorium atoms

from the surface (Zhou et al 1996). The same phenomenon is observed with silver-metaJ­

oxide cathodes (AgMeO cathodes) such as AgCdO or AgSn02 which are known for their

erosion-resistant qualities when used as contact materials.. but which suifer also of thermal

degradation (Sun el al (994).

We believe that the search for a solution to the cathode erosion problems must

now be oriented towards multi-Iayer cathodes where a different mode of arc attachment

might be observed. Such a multi-Iayer cathode could he made of a strongly adherent

coating ofa refraetory insulator or semiconduetor deposited on a base metallic cathode for

instance.
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ELECTRON EMISSION FROM THE CATHODE:

A COMPARATIVE STUDY

6.1. Introduction

As discussed in section 2.2~ the accurate calculation of the current of electrons

emitted from the cathode surface is of primary importance in modeling of the arc-cathode

interactions. [n this chapter~ we compare the predictions of the cathode sheath modeI

described in Chapter 4 for both the refraetory and non-refractory arc cathode situations

using three ditrerent equations for the thermo-field (T-F) electron emission current

density. These equations are respectively: 1) the field-enhanced thermionic emission

• equation (j~ ~ equation (2.2.4», 2) the Murphy and Good equation (j;':;. ~ equation

(2.2.5», and 3) the Murphy and Good equation enhanced by the presence ofa high density

of slowly moving ions in the cathode region (j;':;.t-I ~ equation (2.2.6». The goals of this

comparative study are: 1) define the domain of applicability of each equation by

considering the MG+I equation (j;~+l) as the most accurate~ and 2) quantify the

consequences of using a less accurate formulation for the emitted electron current on the

model ' s predictions.

For both arc-eathode interaction systems considered in tms comparative study, the

vaIues of the ion-enhancement factor p used were extrapolated from the data presented in

Table 2.2.1 for a macroscopic surface electric field strength of 109 V m-1 (the data of

Gayet et a/1996 are limited to T,<3 SOO K and to E.=109 V m- l
). lt was also assumed as a

first approximation that the values of P reported in Table 2.2.1. are independent of the
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nature of the ions incident on the cathode (Ar~ on W cathode for the refTactory case and

Cu· on Cu cathode for the non-refraetory case) and on the nature ofthe cathode materiai.

6.2. Rerractory W Arc Cathode

For tbis modeling case, the field-enhanced thermionic emission equation (2.2.4) is

the equation used to describe the eleetron emission curreot (e.g. Zhou and Heberlein 1994,

Rethfeld el al 1996, Lowke et al 1992, and references therein). Ta our knowledge, no

study relating the use of the formalism of Murphy and Good (equation (2.2.5) has been

reported in the literature for this particular arc-cathode system justifying then the present

work.

Ta perform this analysis, the physical model developed in Chapter 4 had to be

slightly modified in order to realize the calculations under the usual assumptions of the

thermionic arc cathode model. 80th models are essentially the same except for the nature

of plasma gas present in the cathode region; for refractory cathodes no excess pressure is

observed in the cathode region and therefore, the plasma gas there is the same as the

ambient gas filling the chamber. The cathode erosion rate is low and the effects of the

metaIlic ions on the properties of the cathode sheath are assumed negligible. The plasma

pressure p cannot be related to the cathode surface temperature T. via a vapor-pressure

curve and therefore, this temperature has to be calculated by coupling the cathode sheath

model to a heat transfer model in the cathode bulk. For this study however, T. is taken as

an independent parameter and is set equai ta a specifie value taken from experimental

measurements. A pure Ar plasma operating at a pressure p was considered.

For high pressure argon arcs on tungsten cathodes and for the typical range of

electron temperatures reported in the literature, the ion density in the cathode region

becomes higher than IIi -102
" m*) only for arnbient pressures exceeding 10 atm. Therefore,

the ion-enhancement effects are negligible for lower pressures. At atmospheric pressure

then, ooly the surface electric field strength Es, the surface temperature 1". and the cathode

material work funetion • play a raie in the determination of the emitted electron current
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density (the predictions of the emitted electron current using the MG and the MG+I

equations are therefore the same). The effects ofthese three parameters alone on the ratio

j;~~ /j~ are first studied in the neX! two sections (sections 6.2.1 and 6.2.2), while the

effects associated with a high density of ions (gas pressure and electron temperature

combined) on both ratios j;~ /j~ and j;~l / j~ are studied in section 6.2.3.

6.2.1. Influence orTemperature and Surface Electric Field Strengtb

Figure 6.2.1. shows the isocontours of the ratio j;~~ 1J~ =constant in the

surface temperature-electric field strength plane for et-=4.5 eV. Systems with

predominantly thermionic emission (Ts is high and Es low) correspond to the bottom-right

part of figure 6.2.1, whereas field-emitting systems (Ts is low and Es high) correspond to

the top-Ieft part.

As expected with figure 2.2.2, low-temperature-Iow-electric field values generate

extremely small current densities and poorly defined j;':;. / J:::J. ratios as shown in figure

6.2.1. An overview of figure 6.2.1 shows that the perfcet agreement of the field-enhanced

thermionic equation (j~) and the Murphy and Good equation (j:~. ) is the exception

rather than the mie for the range of electric field strengths and cathode surface

temperatures investigated. It was predictable that the best agreement between the two

equations would be achieved within the 'thermionic emission' region. As one goes

towards the 'field emission' region, the discrepancy between the two equations grows

quickly and the ratio j;~ /j;~ tends towards infinity.

The typical range of cathode surface temperatures and electric field strengths

reported in the Iiterature for the ditfuse attachment of an atmospheric pressure argon arc

on a tungsten cathode is indicated by the regjon labeled W in figure 6.2.1 (inspired trom

Zhou and Heberlein 1994, Rethfeld et al 1996 and Lowke et al 1992). One cao see that

the use of the field-enhanced thermionic equation (j~) rather than the more accurate
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formulation of Murphy and Good (Ji!:; ) leads to an underestimation of the actual emitted

• electron current densities by 20-30%.
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FIGURE 6.2.1. Isocontours j;~c;. /j~ = constant in the T5-E~ (logarithmic scaIe) plane
for ,=4.5 eV. Typical conditions encountered at the cathode surface of
an atmospheric pressure argon arc on a W cathode are delimited.

•
6.2.2. Influence of Work Function

Calculations similar ta those presented in figure 6.2.1 were performed for work

funetions of 2, 3, 4 and 5 eV and for the same range of cathode surface temperatures and

surface electrie field strengths. The results showed a negligible influence of, on the ratio
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j:~c;. /j::; for the range of temperatures and electric field strengths corresponding to

j:~c;. /j~ < 2.0 in figure 6.2. L The dependence on ~ becomes significant only for the

range of temperatures and electric field strengths for which j:~ / j;::; > 2.0 in figure

6.2.1. Such conditions are however not expected to prevail at the cathode surface of

atmospheric pressure argon arcs on tungsten cathodes.

6.2.3. Influence of Ambient Gas Pressure and Electron Temperature

When the ion-enhancement etfects cannot he neglected (iii> 102
.. m") orp>10 atm)y

a simple parametric study of the influence of the different parameters affecting the eleetron

emission current density cao no longer be made since the number of independent

parameters is now five rather than three (see equation (2.2.6». One has to fix the

parameters that are the best known and allow the remaining parameters to vary for the

parametric study. By specifying the cathode surface temperature 1's, the cathode sheath

voltage drop ~'c and the work function .~ the cathode sheath model developed in section 4

allows the self-consistent calculation of all the parameters peninent to the cathode spot..

especially the electron emission current density. The two remaining independent

parameters are the ambient gas pressure p and the electron temperature at the cathode

sheath edge 7~:!tC which~ once combined~ are representative of the ion density.

The cathode sheath voltage drop and the cathode surface temperature were set

equal to the estimated values of Vc=8 V (Zhou and Heberlein 1994 and references therein)

and 7:=Th
5C=3750 K (Zhou et a11996~Zhou and Heberlein 1996)~ respectively for a 200 A

atmospheric pressure argon arc. This surface temperature corresponds to the lowest value

reported by Benilov and Marotta (1995) (they reponed 3700 to 4600 K) and therefore~

the departures in the ratios j;~~ 1j~ and J;':;.-l /j~ reponed in this study will be the

highest since Il decreases al the surface temperature increases (see Table 2.2.1). The

ambient gas (argon) pressure p was allowed to vary from 1 to 50 atm (0.1-5 MPa), and

the eleetron temperature at cathode sheath edge Tc· from 1 to 2 eV (Il 600 - 23 200 K)

in order to represent a wide range of conditions (typically 1.25-1.75 eV (14 SOO - 20 300
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K), Zhou and Heberlein 1994, Rethfeld el al 1996). ft is imponant to note here that the

cathode surface temperature is obviously not constant over the pressure range considered.

This temperature is expected to increase slightly with the ambient gas pressure due to the

increasing ion bombardment.

Figure 6.2.2 shows the cathode sheath modei's predictions of the ratios

j:~'::- /j~ and j:~"1 1j::; for a tungsten cathode exposed to a high pressure argon arc

under the conditions previously specified. A bird eye view of figure 6.2.2 shows that the

use of the FEE equation induees an underestimation orthe electton emission current when

compared to the predictions made using the MG and MG+I equations. This

underestimation is shown to inerease with the ambient pressure p, and thus with the

ambient gas ion density ni. The underestimation shows a non-monotonie behavior with the

electron temperature whieh peaks, for high pressures, at an electron temperature Tc
c -1.5

eV (1 7 400 K). This electron temperature corresponds to the temperature where the ion

density peaks for a pure high pressure Ar plasma with Tb
lC=3 750 K.

The underestimation of the electron emission current density is around 20-300/0 for

p= 1 atm as demonstrated in section 6.2.1 and reaches respeetively -200% with the MG

equation (ratio j:(~ /j~ ) and peaks at -500% for 1~sc= 1.5 eV (17 400 K) and p=50 atm

(5 MPa) with the MG+I equation (ratio j:~"1 1j~). These deviations in the moders

predictions are shown to increase more slowly for the ratio j:~ 1 j;a;.. since this ratio is

less dependent on the ion density (no ion-enhancement etfects). The caJculated surface

electric field strengths are _108 V m-I for p=1 atm and -109 V m-I for p=50 atm (5 MPa).

The deviation of -50% shown on figure 6.2.3 forj;~.1 1 j::;' at a pressure p=1 atm (0.1

MPa) is overestimated since the values for the ion enhaneement factor JJ were taken for

Es=109 V m-1
. Similar calculations carried out for ~ >4000 K have shawn that the ion­

enhancement effects beeome negligible for sueh high temperatures; the favorable effeet of

an increase of the ion density associated with a higher ion temperature (Th=Ta) on JJ does
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•
not compensate for the unfavorable effect associated with a higher cathode surface

temperature (remember that p increases with "i, but decreases with Ts).

2.0 w
r

~.45eV
1

1 ~=3750K 1

1 =sv 1

1.8 c,
11

1 .MGrFEE 1-J J
1 1

~ 1 .MG+l
r

FEE 1

> 1.6 1
-J J 1

0 1 1
~ tJ

\ ,\Q)
u 1CI)

1.4~
"-

\

\

"• "- 21.2 "'- /.5. - ........
I.S - - - - --

1.0 10 20 30 40 50

P [atm]

FIGURE 6.2.2. Model's predictions in the p- r:se plane of the ratios j;~c;. /j~ (long

dashes) and j ;~'l / j~ (continuous line) for a high pressure arc on a
refractory W cathode with ~=3 750 ~ Vc=8 V and .=4.5 eV.

•
6.3. Non-Kerraclory Cu Arc Cathode

The high density of ions thought ta be present in the cathode region of high

pressure arcs on non-refractory cathodes induces high surface electric field strengths and
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high cathode surface temperatures. Hence, the Murphy and Good equation for thenno­

field emission (equation (2.2.5» was commonly used over the years to describe the

electron emission current (e.g. Lee 1959 and Ecker 1973). In sorne particular cases

however, the field-enhanced thermionic equation (equation (2.2.4» was used, even though

the spot conditions investigated were such that thermo-field emission of electrons

prevailed (e.g. Bolotovetal199S and Beniloy 1993).

For this comparative study, the cathode sheath voltage drop Vc, the cathode

material work function • and the electron temperature at cathode sheath edge Tf:wc were

fixed for the calculations. The metallic plasma pressure p was the only independent

parameter since~ in tbis case, the heavy spccies temperature ThWC=T. is related ta tbis

pressure via a vapor pressure curve (section 4.1). The cathode sheath voltage drop was set

equal to 15 V as in Chapter 5 (with Cu) while the electron temperature at cathode sheath

edge was set equal to 1 eV (II 600 K). This value for Tc"c corresponds ta the electron

temperature where the ion density is maximum for a pure copper plasma (section 6.2.2).

The results are presented as a function ofthe calculated total current densitY}tot rather than

the metallic plasma pressure for convenience.

6.3. 1. Ion Effects on Current Density Distribution

Figure 6.3.1 shows the model's predictions of the ratiojT-F!jtot for a copper cathode

obtained using the three different equations for the electron emission current density as a

function of the total current density},ot with Vc=IS V.

One cao see a general trend of }r-F 1}roe increasing with}tot which is the same for

the three equations used for the electron emission current density. However, the actual

values taken by the ratio }T.F!jtot depend significantly on the choice of the equation. The

field-enhanced thermionic emission equation (FEE) shows the lowest value for the ratio

}T-F!jtot for any value of}tot while the ion..enhanced Murphy and Good equation (MG+l)

shows the highest. For a total current density}tot=I01o A m-1, the ratiojT-F!JtŒ predicted by
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the FEE. the MG and the MG+I equations are respectively -0.45. -0.62 and -0.71, giving

rise to cathodic eleetron current densities of4.5xI09
, 6.2x109 and 7.1x109 A m~2.
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FIGURE 6 3 1 Maders predictions of the ratios i;·e:. / i,<'C' i;r{~ / i((" and

j :~'l /iraI for a high pressure arc on a non-refractory Cu cathode as a
function ofjtot with Vc=15 V, Te§c=l eV (lI 600 K) and ~=4,5 eV.

The deviations in the three model's predictions are shown to increase with the total

current density ital. The higher the total current density the higher is the metallic plasma

pressure in the cathode spot plasma, so the higher are the amplification effects induced by

the ions present in the cathode region. This cao be better understood with the help of

figure 2.2. l, The presence of ions ooly induce a reduction of the material work function

• via the increased electric field strength for the FEE equation (Schottky effect) while it bas
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respectively a double and triple etTect on the MG and MG+I equations. For the MG

equation., the thermionic emission component of the T-F emission is enhanced by the

reduction of the work function., but the field emission component is also enhanced due to

the increase of the electron tunneling probability across the Schottkyr barrier with the

increase of the macroscopic electric field strength associated with higher ion densities. For

the MG+I equation., the electron emission current is funher increased by the action of the

ions on the actual potential 'experienced' by the electrons outside the Metal surface. This

discussion is also valid for the refractory W arc cathode case studied in section 6.2.

6.3.2. Ion EfTects on Spot Conditions

Figure 6.3.2 and 6.3.3 show respectively the metallic plasma pressure p and

cathode surface temperature under the spot T. needed to account for a specific range of

total current densities as predicted by the cathode sheath model using the three different

equations for the electron emission current density. For low pressures (-1 atm (0.1 MPa»

the three equations predict the same values for p and TI since both the ion density (l1ï1Ol..'

m-~) and surface electric field strength (-10' V m-\ see figure 6.3.4) are low. As the total

current density increases, deviations in the model's predictions for the three equations of

the electron emission CUITent density stan to appear due ta the increasing effect of the ions

on the emission conditions; the metallic plasma pressure (ion density) needed ta account

for a given current density increases with tbis current density. For a total CUITent density of

1010 A rn-z• the predicted metallic plasma pressures are respectively -70., -45 and -35 atm

(0.7, 0.45 and 0.35 MPa) for the FEE., MG and MG+I equations. The same decreasing

trend is observed for the cathode surface temperatures under the spot which are

respectively -3990, -3885 and 3765 K for the FEE. MG and MG+I equations and for the

same current density. Even higher deviations are expected for total current densities higher

than 1010 A m-2.
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FIGURE 6.3 20 Moders predictions of the metalIic plasma pressure within the cathode
spot p for a high pressure arc on a non-refractory Cu cathode as a
function ofjtot with Vc=15 V. Tcsc=1 eV (II 600 K) and ,=4.5 eV.

Figure 603.4 shows the values of the surface electric field strenbrth 1:'"$ calculated

using the MG+I equation as a function of the total current density jlot for r-~= 15 Vo One

can see that the surface electric field strengths range from 2x 101 to 2x 109 V m-1 for the

range of total current densities expected for tbis system. Since the ion-enhancement factor

Pdepends weakly on Es for E._I09 V m-I and since the calculated values for El are close

to [09 V rn-l, the assumption made for the ion enhancement factor Il is validated posteriori

(P -constant for Es _109 V m·I
).
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FIGURE 6 33. Model's predictions of the cathode surface temperature under the spot
1~ for a high pressure arc on a non-refractory Cu cathode as a function
ofjtot with Ve=15 V~ T/IC=I eV (II 600 K) and .=4.5 eV.

Il is important to note here that, as demonstrated recently by 10sso (1997)~ the

method used to calculate JJ which is based on a I-dimensional (I-D) treatment of the

electron potential at the cathode surface is accurate for E... lower than 109 V rn- I
• but

becomes (ess accurate as the macroscopic surface electric field becomes much larger than

this value. Indeed. a comparison with a 3-D treatment of the electron potential for a much

higher macroscopic electric field strength (Es = 4xl09 V rn-I) has shown that the 1-0

treatment underestimates the value of p by a factor of -3 (losso 1997). This observation

and the results presented in figure 6.3.4 for a Cu cathode suggest that the cathode spot

conditions cao be relatively well-predicted up to a current density of around 5x 1010 A m-2.

which happens to be the upper limit for the self-sustaining operation of the arc spots
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•
reported in Chapter 5_ The coincidence is fortunate here, but for other non-refractory

cathode materiaJs where self-sustaining operating current densities might be much higher

than those predicted for Cu, one wouJd have to implement the 3-D treatment developed by

10sso (1997). Such 3-dimensional treatment for the electron emission current is however

considerably more complicated. Indeed, for higher values of the macroscopic electric field

strength~ the radial dependency of the transmission probability for an electron to cross the

barrier formed by the ions in the close vicinity of the cathode cornes into play (Josso

1997).

~-

Cu
T:C=1 eV
~=4.5 eV

1E+9 - Vc =15 V

2E+9 ,..-------,r------------,

•

IE+IO
1E+8 L..-- ---J

IE+8

•
FIGURE 6.3.4. Model's predictions of the surface electric field strength Es for a high

pressure arc on a non-refraetory Cu cathode as a funetion of}tot with
Vc;=15 V~ Tc

5IC=1 eV (Il 600 K) and ,=4.5 eV.
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One can use the information reponed in figure 2.3.1 and Table 5.3.1 to identify

cathode materials that could possibly need a 3-D treatment for the calculation of the

emitted electron current density. Results reported in Table 5.3.1 have shown that the

highest total arc spot current densities are observed for the cathode materials showing the

highest ratio er..-a/iRD (figure 2.3.1). Therefore, metallic elements showing ratios er..~iRD
higher than Cu cao possibly show higher arc spot current densities. Ag and Mg are

certainly two candidates. Indeed, Tioursi and Haug (1997) estimated a total current

densityitot=8x 10 JO A m·2 for Ag.

6.3.3. Comparison with other Studies

[t is now interesting to compare the results obtained in this comparative study to

the results obtained by two other models developed for vacuum arc cathode spots which

use a similar approach for the cathode sheath. Again, the similitude in the behaviors of

both vacuum arc cathode spots and high pressure arc spots on Cu cathodes allows tbis

comparison. These are respectively the models of Benilov (1993) and Klein el al (1994).

However. these models are not based on the validation ofcriteria such as those defined by

equations (4.4.2a) and (4.4.2b) for a self-sustaining operation of the arc spots. Therefore.

the calculations performed using the present model were carried out for the conditions

reported in Benilov (1993) and Klein et al (1994) for comparison only and this. without

validating the criteria for self-sustaining operation. In the three cases, the cathode sheath

voltage drop was V(;=IS V. The results of the comparison are presented in Table 6.3.1.

Results presented in Table 6.3.1 clearly show two important points: 1) the use of

the less accurate field-enhanced thennionic equation (FEE) and Murphy and Good

equation (MG) leads to an underestimation of the electron emission CUITent density which

in tum makes the ion current density overestimated for a given total current density. To

compensate for the underestimation of the electron emission CUITent, the cathode surface

temperatures must be higher that the ones estimated using the MG+I equation in order to

account for a given total current density (-300 K for the FEE equation and -100 K for the
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MG equation). 2) The agreement between the three models is fairly good in terms of

prediction of the fractions of the current carried by the two major species (ions and

emitted electrons) when the same formulation for the electron emission current density is

used.

Note here that Benilov (1993) determined the cathode spot operating conditions

assuming that the mode of operation ofthe cathode spot is the one allowing the maximum

heat flux to the cathode surface (for stability reasons). As we have seen in section 6.2.4"

these conditions providing the maximum heat flux are those for which the ion density

(cuITent density) is the largest too. Therefore" the maximum heat flux is also observed for

an electron temperature Tcc=1.0 eV (Il 600 K) which explains the agreement with the

two other model"s predictions obtained by setting explicitly TeK=I.O eV.

TABLE 6.3. 1. Comparison between the results obtained with the present model to the
results of Benilov (1993) and Klein et al ( 1994) for the current transfer
to the surface under a Cu cathode spot.

Author Electron emission model jlot 7: jionljT-F

(A m·2) (K) (-)

Present model MG+I equation 3.7x10 1O 3980 0.16

Present model MG equation 3.7x10 1O 4080 0.235

Klein et ars model 1 MG equation 3.7x101o -- -0.24

Present model2 FEE equation 3.7x101o -4290 -0.42

Benilov' s model FEE equation 3.7xlO IO 4320 0.43

1. also with Tc"C= 1 eV (Il 600 K)
2: data extrapolated from figures 6.3.1 and 6.3.3.

6A. Summary

The following important comments cao be made from the comparative studyon

the electron emission equations:
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Refrae/ory W Arc Cathodes

i) The field-enhanced thermionic equation (2.2.4) commonly used to caIculate the

emitted electron current density in high pressure arc systems with refractory

cathodes tends to underestimate the aetual emitted electron current density. This

underestimation is around 20-30% at atmospheric pressure and grows quickly as

the ambient gas pressure increases to reach -500% for p=50 atm (5 Mpa), Tcc =I.5

eV (17 400 K) and Ts= 3 750 K. However, tbis underestimation of -5000,/0

corresponds to the highest value possible since an increase of the cathode surface

temperature leads to a reduction of p. For T>4000 K, the ion-enhancement effects

become negligible.

•
ii) One does not have to take into account the enhancement effects due to the

presence of ions in the cathode regjon <P factor) for an atmospheric pressure argon

plasma since the ion density is too low to show significant effects. At atmospheric

pressure~ the use of the MG equation (2.2.5) rather than the FEE equation (2.2.4)

is sufficient.

•

Iii) The underestimation of the FEE equation (2.2.4) with respect to the MG equation

(2.2.5) does not depend on the cathode material work function for the range of

surface temperatures and electric field strengths expected for such systems at

atmospheric pressure.

,Vo//-Refractory Cil Arc Cathodes

1) The use of the Murphy and Good formalism (equation (2.2.5» to calculate the

electron emission current tends to underestimate this current for high current

densities at the cathode surface ( ilOt > 109 A m-2
). The consequences of that

phenomenon are the overestimation of the ion current fraction lion !JT-F, the cathode
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surface temperature under the spot Ts, and the metallic plasma pressure within the

spot p to compensate for the lack of electron emission.

The 1-0 treatment of the electron emission processes and ion-surface surface

interactions used to calculate the current transfer in the cathode region of non­

refractory cathodes is limited to total current densitiesjtot below _SxI0 10 A m-z for

Cu. A 3-D treatment is required to determine the cathode spot parameters

accounting for higher current densities. Fortunately~ tbis liroit happens to

correspond to the maximum current density for a self·sustaining arc spot operation

on a Cu cathode. However~ metallic elements having vapor pressures higher than

Cu could possibly need a 3-D treatment (e.g. Ag and Mg on figure 2.3.1).

An important point has been raised when comparing the predictions of the present

model to the predictions of Benilov's model (Benilov 1993): Is the cathode spot

operating under the conditions favoring the optimum current density? The

optimum CUITent density would provide the lowest voltage drop in the cathode

region and therefore, the lowest operating voltage for the whole arc system. This

concept of lowest possible voltage drop as a stability criterion for the arc was

commonly used in arc physics over the years (e.g. Zhou and Heberlein 1994 and

references therein).
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CHAPTER 7

LIQUID VOLUME FORMATION

7.1. Introduction

Up to now in this thesis7 ooly the cathode material consumption due to its

vaporization has been considered. As we have seen in Chapter 57 a strong vaporization is

necessary for non-refractory cathodes in order to achieve the conditions allowing a self­

sustaining arc attachment. Indeed7 an imponant fraction of the heat flux brought to the

cathode surface by the high pressure metallic plasma is used for vaporization but~ an

important amount is also dissipated by Nottingham cooling and conduction lasses into the

cathode bulk. Figure 5.2.16 showed that the conduction heat lasses for a self-sustaining

situation depend strongly on the metallic vapor pressure~ and take values ranging from 0 ta

over 1010 W m-2. The first objective of this chapter is to answer the question whether such

high heat fluxes are sufficient to form liquid volumes in the J.lS time scale as is observed

experimentally. Once formed~ such Iiquid volumes may represent another source of

cathode erosion if ejection of liquid metal trom the molten bath occurs. Therefore. as a

secondary objective. an estimation of the maximum erosion rate that can be caused by

liquid volume ejection is made as a function of the conditions prevailing at the arc

attachment point. In order to achieve these objectives. a transient heat transfer model for

the cathode region under the arc attachment is developed and applied to a non-refractory

Cu cathode using the conditions obtained in Chapter 5 while analyzing the cathode region.

7.2. Description of the Reat Transfer Model

The heat transfer to the cathode surface located undemeath the arc attachment

point is described in the transient regime with a 2-dimensional~ axiSYmmetric T-: geometry

(figure 7.2.1). The arc delivers a heat flux qcortd at the attachment point which describes a
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circle having a radius rs (cathode spot radius). The values of qr:.œd and itot are taken from

the results reported in Chapter 5 for a pure copper cathode. No flow of liquid metal

neither inside the liquid bath nor by expulsion trom the crater is considered here since it

would require a numerical model taking ioto account the deformation of the calculation

domain with time. Therefore" the thenno-convection and viscous dissipation terms do not

appear in the energy equation and no momentum equation is solved.

•

Arc~plasma

---
r

f----r.-.-.-.-.~

~ôT/ôr=O

•

~ÔT/ÔZ=O
zt

FIGURE 7.2.1. Geometry used for the heat transfer model. J'~=location of the moving
boundary T= Tm.

The density of the cathode material p is assumed constant~ no expansion of the

cathode volume is considered. The heat capacity Cp and the thermal conductivity À. of the

cathode material are considered as temperature-dependent propenies. The solid-liquid and

liquid-vapor phase changes are taken into account. The heat flux brought by the arc is

dissipated by heat conduction inta the cathode bulk and by radiative exchange with the

surrounding at the cathode surface. Neumann conditions expressing the boundary
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conditions in terms of heat fluxes are used elsewhere. The establishment ofa heat flux qcœd

at the cathode surface lets suppose that this surface is already boiling since the cathode

region is composed of the metallic vapors coming from the erosion of the cathode. It is

therefore assumed for simulation purposes that al time t=O~ the cathode spot plasma is

established and burning on an infinitely thin boiling surface layer ofthickness ô~ where ô is

much thinner than the radial (&-) and axial (&) spatial steps used for the resolution orthe

heat transfer equations. Using tbis assumption, one can assume that the cathode surface is

initially cold and its temperature equal to the initial temperature of the cathode bulk. This

assumption makes sense when we compare the dimensions of the cathode shealh to the

dimensions of the cathode itself; 10.1_10.7 m in comparison to spot radii of-10-5 m.

7.2.1. Mathematical Fonnulation

Considering the assumptions made~ the energy equation in the solid and liquid

phases takes the general fonn:

,.,r ôT =V.1 VT+S
~p tJt

where S is a volumetric source term for heat generation/dissipation such as Joule heating.

The link between the solid and liquid phases is made by tracking the moving boundary

defined by the isotherm T=Tm located at Fm al time t. A box analysis allows to obtain the

following equation for the heat balance around the moving boundary I·~(t):

(7.2.2)

•
where Lm is the latent heat for melting~ and ç the spatial coordinate in the direction normal

to the interface defined by Fm(t). The Iiquid-vapor phase change is associated "...ith a

deformation of the liquid tree-surface exposed to the arc. Since the fluid-dynamic aspects
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of the problem are not considered, the calculations will stop before the cathode surface

temperature will reach its boiling point.

7.2.2. Solution Method

Difficulties arise in the numerical resolution ofequations (7.2.1) and (7.2.2) using a

finite-difference scheme for the discretization because the location of the meIting

boundary, Fm(/), falls in between two grid points most of the time. In such a situation, the

grid used for the numerical solution of the equations must be constantly redefined.

One way of avoiding such a problem is to use the enthalpy method (Hunter and

Kuttler 1989) for the simultaneous solution of equations (7.2.1) and (7.2.2). In this

method, a continuous function H for the enthalpy of the material is defined for the whole

temperature range. By solving the energy equation in its enthalpy fo~ the enthaJpy is tirst

obtained, and the temperature back-calculated afterwards. Knowing the local enthalpy, one

knows the local phase present without having to track the moving boundary using

equation (7.2.2). The continuous enthalpy function H is defined by assuming that the phase

changes occur in a small temperature interval L1 around the phase change temperatures

(solid-liquid and/or liquid-vapor). In doing 50, the following equation is obtained for H:

rp]~ 'p(T')clf'

1
HT.. .'1.2 + p(T - T". +L1 / 2) L",

H(n = T â

HT•.~2 + P fCp(T')dT'
T·=T.-.l2

H T•.".2 +p(T- r. +.11/2) ~.

for 7"5. TIft -&/2

for TIft -&/2 < Ts T", +&/2

for TIft +1l/2 < T5. 7:. -â/2

for T... -1l/2 < T5. T" +1l/2

(7.1.3)

where Lm and /.,... are respectively, the latent heat for meIting and vaporization. Such a

definition of a continuous enthalpy function H allows to obtain an unique enthalpy for a

given temperature T since the enthaJpy variations at the phase changes are not
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discontinuous. The evolution of the enthalpy function H for copper is plotted on figure

7_2.2 to help understanding tbis concept.

8E+6
lE-6

Tm,
1

_ 9E-5 ':1... !r
'e Ir

"
6E+6 ~ 8E-S

;
1
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j 1......, J:I~

1 '1

~ 1:1- 6E-5
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FIGURE 7.2.2. Evolution of the continuous enthalpy function H of copper. Insert:
Evolution ofH around T=Tm (7;"=1356 K~ Tv=2836 ~ â=1 ~ Lm=23.38
1 kg-1 and L.,.=536.41 kg- l

).

[n its enthalpy fonn., the energy equation (7.2. 1) reads:

(7.2.4)

•
where the Kirrchoff' s transform:
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(7.2.5)

•

is used to eliminate the unwieldy term VT in equation (7.2.1), and to avoid the problem

encountered with the discontinuities of the thermal conductivity ). occurring at the phase

changes. À.w is the thermal conduetivity evaluated at a reference temperature Tw• The

Kirrchotrs transfonn for copper is plotted in figure 7.2.3.

1800 ,..------------------,

1500

1200

900

600

300 -

OIL-----------------J
1 000 2 000 3 000

T [K]
FIGURE 7.2.3. Kirrchoff's transform ofcopper calculated with T",=300 K.

•

A source term taking iota account the Joule dissipation in the cathode bulk

(S =jt~t / cre) was initially considered but, preliminary calculations have shawn that tbis

term is negligible for current densities below 1011 A m-2 (which value is higher than the

maximum current density predicted by the model., see figure 5.2.6). This source term was
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therefore neglected for tbis study (assumption also verified by Kharin 1992 and Marotta

and Sharakovsky 1996) which considerably simplifies the problem since the equations for

the potential distribution in the cathode do not have to be solved simultaneously.

7.2.3. Discretization Scbeme and Grid Definition

Equation (7.2.4) without the source tenn is written in axisymmetric r-z coordinates

as:

aH =À. [.!.~(r a9Î + aze]
ôl .. r ôr ôr) ô:l

(7.2.6)

•

•

Using a finite difference scheme for the discretization with constant axial and radial

spatial steps~ respectively & and tY, and a time step ât~ one can discretize equation (7.2.6)

as:

where i~ j and le are the indices indicating respectively the radial~ axial and temporal

coordinates.

The temporal evolution of the temperature distribution over the calculation domain

IS obtained using an explicit scheme for the parameter t. At time 1 = li.', the new

enthalpies H,~/ are calculated using equation (7.2.7) over the entire grid using the 8~J and

HI~J values obtained from the previous time 1 = lot . Knowing the new enthalpies., the new

temperatures r.:- I are calculated over the entire domain. The corresponding Kirrchotrs

transforms e:~1 are calculated at every time 1 using a fit of equation (7.2.5) since a unique

value of eexists for a temperature T.
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The origin of the coordinate system, (r, z) = (0,0) and (i,)) = (1,1), corresponds ta

the intersection point made by the centerline of the arc column at r = 0 wim the cathode

surface at == 0 (see figure 7.2.1). A grid point (i, J) is therefore located at r, = (i - l)âr

and ::J =U - 1)4: on a rectangular grid.

7.2.4. Boundary and Initial Conditions

Neumann boundary conditions were used to define ail the boundaries. The physical

boundary conditions and their corresponding discretized expressions are:

Under the spot (r<rJ:

k ôT '1;.2 -1;.1
qcond =- ô: or qt:Olld =-k,.. Az

Olltside the spot, al the surface (r··~rJ:

(7.2.8a)

'. ôT oN'"-k - = o;~ 1 _ - 7 ) or -k. ô: c;\ s œ> ,.1

At r=R (lia flux conditioll):

T -T
'.2 '.1 = (7'" _ 'r-')U& ,. 1",A: . (7.2.Sb)

-k èT = 0 T.. -rar or IDa:u-I.J = inl6.'u'J

At =-,-Z (lia flux condition):

(7.2.8c)

(7.2.8d)

•
where maxi and max} are the number ofgrid points in the r and =directions.. respectively.

The boundary conditions (7.2.8c) and (7.2.8d) are only good approximations of the actual

conditions if the calculation domain dimensions are such that Z» ri and R» rs.
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The time t = 0 is defined as the time after which the cathode spot as been initiated

and established. According to the assumptions made in Chapter 4, the cathode spot

properties do not change in time after /=0 until extinction and therefore, the current

densityitot and heat flux qCDDd to the surface do not change neither. Another assumption has

to be made in arder to define the initial conditions within the cathode: It is assumed that at

time /=0, the volume of cathode material that bas been vaporized or liquefied vanishes and

therefore, that the cathode spot plasma is initially buming on an infinitely thin liquid

surface layer. At time t=O, a constant heat flux qcœd coming from the arc is applied to a

surface Krs
2 of the cathode, where '1 depends on the total current itot and the current per

spot ls like rs
2 =ls 1itor'

7.3. Results

7.3.1. Simulation Conditions

The results reponed in tbis section were obtained using as simulation conditions

those determined for a Cu cathode exposed to a bigh pressure arc at Tesc=l.O eV (Chapter

5) and are presented in figure 7.3.1 (Ietters A through E). The heat lasses by conduction

qcond were taken from figure 5.2.16 while the radii of the arc attachment point rs were

calculated assunùng a current per spot 1. and using the current density values plotted in

figure 5.2.6. Case A represents the situation where P=Pmin, case B the situation where the

heat flux peaks for this electron temperature, case C the situation where itot=IOlo A m-2

(-average current density over the whole self-sustaining pressures range), while cases D

and E represent the situations where qCOftll=IOlo W m-2 and 5xl09 W m-2
• respectively. The

initial cathode temperature Tiai is allowed to range from 300 to 1000 K in order ta

represent situations of arc spot ignition on a cold surface and on a moderately hot surface.

The last situation would correspond to new spot ignition in between several other burning

spots maintaining a relatively high cathode surface temperature under the macrospot area.

The choice of ~IC=LO eV is not arbitrary. As discussed in sections 6.3.3 and 6.4, such a

value for the electron temperature is thought to be highly probable. The current carried per

spot 15 is taken equal to characteristic values of 5 or 10 A. Unless specified, the grid
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dimensions are i=61 by j=61, R=Z=100 ).lm and .!Y=4 ns. Grid independence was achieved

6030 40 50

P [atm]
10 20o

'---------"'-~---.......;..~~-------~o

70

• for tbis grid dimensions.
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r:::r
lE+IO
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'.
FIGURE 7.3. [. Evolution of qcartiJ and r s as a function of p. Points linked by letters A

through E correspond to the simulation conditions.

•

7.3.2. Time Scale for Liquid Volume Formation

One important question to answer in tbis study is whether the heat losses by

conduction qcond predicted by the model are large enough to justify the liquid volume

formation observed experimentally. Figure 7.3.2 presents the minimum time Irnin needed to

form a Iiquid volume at the cathode surface (control volume located at r=O and ==0) for

the conditions corresponding to cases A waugh E offigure 7.3.1 and as a function of the

initial cathode temperature Tau and for 1.=10 A.
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FIGURE 7.3.2. Minimum time laùn needed to fonn a liquid volume undemeath the arc

attachment point on the cathode as a function of Tirai for cases A through
E presented in figure 7.3.1.

Four important observations cao be made trom the analysis offigure 7.3.2.

1) For the conditions corresponding to cases A through C~ liquid volumes are fonned

quickly undemeath the arc attachment point. Typical time seales are less than 10 J..lS for

these cases, and somewhat larger time scales are observed for case D (probably »10

ilS for lim<900 K). For ail the values of liaa investigated, it was impossible to see any

liquid volume formation for case E. Figure 5.2.16 lets suggest that such time scales are

even lower for electron temperatures abave TclC=l.O eV since the values taken by qcan4

for Tcsc>1.0 eV are higher than those at TcfIC= 1.0 eV.

•
2) The higher is the initial cathode temperature Tiai, the lower is the time needed to fonn a

liquid volume. This result was easily predietable. However, it shows an important
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feature; When the cathode spots are closely grouped under a macrospot, high

temperatures are maintained in between them al the cathode surface and therefore,

liquid volume formation is this situation is highly probable. This concept of high initial

cathode temperatures favoring the formation of liquid volumes and possibly Iiquid

droplet ejection was investigated experimentally by Nümberg et a/ (1981) who

observed an increase of the erosion rates with an increase of the cathode temperature.

In this case, the cathode temperature was voluntary maintained high by external means.

3) As the metallic plasma pressure increases, and therefore as the total corrent density

increases (see figure 5.2.6), the conditions leading to liquid volume formation become

less favorable. This can clearly be seen by analyzing the evolution of IfIIin from case A

through 0 for instance. This observation was discussed in another context in Chapter s.
At high metallic vapor pressures, the Nottingham cooling losses associated with the

strong thenno-field emission of electrons become more important than the heat losses

by conduction.

4) A detailed analysis of cases A and C reveals an interesting feature. The conditions

associated with case A are QcorMF2.2xIOIO W m-z and )lol=3.5xI09 A m-2 while those

associated with case C are qcemd=2.lxI010 W m-z and )101=1010 A m-2
. For a given heat

flux (bath values are essentially the same), the time scale for liquid volume formation

increases as the current density increases. The higher is the current density, the lower is

the arc attachment radius r s on the cathode surface for a given current 159 and therefore,

the higher are the temperature gradients close to the surface. Thus, the higher is the

heat dissipation trom the volume undemeath the arc attachment towards the colder

regions of the cathode.

7.3.3. Maximum Erosion by Liquid Volume Ejection

Three situations will enhance the cathode erosion due to liquid volume formation

and ejeetion. 1) When the residence time of the arc foot al a given location on the cathode

is long in comparison with the time scale necessary for the anset of thermo-capillary
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convection witron the liquid bath~ liquid metal is displaced and damages are made to the

cathode (Kharin 1992). Indee~ violent displacement of liquid Metal outside the crater and

possibly emission ofdroplets may occur thus causing erosion. 2) When a high ion pressure

is maintained on the liquid metal bath as it is the case for non-refraetory cathodes~ liquid

ejection under the fonn of microdroplets may occur upon the pressure release associated

with the cathode spot extinction (Gray and Phamey 1974). 3) When an intense Joule

heating occurs due to the important constriction of the current carrying channel at the arc

attachment point~ a localized Iiquid volume is formed rapidly undemeath the cathode

surface and the resulting overheating may cause micro-explosions (He and Haug 1997). As

it was discussed in section 2.3.7~ this situation oecors when a new cathode spot is ignited

fTom an initially cold surface (in such a case field emission of electrons initiates the

discharge) and therefore~ the liquid volume formation here is not due to the action of the

plasma ions bombarding the cathode surface. It is not likely that such micro-explosions

leading to erosion by liquid ejection will be important for long lasting discharges where

high surface temperatures are maintained and where the surface electric fields due to the

space charge are thought to be sufficient for new spot ignition (He and Haug 1997).

The heat transfer model developed in section 7.2 is DOW used to estimate the

masses of liquid forrned and the maximum erosion rates due to liquid ejectiolL Er";;' under

typical conditions. Erre;; is calculated assuming that ail the liquid volume formed is ejected

fTom the cathode surface. Such a situation is not likely to occur but~ the calculation of

Ern;:, (and Er':.., Chapter S) a1lows to determine the maximum limit for the cathode

erosion rate. The conditions corresponding to situation B on figure 7.3. 1 were used and

the influence of the time t., current per spot /. and initial temperature of the cathode lim on

these two parameters was investigated.

Figure 7.3.3. presents the evolution of the liquid mass fonned as a function oftime

for two values of /~ respectively 5 and 10 A, and Tini ranging from 300 to 700 K. The

apparent instabilities are due to the way the volumes are numerically evaluated; the mass
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•
within a given control volume must be completely melted before being considered a liquid

volume. One can observe a general trend followed byall the curves presented: the first

liquid volume appears at a time tmm which is function of ls and Tini. and the mass of liquid

formed increases with lime with a parabolic dependency. This last behavior is consistent

with a system that will eventually reach a steady state. Agai~ the higher is Tini the larger is

the liquid volume fonned at a lime t. A higher current per spot means a larger arc

attachment radius rs, and therefore, a higher formation of liquid.

0.15 r--------r-------,
CaseS
Qcond = 2.4xl0

10
W m-2

j lOt = 6.9xIO 9 A m-2

700K

10

_.JIa'--- 300 K
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FIGURE 7.3.3. Temporal evolution of the liquid mass formed undemeath the arc
attachment for the self-sustaining conditions corresponding to case B.

•
The process of liquid volume formation can be better seen with figure 7.3.4 which

shows the temporal evolution of the temperature distribution within the cathode region

located undemeath the arc attachment point for the conditions corresponding to case B

with 15=10 A and for two initial cathode temperatures: 1) Tini=SOO K and 2) Tini=700 K.
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FIGURE 7.3.4. Temporal evolution of the temperature distribution within the cathode

for the conditions corresponding to case 8 with 1) Tüü=SOO K and 2)
Tiru-700 K.
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One cao follow the process of liquid volume formation by 100king at the movement

of the melting point isotherrn T=Tm=1356 K with time. Again, as it can be seen by

comparing situations 1) and 2) in figure 7.3.4, the higher is initially the cathode

temperature the faster is the liquid volume formation process.

The maximum rate al which liquid mass can be ejected from the cathode region

located undemeath the arc attachment is shown in figure 7.3.5 as a funetion of time,

CUITent per spot, and initial cathode temperature. This maximum erosion rate by liquid

ejection E,.'7; is detined as the liquid mass formed during a time t when a current Is is

flowing through the arc attachment point on the cathode. Defined in such a way, Er': cao

be compared ta E,.,.':, .

1000

FIGURE 7.3.5. Temporal evolution of the maximum erosion rate by liquid volume
ejeetion E,.7; for the self-sustaining conditions corresponding to case B.
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E::: is shown to increase rapidly as the tirst liquid volume is formed, and to reach

its maximum value within a few microseconds. Once tbis value is reached, Err: starts to

decrease slowly. For the conditions reported in figure 7.3.5, Er': ranges from around 10

ta nearly 2000 J-lg C· I
. Such values are high. However, only a limited fraction of the liquid

mass formed aetually leaves the cathode and causes erosion. As discussed by Gray and

Pharney (1974), the liquid ejeetion induced by the pressure release upon spot extinction is

less than 1% ofthis entire liquid volume formed undemeath the arc attachment region.

7.4. Discussion and Conclusions

The self-sustaining operating conditions allowing for the production of liquid

volumes in the flS time scale al the arc attachment on a Cu cathode are those

corresponding to the lowest metallic vapor pressures. For high metallic vapor pressures,

the Nottingham cooling heat losses become dominant over the conduction heat losses (see

figure 5.2.15). As discussed in Chapter 5, one may possibly reduce the liquid volume

formation by confining the cathode spots to enhance the local pressures.

The results presented in figures 7.3.3 to 7.3.5 clearly show that the maximum

erosion rates by liquid volume ejection Err: depend strongly on the initial cathode

temperature and the current carried per spot. These also show that this parameter can

reach considerably high values. The higher are the current per spot ls and initial cathode

temperature 'Ts, the higher is Er":,. We have seen with figure S.2.17 that the maximum

erosion rates by vaporization E;: for a Cu cathode with Tc,;c=l.O eV range from 100 to

300 f.lg C- I
, while those associated with liquid volume ejection E;;; range from lOto

vaIues above 2000 J.lg C- I when TÎfti is larger than 700 K. Such high values are weil above

the erosion rates values observed experimentally (4-50 IJg C· l
) since neither the

redeposition of neutrals and ions on the surface nor the limited ejection of liquid have been

considered. Indeed, considering ail the sources of erosion, one cao write a general

expression for the erosion rate ofthe cathode ofa high pressure arc that reads:
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•
El' = (1- K... )E:':' + (1 - KI., )E;: (7.4.1 )

•

•

where X\"ap and Xtiq represent respectively, the fractions of the vapors being formed that are

condensing back on the cathode surface (ions and neutrals; redeposition etrect) and the

fraction of the liquid mass formed that stays on the surface. The calculation of the

coefficients Xvap and Xliq requires the knowledge of the accommodation coefficients for

metallic vapors on their own solid or liquid phases~ and the development of a tluid­

dynamics model of the Iiquid volume displacement from the Iiquid bath.

In order to reduce the formation of liquid volumes that May eventually cause liquid

droplet ejection~ two scenarios are conceivable. First~ enhance the cathode spot internai

confinement as discussed earlier in Chapter 5 to favor the existence of high current density

cathode spots (cathode spots with high metallie vapor pressures). Such a solution wouId

however increase the production of metallie vapors. Secondly~ favor the alignment of the

cathode spots fonning the macrospots in order to lower the heat flux to the surface

maintained by several cathode spots closely grouped. As reponed by Drouet (1995) and

Szente (1989), an alignment of the cathode spots along the magnetic field lines occurs

naturally when the arc column is driven into rotation by an extemal magnetic field. The

higher is the magnetic field intensity, the better is the alignment of the cathode spots and

the lower is the erosion rate.

Finally, we May note that the above discussion and the range of measured erosion

rates stated do not include the very low erosion rate values m~asured by Szente et al

(1992) on CO and N2 contaminated copper (El' ~ 0.4 flg C·I for -O.3% vol.

contamination). Such low values refleet the rapid arc jumping action on highly emissive

sites formed by dielectric layers at the surface (mode 1 type of spots. see Chapter 2). In

order to take these phenomena into account, an arc initiation probability distribution

should be established (Schmoll and Hartmann 1997) and the time dependent evolution of

the cathode spot plasma and surface temperature are needed.
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ln this study, the attachment ofa high pressure electric arc on an electron emitting

non-refTactory (cold) cathode was theoretically investigated. A model for the cathode

region was developed considering the possibility of a pressure buiId up on the cathode

surface, Bohm's approach for the cathode sheath formation, and the ion-enhanced thermo­

field emission from the cathode surface. The definition of the conditions prevailing in the

cathode region and allowing a self-sustaining attachment of the arc on the cathode was

made by validating two simple criteria based on particie and energy balance considerations.

The most imponant result obtained fTom the model is that, in order to have a self­

sustaining attachment of an electric arc on a non-refractory cathode, an important

vaporization of the cathode surface leading to a pressure build up in the cathode region is

necessary. lt was shown that a minimum metallic vapor pressure of around 19 atm is

necessary for copper. According to tbis scenario, the strong erosion rates observed on

such type of cathode must not be seen as a consequence of the strong heat input trom the

arc that cannot be dissipated by conduction into the cathode bulk; the strong vaporization

of the cathode is a Ilecessary cOl1ditioll for the establishment of a self-sustaining arc

attachment.

Another important result obtained trom Ibis theoretical investigation is that.. even

though the arc attachments on both refraetory and non-refractory cathodes appear

substantially different, both types ofcathode cao be described by a unique model. Il is only

00 the way the conditions necessary for a self-sustaining operation of the arc are achieved

that both types of cathode ditfer strongly. AetuaIly, the pressure of metallic vapors needed

for a self-sustaining operation is shown to decrease according to an exponential decay law

as the cathode material becomes more refraetory. This is an extremely interesting fioding in

view of the complexity ofsuch arc-cathode interaction systems.

146



•

•

•

Gellera/ COllc/lI.riollS

Electron emission ftom the surface of non-refractory cathodes falls in the ion­

enhanced thenno-field range where the surface temperature and electric field, the ion

density and charge ail play an important role. It was shown that the use of a simplified

approach for the calculation of the electron emission current leads to an important

underestimation of this parameter, and to an overestimation of imponant parameters sucb

as the cathode surface temperature and metallic vapor pressure in the cathode region.

The present study a1lowed to define a framework for the calculation of the

maximum erosion rates by vaporizatio~ and by liquid volume formation and ejection as a

function of the conditions prevailing in the cathode region of a non-reftaetory cathode. It

was shown that a proper confinement of the cathode spots would lead to an enhancement

of the vapor production to the detriment of the liquid droplet emission which is of interest

in the AIP process for instance.
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This work aimed at a better theoretical understanding of the arc-cathode

interactions in the special case where the cathode is made of a non-refractory material. It

cenainIy helps to better understand the complex phenomena involved in the cathode region

of high pressure arcs but, as it was suggested throughout the thesis, funher developments

are needed as much on the experimental as on the theoretical point-of-view. The following

Iist contains sorne suggestions for future developments:

Experimentalpoillt-of-view.-

1) The major problem encountered when developing a model of the cathode region is the

lack of accurate data for validation. The principal parameter that should be measured

with accuracy is the total current density per spot. The estimation of this current density

from the measurement of the post-mortem crater radius is relatively simple but, it is

questionable whether the craters left on the cathode surface during the arcing period

really represent the current transfer areas or note The possibility of optimizing the

CUITent density probe technique of Szente el al (1991) in order to allow a higher spatial

and temporal resolution should be considered. The observation of the cathode spots

with a high speed, high temporal and spatial resolution camera is also of interest to

better understand their dynamics (e.g. Jüttner 1997).

2) The development of a new low- or free-erosion cathode material is certainIy a

challenging and exciting task for the future. Trying to develop a composite cathode

materia! made ofa base metallic element covered with a strong and adherent coating of

diamond, diamond-like (OLC), or silicon-carbide (SiC) for instance could possibly lead

ta interesting developments. Such composite cathodes could show low erosion rates

due ta a difFerent arc attachment mode. Diamond coatings on molybdenum tips are

already being used as strong field effect emitters in electron microscopes (Schlesser et
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al (1997» and could possibly be used at elevated temperatures. SiC is of interest since

tbis ceramic becomes semicondueting at high temperatures. The question is whether

such coatings will sustain the high temperatures or not and if they will show better

performances that the oxide-eontaminated metallic cathodes.

3) The model suggests that a transition occurs in the arc attachment mode for tungsten as

the chamber pressure changes ftom vacuum to atmospheric. Indeed, the constricted

attachment ofthe cathode spots under vacuum changes to a diffuse, spotless attachment

at atrnospheric pressure. It would be interesting to detennine al which pressure that

phenomenon occurs. The same behavior is possibly true for non-reftactory copper

cathodes, but for pressures much higher than atmospheric.

Theoretical poillt-of-view:

1) The most important future theoretical development would be to extend the physical

model of the cathode sheath region developed in Chapter 4 to include the ionization

zone and the arc column. In doing so, the boundary conditions necessary for the model

such as the chamber pressure and the arc temperature profile would become parameters

that are more easily measurable than the parameters used in this study. Existing models

of the ionization zone such as those of Scheuer and Emmert (1988) and Senda (1997)

could be used as starting material. The pressure drop in the cathode region is to be

considered in such future models-

2) The present model did not allow to calculate the self-sustaining operating conditions for

W since for systems where the pressure of metallic vapors is below the ambient gas

pressure, the cathode surface temperature cannot he related simply to the pressure of

metallic vapors via a vapor pressure curve (i.e. Ts=TsCp». One would need to couple the

cathode sheath model to a heat transfer model of the cathode in arder to calculate the

surface temperature, and also to extent the calculation of the plasma composition to

mixtures orgases and metallic vapors (Ar+Cu for instance).
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3) The development of a three-dimensional model for the heat transfer within the cathode

is necessary for the calculation of liquid volumes formed under the arc attachment when

several cathode spots exist at the same lime and are closely grouped together. In such a

case, material vaporizatio~ condensatio~ and liquid volume displacement occur in

between the cathode spots.

4) Develop a model for the current transfer through insulating and semicondueting tayers

covering metallic cathodes. This task will become essential for the understanding ofarc­

cathode interactions if one succeeds in making such stable and adherent coatings on

metallic cathodes.

5) One should maintain a collaboration with research groups invotved in the development

of models descnoing the electron emission from the cathode (e.g. Spataru et al 1997,

Gayet et al 1996, and Vasenin et al 1997). Indeed, as we have seen in Chapter 5" the

presence of a high density of ions in the cathode region significantly enhances the

electron emission. In tbis study, we did not consider the nature of the ion nor their

possible neutralization before reaching the cathode surface. These etfects should be

taken into account as also mentioned recently by losso (1997).
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Cp heat capacity of the cathode material (1 kg-I K-1
)

Cs local sound velocity (m S-l)

D electron tunneling probability across the barrier at the metal surface (- )

e unit charge (1.6022xl0-19 C)

E electric field strength (V m-I)

Er Fermi energy (J or eV)

Er erosion rate (J.lg C-I)

E r•1iq erosion rate by Iiquid volume ejection blg C-I
)

Er.\"ap erosion rate by vaporization (J.lg C- I
)

Es surface electric field strength (V m-I
)

r.-:" ionization potential (eV)

f~ location of the solid-liquid phase change moving boundary (m)

f fraction ofplasma ions sticking on the dielectric surface (-)

fi,i fraction of the emitted electrons (beam electrons) left for ionization (-)

H enthalpy of the cathode material (1 m-3
)

h Planck~s constant (6.626x10-3
-1 J s)

1 arc current (A)

15 current per spot (A)

Jbdc current density ofback-diffusing plasma electrons (A m-2
)

lion total ion current density (A m-2
)

Ji current density ofspecies i (A m-2
)

lRD Richardson-Dusbmann electron current density (A m-1.)

JT.F current density ofthermo-field electrons (A m-2
)

}tot total current density (A m-2)

kB Boltzmann's constant (1.380658xIO·23 1)

Kn equilibrium constant for ionizationlrecombination based on species density (m-:?-)

0"'00 ~
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Ke Mean kinetic energy ofthe emitted electrons (1 or eV)

• Lm latent heat ofmelting of the cathode material (J kg-Il

Lv latent heat ofvaporization ofthe cathode material (J kg-1)

me mass ofa cathode materia! atom (kg)

me eleetron mass (9. 1094xl0-31 kg)

/lbde number density ofback..<fiffiJsing plasma electrons (01-3)

ne number density ofelectrons (01-
3

)

/li number density ofspecies i (01-3)

110 number density ofneutral atoms (01-3)

nsc space charge density, ns=nion- IlT-F -lIbdc (01-
3
)

I1T-F number density ofthenno-field electrons (01-
3
)

NdW flux ofFermi-Dirac distributed electrons in the energy interval clW (01-2 S-I)

P metallic plasma pressure, vapor pressure at temperature Ts (Pa or atm)

peu partial pressure ofcopper vapor (Pa or atm)

PlOl total pressure (Pa or atm)

• PM self-magnetic pinch pressure (pa or atm)

pmin minimum rnetallic plasma pressure for self-sustaining operation (atm)

Pma.'C maximum metallic plasma pressure for self-sustaining operation (atm)

qbdl: heat input by back-diffusing plasma electrons bombardment (W m-2
)

qion heat input by retuming ions bombardment (W 01-
2

)

qin incoming heat flux, qin=qion+qwe (W m-2
)

qeond heat loss by conduction (W 01-
2

)

qnol heat loss by the Nottingham effect (W 01-2)

qrad heat 105S by radiative heat exchange with the surrounding (W 01-
2
)

q...-ap heat IOS5 by vaporization (W 01-
2
)

O· electronic panition funetion of species i (-)_1

r s cathode spot radius (01)

T temperature (K)

Tc electron temperature (K or eV)

• lh heavy species temperature (K)
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Tini initial temperature ofthe cathode (K)

• Tm melting temperature ofthe cathode material (K)

Ts surface temperature ofthe cathode under the spot (K)

Tv vaporization temperature of the cathode material (K)

Tw reference temperature (K)

T-r:. surrounding temperature (K)

Van: arc root velocity (m 5.
1
)

1Jbdc thermal velocity of the back-diftùsing plasma electrons (m 5.
1
)

V· velocity ofspecies ; (m 5-
1
)1

Vr-F velocity of the thermo-fieJd electrons (m 5.
1
)

vth.c thermal velocity ofthe electrons (m 5-
1
)

vth.i thermal velocity of the ions (m 5.
1
)

V local potential in the cathode sheath (V)

Varc arc voltage (V)

Vc cathode sheath voltage drop (V)

• Vc electron potential energy (eV)

Vh Volt-equivalent of the ion energy at the cathode sheath edge (V)

W electron energy (J or eV)

Wa effective potentiaJ ofthe electron inside the metal surface (eV or J)

x distance from the cathode surface (m)

Xc: cathode sheath thickness (m)

-. number ofcharges carried by species i (-)...,

Z number ofspecies in the plasma (-)

Greek Letters

•
P electron emission enhancement factor (-)

Xliq fraction ofliquid mass formed lhat stays on the cathode surface (-)

Xvap fraction ofvaporized mass formed that redeposite on the cathode surface (-)

temperature intervaJ for phase change (K)
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Nomenclature

lowering of ionization potential (eV)

pressure correction (Pa)

radial step (m)

time step (s)

axial step (m)

reduction ofthe material work function by the Schottky effect (eV)

emissivity (-)

dielectric constant (-)

Nottingham potential (eV)

vacuum permittivity (8.8542xI0-12 F m-l
)

work funetion (eV)

effective work function, 'ctM-(eEJ41t&0)112 (eV)

flux ofvaporized atoms (m-z S-I)

Debye length (m)

mean free path between two collisions involving particles a and h (m)

b being the heaviest species.

thermal conductivity of the cathode material (W m- I K-' )

vacuum penneability (1.2S66"IO~ H m- I
)

collision frequency (m-) S·l)

Kirrchotr s transfonnation (K)

density of the cathode material (kg m-3)

Stefan-Boltzmann constant (5.67xI0" W m-2 K-l)

cross section for collisions involving panicles a and h (m2
)

b is the heaviest species.

(J'c electrical conductivity ofthe cathode materiaJ (A Vi m- I
)

't characteristic time (s)
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Superscripts and Subscripts

FEE calculated using the field-enhanced thermionic equation

i radial coordinate

j axial coordinate

k time coordinate

MG calculated using the Murphy and Good formalism

MG..., 1 calculated using the Murphy and Good formalism and the ion-enhancement factor

se at cathode sheath edge
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ApPENDIX A: SOLUTION OF THE MURPHY AND GooD EQUATIONS IN SI UNITS

The original resolution of the equations for T-f emission by Murphy and Good

( 1956) was perfonned using the CGS units. The aim of tbis appendix is to develop again

the necessary equations~ but now in the SI units system.

Taking the original expressions for D(E. W) and N(W. T••) from Murphy and Good

(1956), equation (2.2.5) rewrites:

j;~ =4trem~kB1; ftn[l+exp( w+e;l]'(I+exP(BV(y)y-J/I))-'dW+...
h -w kaT: )

a

(A.I)

4trem,ka 1; f'"1[1 (w + e;)]cIW...+ J n +exp
h lfi ksI:

where (A.2)

is the energy above which the penetration probability for the electron is D(Es. U,o)= 1. The

expressions for B, y and \(v) are:

•

B =81i..fi m:f2e~'"

3 hE:-" (41iEo )3/" '
(A.3)
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• (A.4)

with

and

.11

K(çJ = f (1 - ~1 sin 1 ll) -112 dO
o

1Ft}

E[~J= f(1- ~2 sin~ (J)I'ldfJ
o

(A.6)

(A.7)

•

•

The value of the integrand ofequation A. 1 being much smaller than unity for W<­

W.. (-Wa - O(-10 eV», -Wa can he replaced by ~. The integration of equation A. 1 was

performed with an electron energy interval eiW=lxIO-20 J (0.0625 eV) for ail the

calculations reported in this thesis.
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APPENDIX B: DERIVATION OF THE FIELD-ENHANCED THERMlONlC EQUATION

Thermionic emission corresponds to the Iimiting case of T-f emission when the

electric field strength goes to zero. Setting Es=O in the equation for T-f emission (equation

A. 1) allows to get:

. (E T Ao) =41rem_kB I: f~1 [1 (w +e')]dJV (B.l)
) RD s' s'" h3 n + exp k T

o B s

since the first integral in equation A.l is negligibly small when Es~ o. Defining the new

variable 11 = exp[-(W+ e,) / kB 1;] and noticing that 11« 1 for the range of work funetions

and surfaee temperatures considered in this study (respectively 2<,<5 eV and

IOOO<T!I<SOOO K), equation B.l transforms to

• iRD = In(1 + Il) dll :: 41rem" (k B 1; )2
Il hl

o

f(1-11 / 2)dll (B.2)
c:lqII - •••~r.1

which., knowing that Il«u., can easily be integrated to give the well-known Richardson­

Dushman equation for thermionic emission (2.2. 1):

(B.3)

•

Introducing the Schottky correction to the material work function induced by the

presence of a macroscopic surface electric field (âiP =(eEs / 41l'&o)1 z), we obtain the

Richardson-Dushman equation for thermo-field emission or simply the field-enhanced

thermionic equation (2.2.4):
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(8.4)
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ApPENDIX C: THE NASA METHOD

The calculation of the plasma composition for given Th7 Te and p using the NASA

method (Boulos et a/1994) consists of solving iteratively a set of Z coupled non-linear

equations relating the various particle number densities to the electron and heavy species

temperatures starting from an initial guess of the plasma composition (Z corresponds to

total number of species present in the plasma). These equations include the equation for

electrical quasi-neutrality (equation 4.6.5)7 the DaIton7s law (equation 4.6.6), and a set of

Z-2 equations expressing the equilibrium constants for the chemical reaetions taking place

in the plasma (e.g. equation 4.6.4 for ionization!recombination reaetions).

The iteration procedure consists of solving the linear system -t!g = fi1Jï for each

calculation step and recalculating the new values for "i using âJl, = " r - "ro (iii is the new

value for the species density while njo is the actual species density). The vector ~

represents the deviations from the goveming equations for each calculation step. In the

case of a plasma containing the species e-, A, A+ and A++, the vector âg has for

components:

1) the deviation from the electrical neutraIity law:

•

.1K, =,,~ -L =,lIr

2) the deviation from the Dalton's law:

3) the deviation from the equilibrium constant ofspecies A

(C.l)

(C.2)
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4) the deviation from the equilibrium constant ofspecies A+:

~4 = In(II..,__ ) + In(II,) -In("..,_) -ln(K
II
(A--»

At composition equilibrium, Ag =0 and &ï = 0 for given p. Th and Te.

Anpelldices

(C.3)

(C.4)
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