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1 De gevolgtrekking uit de wet van Ohm dat elektrische velden
stroom drijven, is niet juist voor zover het de elektrische
velden betreft die opgewekt worden door ladingsscheiding in
het beschouwde medium.

Dit proefschrift.

2 Bij de beschrijving van de generatie van elektromagnetische

velden in plasma's kan de inductievergelijking gebruikt

worden. Bevindt het plasma zich in de nabijheid van een

(metalen) wand, dan moet echter wel met de dielektrische

verplaatsingsstroom rekening gehouden worden.

Dit proefschrift.

3 In plasma's die met behulp van lasers geproduceerd worden, is
ook voor eer. isotherm plasma de drukkracht een mogelijke
bron van magneetvelden. In de literatuur is deze mogelijkheid
ten onrechte buiten beschouwing gelaten. Schattingen van de
magneetvelden die in dat geval verwacht worden, stemmen
kwantitatief overeen met de experimenteel waargenomen
magneeetvelden.

Dit proefschrift
b.v. Max C.E., Mariheimer W.M. and Thomson J.J.

Phys.Fhids21(1978) 128

4 Het is fundamenteel onjuist om een balansvergelijking op zich
te interpreteren als een vergelijking voor de generatie van een
van de termen in deze vergelijking.



Daar de Sahavergelijking volgt uit de wetten van de statis-
tische mechanica door het sommeren over de toestanden van
het vrije electron, dient deze vergelijking niet als een op zich
zelf staande wet in het natuurkundeonderwijs behandeld te
worden.

Het rendement van het wetenschappelijk onderzoek zou ver-

hoogd kunnen worden door de duur van een promotieonder-

zoek door een kosten/baten analyse te laten bepalen. De hui-

dige strikte handhaving van de termijn van vier jaar voor zo'n

onderzoek is vaak strijdig met het wezenlijke van wetenschap-

pelijk onderzoek : het zoeken naar het onbekende.

Vanuit het oogpunt van emancipatie kan men de invoering van
dubbele achternamen overwegen. Bij een huwelijk krijgen
beide echtgenoten de eerste achternaam van hun partner als
tweede achternaam. Nakomelingen krijgen de achternamen
zoals de ouder van gelijke sekse die heeft.
G.P. Hoefnagels, {niet) trouwen en {niet) scheiden,

uitgever Kooyker, Rotterdam {1976).

Met dank aan R. Gielen-van Hirtum.



8 Bij wetenschappelijk onderzoek dwingt het gebruik van

analogieën de onderzoeker na te denken over de fundamenten

van het gestelde probleem.

9 Op grond van de vermeende evidentie van de onwaarheid van
gezichtspunten van gisteren dient men kritisch te staan ten
opzichte van de waarheden van vandaag.

10 Het feit dat in Nederland verdachten op grond van vormfouten

vrijgesteld worden van rechtsvervolging, toont de onafhanke-

lijkheid van het Nederlandse rechtsbestel aan.

11 De toon van de door de PTT naar aanleiding van de priva-
tisering gebruikte advertenties werkt vooroordelen ten aanzien
van ambtenaren in de hand.
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Summary

SUMMARY

This thesis deals with the generation of electric and magnetic fields

in expanding plasmas. In part I the model is described, used to

calculate the different electromagnetic field quantities in such

plasmas. Part II deals with the experiments on a plasma expanding from a

cascaded arc.

The theoretical model, discussed in part I is in fact an analysis of

Ohm's law. A general method is given that decomposes each of the forces

terms in Ohm's law in a component that induces a charge separation in

the plasma and a component that can drive current. This decomposition is

unambiguous and depends on the boundary conditions for the electric

potential. It is shown that in calculating the electromagnetic field

quantities in a plasma that is located in the vicinity of a boundary

that imposes constraints on the electric potential. Ohm's law should be

analyzed instead of the so-called induction equation.

Three applications of the model are presented. A description is given

of an unipolar arc discharge where both plasma and sheath effects have

been taken into account. It follows that the unipolar arc is pressure

induced. For an assumed electron density profile the electric, magnetic

and current density fields are calculated.

Secondly, a description of the plasma effects of a cathode spot is

presented. It is shown that the cathode spot can be regarded as a

superposition of an unipolar and a bipolar discharge. The calculated

potential distribution shows the occurrence of a potential hump in front

of the cathode. This potential hump is pressure induced. Finally, a

detailed analysis of the different force terms in Ohm's law is given.

The third application of the model deals with the generation of

magnetic fields in laser-produced plasmas. In this analysis the

principle difference between the use of Ohm's law and the induction
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Summary

equation is stressed. This discrepancy is a consequence of the neglect

of Maxwell's displacement current in deriving the induction equation. In

the literature on the generation of magnetic fields in laser-produced

plasmas the induction equation is used. Consequently, the electron

pressure term is not considered as a source term for magnetic fields

when the electron gas is isothermal. However, the analysis of Ohm's law

shows that magnetic field generation can occur, even when the electron

gas is isothermal. In that case the calculated magnetic fields agree

quantitatively with the experimentally observed fields.

The second part of this thesis describes the experiments on a

magnetized argon plasma expanding from a cascaded arc. Using

spectroscopic techniques we have determined the electron density, ion

temperature and the rotation velocity profiles of the ion gas. Using the

Zeeman effect, the magnetic field generated by the plasma has been

measured. Depending on the channel diameter of the nozzle of the

cascaded arc self-generated magnetic fields with axial components of the

order of 1 % of the externally applied magnetic field are observed. From

the measured ion rotation it is concluded that this self-generated

magnetic field is mainly generated by azimuthal electron currents. The

corresponding azimuthal current density is of the or<*«sr of 15 % of the

axial current density. The observed ion rotation is a consequence of the

electron-ion friction.
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Samenvatting

SAMENVATTING

Dit proefschrift handelt over de generatie van electrische en mag-

netische velden in expanderende plasma's, xn deel I wordt het model

beschreven dat gebruikt is om de verschillende electromagnetische velden

in deze plasma's te berekenen. Deel II beschrijft de experimenten aan

een plasma dat expandeert vanuit een cascadeboog.

Het theoretische model dat in deel I beschreven wordt is in feite een

analyse van de gegeneraliseerde wet van Ohm. Een algemene methode wordt

beschreven waarmee de verschillende krachttermen in deze veregel ijking

ontbonden kunnen worden in een component die in staat is om een ladings-

scheiding in het plasma te induceren en een component die stroom kan

drijven. Deze ontbinding is eenduidig en hangt af van de randvoorwaarden

voor de electrische potentiaal. Aangetoond wordt dat in de beschrijving

van plasma's die zich in de nabijheid van een wand bevinden de wet van

Ohm gebruikt moet worden in plaats van de zogeheten inductiever-

gelijking.

Uitgaande van het ontwikkelde model zijn de electromagnetische velden

in drie verschillende expanderende plasma's berekend. Ten eerste wordt

een unipolaire boogontlading geanalyseerd. Hierbij worden plasma- en

grenslaageffecten verdisconteerd. Deze analyse toont aan dat de uni-

polaire structuur van de ontlading het gevolg is van de drukkrachten in

het plasma. Uitgaande van een verondersteld profiel voor de electronen-

dichtheid worden electrische, magnetische en stroomdichtheidsvelden

berekend.

Als tweede voorbeeld wordt een beschrijving gegeven van een kathode-

vlek. Deze kathodevlek kan beschouwd worden als een superpositie van een

unipolaire en een bipolaire ontlading. De berekende potentiaalverdeling

in het plasma toont het bestaan van een door drukkrachten geïnduceerde

potentiaalberg boven de kathode aan. Ten slotte wordt een gedetailleerde

analyse van de verschillende krachttermen in de wet van Ohm gegeven.

-3-



Samenvatting

De derde toepassing van het model betreft de generatie van hoge mag-

neetvelden in plasma's die met behulp van lasers geproduceerd worden. In

deze analyse wordt het principiële verschil tussen de wet van Ohm en de

indue ti evergel ijking benadrukt. Dit verschil is het gevolg van de ver-

waarlozing van de diëlectrische verplaatsingsstroom in de afleiding van

de inductievergelijking. In de literatuur wordt deze inductievergelijk-

ing gebruikt bij de beschrijving van de magneetveldgeneratie in met

lasers geproduceerde plasma's. Een gevolg hiervan is dat voor een iso-

therm electronengas de drukterm niet beschouwd wordt als een mogelijke

bron voor magneetveld. De analyse van de wet van Ohm laat echter zien

dat, ook als het plasma isotherm is, magneetveld gegenereerd wordt. In

dat geval komen de berekende magnetische velden kwantitatief overeen met

de magneetvelden die experimenteel bepaald worden.

Het tweede deel van dit proefschrift beschrijft de experimenten aan

een gemagnetiseerd argon plasma dat expandeert vanuit een cascadeboog.

Met behulp van spectroscopische technieken zijn de electronendichtheid,

ionentemperatuur en de rotatiesnelheden van het ionengas gemeten. Ge-

bruikmakend van het Zeemaneffect is het magneetveld, dat het expan-

derende plasma zelf opwekt, bepaald. Afhankelijk van de diameter van de

uitstroomopening van de cascadeboog zijn zeif-gegenereerde axiale mag-

neetvelden gemeten die van de orde van 2 % van het extern aangelegde

magneetveld zijn. Uit de gemeten ionenrotatie kan dan geconcludeerd

worden dat dit zeif-gegenereerde magneetveld voornamelijk het gevolg is

van de azimuthale electronenstromen in het plasma. De corresponderende

azimuthale streomdichtheid is van de orde van 15 X van de axiale stroom-

dichtheid. De wrijving van de azimuthale electranenstroom met het ionen-

gas is de drijvende kracht voor de rotatie van de ionen.



General introduction

GENERAL IflTRODUCTIOH

The physical phenomena in expanding plasmas are complex. Both flow and

electromagnetic processes are important and can not be uncoupled. For

example, due to the mass difference between the electrons and the ions

the pressure force, an important force term in expanding plasmas,

induces a charge separation between the electrons and ions in the plasma

and an electric field results. The combination of this electric field

and the pressure force generates a current density distribution and

associated magnetic fields. The motion of the different components of

the plasma is then determined by the combination of pressure, electric,

resistive and magnetic forces. On the one hand, the motion of the plasma

components determines the electromagnetic fields, on the othsr hand

these fields influence the motion of the components. The principle

difficulty is to describe this mutual dependence.

The strong coupling between the electromagnetic fields and the motion

of the plasma components is most prominent in strongly expanding

plasmas. For example, in laser produced plasmas strong magnetic fields

are observed that influence the motion of the charged particles through

the Lorentz force.

The physical phenomena in expanding plasmas is governed by the plasma

equations and Haxwell's equations. The solution of this set of coupled

equations is the subject of the first part of this thesis. The model

described there is used to calculate the electromagnetic fields in

unipolar arc discharges, cathode spots and laser produced plasmas. The

second part describes the experiments on an expanding argon plasma.

Using spectroscopic techniques the self-generated magnetic field and

associated current density distribution in the plasma is determined.
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PART I : THEORY



CHAPTER 1 : INTRODUCTION

1 IHTKOOOCTION

In this chapter we consider the basic assumptions and equations used

in this work. Our aim is to understand and calculate some of the

mechanisms which can generate electromagnetic fields. For quantitative

statements we will limit ourselves to axisymmetric plasmas. In section 2

we will consider the consequences of this limitation. For axisymmetric

plasmas the physical laws describing it take special forms. The Maxwell

equations will be discussed in the third section, the plasma equations

in the fourth.

2 CEOMETRY

In this section the merits of an axisymmetric system are discussed.

Frequently we will use cylindrical coordinates (r,<p,z) to describe the

system. In that case the axis of symmetry coincides with the z-axis.

P(r,«p,z)

Figure 1 : cylindrical coordinates
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Chapter I : Introduction

The assumed symmetry implies that all physical scalar quantities are

functions of r and z only, so :

d/d-p = 0 (1).

Consider a vector u_ with, in cylindrical coordinates, components v , v

and v . For clarity we note that u , v and v do not depend on the

azimuthal angle <p. For calculation and interpretation it is useful to

decompose this vector into two parts : a meridional part u and an

azimuthal part v , so that :

u = v + v (2).

Here u is a vector in the r-z plane: u = u e + v e. , whereas u is an-m -m r-r z—z -y
azimuthal vector : u = v e . One advantage of this description can be

seen if we look at the curl of the vector v_ :

So 7 x v is an azimuthal vector and V x u is a meridional one. For the-m --V
divergence we find :

We see that V«£ = 0 implies that 7*u = 0. In this way it is possible

to describe the meridional part of a divergence-free vector u_ by a flux

function.

Consider a divergence-free vector a. As V*a = 0, a vector potential A

can be defined by :

a = 7 x A (5).

The vector potential A_ is not uniquely determined by the definition (5).

If A satisfies (5) then also the vector quantity A + Vf , where f is any

-8-



Part I : Theory

scalar function, can be used as a vector potential to describe a. The

quantity $ defined by :

$ := SS a«n da (6).
a S~~

can be interpreted as the flux through the surface S associated with the

quantity represented by the vector a. The vector n is the unit vector

normal to the surface S. If S is not a closed surface then the RHS of

this equation can transformed by using (5) and Stokes law into :

$ = // a-n da = / A-t dX ( 7).
a S C ""

Here t_ is the unit vector tangent to the curve C. the boundary of the

surface S. Equation (6) and (7) show that the flux $ can be expressed

in the vector quantity A_ and that the ambiguity of the vector potential

does not influence this result.

The components of the definition (5) are given by :

The quantities occurring in each of these equations are given in

parenthesis. There are two sets of quantities : (a , a,, A ) and (a ,

A , A ). These sets are not coupled through the definition (5) but may

be coupled through the dynamics of the plasma. Writing for equation

(8) :

V
and for equation (10)

-9-



Chapter 1 : Introduction

V ) (12)<

the differential :

d( 2nr A ) = 2irr ( tyir - apdz ) (13),

represents the flux associated with a across the infinitesimal annulus

obtained by rotating the line element joining ( r, z } and ( r + dr, z +

dz ) around the axis. In this way we can calculate the flux $ through a

surface S. bounded by an axisymmetric curve C by :

* = SS £«n do = 2irr A (C) (14).
S

Here A (C) is the value of A on the axisymmetric curve C. With the

substitution of equation (14) in equations (11) and (12), the meridional

part a of the vector a can then be written as :

From this equation it follows that :

o;V *a= 0 (16).

So the vector field a is tangent to the surfaces of constant flux ( the

flux surfaces ). If a is not identical to 0, space is filled with

nested flux surfaces. Apart from points where $ possesses a saddle

point ( as at X-points in tokamaks ), these flux surfaces will be non-

intersecting. The z-axls is a degenerate surface corresponding to

$ = 0. In this work we will encounter several physical vector

quantities representable by flux functions. The advantage of this

representation is that the meridional vector component can be

characterized by one scalar function.

If there are two divergence-free vector fields, say a and b, we can

-10-



Port I : Theory

define two flux functions $ and 9,. In general these two sets of

surfaces will not coincide ( besides 9 = $,= 0, i.e. the z-axis ), and

the coordinate system ( $ , <p, 9, ) can be introduced. For example in a

stationary plasma both the current density j and the magnetic field B

are divergence-free vector fields and can be represented by a current

flux function and magnetic flux function respectively. The plasma can

then be described on the coordinate system ( $., f, $„ ). An example of
J a

such a description will be given in chapter 2.

3 THE MAXWELL EQUATIONS

In this section we will discuss the Maxwell equations. First we will

give these equations in a general formulation. Then these relations will

be specified for an axisymmetric system. In this work we will frequently

use the Maxwell equations in the following form :

V-B = 0

7 x B = f* ( i + e d/dt E )

V'E = p/£o

V x E = - d/dt B

Here j_ is the current density, B the magnetic field, £ the electric

field, p the charge density , p. and £ respectively the permeability
© o

and the permittivity of vacuum.

The last term in Ampere's law represents Maxwell's displacement

current. This term is, however, negligible in the treatment of phenomena

whose time scale is long compared to the time for electromagnetic waves

to cross the plasma region. For the laboratory scale plasma's we want to

consider, this is usually the case and we shall neglect the displacement

current in most cases. This approximation is referred to as the

quasistatic approximation. This has the effect of filtering

electromagnetic waves from the system of governing equations. However,

Maxwell's displacement current plays an important role in the discussion

given in chapter 2 concerning the so-called induction equation.

-11-
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Chapter 1 : Introduction.

describing the generation of magnetic fields. When we want to include

displacement currents in the description, this will be mentioned

explicitly. Otherwise, the quasistatic approximation applies.

When besides the displacement current in Ampere's law the RHS of

Faraday's law is discarded, we will call the system static. Then the

electric fields induced by the changing magnetic field will be small

compared to the electric fields generated by the charge density.

As V*B = 0 we can define B in terms of a vector potential A :

B = V x A (21).

Faraday's law can then be written :

V x ( E + | r A ) = O (22).

This means that the quantity with vanishing curl in equation (22) can be

derived from a scalar function <p ,. where el stands for electrtc and we

can write :

By using expressions (21) and (23) the Maxwell equations (17) and (20)

are identically satisfied. The vector potential A_ is not given uniquely

by equation (21). The magnetic field is left unchanged by the

transformation :

A > A + VA (24).

where A Is any scalar function. In order that the electric field given

by (23) be unchanged, the scalar potential <t . must be simultaneously

transformed :

-12-



Port I : Theory

The transformation (24) and (25) is called a gauge transformation. We

will use the Coulomb gauge [1],[2] :

V«A = 0 (26).

For this gauge transformation the electric potential <p , satisfies the

Polsson equation :

For a static situation, the RHS of equation (20) vanishes and the

electric field can be derived from the electric potential <p , alone :

E = ~ V * e l (28).

Equation (17) shows that the magnetic field B_ is a divergence-free

vector. When we neglect Maxwell's displacement current, the current

density J_ is divergence-free too as can be seen from Ampere's law. In

fact, when the quasistatic approximation applies the vector B /\x is a

vector potential for the current density.

When we want to describe axisymmetric plasmas the results of section 1

can be applied. We introduce the flux functions $. and $„ :

J K S , {29)'

A is the azimuthal component of the vector potential A_. The azimuthal

component of Ampere's law gives j in terms of the flux function $„ :

-13-



Chapter 1 : Introduction

where if is the Stokes operator given by :

To summarize, the components of £ and B in an axisyimnetric system are

given by :

. _zi a_$ . __i_e_i B

B = Zl £L $ B = — — $ J = — — »> * (34).
o

So the quantities 1 , j and B are linked to the current flux function

$., whereas the magnetic flux function $,, is connected to J , B and B

Maxwell's laws couple the quantities in each of these sets but introduce

no linkage between the sets. However, there is a coupling by means of

the equations governing the plasma. These equations will be discussed in

the next section.

For axisymmetric systems equation (23) can be transformed to give an

expression for E in turms of the flux functions for the current density

and the magnetic field. Decomposing the vector potential Â  in its

meridional and azimuthal parts :

i -*. + A, (35).

the azimuthal component of A_ can be expressed in the magnetic flux

function *„ by using equation (30) :

The meridional part of Â  is related to the current flux function by

-14-



Part I : Theory

By equation (36) the azimuthal component of the vector potential A_ can

be expressed simply in the magnetic flux function. There is no simple

expression for the meridional part of the vector potential in terms of

the current flux function. For an axlsymmetric plasma, equation (23) can

be given by :

The description in this section deals with the relations between the

different electromagnetic quantities. These relations and the laws

governing the plasma have to be satisfied simultaneously. The plasma

equations will be discussed in the next section.

4 PLASMA EQUATIONS

To describe the plasma we will use the continuity- and momentum

equations of the electrons, ions and neutrals as they can be derived

from the Boltzmann equation using the moment method [3],[4]. This

discussion will be limited to the first two moments corresponding to the

continuity and momentum equations.

In the derivation of the continuity and momentum equations we have

made some assumptions which we will discuss here.

1) The ions in the plasma are singly ionized and only one type of ion

is present.

2) The small mass difference between the ions and neutrals will be

neglected.

3) We will assume quasineutrallty : | n - n. | « n Although this

assumption implies the equality of the electron and ion densities

in the continuity and momentum equations, the charge density p has

to be taken into account when the electric potential is calculated

from Poisson's equation (27).

-15-



Chapter 1 : Introduction

4) We assume that the degree of ionization is high enough to assure

the validity of the following ordering :

»et

<40>-

Here » , u u and v. are the collisional frequencies for the

electron-ion, electron-neutral, ion-ion and ion-neutral collisions,

respectively. In the temperature range of 1-5 eV this implies that

the degree of ionization must exceed a few per cent. In that case

we can use the transport equations given by Braginskii [3], and

neglect the electron-neutral friction. However, the ion-neutral

friction has to be taken into account.

5) Viscosity effects are neglected.

Due to this last assumption there remains no term associated with the

second moment in the momentum equation and the hierarchy of moments of

the Boltzmann equation is truncated after the momentum equation.

We will first consider the zeroth moment. Under the assumptions given

above the continuity equations are given by :

electrons g- n + 7«( n • ) = Source (41).

ions 5- n + V« ( n ». ) = Source (42),

neutrals drt n0* ^'^ n0^0 ^ = "~ ®° u r c e (43).

In these equations the vector ID is the systematic velocity of species a,

defined by :

10 (*« L ) = " ^ J*" f (.*•• r, v ) dv (44).
a

f (*• £• ilv ) ls tne time-dependent distribution function of species a

-16-



Part I : Theory

In the 6-dimensIonal phase space. The "Source" term in the continuity

equations represents the net effect of ionization and recombination and

will be a function of the electron density and temperature. If we

neglect the contribution of the electrons to the mass flow the

conservation of mass law in differential form is :

2—• ( n 4* n \ + \7« ( n in 4-n m 1 — ft i JVZJ\

The first moment gives the momentum balance equations :

electrons m n = r » = - Vp - en E - en w x B - Re (46),e e D t - e *e e— e - e — — \ /•

ions m tn e gj- B»t = - VP{+ eneE + enfi ̂ x B + Rei- R 1 0 (47).

neutrals . D - • "t0

Here p is the pressure of species a. R and R represent the electron

Ion friction and ion-neutral friction respectively. The material

derivative D/Dt Is defined by :

(49).

The pressure p is related to the density n by :

(50).

Here k. is Boltzmann's constant. In the model to be discussed in the next

chapter we will assume that the relevant temperature distributions are

known. In principle the temperature distributions can be determined

experimentally. They are not determined from the model.

The electron-ion friction R is made up of two parts : a friction

force R and a thermal force KL :

-17-



Chapter 1 : Introduction

The friction force ic given by :

Rl=-enevl (52).

In general the resistivity T? is a tensor quantity and the friction

force can be non-parallel to the current density. The tensorial

character of the resistivity is a consequence of the magnetic field in

the plasma. In this work we will treat the resistivity as a scalar

quantity. This simplification is justified when

V e i < < l

where w is the electron cyclotron frequency and T . the electron-ion

collision time.

Under the same simplification we will also neglect the tensorial

character of the thermal force. The thermal force is then given by :

Rp = -j n£ It V Tg , i = 0.71 (54).

This completes the presentation of the basic equations. The model to

be presented in the next chapter is based on these equations. Some of

the assumptions made are not essential. For example the tensorial

character of the electron-ion force R can be taken into account.

However, for the sake of a clear presentation we have not included these

phenomena in the description.
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CHAPTER 2 : THEORETICAL MODEL

1 INTOODOCTIOIf

In this chapter we will discuss the model used to describe the

physical phenomena occurring in strongly expanding plasmas. For these

plasmas we want to calculate the electromagnetic field quantities J_, £

and B. The expansion from a cathode spot in a vacuum arc or from a laser

produced plasma are examples of such expansions. The description is

based on the equations given in chapter 1.

2 THE ELECTROW MOMENTUM EQUATION

Consider a plasma in a finite volume V with boundary S. The

description of the plasma is limited to this volume. We want to

distinguish between the boundary S of the volume V and the physical

boundaries. The boundary S is a mathematical abstraction; it is the

surface that separates points in the volume V from points outside V. The

physical boundaries, if present, can for example be formed by the walls

of a vessel containing the plasma. When the plasma is in contact with

such a material wall, the plasma will be separated from the wall by a

sheath. The boundary S is then formed by the plasma-sheath interface.

Although the separation between the wall and the plasma-sheath interface

is small compared to the dimensions of the plasma this is an important

distinction. For a bounded volume V, there will always be a boundary S.

However, the presence of physical boundaries is no necessity and will

depend on the plasma we want to decribe. For example, laser produced

plasmas in gases will be far from any physical boundary. For the

solution of the Maxwell equations, the various boundary conditions on

the surface S have to be known. These boundary conditions will depend on

the presence and physical characteristics of the boundary. For example,

consider a plasma in contact with a wall. The solution of Poisson's

equation will depend on the boundary conditions for the electric

potential on S. These boundary conditions will depend on the

conductivity of the wall. The distinction between the boundary S and the
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physical boundary is illustrated in figure 1.

s

physical boundary

Figure 1 : boundaries of the volume V

We consider a plasma in which only singly ionized atoms play a role.

The extension to a plasma in which doubly and higher ionized atoms occur

does not alter the basic physical processes we want to describe.

In this section we will apply the quasistatic approximation, i.e.

neglect the displacement currents in Ampere's law.

Neglecting the inertia term the electron momentum equation yields :

£ = -Vp -en E - en 10 x B + e n T j ^ - t n l i V I (1).

It will show to be profitable to rearrange equation (1) to :

£ = -Vp -en E - en. s - x B + ̂ x B + e n t j i - i n f e V T (2).

After division by en we can write for the electron momentum equation :

1 ( 1*2.)
0 = --£-*Pe-E-!kxB + —7R +r,I--,VTe (3).
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Here T is the electron temperature in eV.

In most plasmas of interest here, the current is carried almost

completely by the electrons implying :

For example, the current in the plasma ball of a vacuum arc cathode spot

is carried for 80-90 % by the electrons [1], As the current density

determines the magnetic field it is more appropriate to consider the

electron momentum equation than the ion momentum equation in describing

the electromagnetic field quantities. In consequence of equation (4) the

motion of the electrons is only weakly influenced by the motion of the

ions and the Lorentz force on the ions will be small compared to the

^ K B term. However, for strong magnetic fields the electrons are bound

to the magnetic field and this conclusion will require modification.

As far as the electron dynamics is concerned the whole of the physics

of the interaction of electrons and ions is projected in the electric

field, the relatively small u>. x B term and the resistivity 17, which

depends only on the electron temperature and slightly on the electron

density. As the magnetic field is determined by the current density, the

first, fourth, fifth and the last term in equation (3) are known for

given electron density, electron temperature and current density. So,

apart from the w. x B term, the electric field can be expressed in

"electron gas quantities", although the part of the electric field

representable by the electric potential <p , finds its origin in the

charge separation between electrons and ions. This implies that the

current density, magnetic field and electric field, can be determined

from the electron gas equations if the current density is almost

completely carried by the electrons . As will be discussed later this

means on the other hand that to a good approximation the ion gas moves

in electromagnetic force fields which are known for given electron

density, electron temperature and current density. The ^ x B term

causes a small direct coupling between these fields and the ion motion.
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which in a first order calculation is discarded. Afterwards, the neglect

of this coupling term can be verified. In chapter 3 we will show that in

principle it is also possible to take this term into account and solve

the electron and ion momentum equation self-consistently using an

iterative procedure.

This will be the basis for the model to be presented in the following.

First we shall calculate the electromagnetic quantities by solving the

electron momentum equation. We will start from an electron density and

temperature profile -N and 7 , respectively. Both these quantities are in

principle measurable. Solving the electron momentum equation actually

means determining the current density j_ which satisfies equation (3). We

want to stress that in general both j and B can have radial, azimuthal

and axial components.

Secondly we want to calculate the motion of the ion gas that is moving

in the electromagnetic force fields that are determined from the

electron momentum equation. The result of this last calculation yields

information on the physical validity of the density and temperature

profiles assumed.

Rearranging equation (3) gives :

The magnetic field in the plasma is a combination of the magnetic

field sustained by external coils, if present, and the magnetic field

generated by the electric currents in the plasma.

It is tempting to consider this equation as a generating equation for

the electric field. However, equation (5) merely states the formal

balance of forces acting on the electron gas and gives no information on

the mechanisms that actually cause this generated electric field. As can

be seen from equation (1-23) an electric field can be generated by a
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charge separation in the plasma and/or by a changing magnetic field. The

charge separation can be determined from Coulomb's lair (1-19) :

7«E = p/e (6).
~ o

The combination of equations (5) and (6) gives the charge separation in

the plasma :

ene
(7).

As the quasi static approximation applies, the term Tjj on the RHS of this

expression vanishes when the spatial dependence of the resistivity is

neglected. In this way we can calculate to what extent the forces acting

on the electron gas are capable to induce a charge separation. Through

the Foisson equation (1-27) this charge separation determines the elec-

tric potential <p , uniquely, once the boundary conditions are given :

I"*

If the plasma is bounded by a material wall, the plasma will be

separated from this wall by the sheath. As discussed, the boundary S of

the volume V is then formed by the plasma-sheath interface. The sheath

phenomena as such are not discussed here. The sheath phenomena are

accounted for in the boundary conditions for the electric potential on

the plasma-sheath interface, i.e. the surface S. In general these

boundary conditions will depend on the physical fields at the plasma-

sheath interface. For example, in chapter 3 we will discuss a plasma

where the electric potential at the plasma-sheath interface is

determined by the current density at this interface.

With the electric potential <p ,, determined by equation (8) and the

boundary conditions for the electric potential, we can calculate the

vector quantity £. defined by :

-24-



Part I : Theory

( i*z ) - V*el ] (9).

This quantity has the dimension of a current density. For given M , 7 ,

w. and J_ the quantity £ is determined uniquely since the magnetic field

can be determined from the current density J_ through Ampere's law.

Referring to equations (5) and (1-23) we see, however, that if and only

if £ = j_ these quantities describe a physically relevant plasma

satisfying the electron momentum equation, Maxwell's laws and the

relevant boundary conditions. Our aim is to find that current density J_

which, for the given electron density and temperature distribution,

yields £ = j_. In chapter 3 we will discuss an iterative procedure to

determine this current density.

The discussion above shows that each force term acting on the electron

gas is capable of

1} inducing a charge separation which generates an electric field

representable by the electric potential f ,

2) and/or driving a current.

We have already considered a force term which in the limit of constant

resistivity, falls completely in the second class : the electron-ion

friction does not contribute to the charge separation in the plasma. On

the other hand if we consider an unbounded isothermal plasma, the

pressure term induces an electric field exactly balancing the pressure

term in equation (9). Then the pressure term is not capable of driving

any current and thus completely falls into the first category.

Formally we CPJ consider the procedure given above as an unique

decomposition of each force term which acts on the electron gas in a

current driving part and a part which generates an electric field

through the induced charge separation. This uniqueness is a direct

consequence of Coulomb's law. As a matter of fact, our consideration
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concerning the possibility to interpret equation (5) as a generating

equation for the electric field can now be summarized by stating that

this equation alone, i.e. without Coulomb's law, misses the stringent

condition to unambiguously decompose the force terms.

We will consider this decomposition of the terms in the electron

momentum equation in more detail. In a formal way we can write for the

electron momentum equation :

O = - E + F + Tji (10).

Here F represents the sum of all the terms apart from the electric and

resistive forces acting on the electron gas :

Which terms have to be included in this summation depends on the plasma

under consideration. The terms F, can be interpreted as equivalent

electric fields. The special role which the electric and resistive

forces play is due to the fact that we want to deduce generating

equations for the electric field and the current density. We want to

decompose each term F. in an electric field generating part and a

current driving part. To that purpose consider F,. For this term we can

determine V*F, and define a potential x, given by :

X (x. t) = =£ -dx- (12).
1 JJJV ^ I x - x 1

As V'F, vanishes outside the volume V of the plasma the integral is

effectively limited to V. From (12) we see that :

V«(Vxt + Fj) =0 (13).

Therefore the divergence-free vector in equation (13) can be derived

from a vector potential, say •., and F, can be written as:
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V x ^ (14).

Equation (14) shows that each force term can be decomposed uniquely in a

curl-free component and a divergence-free component. The vector

potential is not determined uniquely. The transformation :

•i =*t + vf (15).

where f is any scalar function, leaves the last term in equation (14)

unchanged.

Similar to the force terms F. a potential \Ax, t) for the resistive

force can be defined :

A*. t) = • -dx' (16).
1 JJJ •> » I 2L " £* I

For a plasma with homogeneous resistivity and neglecting displacement

currents, this potential becomes zero.

Substituting equation (14) for each force term in equation (10) gives

the transformed electron momentum equation :

0 = - E - V ( 2 x t ) + V x ( 2 < L ) + T } i (17).

Combining this equation with Coulomb's law (1-19) gives the charge

separation in the plasma :

p = eoV-E = eoV't- V (2 Xt ) • U I ] (18).

For given boundary conditions on the boundary S, the charge separation p

determines uniquely the electric potential <p ,. Under the Coulomb gauge

condition (1-26) this potential <p , can be determined by solving the

Poisson equation :
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V* <pel = - P /eo (19)-

Using Green's theorem a formal solution, less appropriate to determine

the electric potential in practice but better suited to illustrate the

physical principles, can be given in the following integral expression

[2] :

. rrr
p(x') dx' +

iS
Here C is Green's function for an infinite domain :

f
If IT \ X -X'

(21).

The first term on the RHS of equation (20) gives the electric

potential due to charges Inside the volume V. The second integral can be

thought of as the potential due to a distribution of (mirror) charges

outside the volume V so chosen as to satisfy the boundary conditions on

the surface S when combined with the potential due to the charge

separation inside the plasm. The Laplacian of the second part of the

potential vanishes Inside the volume V. Nevertheless, a part of this

potential is determined by the charges Inside the volume V. As a

shorthand notation we Introduce :

rf da (22).

Here Lapl stands for Laplacian. The potential <p, ,(x) accounts for all

(mirror) charges outside the volune V. For example, the sheath

phenomena. Induced mirror charges and externally applied electric fields

are projected In the potential *;„»,](*)• *n *he following we will

describe a procedure to actually determine ^f-^iti)- * e w l i l assume that

the boundary conditions will be of the Dirichlet type. I.e. the
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potential on the boundary S is prescribed. We will refer to this

potential as <p-.. A.xiVyimJar )• From the charge density given by equation

(18) we can calculate a particular solution <Pmrt(x) of the Poisson

equation, given by:

Vr t<2>=-HI I G "<*•><*• (23).

where G(x.x') is Green's fraction for an infinite domain, given by

equation (21). The potential <p Ax) will in general not satisfy the

boundary conditions on the boundary S. Now determine the solution

<p. Ax) satisfying the homogeneous Poisson equation with the boundary

conditions given by :

= 9Dtrt

Then the potential <p (x) + <f>, ,(x) satisfies the Poisson equation

with the boundary conditions.

For the plasma the charge density is given by equation (18). With this

equation and the definition (12) the first term on the RHS of equation

(20) can be written as :

i rrr ~ rrr V'v±(.x. o
-i- Gp(x') dx' =2xJx. t) + ; -dx- (25).
6 JJJ i l JJJ «» IT ! X X- I

V i l JJJy «» IT ! X - X- I

With the definition (16), the potential v>el becomes :

* e l ( * . t) = 2xt(21. t) + \J(x. t) + <PlMpl(x. t) (26).

From this equation we can derive a generating equation for the electric

field :

(27).
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Using equation (26) the electron momentum equation (10) can be

transformed into a generating equation for the current density j :

The curl-free component 7 \. of the terms F, is canceled by a part of

the generated electric field. From equation (28) we conclude that a

current can be generated by :

1) a changing magnetic field.

2) the existence of a resistivity gradient, non-orthogonal to the

current density.

3) the (mirror) charges outside the volume V.

4) the divergence-free part of the terms F,.

As mentioned before the current driven by the (mirror) charges outside

the volume V depends on the charge density in the plasma. The direct

effect of this charge density, represented by the first integral on the

RHS of equation (20) does not drive a current as the electric field

associated with this charge density is compensated by the curl-free

component of the force terms inducing the charge separation in the

plasma.

The potential <p, , vanishes for a bounded plasma without any material

boundaries imposing constraints on the electric field. In that case a

force term with no divergence-free component, as defined by equation

(14), is not capable of driving a current. Its force acting on the

electron gas is exactly balanced by the electric field it invokes. An

example of such a force term is the pressure force in an isothermal

plasma. However, when there is for example a metal surface in the near

vicinity of such a plasma, the (mirror) charges outside the volume V.

induced by the charge density in the plasma can drive a current.

Unipolar arcs, the cathode spot plasma in a vacuum arc and laser

produced plasmas fit this description and they will be discussed in

chapters 4,5 and 6, respectively. In those chapters we will discuss
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several plasmas for which the electromagnetic fields are calculated

using the procedure described in this chapter.

Apart from the neglect of displacement currents (quasistatic

approximation), the expressions (26), (27) and (28) for the potential,

electric field and current density, respectively, are general. We will

discuss a special case. We will consider plasmas with homogeneous

resistivity that can be considered static, i.e. the physical processes

in the plasma can be characterized by a time constant long enough to

ensure that the electric field induced by the changing magnetic field is

small compared to the electric field generated by the charge separation

in the plasma. Then the generating equation for the electric field (27)

reduces to :

E(x, t) = - V 2 x t ( x . t) - V »LBpl(x. t) (29).

Under the same simplifications the expression for the current density

reduces to :

In these equations \., *. and <p. , are given by definitions (12), (14)

and (22), respectively.

For an axisymmetric plasma, equations (29) and (30) can be decomposed

in a meridional and an azimuthal part :

meridional E = - 7 5 \. - V <p, , (31),
"III . t LJXpL

(32).

azimuthal E = 0 (33).
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(34).

From the decomposition (14) of the term F. e see that in an

axisymmetric geometry :

7 x *. = F, (35).

So the equation for i cali also be written as :

This result could of course have been obtained directly from the

electron momentum equation. So for an axisymmetric static plasma the

procedure described in this chapter reduces to a trivial one as far as

the azimuthal component is concerned. This is due to the fact that in

the azimuthal direction the electric field vanishes for a static plasma

and consequently there is no ambiguity as to what extent the terms F.
—\

are capable to generate an electric field and induce a current; in

azimuthal direction these terms can only drive a current. For the

meridional component this is different and the model described in this

work decomposes each term F, in a current driving component and a

component capable to induce a charge separation and thus generate an

electric field.

All terms in equation (32) are divergence-free and can be represented

by a flux function as shown in chapter 1 :

(37)>

7 */™i=54rv *,„„,* e • * i , n r= 2"? (38).rLapl~ 2 T F v "Ixxpl *V • ~Lapl- " " ' r
v

V x f = o I 7 *, x e ; * := 2 T r *. (39).
-i,<P 2 if r t -y i \,<p y '
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Here P is a vector potential for the vector VV. ]• Substitution of the

equations (37), (38) and (39) in equation (32) yields :

As all the flux functions, representing vector fields which remain

finite in the volume V, vanish at the axis, the generating equation for

the current flux function is :

•j " T " {*I*Pl+ f *t > <41>-

This equation is the integral counterpart of the differential expression

(32).

The current flux function $. is related to the azimuthal magnetic

field. Exploring this fact by using equation (38) the azimuthal magnetic

field is :

(42).

From these equations we see that the current flux and the azimuthal

magnetic field can be generated by the charges outside V and the

divergence-free parts of the terms F.. If we consider an isothermal

plasma in which the pressure term is the dominant term and other terms

F. can be neglected, the last term of the RHS of equation (42) vanishes.

If the plasma is close to a material boundary imposing constraints on

the electric potential, equations (41) and (42) show that there will be

a non-vanishing current flux and azimuthal magnetic field. This will be

discussed further in section 3 where an apparent paradox arises when we

consider the induction equation.

The discussion above is based on the formal decomposition of the terms

in the electron momentum equation. The calculation of the electric

fields and current density, using equations (8) and (9) is more

-33-



Chapter 2 : Theoretical model

appropriate for calculation purposes and will be used in the following.

As before we will consider the limitation to axisymmetry. Returning to

equation (9) we can then calculate the meridional and azimuthal

components of $_ :

17 [ dt

( i X- ) n
 + t V ? - V « , 1 (43).

" ̂  [ " (35F8t V 2, + < Si * fi >, ~

These equations assume axisymmetry but are not limited to static

plasmas. In the last equation we used equation (1-36) to express the

azimuthal part of the vector potential A in the flux function $„.

Equations (43) and (44) are generating equations for the meridional and

azimuthal components of the current density. On the RHS of the

meridional equation the first term represents the current induced by the

changing azimuthal magnetic field. As this component of the magnetic

field is caused by the meridional current density, the dk/dl term

depends on i . The other terms on the RHS represent the part of the

pressure, Lorentz and thermal forces driving a current. Equation (44) is

the generating equation for the azimuthal current density. As in

equation (43), the first term on the RHS represents the current induced

by the changing meridional magnetic field. Equation (44) states the

balance of the azimuthal forces acting on the electron gas; the driving

forces for the azimuthal motion, i.e. the Lorentz force and the

inductive force, must be balanced by the friction with the ions.

The inductive force also includes the effects of a changing externally

applied magnetic field as occurs for example in inductively coupled

plasmas [3],[4]. If we separate the externally applied magnetic flux

*B.applied f r o m t h e « e n e r a t e d f l u x ^.generated- w e c a n w r I t e f o r t h e

azimuthal component :

-34-



Part I : Theory

dt B,generated =<p ~ dt B,applied =9

2 ir r I ( w, x B ) ^—P - 17 J I (45).

This expression describes the time dependence of the generated magnetic

flux. From this flux we can calculate the meridional components of the

magnetic field by applying (1-34). Whether the plasma will behave

diamagnetically or paramagnetically will depend on the RHS terms of

equation (45). The first component on the RHS of equation (45) describes

the diamagnetic behaviour of the plasma.

The discussion given in this section is the basis for the calculations

we will discuss in the next chapter. We used the electron momentum

equation to derive the expressions for the electric potential and the

current density in terms of the forces acting on the electron gas.

3 THE INDUCTION EQUATION

When the generation of magnetic fields has our primary interest we can

in principle also study the so-called induction equation instead of the

electron momentum equation which was the basis for the discussion in the

previous section. In this section we will discuss this induction

equation and compare the results with those of section 2. Especially the

apparent paradox between the two methods will be discussed. As we will

show, displacement currents play an important role in the discussion of

the induction equation. Therefore we will assert the quasistatic

approximation here.

The induction equation describes the time development of the magnetic

field. This equation is the basis for calculations involving magnetic

field generation in plasmas, both for laboratory scale plasmas as

produced by intense lasers [5],[6] and in astrophysics [7].[8]. The

induction equation can be derived from the electron momentum equation.

As In section 2 this equation is given in a formal way by :
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(46).

Which terms have to be included in the summation depends on the plasma

we want to describe. If we want to consider specific plasmas, we will

refer to equation (4) where the different terms are given explicitly.

The discussion in section 2 gives the possibility to decompose each term

F, uniquely in an curl-free and a divergence-free component.

Substitution of this decomposition in the electron momentum equation

(46) yields :

0 = - E - V (2 * ) + 7 x (2 *. ) + V I (47).
i l i L

Here \. and *. are defined by equation (12) and (14), respectively. To

derive the induction equation, we calculate the curl of this equation.

If we assume a homogeneous resistivity the result is :

O = - V x E + V x V x (2* 7) + T J 7 X J (48).

Elimination of the electric field by applying Faraday's law gives :

-fl-B = T » 7 x i + 7 x 7 x ( 2 * l ) (49).

Taking the curl of Ampere's law gives :

(50).

The last term of the RHS of this equation is associated with

displacement currents. The combination of equations (49) and (50)

results in :

ir B = -3-V2B - V x 7 x (2 *.) - e 17 |p B (51).
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In the literature describing magnetic field generation in both

astrophysical objects and laser produced plasmas. Maxwell's displacement

current is generally neglected in Ampere's law ( i.e. the quasistatic

approximation ). Then the last term in equation (51) vanishes and the so

called induction equation is obtained :

| j V2B - V xV x ( 2 * t ) (52).

The last term in this equation can also be given by V x F. as can be

seen from the definition (14). The quantity Tj/fi is called the magnetic

diffusivity and has the dimension [length]2 [time]"1. The first term on

the RHS of equation (52) describes the decay of the magnetic field

through ohmic dissipation [8]. As this term is a dissipative one. the

last term on the RHS can be considered as the generating part in the

induction equation.

In describing magnetic field generation in astrophysical objects, the

dominant force term F. is mostly the w.x B term [7],[8]. In that case

equation (52) becomes :

B V2B + 7 x ( JJ^XB ) (53).

The relative Importance of the two terms in equation (53) is given by

the magnetic Reynolds number R :

|V x ( i^x B ) | / |-2- VaB| = 0 ( Rm ) ; Rm = ̂  u,o I/ TJ (54).
o

Here v> is the typical magnitude for the velocity and 1 the typical
o o

scale-length over which It varies. The magnetic Reynolds number can be

regarded as a dimenslonless measure for the resistivity in a given flow

situation. In the limit of zero resistivity ( R » 1 ), it can be shown

that the magnetic field is frozen into the fluid and moves with it [8].

If R « 1 the diffusion dominates and the ability of the flow to distort
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the magnetic field from whatever distribution it would have under action

of diffusion alone is severely limited. These conclusions governing the

relative importance of the terms determining the time development of the

magnetic field are of course of a preliminary nature and will require

modification in a particular context.

In laser produced plasmas the pressure force is often considered to be

the most important source term in calculating the magnetic fields

[5],[6]. In that case the source term for the magnetic field in equation

(52) is given by :

pressure = JT" V % * V f e C 5 5)"

Here T is the electron temperature in eV. So the origin of the

generated magnetic field is found in the non-parallel density and

temperature gradients. For an isothermal plasma this term vanishes and

the induction equation reduces to a pure diffusion equation :

In this equation the generating term is missing. If B = 0 at t = 0 then

there will be no magnetic field for t > 0. However, in section 2 we

found that if the plasma is in the vicinity of a boundary, imposing

constraints on the electric potential, there will be an aiimuthal

magnetic field even when the plasma is isothermal. This seems to

contradict the discussion following equation (56). This apparent paradox

is a result of the neglect of Maxwell's displacement current in the

derivation of the induction equation as we will show in the following.

The induction equation (52) was the result of neglecting the term

associated with Maxwell's displacement current in equation (51).

Therefore equation (51) is more generally applicable and will be the

starting point for the discussion here :
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(57).

We want to determine whether there Is any ambiguity in determining the

magnetic field from this equation. The second term on the RHS can be

decomposed in terms depending on the magnetic field £ and terms that

do not depend on the magnetic field * ~" . As a short hand notation we

introduce :

(58)-

(59).

In definition (58) the summation extends over all terms that depend on

the magnetic field. The other terms are accounted for in the summation

defining • . As an example the Lorentz term depends on the magnetic

field and is an element of the summation given by (58). The pressure

term, however, does not depend on the magnetic field and occurs in the

summation given by equation (59). We will assume that the only relevant

term in the electron momentum equation is the pressure term. Under this

assumption * vanishes and equation (57) can be written as :

|j 2 B - V x V x * " l B - e o T J | ^ B (60).
o

~ _
Suppose the magnetic field B (x, t) satisfies this equation and B (x, t)
Is a solution of :

As • ~" does not depend on the magnetic field, the magnetic field given

by B = B_ + B will also satisfy equation (60). This illustrates that if
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equation (61) has a non-trivial solution, the induction equation (60)

does not determine the magnetic field uniquely, at least in the limit of

vanishing £ . When the last term in equation (61) would be discarded,

the resulting equation would describe the decay of the magnetic field B

due to ohmic dissipation and no stationary non-trivial magnetic field

would result. However, the general solution of equation (61) will

include electromagnetic waves effects. We want to examine the solutions

of this equation representing a magnetic field 15, vanishing for t < 0

and becoming stationary after some time. Looking for these solutions we

write :

I (*• 0 = t (x) 2T(t) (62),

where 26 (x) and J(t) are real functions. Substitution in equation (61)

gives two differential equations for the functions S (x) and

respectively :

^ V2

o
V2 « (x) = K S (x) (63).

0 (64)-

Here K is an arbitrary constant which has the dimension [time]"1. For

plasmas becoming stationary after some time, a non-trivial solution B

(x, t) is obtained if and only if K = 0 s"1. A vanishing magnetic field

B (x, t) at t = 0 implies that the solution of (64) can be given by :

0 t < 0

(65).
(1 - exp(-t/Y)) t > 0 ; T = e TJ

For f •= 0 s"1 the function S (x) satisfies a Laplace equation :
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V2 » (x) = 0 (66).

The time development of B_ (x, t) is characterized by the very small time

constant e T? and Its growth can be considered almost instantaneously,
o

After the very short transient time, the magnetic field B (x, t) can be

regarded stationary and Maxwell's displacement current can be discarded

when applying Ampere's law. Then for t » T the current density j[ (x, t)

associated with the magnetic field B (x, t) is given by :

1 (*• 0 = -~- V * * (*) ! * » T (67).

and does not change in time for t » T. AS S (X) satisfies equation

(66), the current density J (x. t) can. for t » T, be written as the

gradient of some scalar function, say J :

Ife. O - V r ( x ) ; t » T (68).

So the induction equation (60) does not determine the magnetic field

uniquely and the magnetic field generated by a current density

satisfying (68) for arbitrary f can be added.

When, however, the last term in equation (61) is neglected, the only

solution of this equation, vanishing for t < 0 and becoming stationary

after some time is the trivial solution B (x, t) = Q. This Implies that

when Maxwell's displacement current is discarded in the induction

equation, the solution does not incorporate the magnetic fields

generated by that part of the current density that can be derived from a

scalar function as given by equation (68). It is this part of the

current density which vanishes when we take the curl of the electron

momentum equation to derive the induction equation. The magnetic field

generated by these currents is projected in the indeterminacy to

calculate the magnetic fields from the induction equation (60). This
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indeterminacy is indlssolubly connected to the displacement current.

Discarding this term in the derivation of the induction equation

eliminates the possibility to incorporate the magnetic fields generated

by these curl-free current densities in its solution.

In deriving these results we assumed that the magnetic field 3 (x, t)

could be given by equation (62). The general solution of equation (61)

has to be regarded as an expansion in these kind of elementary

functions. Furthermore we assumed a vanishing * . In general this term

has to be taken into account and the ambiguous magnetic field no longer

satisfies equation (61) but a more complicated differential equation in

which also # occurs, results.

In the discussion above we have shown that the induction equation does

not uniquely determine the magnetic field. A magnetic field generated by

a current density derivable from some scalar function can be added

without violating the induction equation. Physically speaking this

scalar function is of course not undetermined but has to be calculated

from the electron momentum equation as given in section 2 of this

chapter. The result is given in equation (28) and recapitulated below :

Summarizing, the first term represents the induced electric field due to

a changing magnetic field, the second is non-vanishing for a plasma with

a resistivity gradient non-parallel to the current density, the third

one represents the influence of the (mirror) charges outside the volume

V and the fourth term represents the divergence-free component of the

terms F.. As in the discussion of the Induction equation, we will only

consider the limit of constant resistivity. Then the second term on the

RHS of equation (69) vanishes and only the current driven by the

(mirror) charges outside the volume V can be derived from a scalar

function. The induction equation (52) does not incorporate the magnetic

fields driven by the electric field generated by the (mirror) charges
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outside the volume V. So, when we want to deeribe the magnetic field in

plasmas close to some boundary imposing constraints on the electric

potential we have to use the electron momentum equation.

As an example we can consider a laser plasma produced by focusing an

intense laser beam on a metal surface. When this laser plasma is

isothermal and the pressure force is the dominant force term, the

induction equation (52) would yield no magnetic field. The (mirror)

charges outside the volume V can, however, drive a current and generate

a magnetic field. We will discuss such a laser plasma in chapter 5.

When, however, the boundaries are at a large distance from the plasma,

the third term in equation (69) vanishes and the magnetic fields

calculated from the induction equation and the electron momentum

equation respectively will be identical.

4 MOHUfnM EQUATIOHS FOR THE HEAVY PARTTCT Kfi

In section 2 we discussed the electron momentum equation. As in most

laboratory plasmas the ion current is smaller than the electron current,

the electron momentum equation is more appropriate to derive the

electromagnetic field quantities. The motion of the ions, however, is

also influenced by the electric and magnetic forces. In this section we

will discuss the ion and neutral momentum equations.

Ignoring viscosity effects the ion momentum balance is given by

equation (1-47) :

and the momentum balance for neutrals is given by equation (1-48) :

An exact solution of the flow problem should be obtained from a
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simultaneous solution of the momentum equations for electrons, ions and

neutrals. For practical situations this is almost impossible. Therefore

we have chosen for the solution scheme already discussed in section 2.

Assuming a small ion velocity compared to the electron velocity, we

neglect the w x B term in the electron momentum equation (3). Then the

electrons are net influenced by the ion motion and an effective

decoupling between the electron and ion motion is obtained. Under this

assumption we can, for given electron density and temperature, calculate

the electromagnetic field quantities from the electron momentum

equation. These field quantities are then determined completely by the

assumed electron density profile, temperature profile and the boundary

conditions. The physical validity of the assumed electron density and

temperature profiles has to be found in the momentum equations of the

heavy particles as we will discuss in the following.

When for the assumed electron density and temperature profiles the

electromagnetic field quantities are determined from the electron

momentum equation, the only unknowns in the ion momentum equation are

the ion velocity, the ion temperature and the ion-neutral friction. Vrhen

the degree of freedom is high enough to neglect the ion-neutral friction

and the ion temperature profile is known, the ion velocity can in

principle be calculated from the ion momentum equation. With this

calculated velocity we can verify the assumption of a negligible ion

current. Furthermore we can check whether the ion flow satisfies the

continuity equation. Under the assumption of a negligible ion current

there is no net ionization/recombination and the source term in the

continuity equation vanishes. This follows directly from Ampere's law

when we neglect Maxwell's displacement current. Both these checks should

give a positive result. If not, the assumed profiles and the calculated

electromagnetic and flow fields do no represent a physically possible

plasma. In chapter 3 we will describe an iterative procedure, based on

the discussion above, which in principle can give a self-consistent

solution of both the electron and ion momentum equations.

To solve the ion momentum equation we can eliminate the electric and
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resistive forces by adding the electron momentum equation resulting in

As before we have neglected the electron inertia. Adding the momentum

equation of the neutrals gives the total particle momentum or Navier

Stokes equation :

mine W 2l + \ n 0 fe S!o = ~ V(pi + Pe + P0 > + J- X 5 (73)-

We will consider the stationary 1* it of this equation, first in its

differential formulation. For a stationary plasma the inertia terms in

equation (73) can be written as :

mina h *a = mtna I V< wl ) " mina ^ X ^ V x ^ ) ; a = 1.0 (74) .

Substitution In equation (73) gives :

- V t { » t
 x (V x wt) - i V w= } - nemo{Too x (V x j^) - | V v>z

Q } =

- V ( pe+ pt+ pQ) + lx B (75).

For an axisymmetric plasma the azimuthal component of this equation is

given by :

Defining the vorticity functions 0, and (7- by :

| = ' K i ! [ (77).
and

equation (76) can be transformed into
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For a source less plasma, the meridional mass flow densities n m.io. and

nQin.jo-. can be derived from a vector potential # :

n m.ib = V x M ; a = t. 0 (80).

All the meridional vectors in equation (79) are divergence-free and can

be expressed in flux functions :

ct i —o!vm 2 ir r RMCC ™^ ' Jf,o oc,v*

Here $. , $„ , $ n and $„ are the current flux, magnetic flux,J a w,a a,a ~~

vorticity flux of species a and the mass flux of species a,

respectively. Now the azimuthal component of the Navier Stokes equation

becomes :

Each of the LHS terms of this equation can be ascribed a geometrical

interpretation. Consider for example the last term :

From this equation we see that 7$. x V$_ can be interpreted as the

Jacobian determinant of the transformation of the coordinate system (r,

<p, z) to the coordinate system ( $,, <p, $- }. The same reasoning is

valid for the other terms in equation (85). When all these coordinate
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transformations are admissible we can write :

J f V i : *a.t ) + J { V o : §o.o ) + J < *j •• *B > - ° <87>-

Here J ( a ; P ) represents the Jacob i an of the coordinate

transformation ( r, <p. z ) • {a, <>, P ). These transformations are

of course only possible if the flux surfaces $ and $„ are not

degenerate (except the axis, corresponding to $ = 3L = 0 ). As

discussed in section 2 the electromagnetic field quantities J_ and B are

determined from the electron momentum equation. To satisfy the azimuthal

component of the Navier Stokes equation the vorticity and mass flow flux

functions have to satisfy equation (87) for given J ( j ; B).

The azimuthal component of the Navier Stokes equation can also be

analyzed in an integral formulation. Using elementary vector calculus

the inertia terms in the Navier Stokes equation (76) can be written :

( v x (7 x v ) ) = — w «V ( r w ) ;a = t.O (88).
—a. —a <p r —cc —top v

Then, for a sourceless plasma :

V*( ne "i r % =1 J + V*< n0 mt r % 20 > " " r ( i x £ >9

Integration over a non-moving volume V , bounded by the surface S' and

using Gauss' law yields :

ff ( n m r w ) w -n dJJS.

JJJv*

S1

(90).

The LHS of this equation represents the net flow of angular momentum

through the surface S', while the RHS represents the total torque on the

heavy particles In the volume V . So this equation expresses the
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conservation of angular momentum. Using the electron momentum equation

the integrand on the RHS of of equation (90) can also be given in the

following formulation :

= e ne r { vj^ - { Et * 2

This equation shows that the heavy particles can be accelerated

azimuthally by the friction of the ions with the electrons and by the

Lorentz force on the ions. When the ion current is small compared to the

electron current, the friction with the electrons will be dominant and

the azimuthal rotation of the ions can be considered a consequence of

the rotation of the electrons. The ion rotation will induce the rotation

of the neutrals through the ion-neutral friction and the following

ordering will be valid :

10 » IB. > ID- (92) .
e<p t<p 0<p y '

5 SUMMARY

In this chapter we have described the model to calculate the

electromagnetic field quantities in expanding plasmas. Starting with the

electron momentum equation, a procedure is discussed that decomposes

each of the force terms acting on the electron gas in a current driving

part and a part that induces an electric field. The apparent paradox

that arises when our model is compared with the so-called induction

equation is a consequence of neglecting displacement currents in the

derivation of that induction equation. A consequence of this neglect is

that some sources for magnetic field generation are not recognized as

such when the induction equation is applied. For example, our model

predicts magnetic fields in isothermal plasmas that are not disclosed by

the induction equation.

Finally the motion of the heavy particles is discussed. The motion of

the heavy particles Is related to the electromagnetic field quantities.
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CHAPTER 3 : ITERATIVE PROCEDURE AND SCALE ANALYSIS

1 IMTROD0CTI0N

In chapter 2 we discussed the theoretical model which is the basis for

the numerical calculations to be discussed in chapter 4. 5 and 6.

Starting from this model we will describe an iterative procedure to

calculate the electromagnetic field quantities from the electron

momentum equation. These calculations have been performed on a VAX 8530

computer using finite element techniques. The numerical program

calculates the electromagnetic field quantities for given electron

density and electron temperature. The calculations were performed for

static plasmas only : 3/3t = 0. In the last section of this chapter we

will discuss an iterative process based on the heavy particles momentum

equations. This procedure in principle yields information concerning the

physical validity of the assumed electron density and electron

temperature profiles. The combination of the two iterative processes in

principle yieldJ a solution strategy to solve the electron and heavy

particles momentum equations self-consistently. In this thesis we will

only give the results of the first iterative process, i.e. the solution

of the electron momentum equation for given electron density and

electron temperature profiles. In section 4 we will discuss the scaling

of the physical fields with a change in typical scale length of the

plasma.

2 ITERATIVE PROCESS : THE ET-BnTBOH MOHEHTtM EQUATION

In this section we will describe the iterative procedure to solve the

electron momentum equation. The basis for this Iterative process is the

discussion given in chapter 2. The electron density and electron

temperature profiles are assumed to be known and do not change in the

iterative process. For the numerical calculations we have assumed that

the ion gas is non-moving. This assumption effectively decouples the

electron momentum and heavy particle momentum equations. The motion of

the heavy particles can be taken into account when the iterative process
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discussed here is combined with the iterative process to be discussed in

section 2 of this chapter. Under the assumptions made, the electron

momentum equation is given by :

The physical fields used in iteration i are labeled with the index i :

Jj. Pt. <P j ,1 E,. B. are the current density, charge density, electric

potential, electric field and magnetic field in iteration t, respec-

tively. We will describe a procedure to determine these fields after

iteration t+1. Rearranging equation (1) yields an expression for the

electric fields £. :

ene

The charge separation Pf + . can be calculated from E. by applying

Coulomb's law:

"t*t := £o V'Et O)-

The electric potential <p , , . can be calculated from Poisson's law and

the appropriate boundary conditions :

»el.t+ife boundarŷ  = fUf k' h' ne' V < 5>'

The boundary conditions c-m depend on the physical fields. For example,

the sheath potential depends on the component of the current density

normal to the scheath. Solution of equation (4) in combination with

equation (5) yields the electric field £.+, :
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The current density it+. is defined by :

The generated magnetic field B ... generated by the current density

j. .. can be calculated from Ampere's law and the total magnetic field
i s given by :

5t+l= ̂ external + ^gen.i+1 ( 8)'

where B , represents the external magnetic field. Through this

procedure we have calculated the physical fields J_, p, <p ,, £ and B for

the next step in the iterative process, labeled i+t. The iterative

process is started with :

4 - 0 : Pl=0 ; V i l - 0 : E^O ; B, = B ^ ^ { 9).

The iterative process given by equations (2) to (9) is stopped when two

successive steps yield a sufficiently small difference in the physical

parameters j_. p, V> ̂ . £ and B. Then a solution of the electron momentum

equation is obtained for given electron density and electron temperature

profiles.

3 ITERATIVE PHOCESS : HEAVY PAWTTn.1? MOMENTOH EQUATIONS

In section 1 we have discussed an iterative procedure to calculate the

electromagnetic field quantities from the electron momentum equation.

The motion of the ions is influenced by the electrons through the

electric, magnetic and resistive forces. To calculate this motion we

consider the stationary ion momentum equation :

For a fully Ionized plasma the ion-neutral friction R ° vanishes on the
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RHS of this equation. For a given density and temperature profile of the

electrons, the electron momentum equation can be solved as described in

section 2. The unknowns in the RHS of equation (10) are the ion velocity

w., the ion temperature T. and the ion-neutral friction R °. If the ion-

neutral friction is a negligible force term in the ion momentum equation

the ion velocity can be determined by solving the ion momentum equation

for a given ion temperature profile. Provided the component of the ion

velocity perpendicular to the magnetic field is small compared to the

perpendicular electron velocity, the en i»,x 15 term can be neglected in

this equation.

We have not actually solved the ion momentum equation (10). Therefore

the following only describes the principle of the procedure to solve the

electron and ion momentum equations self-consistently without actually

having performed this calculation, i.e. we disregard the problem of

convergence.

To determine whether the calculated ion velocity is compatible with

the electron density assumed, we consider the ion continuity equation

given by :

Here S(n , T ) is the source term which depends on the density and the

temperature of the electrons. Using this equation we can define a

quantity a :c

-e ••=s(v T;\~Jf"e

This quantity has the dimension of a density. Only if n - n the

assumed electron density is physically relevant. When n differs from

n , n can be taken as the next approximation for the electron density
e e

profile. For this new electron density the procedure is repeated : the

electron momentum equation Is solved for this new density profile. This
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calculation uses the systematic ion velocity as determined from equation

(10) and yields new approximations for £, E and B. With these new

electromagnetic field quantities the ion momentum equation is solved.

This is repeated until n and n reach values sufficiently close. These
e 6

calculations implicitly abandon the assumption of a non-moving ion gas.

When this iterative scheme is successful, a self-consistent solution of

both the electron and ion momentum equations is obtained for given

electron and ion temperature profiles.

4 SHALE ANALYSIS

Suppose that for given electron density profile n ^(r.z) and electron

temperature T M the iterative procedure, described in section 2 is

successful. The resulting physical quantities will be labeled with an

asterisk M. We want to consider whether a change in scale length allows

a scaling of the physical quantities. Consider the scaling of the

electron density profile given by :

In this equation S Is the scaling parameter. Large values of S

correspond to small characteristic scales. The following discussion will

be limited to isothermal plasmas. Furthermore, the electron temperature

is not changed in this analysis. The iterative procedure can now be

analyzed for the new electron density profile n. (x). Whether the new

physical quantities can be obtained by simply scaling the corresponding

quantities, labeled M> depends on the change in boundary conditions for

the solution of the Poisson equation. Here we will consider an example

of such boundary conditions, given by :

*el^ boundary = *eI.«&"boundary> <14>-

We will furthermore assume that the boundaries do not impose any

constraints on the magnetic field. I.e. the magnetic field can be

calculated for an Infinite domain from Ampere's law with vanishing

-54-



Part I : Theory

current density outside the volume V. Then the physical quantities can

be scaled and are given by :

electron density : n (x) = n x(x") (15),

charge separation : p(x) = ®2 PJt(
x>) (16).

electric potential : <p ,{x) = <p l M(x") (17).

electric field : E(x) = S E^(x') (18).

current density : j.(*) = ® Jî t*') (19).

magnetic field : B(x) = B^x") (20).

current flux function : *j(*) = g *j ̂ (2.') (21).

magnetic flux function : *n(*) = 5s *B *t(i'̂  (22).

These equations describe the scale dependences of the physical fields.

For example, these equations show that for a given electron density

profile the generated magnetic field is independent of the scale length.
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1 IWTHODOCTIOW

The occurrence of unipolar or plasma induced arc discharges has been

known since the late fifties. Robson and Thoneman [1] were the first to

describe these phenomena and they introduced the term unipolar arc.

Essential for these kind of discharges is that one electrode serves both

as cathode and anode, this in contrast to normal bipolar arcs. In fusion

reactors the unipolar plasma-wall interaction produces high-Z impurities

which cool the plasma [2]-[5]. Also in laser produced plasmas the effect

of plasma induced arcing, known as laser pitting, has been studied [6J.

The basis for the Robson Thoneman unipolar arc model is illustrated in

figure 1.

electrode

(a)
cathode spot

(b)

Figure 1 : Unipolar arc model.

When no arcing occurs (figure la), the floating sheath potential V,

prevents all but the higher energy electrons in the Maxwell ian

distribution from reaching the surface. If V, exceeds the potential to

initiate and sustain an arc. then there will be a strong local emission

of electrons from the cathode spot on the electrode into the plasma
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( figure lb). In the vicinity of the spot the plasma potential will be

lowered and more electrons can return to the electrode there. The return

flow of electrons closes the current loop of the unipolar arc. In their

original paper, Robson and Thoneman assumed a constant electron density

and a constant reduction of the sheath potential over the whole plasma-

wall boundary contributing over a large area of the wall. However, the

occurrence of the cathode spot implies an enhancement of the electron

and ion density near the spot. This concept is incorporated in the model

of Schwirzkc [7] who gives an essentially qualitative description of the

unipolar arc. In this model the electric fields induced by the pressure

gradient in the plasma above the sheath determine the characteristics of

the discharge. Other models are given by Wieckert [8], Hantzsche [9] and

Ecker [10]. The analysis given by Wieckert [8] does not take into

account the effects of the plasma above the sheath. Ecker [10] does

incorporate to some extent these effects in his model. However, this

model is essentially one-dimensional and no details of the current

backflow can be derived from it. Ecker's calculation shows that the

electromotive force induced in the plasma can be more important than the

sheath induced electromotive force. The discussion given by Hantzsche

[9] treats the sheath phenomena extensively.

In this paper we give a 3-D description of an axisymmetric arc in

which both sheath and plasma phenomena are incorporated. The sheath

phenomena are reflected in the boundary conditions for the plasma

similar to the approach of Wieckert [8]. The basis for our model is the

simultaneous solution of the electron momentum equation and the boundary

conditions. The model elaborates upon the electric, current density, and

magnetic fields in the plasma ball above the sheath. Both pressure and

magnetic effects are included. We will first discuss the sheath

phenomena which will impose boundary conditions on the description of

the plasma.
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2 SHEATH PHENOMENA

As we will discuss later, the solution of the electron momentum

equation assumes an electron density and temperature profile in the

region above the sheath. We follow Hantzsche [9] by assuming an electron

density profile which can be considered as a superposition of two

different plasmas:

1) a background plasma of low density

2) a high density cathode plasma at a temperature of a few eV.

When the electron temperature of the background plasma, is high (>10 eV),

the arc configuration resembles a plasma induced arc in fusion devices.

When, however, the background is at a temperature comparable to the

value in the cathode spot, the discharge resembles a vacuum arc. The

description of both these plasmas is analogous [11]. They differ in

background plasma, but the effects associated with the cathode spot are

similar. The differences in background plasma cause the extension of the

current backflow region to be different. For the vacuum arc the constant

background density can be regarded as an approximation of an essentially

broader density profile superimposed upon the density profile describing

the cathode spot. Due to this approximation the physical fields far from

the spot will need modification when an accurate description is needed

there. The approximation will, however, not essentially influence the

physics of the region near the spot that has our primary interest.

Here we will consider an isothermal plasma : both the background and

the cathode plasma have the same electron temperature ( 3 eV ). We

assume that the sheath thickness, which is of the order of the Debye

length, is small compared to the characteristic scale length of the

cathode spot. Therefore we can incorporate in the description of the

plasma above the sheath the sheath phenomena in the boundary conditions

for the electric potential. To show this we first consider the current

density dependence on the sheath potential, given by [1]:

-58-



Part I : Theory

-eV.
J = £ nee J8kTe/ir m { exp { - ^ - ) - exp { - ^ ) } (1).

e e

Here V is the potential difference between sheath edge and the wall.

"J." means perpendicular to the wall surface and n. is the electron

density at the plasma-sheath interface. All voltages are given with

respect to the wall. V, is the floating potential given by :

Vf = (ftT/2c) In ( m+ /2 ir me ) (2).

where T is the electron temperature, m+ the ion mass and m the

electron mass. When the sheath edge is at this floating potential, there

is no net current towards the electrode.

From (1) it is possible to calculate the sheath potential V for a
s

given perpendicular component of the current density. At the cathode

spot, however, the voltage drop over the sheath equals the cathode fall.

For copper the cathode fall V is of the order of 15 V [12]. The cathode
c

fall is kept constant, i.e. we do not assume any dependency on the

current density. The cathode fall occurs within the crater of the spot.

Equation (1) describes the current-voltage relation for the sheath. This

current density has a minimum value j . , _ . for which all of the

current is carried by the ions and all the electrons are inhibited to

cross the sheath due to the high sheath potential. The quantity
ls g i v e n by :

'sheath-mln " -"ee A V n
+ <3> •

If the actual current density is less than this minimum current we

have to assume that arcing occurs there and that the sheath potential

equals the cathode fall. In the iterative procedure described in the

next section, used to solve the electron momentum equation, the sheath

potential can be varied depending on the perpendicular component of the

current density. This will be discussed further in the next section
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where the plasma above the sheath is considered.

3 PLASMA. PHEWOHEWA

Here we will consider the plasma above the sheath. The model described

is a two-fluid model. We consider a plasma in which only singly ionized

atoms play a role. The extension to a plasma in which also higher

ionized atoms occur does not alter qualitatively the basic physical

processes we want to describe here. We will assume that the degree of

ionization is high enough to neglect the electron-neutral friction in

the electron momentum equation. The model can be applied to axisymmetric

plasmas. For the electromagnetic fields, we will assume that

displacement currents can be neglected, i.e. that the quasistatic

approximation can be applied. Furthermore, we will assume that the

plasma can be considered static, i.e. that the relevant time scales are

long enough to assure that the electric fields induced by a changing

magnetic field are small compared to the electric fields induced by

charges. Then the electric field can be derived from the electric

potential <p ,.

Neglecting the inertia term the electron momentum equation is given by

equation (1-46) :

0 = -Vpe -ene E - enc u^ x B + en̂ Tj J_ (4),

here p is the electron pressure, E the electric field, n the electron

density, u> the systematic electron velocity, 15 the magnetic field, TJ

the resistivity and j. the current density. In most plasmas that have our

interest the current is carried almost completely by the electrons,

implying :

l~ ~ eneEe (5)•

The current in the plasma ball above the cathode spot is carried for
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80-90 % by the electrons [13]. The neglect of the ion current has to be

justified later

For a quasistatic plasma V*j_= 0. Then condition (5) implies that the

plasma is sourceless. With the simplification (5) we can. after division

by en , write for the electron momentum equation:

As long as (5) is valid, the motion of the electrons is not directly

influenced by the motion of the ions. As far as the electron dynamics is

concerned, the whole of the physics of the interaction of electrons and

ions is projected in the electric field and the resistivity TJ which is

temperature and only weakly density dependent. As the magnetic field is

determined by the current density, the first, third, and the last term

in equation (6) are known for given electron density and velocity of the

isothermal electron gas. So the electric field can be expressed in

"electron gas quantities", although its origin is found in the charge

separation between electrons and ions. This implies that under the

simplification (5) the current density and the magnetic field as well as

the electric field can be determined from the dynamics of the electron

gas. This means on the other hand that the ion gas moves in

electromagnetic force fields which are known for given electron density

and velocity.

This will be the basis for the model to be presented in the following.

We shall calculate the electromagnetic quantities by solving the

electron momentum equation. We will start from given density and

temperature profiles for the electrons. Both these quantities are in

principle measurable.

For the solution of the electron momentum equation, we assume

prescribed electron density and temperature profiles JV (r, z) and

7 (r, z) respectively. We will use cylindrical coordinates (r,v>.z)
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throughout. Due to the axisymmetry, d/d <p = 0 for all physical scalar

quantities. For clarity we note that vector components do not depend on

the azimuthal angle <p. We want to stress that in general both j and B

can have radial, azimuthal and axial components. The radial and axial

components together are called the meridional component. For example the

meridional current 1 density is given by :

The magnetic field can consist of two parts. The magnetic field can be

either sustained by external coils or can be a self-generated one due to

electric currents in the plasma. So we can write :

£ = SappUed + generated (8)-

Rearranging equation (6) gives :

e e

It is tempting to consider this equation as a generating equation for

the electric field. However, equation (9) merely states the formal

balance of forces acting on the electron gas and gives no information on

the charge separation in the plasma that actually causes the generated

electric field. This charge separation can be determined from Coulomb's

law :

V-E = p/& (10).
o

Here e is the permittivity. Neglecting the spatial dependence of the
o

resistivity, combination of (9) and (10) gives the charge separation in
the plasma :
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When the resistivity Is not homogeneous the term Tjj also occurs on the

RHS of this expression. In this way we can calculate to which extent the

forces acting on the electron gas are capable to induce a charge

separation. Through the Poisson equation this charge separation

determines uniquely the electric potential <p ,, once the boundary

conditions are given. The boundary conditions on the electrode can be

determined as given in the first section. These boundary conditions will

depend on the current density j. Equation (1) gives the relation between

the sheath potential V and the normal component of the current density.

We can then calculate the quantity £ defined by :

This quantity has the dimension of a current density. For given Jt , 3"

and J_ the quantity £ is determined uniquely, since the generated

magnetic field can be determined from the current density through

Ampere's law. Referring to equation (9) we see, however, that if and

only if £ = J_ these quantities describe a physically relevant plasma,

satisfying the electron momentum equation and the corresponding boundary

conditions. Our aim is to find that current density J_ which, for the

given electron density and temperature distribution, yields £ = j_. In

the next section we will discuss an iterative procedure to determine

this current density.

The discussion above shows that each force term acting on the electron

gas Is capable of

1) inducing a charge separation and thus generating an electric

field

2) and/or driving a current.

We have already considered a force term which in the limit of constant

resistivity, falls completely in the second class : the electron-ion
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friction does not contribute to the charge separation in the plasma. On

the other hand, if we consider an unbounded isothermal plasma, the

pressure term induces an electric field exactly balancing the pressure

term in equation (6). Then the pressure term is not capable of driving

any current and thus completely falls into the first category.

Formally we can consider the procedure given above as an unique

decomposition of each force term, that acts on the electron gas, in a

current driving part and a part which generates an electric field

through the induced charge separation. This uniqueness is a direct

consequence of Coulomb's law (10). As a matter of fact, our

consideration concerning the possibility to interpret equation (9) as a

generating equation for the electric field can now be summarized by

stating that equation (9) alone, without Coulomb's law, misses the

stringent condition to have a unambiguous decomposition of the force

terms.

4 ITERATIVE PROCEDURE

In this section we will describe an iterative procedure to solve the

electron momentum equation. The basis for the iterative procedure used

is the discussion in the last section. The electron density and

temperature profiles are assumed to be known and do not change during

the iterative process. For a current density distribution j_ we can

calculate the generated magnetic field through Ampere's law. This

current density also determines the sheath potential which is used in

the solution of Poisson's equation. Then it is possible to calculate,

using equations (9), (10), and (11). the charge separation and through

the Poisson equation the electric potential <p ,. All the RHS terms of

equation (12) are known now and the quantity £ can be determined. When

this quantity equals the current density J_ a solution of the electron

momentum equation is obtained. If not, then the quantity £ is taken to

be the next approximation for the current density in the iterative

scheme. This is repeated until convergence in j_ and £ occurs. Then a
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solution is obtained satisfying the electron momentum equation.

Maxwell's equations and the sheath equation (1).

The iterative procedure is started with a current density equal to

zero. Then only the pressure term has to be taken into account and the

sheath potential equals the floating potential outside the crater.

5 RESULTS AMD DISCUSSION

The electron momentum equation has been solved numerically using the

SEPRAN finite element package on a VAX 8530 computer. Here we will give

the results of these calculations.

When no external magnetic field is applied, the azimuthal component of

£ vanishes as can be seen from the azimuthal component of equation (12):

$ e = - — 1 x B (13).

As the iterative calculation is started with ± = 0, both the azimuthal

current density and the meridional magnetic field will remain zero

throughout. When the iterative process is started with a non-vanishing

azimuthal current density, the converging solution also yields a

vanishing one. For the calculations to be discussed we assumed an

isothermal electron gas ( T = 3 eV ). a homogeneous resistivity

{ T)=10"4 Vm/A ) and a density profile .AT as given in figure 2. This

figure is a contour plot of the electron density. The contour lines are

are labeled 1 to 10 and are equally spaced between the minimum and

maximum values of the electron density, given in the figure. As we

assumed axisymmetry, all physical quantities can be represented in the 2

dimensional r-z plane. Figure 2 is an example of such a representation

and shows the region for which the electron momentum equation has been

solved. The region which we used for the calculations extends 1 mm

radially and .2 ram axially. The large radial extension of the region is

a consequence of the geometry of the current backflow to the electrode.

The plane z = 0 is the cathode.
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e
3
IM

min: 1-10?? m"3

max: M O 2 5 m~3

100 200 300

Figure 2 : The assumed electron density profile.

The Poisson equation is solved on the region enclosing the whole of the

plasma. Its boundary at the cathode is formed by the edge of the sheath.

At this edge the boundary conditions for the electric potential are

derived from the axial component of the current density as given by

equation (1). This is of course only possible for the region of the

cathode where the current density exceeds the minimum current density

•'sheath-min a s ^iven in equation (3). When the axial current density is

less than this minimum current density, the potential is taken to be the

cathode fall. For numerical reasons we asserted the simplification that

the cathode fall equals the floating potential and that j . .

equals zero. For a 3 eV Cu-plasma we find V», =14.75 V. As this is of

the same order as the cathode fall (15 V) [12], the first simplification

is justified. The second simplification will be justified later. These

simplifications assure that the potential distribution at the cathode

rim is a smooth one. As no theoretical nor experimental data are

available on the potential distribution within the spot, the cathode
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fall is taken to be constant. To avoid discontinuities in the

potential's derivative, corresponding to physically impossible infinite

charge densities, we assume a smooth transition of the potential over

the crater rim. The occurrence of a potential hump at the crater edge

cannot be excluded; certainly the mechanism of expelled metal fluid

particles suggested by Mesyats [14] could be an indication of such

potential disturbances. In this first order calculation we will ignore

such a possible potential disturbance.

At the other boundaries we assume natural boundary conditions for t" s

electric potential : dip ,/3n = 0. At the left boundary, corresponding to

the discharge axis, this is a direct consequence of the symmetry of the

discharge. The upper and right boundary are taken far from the spot

warranting a vanishing normal electric field there. For the numerical

calculation the region was covered with a mesh of 1032 axisymmetric

quadratic isoparametric triangles in R3. The coarseness of the mesh

increases from the cathode spot region where the gradient lengths are

smallest.

For the assumed electron density and temperature profiles, the Lorentz

term in the electron momentum equation is small compared to the pressure

force. Therefore we will neglect this force term and first consider a

simultaneous solution of the electron momentum equation with boundary

conditions, only taking the pressure term into account. The validity of

neglecting the Lorentz term will be verified later. The assumed electron

density distribution along the electrode is plotted in figure 3. From

this figure we see that the radius of the plasma ball above the sheath

is about 30 M">. As will be discussed later the current drawn from the

anode region and returned to the cathode region is 19 A for this radius.

For larger radii, this current was higher and the existence criterion

defined by Ecker [15] could not be satisfied. This criterion states that

for a stationary spot at rest on a copper surface, the current should

satisfy the relation :
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(14).

For copper I . = 13 A. This value should be considered as a lower limit

for stationary spot operation [15]. Experimentally maximum currents in

the order of 100 A per spot are observed for copper [16],

1.010

<v

1.010

Figure 3 : Electron density at the edge of the sheath.

The density profile given in figure 3 describes an expanding plasma.

The expansion is from the origin into a low density plasma background.

The maximum density is assumed at the origin and is hundred times as

high as the background density. In figure 4 and 5 the radial and axial

components of the pressure term as given in equation (6) are given.

These components are determined by the radial and axial gradient lengths

of the electron density, not by the electron density as such. However,

in order to have small gradient lengths, a high electron density will be

required.

-68-



Part I : Theory

min : 0 V/m

max : 2.88 105 V/m

300

Figure 4 : The radial component of the pressure term.

min : 0 V/m

max : 3.53 10s V/m

200
rl/jm)

Figure 5 : The axial component of the pressure term.
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The elongation of the electron density in the axial direction is 1.23

times the radial elongation. Neglecting the Lorentz force, the only term

in the electron momentum equation capable of inducing a charge separa-

tion is the pressure term. As we have assumed an isothermal electron gas

with a constant electron density profile, this induced charge separation

does not change during the iterative procedure. This charge separation

is given in figure 6.

200

e
r 100

min : - 8.76 1O17 m"3

max : 1.28 1O1B m"

200
r(jum)

300

Figure 6 : The induced charge separation.

This figure shows that near the origin there is a depletion of electrons

which are accelerated due to the pressure term towards the boundary of

the expansion where a surplus of electrons arises. The charge separation

calculated is much smaller than the electron density itself so that the

plasma still can be considered to be quasi-neutral. As the axial

component of the pressure term vanishes at the electrode, the plasma as

a whole is neutral. In the iterative process it is the boundary

condition at the cathode sheath which has to be matched to the axial

current density in order to solve the electron momentum equation. In the
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first iterative step the potential at the cathode sheath is taken to be

the floating potential. Then the solution of Poisson's equation is given

in figure 7. The potential along the axis is given in figure 8.

E

3

min : 12.42 V

max : 18.93 V

200
r(;um)

300

Figure 7 : The potential distribution

We clearly see a potential hump in front of the electrode of some volts

and a potential minimum at some distance of the origin corresponding to

the surplus of electrons there. This corresponds to a double layer just

in front of the cathode surface.

As the electron gas is isothermal, the pressure term can be

represented by a scalar potential x =

In (15).

Here VQ and n_ are arbitrary constants with dimensions of a potential

and density, respectively.
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75 16.33

<D

1 I r

13.71

12.40
200

Figure 8 : The potential distribution along the axis

The potential x is associated with the so-called ambipolar electric

f i s I d ^mbtpolor- d e f i n e d b v :

V ne
(16).

For VQ= 0 V and nQ= iO23 m"3 ( i.e. the background density) the

potential K is given in figure 9.

To illustrate the discussion given in section 2 it is interesting to

compare the calculated potential distribution <p , to this scalar

potential \. The difference between the potentials <p , and x. represents

that part of the pressure term not capable of inducing • 'barge

separation and is given in figure 10.
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Figure 9 : The potential

200

e
^100
N

200

min : -14.75 V

max : -0.938 V

300

Figure 10 : The differential potential \ — <p ..
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Analytically the Laplacian of this differential potential equals zero.

As the differential potential is not constant we conclude that the

electric field is not the ambipolar electric field, given in equation

(16).

Under neglect of the Lorentz term the current density can be derived

from equation (12) and is given by :

So the current density is orthogonal to the contour lines of the

differential potential ( \ - <p , ) • This differential potential is in

fact the potential <p, ,, discussed in chapter 2.

This discussion shows that although the pressure term can be derived

from a scalar potential it also drives a current. In this way it is

possible to filter that part of the pressure term capable of inducing an

electric field from the part capable of driving an electric current. The

component of this current density normal to the plasma-sheath Interface,

dictates the sheath potential. This axial current density is given in

figure 11.

In this figure r_ represents the minimum radius for which the current

density can be described by the sheath equation (1). In the iterative

process it is the boundary condition for the solution of the Poisson

equation at the cathode sheath which has to be matched to the axial

current density. The change in sheath potential, however, will also

affect the current density and the iterative process is continued. The

process is stopped when the current density matches the sheath

potential. Then the final solution is obtained. This final potential

distribution is given in figure 12.

The axial component of the current density and the electric potential

at the edge of the sheath are given in figure 13.
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1.010

•2 -3.110"

-4.110'
I I I I i I I I

200

Figure 11 : The axial current density at the edge of the sheath

200

100

min : 10.84 V

max : 18.04 V

200 300

Figure 12 : The final potential distribution.
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Figure 13 : The final potential and axial current density

at the edge of the sheath

For r > r» the current density matches the potential as given by

equation (1). For r < rQ the current density is less than J hBatil_

and can not be described by the sheath equation (1). There the potential

difference equals the cathode fall. The radius rQ is a calculated

quantity determined in the iterative process from the current density

and does not differ from the minimum radius determined in the first

step. As was to be expected rQ equals approximately the radius of the

density profile as given in figure 3. Comparison of the final axial

current density to the current density in the first iterative step, i.e.

figure 13 to figure 11, shows that the axial current density is slightly

less negative near the axis of the discharge and strongly reduced for

r > rQ. This is of course due to the induced sheath potential. In this

figure we also recognize the smooth transition of the potential over the

crater edge. The axial current density at the origin is about — 3.7 1O9

A/m2. This current density is consistent with the current density in a
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stationary spot at rest on a copper surface as calculated by Ecker [15].

In figure 14 the potential along the discharge axis is given.

18.05

10.80

Figure 14 : The electric potential along the axis.

We see a potential hump of some 18 V In front of the sheath and a

minimum of 11 V at the edge of the expansion region. This potential

distribution can strongly affect the interpretation of the measurements

to determine the cathode fall. Experimentally there are two techniques

to measure the cathode fall. The first one uses probes to measure the

voltage between the cathode and the probe located as close as possible

to the cathode. The second technique is based on the extrapolation of

the voltage of a shortened arc as function of the distance between

electrodes to zero distance. As the potential distribution in the

expansion can never be resolved by these experiments the results of

these experiments will not represent the cathode fall over the plasma

sheath when the potential varies as strong over the expansion region as
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given in figures 12 and 14. For this potential distribution these

experiments would yield a cathode fall of 11 V although the voltage drop

over the sheath is 1^.75 V.

From the final current density distribution the current flux function

can be determined. The result of this calculation is given in figure

15.

3100-
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A^~ "

I 9
If 8

- l/^~^
| ^ \

i
vnin : -19

^>^nax : 0

\ i \ \ \

. 11

. 3 2

\

\
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A

-

0 S00
r(jjm)

Figure 15 : The final current flux function.

1000

The meridional current density is parallel to the contour lines given in

figure 15. We clearly recognize the unipolar arc structure : for r > r_

the electrode acts as the anode, for r < r. as the cathode. The

calculated current satisfies the existence condition (14). As the

minimum sheath current density j iiea»il_m*n *s small compared to the

actual current densities, the transition from cathode to 3iode almost

coincides with the change in sign of the norssal component of the current

density. This justifies the simplification Jsjlcatjl^lltn
!S °- Although the

current distribution is influenced by the induced sheath potential, the

unipolar arc structure can already be recognized lu the first step of

the iterative process where the sheath potential equals the floating

potential all over the electrode.
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It is interesting to consider the various contributions to the current

flow. The primary current driving effect is that part of the pressure

term not capable of inducing a charge separation in the plasma. As

discussed this current density induces a potential distribution at the

sheath edge which in its turn drives a current. This last current can be

looked upon as an indirect or secondary effect of the pressure term. The

first effect can be calculated by taking a constant potential at the

sheath edge. This is in fact the first step of the iterative procedure

described. The axial current density at the sheath edge is given in

figure 11. The second effect can be determined by putting the charge

separation in the plasma equal to zero and and taking the final sheath

potential as given in figure 13. The result of this calculation is given

in figure 16, where the axial current density at the sheath edge is

given.

-9.S0108, 100
axial position

Figure 16 : The current density at the edge of the sheath

induced by the final sheath potential.
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From figures 11 and 16 we see that the effect of the sheath induced

current density is to reduce the current density at the anodic part of

the electrode. At the cathodic part of the cathode the primary effect

induces the largest current density. At the anodic part of the

electrode, the current density induced by the charge separation in the

plasma is positive, whereas the current density induced by the sheath

potential is negative. This has the effect of a radial extension of the

current flux profile.

From the final current density the azimuthal magnetic field can be

calculated. This is the only non-vanishing component of the magnetic

field and is given in figure 17.

min : -7.09 10~2 T

max : 1.25 10~2 T

100 200
r(jum)

300

Figure 17 : The filial azimuthal magnetic field.

The magnetic field has a maximum of .07 T. The combination of this

magnetic field and the meridional part of the current density causing

it, gives the Lorentz force. The pressure term Is a factor of 10 to 100

larger than the Lo-jntz term. Therefore, the neglect of this last force

component in the electron momentum equation is justified.

-80-



Part I : Theory

In the calculations discussed above we have assumed that the electron

density and temperature profiles are given quantities. They can not be

determined from the electron momentum equation. The model calculates the

electromagnetic field quantities J_, £ and 8 which are consistent with

the electron density and temperature profiles given.

6 COWGLOSIOHS

The aim of the calculation presented, is to describe unipolar arc

phenomena. The electron density profile which acts as the starting point

for the calculation, describes an quasi-stationary expansion of a plasma

from the cathode spot on an electrode surface. For this quasi-stationary

expansion the electromagnetic field quantities J_. E and B_ have been

determined. The solution satisfies the electron momentum equation,

Maxwell's equations and the current-voltage relation for the sheath. The

most important force term in the electron momentum equation is the

pressure term. A procedure is described to select that part of the force

terms capable of inducing a charge separation in the plasma from the

part that drives a current. The calculated electric field differs from

the so-called ambipolar electric field. The charge distribution has the

structure of a double layer. The calculated current density is

consistent with the sheath voltage. The current distribution is that of

an unipolar arc : the electrode serves both as cathode and anode.
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1 IWTRODUCTIOW

In this chapter we will discuss the application of the model described

in chapter 2 to cathode spot phenomena in bipolar devices, such as

circuit breakers. The starting point for the calculation is the unipolar

arc, discussed in chapter 4. In that chapter we already stressed the

analogy between the unipolar arc and the cathode spot of a vacuum arc.

In this chapter we will refer to the cathode spot of a vacuum arc as the

cathode spot.

In contrast to the unipolar arc there is a net current to the cathode

for the cathode spot. For the unipolar arc only electric fields

originating from the charge separation in the plasma occur. The cathode

spot can be described by the superposition of an external electric field

to the unipolar arc. This will be the basis for the discussion in this

chapter.

2 TflE EXTERHAL ELECTRIC FIELD

In chapter 4 we approximated the electron density distribution of the

unipolar arc by the superposition of a localized high density and a

relatively low background density. This constant background density was

taken as the approximation of a much broader electron density profile

than that describing the cathode spot. For the unipolar arc, the

electric fields originate from the charge separation in the plasma.

These electric fields and associated current density diminish with

increasing distance to the cathode spot. Therefore the assumption of a

constant background density does not noticeably influence the discharge

structure of the unipolar arc. However, when a constant electric field

is applied, a non-zero current density far from the cathode spot would

result. To obviate this extensiveness of the current density profile, we

have assumed a non-constant external electric field directed along the z

axis :
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E = EO exp( -(r/R)
2 ) e z (1).

This assumption effectively accounts for the decreasing conductivity

with increasing radial distance from the discharge axis. The parameter R

is chosen .5 mm and is comparable with the characteristic radius of the

column of a magnetized vacuum arc discharge, as measured by Schellekens

[1], For the calculations we have chosen different values of the

parameter Eo. describing the external electric field : Eo = -500, -1500,

-2900 V/m. In combination with the cathode fall of IU.75 V this results

in a cathode-anode voltage of approximately 20, 30 and 35 V for a 10 mm

contact separation. As we will discuss, higher values for Eo resulted in

a non-stable discharge structure.

In the calculations the influence of the current density on the sheath

potential is taken into account. The assumed electron density profile,

electron temperature, cathode fall and dimensions of the cathode spot

are identical to those assumed in the unipolar arc discussion (chapter

4). As in chapter 4. we have neglected the Lorentz force in the electron

momentum equation.

In the next sections we will present the numerical results. Referring

to these results we will discuss several characteristics of the

discharge.

3 THE CU^^'HT DISTRIBUTIOW

In our numerical calculations we want to examine the discharge

structure for different values of the external electric field. In

figures 1 to 5 we have given the current flux for an increasing

external electric field. In these figures the external electric field

and the net current to the cathode are given.
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Figure 1 : Current flux function.

(Eo = 0 V/m , net current = 0 A)

1000

Figure 2 : Current flux function.

(Eo = - 500 V/m . net current s 3.5 A)
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1000

Figure 3 : Current flux function.

(Eo = - 1500 V/m . net current = 11 A)

e

N
min : -19.72 A

max : 8.71 10"'* A

1000

Figure 4 : Current flux function.

(Eo= — 1900 V/m . net current = 14.5 A)
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1000

Figure 5 : Current flux function.

(£0= - 3000 V/m , net current = 23 A)

Figures 1 to 4 show that with an increasing external electric field, the

current from the anode region of the cathode reduces and more current is

conducted by the column above the cathode spot, i.e. the discharge

transits from unipolar to bipolar. When no external electric field is

applied, the current from the anode region of the cathode is

approximately 19 A. For the assumed electron density profile this

current should be considered as the maximum for the current conducted by

the column. The corresponding external electric field will be referred

to as E . Figure 5 gives the calculated current flux function for an
ift&X

external electric field exceeding Emgx (Eo = - 3000 V/iti). In this

calculation we have not adapted the sheath potential to the current

density but have taken the sheath potential corresponding to the current

flux function given in figure 4 (Eo = - 1^00 V/m). The calculated

current to the cathode equals 23 A. The current flux function at the

cathode surface is given in figure 6. This figure shows that there are

two regions that serve as cathode as can be concluded from the negative

value of diSdr there (9.{r) : current flux at radial position r). These
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-4.7
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-14.1 -

-18.8 -

-23.S
1000

Figure 6 : Current flux at the cathode surface.

(Eo= - 3000 V/m )

regions are indicated with C in figure 6 and are separated by the

annular anode region, indicated with A. The inner region serves as the

cathode of the spot. The appearance of the outer cathode region is an

consequence of the high external electric field. However, this discharge

structure should be considered non-stable or non-existing. It is likely

that the two cathode regions merge and a broader electron density

profile results. As discussed in chapter 3, such a scaling of the

electron density profile will result in an increase of the current per

spot. Possibly this effect is related to the observed current dependence

of the crater radius at low currents [2]. However, a correct description

of the dependence of the crater radius on the current can only be

obtained by a combined analysis of plasma ball and crater phenomena.

The calculations for different external electric fields lEo| < |E I
1 0 1 • max'

have been performed for identical electron density profiles. This is
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justified by the approximate equality of the current density at the

cathode spot for these external electric fields. Furthermore, the radial

extension of the cathode region of the discharge can be considered

independent of the external electric field. Therefore, for currents

below 19 A, the cathode spot as such is not very much influenced by the

current to the discharge column and the change in electron density

profile can be neglected.

4 POTENTIAL DISTRIBUTIQH

Experimentally, the occurrence of high-energy ions, with energies

greater than eV ( V : arc voltage ), has been well established

[3],[4],[5]. There are essentially two views in the literature

concerning the origin of these jets. The first one assumes a positive

space charge in front of the cathode spot. Due to this space charge a

potential hump in front of the cathode follows. This explanation was

first put forth by Plyutto [3] and has been supported by different

researchers since then [6],[7],[8]. Theories based on the occurrence of

a potential hump are referred to as Potential Hump theories. The other

class of theories require that the ions are accelerated by flow

processes involving ion-ion or ion-electron collisions and are referred

to as Gas Dynamic theories [9],[10],[11].

Although these theories are strictly separated in literature we think

this distinction is to a certain extent artificial. The Potential Hump

theories consider the ion-momentum equation. In this equation the

electric force is considered to be important. The Gas Dynamic theories

are based on the Navier-Stokes equation, obtained by summing the

electron and ion momentum equations. Through this summation the electric

force is eliminated and its influence on the ion motion is represented

by the electron pressure term in the Navier-Stokes equation.

The criticism to the Potential Hump theories is that it tends to be

phenomenological; the presence of a potential maximum in front of the
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cathode is assumed and this assumption is justified by the predictions

that follow. However, our calculations also indicates that a potential

maximum occurs in front of the cathode. These calculations are based on

the model described in chapter 2 and the calculated potential maximum is

non-phenomenological. In our calculations we have assumed an electron

density profile. The electric fields and current distribution are

calculated from this profile, i.e. follow from basic physical laws. In

figure 7 we have given the plasma-induced potential distribution for a

cathode spot with a net current of 11 A (E = - 1500 V/m).
o

min : 10.94 V

max : 18.09 V

200 300

Figure 7 : The potential distribution

(E = - 1500 V/m , net current = 11 A )
o

This potential does not incorporate the externally applied electric

field, in figure 8 we have given the potential along the axis of the

discharge for a cathode spot carrying 11 A. In this figure curve 1

represents the plasma induced potential and curve 2 the potential

associated with the externally applied electric field. The plasma

induced potential is similar for the other external electric fields. The

small differences between these potentials are due to the change in

sheath potential.
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Figure 8 : The potential distribution along the axis.

(E = - 1500 V/m , net current = 11 A )
o

From figure 8 we clearly recognize the potential hump. This potential

maximum is followed by a minimum at approximately 60 pm from the cathode

surface.

Again, we want to stress that the calculated potential distribution

and electric field differ from the so-called ambipolar electric field.

Plyutto [3] assumes that the electric field equals the ambipolar

electric field E a B b t p o l a r. given by :

(2)

In fact, the potential associated with the ambipolar electric field

equals the potential x> defined in chapter 4. For comparison, the

potential \ and the electric potential along the axis of the discharge

are given in figure 9.
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10
axial position (mm)

20

Figure 9 : The potential x a™! electric potential

along the axis of the discharge.

The difference between these potentials Is evident : the potential \ is

monotonic, the electric potential shows a maximum and a minimum.

It is interesting to compare the different terms in the electron

momentum equation ( equation 6, chapter 4). Figure 10 combines the axial

components of the pressure, electric and resistive force terms evaluated

at the axis of the discharge. The force terms are evaluated for an
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external electric field of — 1500 V/m.

2?"53

"3

a-

pressure force

electric force : — £

resistive force :

100
axial position (mm)

200

Figure 10 : The axial components of the different force

terms in the electron momentum equation.
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For z < 70 urn the electric field ( E = - 1500 V/m ) can be neglected as
o

compared to each of the other force terms, given in figure 10. From this

figure we conclude that pressure, resistive and (plasma induced )

electric forces are of the same order of magnitude. Therefore, it is not

possible to neglect one of these force terms and postulate a balance

between the remaining two, as is done by assuming that the electric

field is purely ambipolar. The potential hump is pressure-induced. As

discussed in chapter 4, the occurrence of a potential hump in front of

the cathode can severely influence the interpretation of the cathode

fall measurements.

With the calculated electric and resistive forces, the motion of the

ions can be evaluated. For a singly ionized plasma the summation of the

electron momentum equation and the ion momentum equation yields :

m n (u>. *V) io = — Vp. — Vp + en u>. x B — R (3)-

As discussed, the electric and resistive forces do not explicitly occur

in this equation. Their combined effect is represented by the Vp term.

Evaluating equation 3 at the axis, and integration of the resulting

equation from z = z o to z = °° yields :

S(z = <») — £(z = zo) =

z = « (4) .

(J + T./Tjlx (z = zo) - X (z = »)] - f R*°dz

z = z 0

Here £ represents the kinetic energy of the ions, expressed in eV. The

potential \ is evaluated at the discharge axis and describes the

ambipolar electric field. In deriving equation 4 we have assumed that

the ion gas is isothermal, characterized by the ion temperature T.. The

LHS of equation 4 represents the gain in kinetic energy of the ions and

depends on the value of zo. i.e. the position where the ion is formed.

The acceleration of the ion due to the the combination of the electron-

ion friction and the (plasma induced) electric forces is proportional to
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X (z = ») — x (z = z o), which is of the order of 13 V, as can be seen

from figure 9. So, although the potential hump in front of the cathode

is modest (approximately k V), the combined influence of the electric

and resistive forces results in greater ion energies.

5 CURRENT EENSITY

The current density in the cathode spot is a very important parameter

in describing cathode spot processes. However, in the literature there

is no consensus concerning the value of the current density.

Experimentally, there are two ways to measure the current density at the

spot. The first method, the so-called autograph method is based on the

dimension of the crater left on the cathode [2]. The other technique is

based on the observation of the luminous glow during the discharge

[12],[13]. The autograph method has a high resolution ( < .1 um ) but

cannot be applied in situ. Furthermore, the relation, between the crater

diameter and the current carrying area is not obvious, neither is the

number of current carrying spots. The second technique can be carried

out in situ. The drawback of this method is the limited spatial

resolution, due to the motion of the spot and the expansion of the

plasma [14]. The autograph method leads to high values for the current

density (j = 0(W12 A/m2} ). The technique based on the registration of

the luminous region results in a lower value for the current density ( jf

< 10* A/m2 } [12]. Recently Juttner measured the current density in an

alternative way [15]. His results also point towards high values of the

current density. Due to this order of magnitude difference in current

density, there has been a vivid discussion concerning the possibility of

such high current densities as determined from the autograph method

[12],[16],[17],[18]. The principal advocate for the low values of the

current density is Rakhovskii. His criticism is that the electron

momentum equation (Ohm's law) does not allow high current densities.

Estimates of the different force terms in the electron momentum equation

lead him to conclude that the pressure term can be neglected compared to

the electric field and the electron momentum equation reduces to :
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Hakhovskii : ± = — £ (5).

For the electric field in this equation, Rakhovskii assumes that it can

be estimated by a 5 V voltage drop over the collision region, taken 100

pm in his analysis. However, our calculation shows that the externally

applied electric field can be neglected as compared to the plasma

induced electric field, the pressure term and the resistive force.

Indeed, the externally applied electric field alone is not capable of

driving the current. Rakhovskii does recognize the possibility of high

current densities due to a potential hump in front of the cathode but

finds no convincing arguments supporting the Potential Hump theory.

As in our analysis a potential hump arises as a natural consequence of

the pressure induced charge separation in the plasma, we will again

consider the different force terms in Ohm's law. In figure 10 we have

given the axial components of the different force terms, evaluated along

the discharge axis. This figure shows that the pressure, electric and

resistive forces are comparable. More specific, the pressure force can

not be neglected in the electron momentum equation. This force term in

fact induces the charge separation in the plasma which is responsible

for the calculated potential hump. In figure 10 we see that the external

electric field is negligible compared to the other force terms. The

current density is determined by the combination of the pressure and

(plasma induced) electric forces. In our calculations we calculate a

current density of 3.75 109 A/m2 for an assumed electron density profile

with a typical diameter of 60 \m. This current density vi 11 increase

when the electron density at the spot would be higher than the density

that we have assumed in our calculations.

6 CONCLUSIOHS

In this chapter we have discussed the application of the model,

described in chapter 2 to cathode spot phenomena. Starting from the

unipolar arc discharge, discussed in chapter 4, we have applied an
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external electric field. Due to this external electric field a

transition from a unipolar to a bipolar arc occurs. The calculated

pressure, electric and resistive forces are all of the sams order of

magnitude and neither of these forces can be neglected. The calculations

show that a potential hump in front of the cathode occurs which is a

consequence of the charge separation induced by the pressure term. The

occurrence of this potential hump allows high values of the current

density at the spot.
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1 IWTRPDOCTIOH

In this chapter we will consider laser produced plasmas. These plasmas

are produced by focusing intense laser beams on spherical or plane

targets. Intensities up to 102° Wm~2 are obtained. These high energy

deposition rates causes material to be evaporated from the surface. This

material is ionized and a high density plasma at a high temperature is

formed (nR : 10 2 6-10 2 7 m"3. Tg : 100 - 1000 eV). We will elaborate on

the generation of magnetic fields in laser produced plasmas and apply

the model discussed in chapter 2 to these plasmas. There we have shown

that the description based on the electron momentum equation leads to

different results in comparison with the so-called induction equation.

This was the result of the neglect of the displacement currents in

deriving the induction equation. The discrepancy is in a simple form

illustrated for a plasma with a homogeneous electron temperature. The

induction equation predicts no magnetic field generation for such a

plasma. However, within the model described in chapter 2, based on the

electron momentum equation as such, the generation of magnetic fields

occurs. In this chapter we will calculate these magnetic fields for an

isothermal plasma and show that these fields can not be neglected.

Furthermore, the model offers an alternative explanation that yields

quantitative agreement with the observed magnetic fields. We want to

emphasize that the aim of the discussion in this chapter is to show the

importance of the pressure term as a field generating one, even when the

electron gas is isothermal. We do not deny the Importance of other field

generating mechanisms.

The generation of azimuthal magnetic fields in laser produced plasmas

has been known since the beginning of the seventies. For a laser

intensities of only k.W1* W/m2, Stamper [1] detected azimuthal magnetic

fields of the order of a kilogauss using magnetic pick up coils. As this

probe technique only allows measurements of the far field and the

magnetic field is integrated over the surface of the coil, these fields
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should be considered as lower estimates for the magnetic field. Later,

experiments using Faraday rotation techniques yielded spatially resolved

azimuthal magnetic fields of the order of a megagauss for laser

intensities ranging from 1019 - 102° W/m2 [2], [3], [4]. All these

experiments involved azimuthal magnetic fields. The occurrence of axial

magnetic fields in laser produced plasmas was first observed by Briand

[5] using Faraday rotation, later by using the Zeeman effect [6]. The

generated axial magnetic field is of the same order as the generated

azimuthal magnetic field. The magnitude of both the azimuthal and axial

magnetic fields is such that the transport properties will be influenced

by these fields [7]. Besides the intrinsic interest of the generated

high magnetic fields, this is the main motive for studying the field

generating mechanisms in laser produced plasmas.

The theoretical description of the field generating mechanisms are all

based on the use of the induction equation. As discussed in chapter 2,

the induction equation can be derived from the' electron momentum

equation, Faraday's law and Ampere's law. Neglecting displacement

currents in Ampere's law, the induction equation can be written as :

( 1).

?B _ i V ngx V Te - V x (-̂ i- ixg) + 7x (̂  x fl) + 7x (|»f )
o e e
I II III IV V

Here T is the electron temperature in eV. Equation (1) gives the time

development of the magnetic field B. In deriving this result we have

used the general expression for the thermal force, i.e. j is taken as a

tensor quantity. The first term (I) of the RHS describes the decay of

the magnetic field through Ohmic dissipation. The second RHS term (II)

is a consequence of non-parallel density and temperature gradients. This

term is often considered to be an important source term for the

azimuthal magnetic field [2], [3], [7], [8], [9], [10]. [11]. The third

RHS term (.III) describes the influence of the so-called Hall term. The
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fifth RHS (V) term represents the source term associated with the

thermal force and is also considered by some as an important field

generating source term [10], [12]. An other possible source for

azimuthal magnetic field is the ponderomotive force associated with the

oscillating electric fields due to the laser beam [13], [14]. The axial

magnetic fields are thought to be generated through the dynamo effect,

represented by the term labeled IV in equation (1) [5], [6].

2 MACMETIC FIELDS IN ISOTHERMAL PLASMAS

Our aim here is to discuss the principal difference between the

analysis based on the induction equation and the electron momentum

equation. This difference will be illustrated for an isothermal plasma.

The conclusions drawn from this discussion are not restricted to this

class of plasmas but are general. We will consider a plasma governed by

the following electron momentum equation :

0 = — V p - E + — J x B + Tjj ( 2 ) .— en *e — en * • — ' • « - v 'e e

The Induction equation (1) then reduces to:

•~o " ne e e ene ~

The second term is considered an important source term for the azimuthal

magnetic field. For a laser produced plasma, the electron density

gradient will have a strong axial component and the temperature gradient

will have a strong radial component. This is illustrated in figure 1.

Starting with B = £, the first and last terms of the RHS of equation

(3) vanish and the thermal source V n x V T will generate an azimuthal

magnetic field. The non-parallelism of the density and temperature

gradients will be the primary field generating mechanism. The growth of

the magnetic field will be inhibited by the Ohmic dissipation and the

Hall term.
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figure 1 : density and temperature gradients

in laser produced plasmas

When the plasma is isothermal, the thermal source term vanishes and

the induction equation would yield zero magnetic field. This contradicts

the conclusions of the discussion given in chapter 2 and is a

consequence of the neglect of the displacement currents. In chapter 2 we

have shown that azimuthal magnetic fields can be generated in an

isothermal plasma when the plasma is in the vicinity of a wall. Then the

induced charges generate an electric field that can drive a current.

This current will then generate an azimuthal magnetic field.

For spherical targets. Raven experimentally established a correlation

between the generated magnetic fields and the capacitance of the target

on which the plasma was formed; the generated magnetic field reduced

with reducing target size [15]. This is consistent with our model which

predicts a generated magnetic field in an isothermal plasma provided it

is in the vicinity of a wall. An unbounded isothermal plasma can not

generate a magnetic field according to our model. The reduction of the
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target size corresponds to the transition of a plasma in the vicinity of

a wall to an unbounded plasma. As the targets, for which a small

azimuthal magnetic field was measured, were large compared to the focal

spot diameter ( D/d 2 5 , the ratio of the target size to the focal spot

diameter ), this explanation is more plausible than a change in

temperature profile due to the reduction of the target size. This is due

to the long range of the electric forces compared to the scale length by

which the thermal processes can be characterized.

In this chapter we will calculate the azimuthal magnetic field for an

isothermal electron gas. We will assume that the plasma is formed on a

large metal plane surface. The calculation is based on the stationary

electron momentum equation. As discussed in chapter 2, the solution of

this equation assumes a given electron density profile. The profile we

used for our calculations is given in figure 2 and is similar to the

electron density profile as measured by Raven, using interferometric

techniques [4].

500

200

figure 2 : the electron density profile

In this figure the z-axis is the symmetry axis of the discharge. The

expansion is from the origin into the low density background. The plane
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z = 0 represents the metal surface on which the plasma is formed. The

radial extension of figure 1 is 500 fim, the axial extension 200 pm.

Minimum and maximum values of the electron density are given in the

figure. As the aim of our discussion here is to show that magnetic field

generation occurs in an isothermal plasma, we will neglect sheath

phenomena here and assume a constant potential at the target surface.

The electron pressure p is determined by the electron density and the

the electron temperature. In contrast to the electron density, the

electron temperature is a less accessible parameter to be determined

experimentally. The hot electron temperature can be obtained from X-ray

measurements [16]. However, information on the temperature of the

thermal electrons is scarce. This lack of knowledge hinders a correct

evaluation of the field generating process. Especially, if the generated

magnetic field is ascribed to the thermal source V n. x V T , the

calculated magnetic field will depend critically on the assumed

temperature profile. As we have assumed an isothermal electron gas we

will obviate our defective knowledge of the electron temperature by

considering two plasmas at different temperature. We will consider a

plasma at a temperature of 100 eV and a plasma at a temperature of 600

eV. For both these temperature profiles, the electron density profile is

that given in figure 2.

Before we present the results of these calculations, we consider the

scaling of the different force terms in the electron momentum equation

with the electron temperature.

For a given electron density profile, the pressure term in the

electron momentum equation (2) will be proportional to the electron

temperature T :

The charge separation, the electric field and the T?^ t e r m induced by the
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pressure force will also be proportional to the electron temperature T .

To calculate the current density j_, we consider the temperature

dependence of the resistivity TJ. The resistivity is proportional to
r-l.B

e
and the resistivity yields for the current density :

T"1'6. The combination of the temperature dependencies of the r\j_ term

V ~ T 2'6 f 51

essure—induced e v y •

The temperature dependence of the azimuthal magnetic field induced by

the pressure term will then be given by :

—y> .pressure—induced a \ )•

Combination of equations (5) and (6) then yields for the meridional

component of the pressure induced Hall term :

* en ' •i — 'in •'pressure-K.nduced e \ )•

This relation shows that both the relative and absolute importance of

the Hall term will strongly increase with the electron temperature.

Therefore, in general the Hall term can not be neglected.

We will first discuss the results of the numerical calculations for

T = 100 eV. For this temperature the resistivity will be in the order

of 6'10~e VmA"1 (where we have assumed an effective charge number

Z = 10). For this resistivity, the pressure induced Hall term is of the

same order as the pressure term and can not be neglected in the electron

momentum equation. To compare the pressure term to the Hall term, we

consider these terms as a function of the resistivity 17. The pressure-

induced current density i_ sure-lnduc d is inverselv proportional to

the resistivity. Then also the azimuthal magnetic field induced by the

pressure term will be inversely proportional to the resistivity 17. The

combination of the current density and the azimuthal magnetic field

gives the Hall term which will be proportional to i?~2. The magnitude of

-105-



Chapter 6 : Laser produced plasmas

the Hall term will strongly increase when the resistivity is lowered.

For TJ = 1.2-10"5 VmA"1 the resulting Hall term is small compared to the

pressure term. This ordering of the terms with the resistivity is the

basis for the calculation strategy. Starting with a high resistivity

( TJ = 1.2-10"6 VmA"1 ). the resistivity is slowly reduced and the

influence of the Hall term becomes more important. The reduction of the

resistivity is continued to r} = 6«iO~6 VmA"1. Then a solution of the

electron momentum equation is obtained where both the pressure and Hall

terms are taken into account.

In contrast to the unipolar arc, discussed in chapter 4, sheath

phenomena are not incorporated in the calculations of laser produced

plasma phenomena. At the plasma-sheath interface we assume a constant

potential.

We will discuss the results of the calculations for T 100 eV and

= 6»I0"6 VmA"1. In figure 3 we have given the current flux function.

Figure 3 : The current flux function

(T = 100 eV, Tj = 6«10"6 VmA"1)
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This figure shows that the discharge structure is an unipolar one : for

small radius { r < r ) the surface acts as the cathode, for larger

radius the current density is positive and the surface acts as an anode

there. In this respect the discharge resembles the unipolar arc

discussed in chapter 4. The azimuthal magnetic field, calculated from

the current flux is given in figure 4.

-29 T

500

200 urn

Figure 4 : The azimuthal magnetic field

(Tfi = 100 eV. TI = 6«10"
6 VmA'1)

The generated azimuthal magnetic field is of the order of - 30 T. For

these magnetic fields we find for the electron Hall parameter :

d) T = 0(1). The orientation of the generated azimuthal magnetic field

is the same as expected from a potential thermal source term 7 n x V T ,

given in equation (3). Therefore no conclusions can be drawn from the

orientation of the azimuthal magnetic field concerning the question

whether the plasma has to be non-isothermal or not to consider the

pressure term as a source term for the azimuthal magnetic field. So far

the results for 17 = 6«10"6 VmA"1.
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We will now discuss the results for T = 600 eV. For this temperature

the resistivity TJ is in the order of 10~6-10"7 VmA"1 , depending on the

net degree of ionlzation. For 17 < 0(10~6 VmA"1 ) the Hall term will be

comparable to the pressure term and has to be taken into account. Again

the ordering of terms in the electron momentum equation is the basis for

the calculation strategy. Starting with a high resistivity

{ 17 = 10"* VmA"1 }. the resistivity is slowly reduced and the influence

of the Hall term becomes more important. Our aim was to continue the

reduction of the resistivity to TJ = 10~6 - 10~7 VmA"1. i.e. the order of

magnitude of the resistivity in laser produced plasmas. However, as both

the current density and azimuthal magnetic field are calculated during

this process, the reduction of the resistivity could not be continued

beyond TJ = 10~B VmA"1, due to numerical problems. For 17 = W~s VmA"1 we

find for the electron Hall parameter : u T = 0(30). The electromagnetic

field quantities were successfully calculated for TJ = 10'* - 10"5 VmA"1.

For example, the maximum of the generated azimuthal magnetic field

versus the resistivity is plotted in figure 5 ( curve 1 ).
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figure 5 : azimuthal magnetic field as function of

the resistivity. (T a 600 eV)
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Curve 2 in this figure gives the maximum of the calculated azimuthal

magnetic field when the Hall term is completely neglected in the

electron momentum equation. As discussed the neglect of the Hall term

gives a linear dependency of the azimuthal magnetic field on TJ"1. The

inclusion of the Hall term yields a less than linear dependence on TJ"1,

at least in the resistivity regime 10'* - 1O'B VmA"1. In this regime

there is an increase in azimuthal magnetic field of about 80 T per

decade. It is of course premature to extrapolate the azimuthal magnetic

field linearly towards lower resistivity. However, figure 5 clearly

shows that the azimuthal magnetic field generated by an isothermal

electron gas can not be neglected. Furthermore, azimuthal magnetic

fields of the order 100-200 T are likely to occur for low resistivity.

The electron density profile we assumed in our calculations has been

measured by Raven [4]. Besides the density profile, his measurements of

the generated magnetic field show that magnetic fields up to 200 T can

occur in laser produced plasmas.

As discussed, the calculations could not be continued into the low

resistivity regime ( TJ = 10~6 - 10'7 VmA"1) due to numerical problems.

We will here discuss the results for TJ = 1.25 !0~6 VmA"1. Some basic

structures can be recognized in this calculation. The current flux

function is given in figure 6.

As for T = 100 eV, the discharge structure is an unipolar one : for

small radius { r < r ) the surface acts as the cathode, for larger

radius the current density is positive and the surface acts as an anode

there. From the current flux the azimuthal magnetic field can be

calculated and is given in figure 7. This figure shows that magnetic

fields of the order of — 80 T are generated.

This concludes the discussion of the generated magnetic field in laser

produced plasmas. We have shown that already in an isothermal plasma the

generated magnetic field due to the pressure term can not be neglected.

The discharge structure resembles an unipolar arc discharge.
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figure 6 : the current flux function

(T, = 600 eV. •q = i.25-10"6 VmA'1)

-78.4 T

500 \m r

200 pun

figure 7 : the generated azimuthal magnetic field

{Tg = 600 eV. T) = 1.25-10"
6 VmA-1)
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The generated azimuthal magnetic fields strongly depend on the electron

temperature. For T = 100 eV we find a magnetic fieid of 30 T. For

T = 600 eV the generated magnetic field will be of the order of

100-200 T. These fields are of the same order as the measured magnetic

fields. We want to emphasize that the aim of the discussion in this

chapter is to show the importance of the pressure term as a field

generating one, even when the electron gas is isothermal. We do not deny

the importance of the field generating mechanism associated with the non

parallel electron density and temperature gradients or the other sources

discussed in section 1. The model described in chapter 2 also allows the

inclusion of these other source terms. These effects, in combination

with the influence of sheath processes which we have neglected in our

present calculations, will of course affect the azimuthal magnetic

field.
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CHAPTER 7 : EXPERIMENTAL-SET DP

In the first part of this thesis we have modelled the generation of

electromagnetic fields in expanding plasmas. In chapters 1 to 3 we have

discussed this model. In chapter 4,5 and 6 the model has been used to

describe unipolar arc discharges, cathode spot phenomena and laser

produced plasmas, respectively. In these three applications the

expansion of the plasma is common.

In the remainder of this thesis we will discuss the experiments on an

argon plasma expanding from a cacaded arc into a vessel at low pressure.

The aim of this experiment is to determine the self-generated magnetic

field in the expansion region. This magnetic field is related to the

expansion induced current density distribution.

In this chapter the experimental set-up will be described. In section

2 of this chapter we will discuss the plasma source. We used a cascaded

arc to generate a high density plasma at moderate temperatures. From the

cascaded arc, the plasma expands into a low-pressure vessel. The

electric circuit used to operate the cascaded arc is the subject of the

discussion in section 3, the characteristics of the externally applied

magnetic field will be given in section 4. In the last section we will

discuss the optical diagnostics. With these diagnostics we determined

several physical parameters that will be discussed in the next chapter.

The experimental results and the discussion of these results will be

given in chapter 9.

2 THE CASCADED ARC

Here we will discuss the cascaded arc used to generate the plasma.The

cascaded arc is an example of a wall stabilized arc and can be operated

for a wide range of pressures ( 0.1-1000 bar ) and currents

( 5-2000 Amp. ). The electron density in these kind of discharges is
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high ( J021-1024 m~ 3), the electron temperature moderate ( 1 - 3 eV ).

These kind of discharges were first studied by Maecker [1]. Thereafter,

it has been studied extensively. At high densities the cascaded arc

plasma has been used to study non-ideal plasma effects [2],[3].

Recently. De Haas [4] studied strongly flowing cascaded arcs. Besides

the scientific interests in the cascaded arcs. technological

applications have become important. For example, Kroesen [5] introduced

a novel deposition technique, based on the use of a cascaded arc as a

dissociating and ionizing medium.

An overview of the cascaded arc, used in our experiments is given in

figure 1.

anode plug

4mm 2mm

boron nitride

plate 8x

Figure 1 : The cascaded arc.

Basically, the cascaded arc consists of an anode, a stack of

electrically isolated copper plates (the cascade plates) and three

cathodes. The cathodes were sharpened pins of thoriated tungsten with a

diameter of 2 mm, pressed in a copper setting. The cascaded plates are
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copper plates with a thickness of 5 mm and a central bore. From the

cathode to the anode, the cascade stack is formed by four plates with a

2 mm bore, one plate with a conical bore from 2 to 4 mm and four plates

with a bore of 4 mm. This choice of configuration was motivated by the

enhancement of the ionization in the first half of the channel and the

reduction of the wall influence in the second half. Several physical

parameters have been determined as function of the distance z to the

cascaded arc (see figure 1). The cascade plates, cathodes and anode are

water cooled. A schematic drawing of a cascade plate is given in figure

2 a.

f n n- water in

v "IIII >- water out

(a) (b)

Figure 2 : a) a cascade plate

b) the 2 mm anode plug

(dimensions in mm).

The cathodes are positioned under an angle of 45 degrees with respect

to the cascade plates. The angle between the cathodes is 120 degrees.

The cascaded plates are separated by PVC spacing rings with a thickness

of 1 mm. Inside these spacers a Viton 0-ring is mounted as a vacuum
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seal. These O-rings are prevented from melting by absorption of plasma

radiation by a ring made of Teflon or boron nitride. The boron nitride

plug in the anode plate has a bore of 4 mm and is electrically non-

conducting. This plug reduces the length of the part of the arc channel

in the anode plate that is conducting and avoids a decrease of electron

density and degree of ionization along this channel. The copper anode

plug is 8 mm thick, has a external diameter of 15 mm and can easily be

exchanged. The bore diameter of the anode plug is not constant. The side

which is in contact with the boron nitride plug has a bore diameter of 4

mm. This diameter reduces to the final bore diameter over the first 5

mm. The bore diameter is constant over the second 5 mm of the plug. The

2 mm anode plug is given schematically in figure 2 b. In distinguishing

different plugs, we will refer to this final bore diameter as the bore

diameter of the plug. We used plugs with different bores : 1,2,3 and 4

mm.

We used an argon gas discharge as the plasma medium. The argon gas is

fed through a mass flow controller, is injected at the cathode side ,

ionized there and then flows to the anode from where it expands into the

low-pressure vessel. The plasma expands into a vessel with a length of

approximately 3 m and a diameter of .5 m. This vessel has several

windows that allow the operation of various diagnostics. The vessel is

connected to a Balzers i-oots pump, with a capacity of 1000 ma/h. For a

gas flow of 1250 scc/min, a background pressure of the order of 25 Pa is

realized in the vessel. This background pressure is measured with a

Datametrics Barocel electronic manometer, type 1173. The thrust of the

cascaded arc is measured with a MKS Baratron type 222B absolute pressure

gauge at the entrance of the cascaded arc. This pressure is in the order

of 106 Pa for a gas flow of 1250 scc/min.

Opposite to the cascaded arc there is a movable copper plate that can

be used as a secondary anode. To distinguish this anode from the anode

of the cascaded arc we will refer to it as the end anode. Beth the

cascaded arc and the end anode can be moved independently along the axis

with respect to the fixed diagnostics which we will discuss later. For

-117-



Chapter 7 : Experimental set-up

our measurements the distance between the cascaded arc and the end anode

was of the order of .5 m. The vessel is surrounded by a set of

watercooled coils, which generate a magnetic field up to .4 T. This

magnetic field is directed axially, i.e. parallel to the axis of the

vessel and the cascaded arc.

3 ELECTRICAL CIRCDIT

In this section we will discuss the different operation modes of the

cascaded arc. There are four ways to operate the arc. These modes are

schematically given in figure 3.

cascaded arc end anode

yinnnu

(a) IbJ

/ran

(0 t

•

(d) V2

Figure 3 : The operation modes of the cascaded arc.

We will discuss these operation modes here.

a) The end anode plays no active role. The cascaded arc is operated in

its normal fashion : the driving voltage is applied between the

cathodes and the anode of the cascaded arc. The end anode is

electrically isolated. The gas is ionized in the cascaded arc and
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expands into the vessel. This mode of operation is well-suited to

study recombining plasmas.

b) The cascaded arc is operated as described in a). However, here the

end anode plays an active role : an additional voltage is applied

between the anode of the cascaded arc and the end anode. Due to the

additionally drawn current, the plasma will be ionizing. The current

in the cascaded arc and the current drawn from the end anode can

in principle be varied independently.

c) The cascaded arc is operated as described in a). Different from b)

the additional voltage is applied between the cathodes of the

cascaded arc and the end anode. The plasma will be ionizing and the

current from the end anode can not be increased above the current in

the cascaded arc.

d) the cascaded arc is not operated in its normal fashion. Here the

anode of the cascaded arc is electrically isolated. The driving

voltage is applied between the cathodes of the cascaded arc and the

end anode. In fact, this mode of operation can be considered as the

limiting case of the operation mode described in c), where all the

current is collected on the end anode, i.e. the current from the end

anode equals the cascade current.

Not shown in figure 3 are the resistors of 4 Ohm, in series with each of

the cathodes. These series resistors warrant that all three cathodes

"burn" independently.

The physical parameters of the plasma in the cascaded arc will depend

on the current density in the cascaded arc and the gas flow, not on the

operation mode as such. For our experiments we have chosen the fourth

operation mode. For this operation mode, a cascaded arc with an anode

plug of 2 mm. a flow of 1250 scc/mtn and a magnetic field of .38 T we

have given the current voltage characteristic in figure 4. This I-V

characteristic is typical for other values of the flow and magnetic

field.In this figure we have given two curves : one curve for the

voltage between the cathodes and anode of the cascaded arc (labeled V,).

the other for the voltage between the cathodes of the cascaded arc and
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anode plug 2mm

10 20 30 40
arc current (A)

50 60

Figure 4 : The I-V characteristics of the discharge

the end anode (labeled

4 MAGWETIC FIELD

The magnetic coils around the vessel generate a magnetic field that

can be varied from -.4 T to .<* T. The optical diagnostics and the

magnetic colls are fixed. To measure the dependence of the physical

parameters as function of the axial distance z to the anode of the

cascaded arc (see figure 1), the cascaded arc is moved with respect to

the diagnostics and the coils. Although we avoided the use of materials

that influence the magnetic field in the construction of the cascaded

arc, there remains a small distortion of the magnetic field

configuration depending on the position of the cascaded arc. In figure 5

we have given the magnetic field at the detection volume as function of

its distance z to the anode of the cascaded arc.
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20 40 60 80
axial position (mm)

100

Figure 5 : The distortion of the magnetic field at the detection

volume as function of the position of the cascaded arc.

The choice of the zero level in this figure is arbitrary. From this

figure we conclude that this distortion is small ( < .3 % ). We used

this result to correct the measurements of the self-generated magnetic

field, to be discussed in chapter 8.

Worth mentioning is the influence of the external magnetic field on

the expanding plasma. When no magnetic field is applied, the expansion

looks diffuse. The overall colour is red, indicating the dominance of

the radiation of the argon-I system. The cross-section of the discharge

increases rapidly as function of the distance z to the anode of the

cascaded arc (see figure 6). The geometry of the expansion resembles

that of a "normal" gas expansion. When a magnetic field is applied, the

discharge pinches (see figure 6). Now the overall colour is blue

indicating the dominance of the radiation of the argon-II system.
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cascaded arc

(a)

B

I (b)

Figure 6 : Argon discharge a) without magnetic field

b) with magnetic field

Qualitatively, the difference in discharge structure given in figure 6

is typical and does not depend much on the values of the current and the

flow. The transition from the diffuse to the pinched discharge occurs at

about .01* T and is rather abrupt.

5 OPTICAL DIACHOCTICS

In this section we will describe the optical diagnostics. These

diagnostics were used to perform four kinds of measurements. The first

three are based on spectral line analysis. The ion temperature and

electron density can be derived from the measured spectral lines. We

used the Zeeman effect to determine the self-generated magnetic field in

the expansion region of the plasma. This measurement is based on the

analysis of the Zeeman components. Thirdly, we performed rotation

measurements. These measurements are also based on the line-form

analysis and yield information on the rotation velocities of the Ions.

Finally, intensity measurements are used to measure the radially

resolved electron density profile. The optical system we used for these

measurements is given in figure 7.
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plasma

220 ' 150

Figure 7 : The optical system

(all distances in mm)

We will discuss the optical system, referring to figure 7. Here we only

discuss the aspects of the optical system that are common for all four

types of measurements. Later, when we will discuss each of the methods

separately, we will describe the elements which are specific for each of

these measurements.

The optical axis of the optical system is perpendicular to the

discharge axis and the externally applied magnetic field. With the

lenses L, and L~ {. f = 500 mm ) and the mirror H. the discharge is

imaged on the diaphragm D.. The polarizer P is placed behind the lens !•„

and plays an important role in the measurements. With the diaphragm D.

the detection volume in the discharge is selected. Diaphragms with

diameters of .25, .5, 1, 1.5 and 2 mm are available and can easily be

exchanged. For our measurements we mostly used the .25 mm diaphragm. As

the discharge is imaged 1 : 1 on the diaphragm, the diameter of the

diaphragm is a direct measure for the spatial resolution. The diameter

of the lens L. can be varied using diaphragms. The volume in the plasma.
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selected with the diaphragm D., is imaged on the entrance slit of the

monochromator ( Bentham, model M300 ) by the lenses Z._ and L.(f= 150

nun ). The monochromator is of the symmetric Czerny-Turner type and uses

a 1200 lines/mm ruled grating. The dispersion is 2.7 nm/mm, the focal

length is 300 mm and the aperture ratio f/4.2. The entrance and exit

slits of the monochromator are .<* mm wide. The transmitted band width is

about I run. The wavelength of the argon-ion spectral line we used for

the spectral line measurements is 080.6 run. The transmission profile of

the monochromator warrants that no other lines are transmitted.

The lenses Lg ( f = 150 mm ) and L, ( f = 200 mm ) focus the exit slit

of the monochromator on the diaphragm D_ ( diameter 1 mm ). The

combination of the Fabry-Perot interferometer (F.P) and the diaphragm D~

allows central spot scanning of the spectral line. At X = 1*80.6 run the

reflectivity of the Fabry-Perot mirrors is 98 %. The Fabry-Perot mirrors

have a diameter of 60 mm and are matched to X/200. The Fabry-Perot

interferometer and the lenses L_ and L, are placed in a temperature

stabilized box to avoid thermal drift. The Fabry-Perot interferometer is

pressure scanned, using neon as scanning gas. To further reduce

temperature effects, the neon gas is heated to the temperature of the

temperature stabilized box before it is leaked in the Fabry—Perot

interferometer. We used neon gas because of its low polarizability. This

polarizability directly determines the wavelength resolution [6], The

transmission profile of the Fabry—Perot interferometer has a width of

about 5'10"4 nm.

The central spot of the interferogram is focused on the diaphragm D?.

The photons transmitted through this diaphragm are registered by the

photomultiplier ( P.M. EMI. type 9558B ) which has a quantum efficiency

of 17 X at X = k80.6 not. Using photon counting techniques, each of the

detected photons yields a voltage pulse over the load resistor of the

photomultiplier. The signal of the photomultiplier is amplified a

hundred times, discriminated and converted to TTL level ( using

respectively, LeCroy 12-channel photomultiplier amplifier, NIH model

612. 8-channel updating discriminator (0), NIM model 623 and level
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adaptor (L.A), M M model 688AL ). The signal from the TTL converter is

supplied to a sealer (Si). This sealer registers the number of pulses

during a given time. This time Interval is controlled by the preset

sealer (P.S). The processing of the photomultiplier signal is

schematically given in figure 8.

[p.m. — D i L.A > SI

P.S

-*-

I
P.G AFC S2

M
6
fl
0
0
0

Figure 8 : Processing of the photomultiplier and

pressure signal.

In this figure, we also give the principle of measurement of the

pressure of the gas in the Fabry—Perot interferometer. This pressure is

measured with a MKS baratron type 222B, absolute pressure gauge (P.G).

The output signal of this pressure gauge is transformed by an amplitude

frequency converter (AFC) into a frequency. The signal of the AFC is

supplied to a sealer (S2). Again, this sealer counts the number of

pulses during a given time interval and in this way a measure for the

pressure is obtained that can be processed by a computer. We used a

M68000 microcomputer to control this process.

A measurement of a line profile is as follows : neon gas is leaked

into the Fabry-Perot interferometer and the sealers for the photon

counting and pressure measurement are read simultaneously at predefined

pressure values. The pressure interval is chosen such that it covers at

least two order of the interferogram. In this way, the intensity
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( proportional to the number of photons ) is measured as function of the

pressure. The conversion of the pressure scale is done afterwards by-

gauging the pressure scale against the free spectral range.

Using ray tracing techniques, the detection volume can be determined

[7]. The relative intensity transmitted by the optical system as

function of the position in the detection volume is given in figure 9.

vt

c

Figure 9 : The relative intensity

(note the extended radial scale)

This profile is calculated for the diaphragms we mostly used in our

experiments (D,: .25 mm, D^: 1 mm, diaphragm on L : 60 mm). The radial

dimension of the detection volume, determined by the diaphragm D., is of

the order of .25 mm. The axial dimension is of the order of 10 mm.
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CHAPTER 8 : DIAGNOSTIC TECHNIQUES

1 INTRODUCTION

In this chapter we will discuss the diagnostic techniques. The

measurements were performed on a plasma expanding from a cascaded arc

into a low-pressure vessel. The aim of these experiments is to describe

the physics of this expansion. The physical phenomena in such an

expanding plasma are complex. Both flow and electromagnetic phenomena

determine the physics of the expansion. Although these phenomena can not

be uncoupled, the electromagnetic phenomena are emphasized in our

experiments. Our principal aim is to determine the expansion-induced

current distribution and associated magnetic fields.

As discussed in chapter 7 we have determined several physical

parameters. In the second section we will discuss how spectral line

analysis yields information on the ion temperature and the electron

density. Simultaneously, the spectral line analysis gives information on

the self-generated magnetic fields and the rotation of the ions. The

magnetic field measurements are based on the Zeeman effect, discussed in

section 3. The analysis of the Zeeman measurements is described in

sections 4 to 7. The rotation measurements are discussed in the section

eight. The rotation will be related to the current flow and self-

generated magnetic fields in the plasma. Finally, the measurements of

the background radiation will be the subject of the discussion in the

section nine. These measurements have been used to determine the

electron density profiles.

2 IOW TEMPERATURE AND ELECTRON DEWSITY MEASUREMENTS

In the previous chapter we have described the optical diagnostics we

have used to perform spectroscopic measurements. The first kind of

measurements we want to describe are the ion temperature and electron

density measurements. These parameters can in principle be obtained by
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analyzing the spectral line form of the ion lines.

The line profile, i.e. the wavelength-dependent intensity profile of

the spectral line, is determined by several broadening mechanisms. These

broadening mechanisms are related to the plasma parameters. As the

transmission profile of the optical diagnostics is not infinitely small,

it will also influence the measured line shape. We will first discuss

the broadening mechanisms related to the plasma parameters.

Due to the finite lifetime of an excited atom, the line profile will

not be infinitely small, even without any other broadening mechanism.

The resulting line width is refered to as the natural line width. The

line shape will be Lorentzian [1],[2]. The natural line width will be of

the order of 10"5 ran for the lines we have used in our experiments. This

width can be neglected compared to the Doppler and Stark broadening to

be discussed now.

The motion of the emitting atoms will cause a Doppler shift in

observed wavelength. Both the thermal motion and the systematic motion

of the ions will influence the line profile. The thermal motion will

cause a Doppler broadening of the spectral line, the systematic velocity

introduces a Doppler shift [1]. If the thermal velocity distribution can

be taken as Haxwellian, characterized by a temperature T, the line

profile has a Gaussian shape with a full width at half maximum (FWHH) ?_

given by:

-rfl = X o(8 In2 feT/mc2)14 (1).

Here A is the central wavelength of the spectral line, m. the mass of
o

the emitting particle and c the velocity of light. For the cascaded arc

plasma, the temperature is of the order of 1 eV and the Doppler width of

the order of 5»10"3 run.

If the emitting particles have a systematic velocity v in the

direction of the observer, the spectral line appears to be shifted over
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a range AX , given by:

AX = -\o£ (2).

The Stark broadening is an other broadening mechanism, caused by the

interaction of charged particles and the radiating atom [1]. This

interaction results in a Lorentzian broadening of the line profile. The

width of this profile is proportional to the electron density. For the

480.6 rm argon-ion line, the Lorentz FWHM-width ^ is given by:

fc = C n ; C = 2.75 10~3A m4 (3).

The constant C has been determined by Vaessen [3] and is slightly

temperature dependent. For the cascaded arc plasma, the Stark broadening

is smaller than the Doppler broadening, but can not be neglected.

In general the line profiles will be influenced by both the Doppler

and Stark broadening. The combination of these effects yields a Voigt

profile, the convolution of a Gauss profile and a Lorentz profile. The

Voigt profile is determined by the so-called Gaussian and Lorentzian

widths which are related to the ion temperature, given by equation (1)

and the electron density, given by equation (3), respectively.

We have discussed the broadening mechanisms associated with phenomena

in the plasma that determine the line shape of the spectral line. An

ideal observer would detect this profile. However, in practice the

diagnostics will have a non-infinitesimally small transmission profile.

Therefore, the "measured" line profile will in principle differ from the

"emitted" line profile. In our experiments, the line profile is

influenced by the Fabry-Perot interferometer. The width of the

transmission profile of this interferometer is approximately 5*10~* nm.

Using a least mean square technique, the ion temperature and electron

density can be determined from the measured line profile. Therefore, we

have to determine the best fit-profile to the measured profile. The fit-
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profile will in general be a Voigt curve. If the least mean square fit

is successful, the fit-curve can be used to represent the measured

profile and the Gaussian and Lorentzian widths of this Voigt curve

yield information on respectively the ion temperature and electron

density.

To calculate the electron density from the calculated best-fitting

Voigt function the deconvolution of the measured profile for the

transmission profile can be performed by linearly subtracting the

Lorentzian width of the apparatus profile from the Lorentzian width of

the best fitting Voigt function. As far from the expansion the electron

density is low, the Lorentzian width induced by the electron density

becomes comparable or smaller than the Lorentzian width of the apparatus

profile and the electron density determined in this way has to be

considered as a rough estimate for the electron density there. The

correction to the calculated ion temperature can however be neglected

because the Doppler width is much larger than the Gaussian width of the

apparatus profile.

3 THE ZEEMAH EFFECT

In this section we will describe how the magnetic field in the plasma

can be determined by using the Zeeman effect. The magnetic field can be

an externally applied field or a magnetic field generated by the plasma

itself. In this section we will not discuss the techniques to determine

the self-generated magnetic field from the measurements, but only

discuss the characteristics of the light emitted by a plasma in a

magnetic field, i.e. we will assume a magnetic field without referring

to its origin. The results of this discussion will be used in the next

section to determine the self-generated magnetic field from the

measurements.

Consider a non-moving, isolated atom with a number of energy levels,

labeled with the index i. The energy of each of these levels Is given by
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E°. The superscript ° indicates that the atom is isolated. The energy E°

will be determined by the electronic configuration of the atom. When,

for example the Russell-Saunders coupling scheme can be applied, E° will

be determined by the angular momentum L,, spin momentum S. and total

angular momentum J.. For an isolated atom, E° will not depend on the

magnetic quantum number m. ., i.e. the energy levels will be degenerate.

Associated with each of these levels is a magnetic moment jz . When

this atom is placed in a magnetic field B, the energy of level t will be

shifted by an amount 6E. and the new level will have an energy E. given

by:

Et=E°i*6Ei (4).

We will assume that the shift in energy is small compared to the

separation between the undisturbed levels £? and perturbation theory can

be applied. The energy shift 8E. can be expressed in the magnetic moment

5 E 1 = - l i l « B (5).

The magnetic moment [x. is related to the total angular momentum J. of

the atom by:

Here, g. is the Land£ g-factor of level i, e the elementary charge and

m the electron mass. The Lande g-factor Is determined by the electronic

configuration of level i. For example, when the Russell-Saunders

coupling scheme can be applied, the Lande g-factor g. can be expressed

in the angular momentum L. and spin angular momentum S. of the atom [2].

The magnitude of the total angular momentum of level I is

characterized by the quantum number J.:
"I
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= Jt(Jt+l) R : n = h/2ir ( 7).

Here h is Planck's constant.

When we choose the z-axis of the coordinate system along the magnetic

field, i.e. B_ = B e , combination of the equations (5) and (6) yields

the following expression for the energy shift 6E-.

3Ei = «t ? t Jz.t B <8>-

A consequence of the magnetic field is that the axial component of the

total angular momentum J . will be quantized :

The quantum numbers n. . can take the values :

•J.I--V-V1--- h-1- h

and by substitution of equation (9) in equation (8) we obtain the final

expression for the energy shift SE-.

SEi=giubmJiB (11).

Here, p, is the Bohr magneton, given by :

Equation (11) shows that the energy of an atom in a magnetic field will

depend on the quantum number m. . and the magnetic field B. This last
J.i

proportionality can be used to determine the magnetic field B from the

energy shift.

We have labeled the energy levels with index i. Due to the magnetic
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energy, these levels split into several uniformly spaced sublevels

( often called states ). These sublevels can now be labeled by the index

i. refering to the undisturbed energy level i from which they originate.

and the quantum number m. .. The quantum number m. . will not directly
J»i J • *•

depend on the index i. Only the upper and lower values of m ? , are
determined by i (given by equation (10)).

m

Up to now we have considered the influence of a magnetic field on the

energy levels. As line radiation is related to the transition from an

upper level ( labeled it ) to a lower lever ( labeled I ), the spectral

lines will also split up. First consider the transition between two

levels when no magnetic field is applied ( see figure 1 a ) .

B-0 Bi»0

J,=5/2

(a! (b)

-5/2

-3/2

-V 2

--V2

--3/2

Figure 1 : Line radiation a) without magnetic field

b) with magnetic field

The upper and lower levels have energies £° and E? respectively. When a

transition occurs, a photon with energy E?, given by :
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'•f - fcu ^i UJJi

will be emitted. The wavelength of the emitted radiation X° is then

given by:

X° = ch/E° (14).

When a magnetic field is applied, both the upper mid lower level will

split up and the new energy energy levels can be labeled by u, m. and

I, m. , respectively. In figure 1 b we have given the sub levels for a

particular transition; both the upper and lower level have J = B/2.

Various transitions can now occur between the sublevels of the upper and

lower level. When a transition occurs from a sublevel of the upper

level, labeled m. , to a sublevel of the lower level, labeled m, ,, the

energy of the emitted photon E, will be given by :

Which of the transitions can occur is determined by the selection rules.

For dipole transitions these selection rules are given by [2]:

Aj = Ju-Jl - - 1 . 0. 1 (16).

{ but no J = 0 to J,= 0 transitions )

J J . u j . l
( but no *, = 0 to ». j= 0 when Aj = 0 )

For our measurements we considered a transition from a J = 6/2 to a

J = 6/2 level. As will be discussed later, the Lande g-factor of the

upper and lower level of this transition are almost equal (g ~ g.= g).

Then expression (15) for the photon energy reduces to :

Ef = E° + 6E. ; 6Ef = tan g y^B (18).

The energy shift of the emitted photon will then only depend on Am r The
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combination of the different transitions with the same value for Am. are
J

called the Zeeman components. The spectral line, corresponding to the

Am. = 0 transition is referred to as the ir-component. The Am. = 1 and

Am. = — 1 transitions will be refered to as a* and CT~-components

respectively. This terminology is based on the energy of the emitted

photons (and the wavelength of the emitted light) and forgoes the

details of the transition, i.e. only the value of Am. is important. In

this sense the TT, a* and a"-components are degenerate.

The Zeeman components will be equally spaced in the energy spectrum.

This spacing equals g fj, B. The shift in wavelength 6X can be calculated

from equation (18) and is to a very good approximation given by:

X = X° + 5\ ; 6X = - X° 6Ef/E° (19).

This expression shows that the wavelength shift 5X will be proportional

to the magnetic field. The spacing AX in the wavelength spectrum is

given by:

AX = 6X = X° g v^B / E° (20).

Due to the equality of the Lande g-factors of the upper and lower

levels, the transition can effectively be described by the normal Zeeman

effect.

For each of the transitions m. » m. ,, the transition

probabilities A(m, •—> w. .) can be calculated [2]. As the magnetic

energy will be small compared to the energies E° and £° the different

sublevels will be equally populated. Therefore we can calculate the

transition probabilities of the •*-, a*- and a"-components by summation

over the corresponding values A(m . — * m. , ):

r : A := 2 A(m — . m ) (21).
Am = 0 •' J
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a:
-1 " j . u " \ M J

(22).

(23).

Defining A by :

the summation yields :

A := A

A • = A
a

(24).

(25).

Although the ir-component is sixfold degenerate and the cr-components

fivefold, the total transition probabilities are equal. The A values

describe the probability of a transition. The number of transitions will

be proportional to this A value and the upper state density. We have

assumed that these densities do not depend on the quantum number m.

but are only determined by the index t.
J\i

Figure 2 : Coordinate system for the description of

the characteristics of the emitted light.
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When a transition occurs, the associated radiation will not be emitted

i so tropically. Both the polarization and the intern i-y will depend on

the viewing angle. Furthermore, the wavelength of the emitted radiation

will be different for the ir— and a-components. Here we will discuss the

characteristics of the emitted light.

Consider an atom in a magnetic field, directed along the z-axis,

schematically given in figure 2.

We want to describe the components of the electric field associated

with the light emitted under an angle 9 with the magnetic field. In

spherical coordinates these components are given by [2] :

v : Ef sin 9 e^ ; \ = Xo (26).

o1: E + ~ % / I { cos 9 e±i<e ea + i e.
±l<p e } ; \ = \ + AK (27).

In these equations we have also given the wavelength of the emitted

radiation. The wavelength shift 6\ is given by equation (20). These

equations show that the ir-component will be polarized along the magnetic

field and no radiation is emitted in that direction. For 9 = 90° , the

polarization of the a components will be perpendicular to the magnetic

field, for 9=0° these components will be circularly polprized.

The influence of the diagnostics can be described in a formal way. A

polarizer plays an important role in this diagnostics. In figure 2, this

polarizer can be thought to be placed on the viewing line, between the

emitting atom and the observer. The electric field vector E_, describing

the transmitted light by the polarizer, is given as a function of the

incident electric field £ by :

£r ~ (£•«£) % = (E9cos 5 + E^stnS) % (28).

Here ee describes the transmission direction of the polarizer. As a

definition we have chosen 6 = 0 ° when efi = e_. Combination of equations
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(26).(27) and (28) yields the electric field vector transmitted by the

polarizer which is placed under transmission angle 5 :

ir : E _ ~ sin * cos 6 e, ; X = X (29).

T ~ ** ̂  { cos * COS 6 e±t<P + l sin

X = X + AX

After the emitted light has passed the polarizer it is transmitted by an

optical system and detected. The transmission of this optical system

will in general depenJ on the polarization of the transmitted light. The

electric field E- describing the detected light is given by:

ir : E^ D =VT(6) E^ T~ V T(6) sin S cos 6 e^ (31).

' X = X
o

% / 2 vT(6) { cos a cos 6 e±l<p + t stn 5 e±l<p} e^ (32),

X = X + AX
o

where •/T(oy accounts for the transmission of the optical system.

Equations (31) and (32) then yield the detected intensities I_ for the

different components:

T(S) sin2fi coszS (33).

X = X
o

K T(6) { cos2fl cosa6 + sin25 } (34).

X = X +" AX

o

In this equation E represents the complex conjugated electric field. As
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a special case we will consider the situation that B = 90° and 6 = 0°,

i.e. viewing perpendicular to the magnetic field with the axis of the

polarizer along the magnetic field :

8 = 90° and 6 = 0° ir : 1^ n ~ T(0°) ; \ = \ (35).

For this configuration only the ir-component is transmitted. Viewing

perpendicular to the magnetic field, with the axis of the polarizer

perpendicular to the magnetic field we find :

9 = 90° and 6 =90° ir : I _ = 0 (36).

cr1 : I^t D ~ % r(90°) ; X = \o + Ah

Now only the <7-components are detected. In general both the a— and

ir—components are transmitted.

The expressions (33) and (34) describe the detected intensity for a

single transition. The total detected intensity will depend on the

number of transitions. We have already seen that this number of

transitions is proportional to the A values, given by equation (25). The

wavelength of the emitted light will be different for the a*—, a~— and ir

components. Therefore, we will introduce the measured line form H{\)

that gives the intensity of the detected light as function of the

wavelength. This function will depend on the viewing angle S and the

orientation of the polarizer, characterized by the angle 6. Combination

of equations (25), (33) and (34) gives this line form:

"u"u (AT VD
 6(X-V * W . D

sinz9 cos*6nu A T(6)f

J (37).cosz6 + sin2B
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Here AX is given by equation (20). The factor n represents the upper

state density. The proportionality factor between M(X) and the last

expression for the RHS of relation (37) is determined by the detection

volume. We want to stress that expression (37) is only valid when the

sublevels associated with the upper level are equally occupied. The 6-

functions in expression (37) occur because the emitted light associated

with each of the transitions will be monochromatic. This is a

consequence of the fact that we have considered an emitting atom at rest

and have neglected any broadening mechanism. In general the emitted

light will be non-monochromatic. Then the 6-functions have to be

substituted by the spectral line form S(X) that is determined by the

broadening mechanisms as discussed in section 2. The spectral line forms

will be normalized :

/ S(X) dX = 1 (38).

We will assume that all broadening mechanisms work identically on the

different Zeeman components ; the only influence of the magnetic field

is a shift in wavelength. The expressions for the line forms are then

given by :

S^X) = S(X) ; Sa+(X) = S(X + M ) ; S^-fX) = S(X - AX) (39).

and an expression for the measured wavelength dependent intensity is

obtained :

T(fi)f stn2« cosz5 S(X) +

X { cosz9 cos26 + sin26 } [S(X+AX) + S(X-AX)] | (40).

Equation (40) describes the wavelength dependent intensity of the

emitted line radiation. In general measurement of the plasma radiation

also includes the background radiation. We will not incorporate the

background radiation in the discussion here. Formally, a measured

profile ffN(X) can be defined by subtracting the background. Then the

analysis in section 4 to 8 can be applied to this new profile.
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In the following section we will describe the procedure to determine

the wavelength shift AA and thus the magnetic field from the measured

profiles. Furthermore the spectral line form S(X) will be determined.

This analysis is based on expression (40).

4 ANALYSIS OF THE ZEEMAW MEASUREMENTS

Using the results of the last section, we want to describe the

technique to determine the magnetic field and spectral line form from

the line form measurements. Equation (40) gives an expression for the

wavelength dependent intensity as it is actually measured, using the

diagnostics described in chapter 7. In our experiments we measured two

intensity profiles. These measurements differed in the angle under which

the polarizer was oriented. In principle the following is valid for any

non-zero angle between the two orientations. In our measurements the

angle between the two orientations was 90°. We will refer to these

measurements as M (X), measured with the polarizer under an angle 6, and

M (X). measured with the polarizer under an angle S + 90°. The use of

the subscripts // and J. will be explained later. *..(X) and M (X) are

measured immediately after each other. Each measurement consists of

determining the intensity of the detected light and the pressure of the

gas in the Fabry—Perot interferometer. As the interferometer is scanned,

the polarizer P ( see figure 7. chapter 7 ) is rotated over 90 °. As the

two orientations of the polarizer are at right angles we can write :

K^fX) = K T(6)j sinz9 cos26 S(X) +

Hi { cos29 cosz6 + sinz5 } [S(X+AX) + S(X-AX)] 1 (41),

MJX) = KT(S + 90°)f sinz9 sinz6 S(X) +

2 sin2fi + cos26 } [S(X+AX) + S(X-AX)] 1 (42).

Here K is a proportionality factor. This factor is the same for .̂.(X)

and M (X). In equations (41) and (42) 6 is arbitrary. In our experiment

we have made a special choice for the orientation of the polarizer. This
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choice is related to the externally applied magnetic field. When there

is no self-generated magnetic field, the magnetic field will be

determined by the external coils only. The viewing angle & is chosen

such that the viewing line is perpendicular to the external magnetic

field, i.e. perpendicular to the axis of the discharge. Furthermore, the

two orientations of the polarizer are perpendicular and parallel to the

external field. The absence of a self-generated magnetic field implies 9

= 90° and 6 = 0°. This explains the use of the subscripts // and J.. They

refer to the orientations of the polarizer relatively to the externally

applied magnetic field. When there is no self-generated magnetic field

the measured intensity profiles are given by :

M#(M = K T(0) S(X) (43).

«x(\) = X K T(90°) [S(X+AX) + S(X-AX)] (44).

If there is no self-generated magnetic field we conclude from these

equations that for our particular choices of orientation of the

polarizer, the profile M ,(X) is the ir-component and M (X) is the

cr-component. When a self-genera ted magnetic field is generated which is

non-parallel to the external magnetic field, this will no longer be

true; H.A^) will be a "mix" of the w— and a-components and M (X) will be

a "mix" of the a— and ir-components.

Although T(6) is a function of 6. the transmission of the optical

system will be constant for a given orientation of the polarizer. Only

the fact that we want to express it as a function of the orientation of

the polarizer, with respect to the magnetic field, makes it into a

function of 6. We therefore substitute T(0°) and T(90°) by T and T ,

respectively.

The general expressions for the measured intensity profiles, equations

(41) and (42) can now be transformed into :

jyX) = axK S(X) + bt JTJX) (45).
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MJK) = a ^ [S(X+AX) + S(X-*X)] + b ^ #(X) (46).

where a., b., a^ and b« are given by :

aJ = T(6)(l-a) ; bj = a T(5)/T(6+ 90°)

(47).
a = (1 - stn2« cosz6 )/(i - sln2# stn26

a 2 = J4 T(6+ 90°)(i - P) ; bg = /3 T(6+ 90°)/T(6)

(48).

J3 = tans6

The coefficients a., b.. a_ and b_ are functions of the angles 9 and 6.

Equation (45) expresses the measured profile H (X) in terms of the

cr-components and the measured profile Jf (X). Similarly, equation (46)

expresses the measured profile Jf,(X) in terms of the "ir-component and the

measured component M (X). When there is no self-generated magnetic

field, i.e. b. = b~ = O, the measured line profiles are the IT— and a-

components, respectively.

Equations (45) and (46) represent continuous functions. However, the

measured profiles will be discrete functions, given at discrete values

of the wavelength, labeled X. ( t = 1..N ). The discrete equivalent of

equations (45) and (46) is given by :

aiK S { V + bi *J.(\> (49)-
t = 1..N
(Xt) (50).

The measured profiles M (X) and M (X) have been modelled according to

equations (49) and (50), using least mean square techniques. The aim is

to determine the magnetic field, both in magnitude and orientation, and

the spectral line form S(X) from these measured profiles. The spectral

line form yields information on the ion temperature and electron
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density, as described in section 2.

The least mean square technique assumes a discrete function

F(X., p....p ), called the fit function. The function F is a function of

the wavelength and is characterized by the parameters p. ...p . As a

shorthand we will often write £ for the set of parameters p. ...p .

Comparison with a measured profile, say H(X), yields the least mean

square deviation x. given by :

K2 ="JT 2 { H < V ~ F ( V & }2 (51)-

Minimization of \z yields the parameters p. ... p« . When the least

mean square deviation *2 is of the order of the measuring accuracy, the

function F(X. , p_ ) can be used to represent the measured function

H(X). In analyzing the measurements we used three different functions

F(X., p_). The first function assumes that the line profiles can be

represented by Voigt functions. This procedure yields the wavelength

shift AX, the ion temperature and the electron density. In the other two

approaches the wavelength shift AX is the main parameter to be

determined. The first of these two approaches uses the measured profile

"«(*•) to construct the line profile. This line profile is then used in

the analysis of the component M (X). The last approach is based on the

construction of the line profile from the measured component JI (X),

using iterative techniques. The merits of the three techniques will be

discussed in the next sections.

5 LEAST MEAW SQUARE ANALYSIS USING VOICT FUNCTIONS

In this section we will discuss the first approach to the least mean

square analysis. This approach is based on the assumption that the line

profiles S(X.) can be described by Voigt functions. This technique can

be applied to *»(\) and H (\.). The function F.XK. p..). for the

measured curve K.X\)' and the function F {X., £,). for the measured

curve M (X.) are given by :
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M±(X) : Fa(\- Ex) =

P3[V(X-- (Pg- P6).P7.P8) + V(X£- (X5+ P6).P7.P8)] + Pk*J\) (53).

Here V(X.— q*,q~,q~) represents a Voigt function with central position

at q., a Gauss width characterized by q« an<^ a Lorentz width given by

a_. When the least mean square fit is successful, the spectral line

profile S(X) can be represented by the Voigt function. Then the Gauss

and Lorentz widths of this Voigt function are a measure for the ion

temperature and electron density. The parameter p« represents the

wavelength shift of the <7-components and p., p_, p_ and p. are related

to the orientation of the magnetic field. These conclusions follow from

the comparison of the equations (49) and (50) with (52) and (53). The

least mean square fit with Voigt functions can be based on the

a—component, the ir—component or the combination thereof. In the combined

fit a relation is introduced between the parameters characterizing

6 LEAST MEAN SQUARE ANALYSIS BASED ON THE T^-O0HP0WEWT

In section 5 we used a Voigt function to represent the spectral line

profile. Although this will in general be a good representation it can

not be applied when S(X) deviates substantially from a Voigt function.

In that case we can use the measured profile H..(X) to construct the

spectral line profile.

We will first illustrate the principle of the procedure by considering

a measurement with bj = bo = °* i-e' 9 ~ 9 0 ° # S = °°" T h e n t h e measured

profile M (X) will be a direct measure for the ir-component and * (X)

will be a direct measure for the a-component :

(54),
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M (X) = c^K [S(X+AX) + S(X-AX)] (55).

The spectral line profile can be determined directly from the measured

profile M (A.). With this profile we can construct a function

Pl. p 2), given by :

F(Xt. p r p2) = p 2 [jyx = Xi+ p2) + »7/(X = Xt- Pi)] (56).

As the profile M (X.) is a discrete function, it has to be interpolated

at X = X.+ p. and X = X.— p. to perform the construction given in

equation (56). When the least mean square procedure is successful the

comparison of the function F(X., -p.. p2) with the profile M (X) yields

the wavelength shift AX. In this procedure, H.X\) i s used to construct

the cr-component.

In general the viewing angle is not perpendicular to the magnetic

field ( 9 ? 90° ) and is the orientation of the polarizer non-parallel

to the magnetic field ( 6^0° ). The principle of the procedure remains

the same, the expressions describing it become more complex. Rearranging

equation (49) :

K p / \ \ / i f f\ \ 1* If / ^ \ \ f fCr7\

oy\. ) = ^ K (n.. ) — D. K (\, ) )/CL. ( O l j ,

yields an expression for the spectral line profile in terms of the

measured profiles H (X) and K (X). Substitution in equation (50) results

in :

1

Referring to this equation we define the fit function for *,(X>) by :

F(Xt. pj = (59),

-147-



Chapter 8 : Diagnostic techniques

^ { W P5)
 + W P5> " *£ W P5) " MJ.<V P5)̂  > + W V

The parameters a., cu. b. and b_ in equation (58) are not independent.

The relation between these parameters is given by equations (47) and

(48). The parameters p.. p_. Pg and p. are related similarly and the

least mean square fit can be described with three independent

parameters. When the least mean square fit is successful, the parameters

p....p_ can be attributed a physical meaning as can be seen by comparing

equations (58) and (59).

The advantage of the use of the w-component to determine the spectral

line profile is that this procedure focuses all attention on the

magnetic field, both in magnitude and orientation. The influence of the

spectral line profile as such is eliminated by the use of the measured

component S (X.). Furthermore, the spectral line profile determined from

M (\.) will be shifted symmetrically with respect to the central

wavelength. This technique will show profitable when the spectral line

profile cannot be described by a Voigt function. The deviation of the

Voigt profile can be a consequence of a non-Maxwellian velocity

distribution function. Secondly, the transmission profile of the

monochromator and Fabry—Perot interferometer can also cause the line

profile to deviate from the Voigt function. The fact that the detection

volume will not be infinitesimally small will also effectively influence

the spectral line form. All these effects are automatically accounted

for when the measured profile S (X.) is used to construct the spectral

line form. The only assumption made is that the a-components can be

considered as shifted ir-components. i.e. the different mechanisms that

cause the deviation from a Voigt profile work identically on the a— and

ir-components.

7 LEAST MEAN SQUARE ANALYSIS BASED OH THE tr-OOMPONENT

The third approach to the least mean square analysis is based on the

or-component. Consider equation (46). Rearranging this equation yields :
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S(X) = ^ { M±(X - AX) - b^/X - AX) } - S(X - 2AX) (60).

This expression introduces the possibility to iteratively determine the

spectral line profile S(X) from the measured profiles M..(X.) and M (X,).

M (X.) and ".(Xj) have been measured at discrete values of the

wavelength Xt; t = 1..N. The functions M (X - AX), M (X - AX) and

S(X — 2AX) can be interpolated at these values of the wavelength. Then

the discretization of equation (60) yields :

S(Xt) = ̂  {H±{\ = X t- AX) - bgiyx = X t- AX)} - S(X = X t- 2AX) (61).

On this expression we can base a least mean square procedure. Both the

a— and ir-components have a central wavelength X and a width,
o

characterized by X . Then for X sufficiently smaller than X — AX — X we
can write :

S(X - 2AX) « S(X) (62).

This inequality will be better satisfied for small values of AX/X .

Defining tnt(p) as the number of measuring intervals corresponding to

the wavelength interval p. the iterative scheme, given by :

int(p2) + 1 < j < tnt(2p2) + 1

(63).

tnt(2p2) + 2 £ i < W

defines a function S)((Xt), tnt(p2) + 1 £ t < W. Under the assumption

given by equation (62) this construction is so chosen that :
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W = pl{ S*(X " \~ P2> + S«(X = V P2> > + p3*//(Xl>

for all values for p., p 2 and p 3 that allow the iterative procedure

given in equation (63). When we want to attribute a physical

interpretation to these parameters, we have to compare the function

S (X.) with the spectral line profile S(X.). This comparison can be

performed in two ways. The first method uses expression (49) for the

measured profile M (X.). This expression yields for the spectral line

profile S(X) :

We define the function SJH((Xt) by :

The relation between the parameters p,, p3> p. and p 5 (equations (63)

and (66)) has to be identical to the relation between a_, b». a, and b.

as given by equations (47) and (48). When for a certain choice of

parameters p....pg the function S ^ X ) fits the function S^JX ), these

functions represent the spectral line profile S(X.) and the parameters

P1-..p5 can be attributed a physical meaning as can be seen by

comparison of the set of equations (61) and (65) with the equations (63)

and (66).

When this procedure is successful, the constructed line profiles

S**(\) ^ S*(Xi.) c a n k® f l t t e d using Voigt functions as fit functions

to obtain information on the ion temperature and electron density.

The second technique to judge the iteratively determined spectral line

profile SM(X.) on its physical validity does not use the spectral line

form S (X.) constructed from the measured profile M (X,) but judges the

profile on its form. As an Illustration of this principle consider

figure (3):
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wavelength (a.u.)

Figure 3 : The construction of the spectral line profile

a) the sumfunctlon

b) the constructed profile using the correct shift

c) the constructed profile using the wrong shift
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In figure 3 a we have given a function M(A) , constructed by summing two

identical, shifted functions. We have chosen asymmetrical functions to

illustrate the generality of the method. The functions only differ in

their central position : they are shifted A with respect to each other.

The ratio of the shift A to the width is of the same order as for the

actual measurements, to be discussed in the next chapter. Using the

iterative scheme, given by equation (63), we find for p.= 1, p^= 0 :

int(p2) + 1 < j < int(2p2) + 1

(67).

S*<\> := Mj<X = Y " P2 } ~ S(X = V " 2 p2 ) :

tnt(2p2) + 1 i j < N

In figure 11 b we have given the constructed functions SM(X.) for p_= .^.

in figure 11 c for p_= 1.01 A. For both these values of p,, the

summation of the curves, shifted over p~ and — PA. reconstructs the

measured curve M(X.). The difference between the two curves is evident.

Generally, a small deviation from the correct shift parameter p_ results

in a oscillating function to the right of the central wavelength. The

resulting spectral line form SW(X.) has to be rejected as a good

approximation of the spectral line profile. Variation of the parameter

P2 shows that the resulting accuracy of this parameter, representing the

shift, is in the order of 0.2 %. The procedure can be applied to both

symmetric and non-symmetric line profiles.

Especially when the viewing direction is parallel to the magnetic

field, this technique can yield valuable information on the wavelength

shift due to the magnetic field and the spectral line profile.

Comparison of the constructed line profile with the measured line

profile K(\) can not be applied then.

So far the Zeeman measurements. We have given a general description of

the radiation, emitted by an atom in a magnetic field and how this

radiation can be used to determine several physical parameters.
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8 IOW ROTATION MEASUREMENTS

The ion rotation measurements are based on the Doppler effect. A

systematic velocity of the ion gas results in a systematic shift of the

spectral line. This systematic wavelength shift is directly proportional

to the systematic velocity.

The ion rotation measurements have been performed with the

experimental set-up, described in chapter 7 ( figure 7). By rotating the

mirror M. the plasma can be scanned radially. At discrete radial

positions, the spectral line form can then be measured. Similar to the

Zeeman measurements, the 480.6 rm argon-ion spectral lines emitted from

the different radial positions have been measured by rotating the mirror

M during the pressure scan of the Fabry-Perot interferometer. The result

of these measurements is a set of line profiles I.(p.), for each axial

position. Here i labels the discrete pressure values for which the

intensity at different radial positions has been measured (I < i <, N ).

The index j refers to the j-th radial position.

The first moment p. of the j-th measured profile is defined by :

N N
P, ==( 2 Pt I,(Pt))/( 2 IjCP^) (68).

The moment p. as such can not be attributed a physical meaning. However,

the difference between two moments p. and p, is a direct measure for the

pressure equivalent of the difference in velocity along the line of

sight. To calculate the velocity difference from the quantity p. — p.,

the pressure scale has to be gauged against the wavelength scale through

the free spectral range of the Fabry-Perot interferometer. Attributing

zero velocity to the centre of the discharge allows the interpretation

of the velocity differences between the j-th radial position and the

central position as a rotational velocity.
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9 BACKGROUND RADIATION MEASUREMENTS

The background radiation measurements discussed in this section are

used to determine the electron density profile. This technique is based

on the detection of the emissivity of the continuum radiation at X =

1*68.8 ran. This emissivity is related to the electron density [4],[5].

The electron temperature will be of the order of some eV. For these

temperatures the background radiation is only weakly dependent on the

electron temperature [4], [5]. Therefore, we have assumed an electron

temperature of 2 eV in determining the electron density from the

background radiation measurements.

The background radiation measurements have been performed with the

optical diagnostic, described in chapter 7 (figure 7). For these

measurements the polarizer P and the Fabry-Perot interferometer are

removed. By rotating the mirror M the plasma can be scanned laterally.

Correcting these lateral profiles for the transmission of the optical

system and applying Abel inversion techniques yields radially resolved

electron density profiles
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Using the diagnostic techniques, discussed in chapter 8, we have

determined several physical parameters of the plasma, expanding front the

cascaded arc. These results will be discussed in this chapter. In

section 2 we will give some general characteristics of the basic

measurements of the spectral lines, used to determine the ion

temperature, electron density and magnetic field. In section 3 we will

present the ion temperature as function of the distance to the cascaded

arc. Section 4 gives the axially resolved electron density profiles. The

ion temperature and electron density have been calculated from the Voigt

analysis of the spectral lines, as discussed in section 2 of chapter 8.

Through the Zeeman effect, the spectral lines also yield information on

the self-generated magnetic field in the expanding plasma. These results

will be discussed in the fifth section. In the sixth section, the

results of the rotation measurements will be discussed. In section seven

the background radiation measurements are presented. With these

measurements the radial electron density profiles can be determined. In

the last section of this chapter we will combine the measurements of the

magnetic field, the ion rotation and the electron density to draw some

conclusions concerning the origin of the self-generated magnetic field

and the ion rotation.

2 SPECTRAL LINE ANALYSIS

In this section we will discuss some general aspects of the spectral

line analysis. Using the optical diagnostic, described in chapter 7, the

Zeeman components have been measured almost simultaneously. For our

experiment we have used the k80.t> nm argon-ion line. This spectral line

corresponds to a transition of the 3p44p upper level to the 3p*ks lower

level. Both these levels are fivefold degenerate (J =/,=6/2). Both

experimentally and theoretically, the Lande g—factors for the upper and

lower levels differ less then .5 X [1]:
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experiment theory

upper 1.599 1.592

lower 1.598 2.600

Table 1 : the Lande g-factor of the 480.6 run spectral line.

Due to this negligible difference in Land6 g—factor, the emitted

radiation can effectively be described by the normal Zeeman effect. This

implies that the r-component will be a direct representation of the

convolution of the apparatus profile with the velocity distribution and

simplifies the interpretation of the measured profiles.

In our experiment we have measured the spectral line with two

orientations of the polarizer (see chapter 7). The first orientation is

parallel to the external magnetic field and the measured profile is

referred to as If (X). The other profile is referred to as M (X) and is

measured with the polarizer oriented perpendicular to the external

magnetic field. As we will discuss in section 5, the generated magnetic

fields are small compared to the external magnetic field and the

measured profiles M (X) and M (X) will be direct representations of the

IT- and cr-components, i.e. no mixing of the w- and a-components has to be

taken into account.

An example of a measurement over two orders of the Fabry—Perot

interferometer is given in figure l.In this figure the intensity is

plotted against the index ( 1 < index < N; N : numbering of measuring

points ). In the experiment the intensity of the a- and ir-components is

measured as function of the pressure of the neon gas in the Fabry-Perot

interferometer. This pressure scale can be gauged against the free

spectral range of the Fabry-Perot interferometer. Then an intensity

versus wavelength plot is obtained and the parameters characterizing the

spectral line can be related to the physical parameters.

The Zeeman components have been measured at different axial positions,

i.e. at different distances to the cascaded arc. To eliminate a possible
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index

Figure 1 : An example of maesured line profiles.

correlation between the physical parameters and a potential drift of the

pressure equivalent of the free spectral range, the sequence in which

the measurements at different axial positions have been performed was

chosen randomly.

The spectral lines have been measured as function of the axial

position for several plasma conditions. These conditions differed in the

gas flow, the external magnetic field, the current and the diameter of

the anode plug. We have made three choices for the gas flow : 1250, 2500

and 3750 scc/mtn. The external magnetic field was set at .11, .22 and

.38 T. The current was varied between 30 and 60 A. The anode plug could

easily be exchanged. We used copper plugs with diameters of 1,2,3 and 4

mm. For the 2,3 and U mm plugs the plugs did not noticeably wear.

However, the 1 mm plug did wear. In figure 2 the 1 mm plug before and

after a ten hours operation has been sketched schematically.

The wear of the plug suggests that the anode plug plays an active role

in the discharge, i.e. serves as an intermediate electrode. Consequently

-158-



Part II : Experiment

(a) (b)

Figure 2 : The 1 mm plug before (a) and after use (b)

the diameter of the discharge should effectively be taken larger than 1

mm. This point of view is supported by the electron density

measurements, to be discussed in section 4. These measurements indicate

a reducing scale length describing the decay of the electron density

with increasing plug diameter. However, this scale length for the 1 mm

plug is smaller than the decay length for the 2 mm plug. This indicates

again that for the measurements with the i mm plug, the effective

diameter of the discharge should be taken larger than 1 mm close to the

cascaded arc. Furthermore, the cascaded arc could not be operated

stationary for a current of kO A. For this and higher currents, sparks

are observed at the anode surface, indicating that the anode plays an

active role in the discharge. To assure a stable operation, the current

for the 1 mm plug has been limited to 30 A. A further consequence of the

wearing anode plug is that the closest point of observation is increased

effectively with some mm. As a mnemonic for the discrepancy between the

1 mm bore diameter of the virgin anode plug and the effective diameter

of the discharge at the expansion, we will refer to the "> 1 mm plug".

3 IOW TEMPERATURE

The ion temperature has been determined from the ir-component. With a

least mean square technique using Voigt functions, the Gaussian width of

the best fitting Voigt function is a direct measure for the ion

temperature. An example of a Voigt fit of a ir-component is given in

figure 3.
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Figure 3 : An example of a Voigt fit of a ir-component

In this figure the residue, i.e. the difference between the ir-component

and the Voigt fit has been magnified five times.
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Figure 4 : The ion temperature for different anode plugs.
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The calculated ion temperature for different parameters characterizing

the plasma, will be given below. The resulting figures for the ion

temperature all represent the ion temperature at the axis of the

discharge. In figure 4 we have given the ion temperature for different

choices of the diameter of the anode plug. Plugs of ">1",2,3 and k mm

diameter have been used. The other parameters are given in the figure.

B . represents the magnitude of the externally applied magnetic

field. In figure 4 the horizontal axis represents the axial distance to

the cascaded arc. The position of the cascaded arc is indicated in this

figure and the figures to follow with an arrow. Note the change in axial

scale between z = 60 mm and z = 110 mm. The axial dependence of the ion

temperature is similar for all plugs : close to the expansion, the ion

temperature shows a minimum of about .5 eV and then slowly increases to

approximately 1.5 eV far from the cascaded arc. Within the accuracy with

which the ion temperature could be determined, the differences between

the different curves are negligible and only one curve is drawn in

figure 4.

For some plugs it has not been possible to perform a successful least

mean square fit on the profiles measured just in front of the cascaded

arc. This is probably due to the strong gradients in radial velocity of

the expanding ion gas over the detection volume which effectively

broadens the measured line profiles. For the least mean square fits that

are successful, the ion temperature can be determined with an accuracy

of approximately 5 %.

In figure 5 the ion temperature profiles for different gas flows and ;

currents have been given. Figure 5 shows that the influence of the gas ,5

flow is to broaden the temperature well in front of the cascaded arc. |

The minimum itself is not very much influenced by the gas flow. An -1

increase in current results in an overall increase of the ion }:

temperature.

The influence of the external magnetic field on the ion temperature is

given in figure 6.
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Figure 5 : Ion temperature profiles for the 2 mm plug.

<Bextemal : •» T>

60 110 160
axial position (mm)

Figure 6 : Ion temperature as function of the external magnetic field

(Anode plug : 2 mm, current : kO A. flow : 1250 scc/min)

From this figure we conclude that the reduction of the external magnetic

field results in a broadening of the ion temperature well in front of
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the cascaded arc. The ion temperature far from the cascaded arc is

reduced with the reduction of the external magnetic field.

4 ELECTRON DENSITY DETERMINED FBPM THE SPECTRAL LINE ANALYSIS

Simultaneously with the ion temperature, the least .neon square

analysis yields information on the electron density. The electron

density is related to the Lorentzian width of the Yoigt function. The

measured line profile can be described by the convolution of the

spectral line form and the apparatus profile of the Fabry-Perot

interferometer. A; far as the Lorentzian width is concerned, the

deconvolution can be performed by subtracting the Lorentzian width of

the apparatus profile. In principle an analogous procedure can be

followed for the ion temperature, discussed in section 3. The Gaussian

width of the measured profile can however be attributed almost

completely to the Doppler broadening and no deconvolution is needed

then. Theoretically, the Lorentzian width of the apparatus profile is

approximately 5"10"4 r>m. However, the Lorentzian width calculated from

the spectral lines measured far from the cascaded arc has an asymptote

at approximately 3*1O'~1 run. As far from the expansion the electron

density will be too small to effectively influence the Lorentzian width,

the asymptotic value for the Lorentzian width is taken as the effective

width of the apparatus profile.

Far from the expansion, the electron density is taken as determined by

the line intensity measurements, to be discussed in section 7. For

Lorentzian widths exceeding 3*lO~4 run. the Lorentzian width is related

to the electron density as discussed in chapter 8. The results of the

procedure will be discussed hereafter. In figure 7 we have given the

electron density as function of the axial position for different anode

plugs. The corresponding ion temperature profiles are given in figure 4.

Due to the decreasing Lorentzian width of the spectral line forms with

increasing distance to the cascaded arc the accuracy of the calculated

electron density decreases with the axial distance.
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20 40 60
axial position (mm)

110 160

Figure 7 : The electron density for different anode plugs.

External : ^ T> f l o w : 1 2 5 0 scc/*in)

For the first UO mm from the cascaded arc. the electron density as

function of the axial position is given on a logarithmic scale in

figure 8. These logarithmic plots show that the electron density at the

discharge axis reduces exponentially with the distance, at least close

to the cascaded arc. For the 3 and k mm plugs, this decrease is followed

by an increase at approximately 7 mm from the cascaded arc. The scale

length by which the exponential decrease of the electron density can be

characterized is 10, 13. 5.5 and 2 ran for the ">1",2,3 and k mm anode

plug, respectively. This sequence shows that for the ">1 mm" plug the

effective radial extension of the discharge will probably be larger than

.5 mm. This is due to the active role of the anode plug in the discharge

which leads to significant wear, as discussed in section 2.

For the 2 mm plug the electron density profiles for different values

of the gas flow and current are given in figure 9.
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Figure 8 : The Electron density for different anode plugs

^external : •3* T' flow : 1250 scc/min)

The corresponding ion temperature profiles can be found in figure 5.

figure 9 shovs that a decreasing gas flow slightly steepens the electron

density profile. The same effect occurs when the current is increased.

This concludes the discussion of the electron density as determined

froa the spectral line analysis.
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Figure 9 : The electron density fcr different gas flows,

^external : ' 3 9 T' a n o d e p l u g : 2 m m )

5 SELF-CEHERATED MACMETIC FIELDS

In this section we will discuss the information obtained from the

analysis of the spectral lines concerning the self-generated magnetic

field. In chapter 8 we have discussed the characteristics of the

radiation emitted by a plasma in a known magnetic field. Here we want to

use the measured line profiles to determine the self-generated magnetic

field, both in magnitude and direction. To that purpose we have

performed a least mean square analysis on each of the measured line

profiles Jf (X). The principle of this analysis has been discussed in

chapter 8.

The analysis of the measured line profiles showed that the M (\) and

S (X) can directly be Interpreted as IT- and a-components, respectively.
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i.e. there occurred no significant mixing of the ir— and cr-components.

When the possibility of mixing was taken into account, the least mean

square analysis resulted in non-significant mix fractions and did not

noticeably improve the fit quality. Therefore, these small mix fractions

should be considered as non-indicative. In the following discussion we

will therefore assume that no mixing occurs. We will return to these

small mix fractions at the end of this section.

As the measured profiles can directly be interpreted as ir— and cr-

components, the only unknown parameter in the least mean square

procedure related to the magnetic field is the Zeeman splitting. As

discussed in chapter 8, we have taken three approaches to determine this

Zeeman splitting parameter. These approaches differ in the choice of the

fit function. The results of each of these fit procedures will be

discussed here.

The first approach assumes that the spectral lines can be described by

Voigt functions. The fit function for the cr-component is then

3

ir

index

Figure 10 : An example of a Voigt fit of a c-compenent

constructed by summing two Voigt functions that have identical

-167-



Chapter 9 : Experimental results

Lorentzlan and Gaussian widths but differ in their central positions.

The difference in central position of the Voigt functions is then taken

as a measure for the magnitude of the magnetic field. In figure 10 we

have given an example of such a fit. The residue in this figure is

magnified five tiroes. The residue shows that the fit function can be

taken as a good representation of the <7-component. The difference in

Lorentzlan and Gaussian fractions, as determined from the a— and v-

components are negligible (< 5 X).

The second method uses the measured ir-component to construct the a-

component. An example of such a fit is given in figure 11.

index

Figure 11 : An example of a least mean square fit

of the a-component.using the ir-component.

As discussed in chapter 8, this procedure automatically accounts for the

deviations of the spectral line profile from a Voigt profile. This is

especially the case for some of the measurements close to the cascaded

arc where strong gradients in the radial velocity may occur.
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The last approach is based en the iterative construction of the

spectral line form from the o-component itself. An example of such a

construction is given in figure 12.

index

Figure 12 : An example of an iteratively

determined spectral line form.

As far as the least mean square fits were successful, the three

procedures yielded a negligible difference in the calculated Zeeman

splitting (differences < .2 X).

In the following figures we will present the determined values of the

Zeeman splitting as function of the axial distance to the cascaded arc.

The results are corrected for the distortion of the magnetic field by

the cascaded arc, as discussed in chapter 7.

For low external magnetic fields it was not possible to resolve the

axial variation of the magnetic field. Therefore, only the results

obtained for the highest value of the external magnetic field (.39 T)

are presented here. We will first present the results, compiled in two

figures, and discuss the combination of these figures afterwards. In
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figure 13 the Zeeman splitting for different anode plugs is given.

6.52i 1 1
error bar

X 2 mm, 10 A

} 3 mm, 10 A

+ 1 mm. -10 A
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_L
20
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60 110 160

Figure 13 : The Zeeman splitting for different anode plugs.
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Figure 14 : The Zeeman splitting for the 2 mm plug.

^external : •» T>

The corresponding ion temperature and electron density profiles can be
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found in figures 4 and 7. respectively. In figure 14 the Zeeman

splitting for the 2 mm plug at different values of the flow and current

are given. The ion temperature and electron density profiles,

corresponding to this figure can be found in figures 5 and 8,

respectively. Figures 13 and 14 show that for the 2 mm plug the Zeeman

splitting reduces towards the cascaded arc, for all choices of the gas

flow and current. This reduction is of the order of 1 X of the Zeeman

splitting far from the cascaded arc. For the ">1", 3 and i» mm plugs, the

axial dependence of the Zeeman splitting is much smaller or, within the

measuring accuracy, negligible. The Zeeman splitting is a direct measure

for the magnitude of the magnetic field. For a 2 mm plug the Zeeman

splitting reduces towards the cascaded arc. This implies that an axial

magnetic field of the order of 3»IO"3 T is generated there. The

orientation of this self-generated magnetic field is opposite to the

externally applied magnetic field. We want to recall that for the ">lmm"

discharge the effective diameter is larger than i mm, the diameter of

the virgin anode plug. Figure 13 suggests that this effective diameter

exceeds 2 mm.

I

2.03

110 160
axial position (mm)

Figure 15 : The pressure equivalent of the free spectral range

for the 2 mm, .39 T, 1250 scc/mtn. kO A measurements.
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To stipulate the physical significance of the reduction of the Zeeman

splitting with reducing distance to the cascaded arc. we give in figure

15 the pressure equivalence to the free spectral range for the

measurements corresponding to the 2 mm curve in figure 13. This figure

shows that there is no correlation between the overall decrease of the

Zeeman splitting with reducing axial distance to the cascaded arc and

the pressure equivalent to the free spectral range. The absence of such

a correlation is important as the pressure scale is gauged against the

wavelength scale through the free spectral range.

The reduction of the Zeeman splitting for the 2 mm plug occurs over

approximately the first 20 mm from the cascaded arc. Far from the

cascaded arc, the Zeeman splitting becomes approximately constant. These

asymptotic values for the Zeeman splitting are different for the

">1".2,3 and k mm plugs. These differences can be a consequence of i) a

slightly different value of the external magnetic field or/and ii) a

long term drift of the Fabry-Perot interferometer.

The reduction of the Zeeman splitting as function of the axial

distance to the cascaded arc indicates that the plasma generates an

axial magnetic field, opposing the externally applied magnetic field.

The azimuthal current density which generates this magnetic field will

also generate a radial magnetic field. Furthermore, the discharge

current will generate an azimuthal magnetic field. We will discuss the

influence of these components of the generated magnetic field on the

interpretation of the Zeeman splitting measurements. The externally

applied magnetic field can be written as :

^external* ̂external %L ^'

and the generated magnetic field is given by :

B .= B e + B e + B e (2) .
-generated g.r - r g.<p ->p g.z - z v '

As the generated magnetic field is small compared to the externally
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applied magnetic field, the magnitude of the total magnetic field B.

can be approximated by :

+ B
9.z

/Bext+ * <Bg.r+ Bg./ ^ . z ^ L ^ <3>-

As the Zeeman splitting is proportional to the magnitude of the total

magnetic field, it depends linearly on the axially generated magnetic

field and quadratically on the radial and azimuthal magnetic fields.

Furthermore, equation (3) shows that the radial and azlmuthal components

of the self-genera ted magnetic field lead to an increase of the

magnitude of the total magnetic field and thus of the Zeeman splitting.

However, a decrease of the Zeeman splitting is observed (figures 13 and

14). Therefore, the axial dependence of the magnitude of the total

magnetic field can be attributed to the self-generated axial magnetic

field. For the 2 am plug and a current of 40 A, the azimuthal magnetic

field is of the order of 10'" T. The contribution of the azimuthal

magnetic field to the last RHS term of equation (3) is of the order of

10~2 X and can be neglected in the calculation of the magnitude of the

magnetic field fron the Zeeman splitting. In this calculation the

contribution of the radial component of the generated magnetic field can

be neglected for the same reason and equation (3) for the magnitude of

the magnetic field thus reduces to :

IStot'- External + Bg.z <4>"

From this expression we conclude that for our measurements the Zeeman

splitting is a direct measure for the axial component of the generated

magnetic field.

For a negligible self-generated magnetic field, the measured

components N IK) and M (X) can directly be interpreted as ir- and a-

components, respectively. For a non-negligible self-generated magnetic

field, mixing between the Zeeman components will occur. Here we will

estimate this mixing for the cascaded arc plasma. This mixing has been

described in chapter 8 and is recapitulated below :
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a \PL) = CLj iv o^AJ + D| n. (.AJ l*̂ / •

with

hf (1 - sinz9 cos26)/(l - sin2* sina6) (7).

and

b2~ tan
a6 (8).

Here S is the angle between the axis of the discharge and the projection

of the magnetic field on the plane of the polarizer. The angle S

represents the angle between the viewing direction and the magnetic

field. Using estimates for the radial and azimuthal components of the

generated magnetic field, similar to those in the discussion of the

Zeeman splitting, we find :

b 1 = 0(10~
3) ; b2= 0(10'

3) (9).

The orders of magnitude of b, and b_ show that in our experiments the

measured components N/y(X) and N (X) can, to a very good approximation,

be regarded as v— and cr-components. respectively. Indeed, least mean

square fits, with the possibility of mixing of the Zeeman components

into account did not yield significant values for b. and b~.

In this section we have shown that in the plasma, expanding from the

cascaded arc, axial magnetic fields are generated of the order of 3-10"3

T. The orientation of this axially generated magnetic field is opposite

to the externally applied Magnetic field. Only for an anode plug of 2 m

we have observed these magnetic fields. For the 2 MM plug the order of

Magnitude of the generated, magnetic field was the sane for different

values of the gas flow and the current. For the ">1", 3 and I* mm plug we

did not observe a Measurable effect. We have not been able to operate

the cascaded arc for anode-plug diameters smaller than 2 MM. Attempts to

reduce the diameter of the anode plug to 1 MM failed because of the

-174-



Part II : Experiment

significant wear of this plug. For this diameter, the anode plug serves

as an intermediate electrode and the diameter of the discharge

effectively exceeds 1 ma. For the ">1 mm" discharge no measurable Zeeman

effect has been observed.

6 IOH ROTATIOff MEASUREMEHTS

In this section we will discuss the results of the ion rotation

measurements. Our aim is to calculate the contribution of the ion motion

to the self-generated magnetic field. As discussed in chapter 8 the

*ave?.ength shift of emitted spectral lines Is related to the systematic

2 4
lateral position (mm)

-B00--

Figure 16 : Lateral velocity profiles

(anode plug : k MM. flow : 1250 scc/min.

current : dO A, B
external

.39 T)
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velocity of the emitting particles. By laterally scanning the plasma

column lateral velocity profiles are obtained. In figure 16 we have

given an example of such lateral velocity profiles, measured at three

axial positions.

Viewed in the direction of the externally applied magnetic field

(directed from the end anode to the cascaded arc), the ion rotation is

clockwise. This figure shows that close to the axis the azimuthal

velocity can be approximated by :

. z) = (10).

For large radii the azimuthal velocity will diminish due to the friction

with the background gas. As discussed in chapter 2 the driving force for

the rotation of the ions is the J_ x B force. A detailed description of

the plasma rotation is given by Janssen [2] and Schram [3]. Prom the

measured velocity profiles the rotational frequency 0(z) can be

determined. Close to the cascaded arc the measured profiles could not be

described by the simple expression (10) and an average rotational

a-

axial position (mm)

Figure 17 : The rotational velocity as

function of the axial position.

(flow : 1250 scc/mtn. B g x t c r n a l : .39 T)
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frequency was determined. For example, for z = 5 mm the rotational

frequency is determined from the approximated velocity distribution,

represented by the drawn line in figure 16. The rotational velocity

determined in this way is given in figure 17.

From this figure we conclude that for the 2,3 and U mm plug the ion

gas expands from the cascaded arc with negligible rotational velocity.

Over the first 20 at* of the expansion the ion gas is accelerated in

azimuthal direction to angular frequencies of approximately 3.10s rad/s.

For axial distances beyond 20 mm the rotational frequency reduces slowly

with increasing axial position. For the 2,3 arid k mm anode plugs the

axial dependences of the rotational frequencies are comparable. The

rotational frequency profile calculated for the ">1 mm" plug differs

from the other curves; already close to the cascaded arc a substantional

rotation of the ion gas can be observed.

7 BACKGROUND RADIATION MEASUREMENTS

1. m
m

)

2
<u
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Figure 18 : The FHHM width of the electron density profile

( flow : 1250 scc/mln, current : kO A, B . . : .39
external
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In this section the results of the background radiation measurements

will be presented. These measurements have only been performed for the 2

and <f mm anode plugs. The background radiation is proportional to n2

( n : the electron density). The radial background radiation profiles

can to a good approximation be taken as Gaussian ( width : A™ ).

Therefore, also the radial electron density profiles can be described

with a Gauss function ( width : v5 A™, ). In figure 18 we have given the

FWHM width of these electron density profiles as function of the axial

position.

The differences between the 2 and U mm anode plugs are small. Only close

to the expansion the FWHM width of the electron density profile

increases more rapidly for the 2 mm anode plug than for the k mm anode

plug.

8 INTERPRETATION AND DISCUSSION

In this section we will discuss the measurements and draw some

conclusions. This discussion will be focussed on the origin of the self-

generated magnetic field. In section 5 we have shown that for the 2 mm

anode plug the expanding plasma generates a magnetic field with an axial

component of approximately 1 X of the externally applied magnetic field.

For larger anode plugs no measurable self-generated magnetic fields has

been observed. Qualitatively this can be explained by the scaling of the

gradient lengths with the anode plug diameter ; due to the small

gradient lenghths in. for example the electron density the electrons are

forced to cross the external magnetic field. This induces an azimuthal

current density which is responsible for the self-generated magnetic

field. Due to the lack of detailed knowledge of the geometry of the

expansion, this could not be checked quantitatively. However, if we

assume that the self-generated magnetic field is proportional to the

current density at the anode plug, a self-generated magnetic field of

1.3 10~3 T is expected for the 3 mm anode plug, i.e. .3 X of the

externally applied magnetic field. As this magnetic field is of the

order of the measuring accuracy it is questionable whether such a
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magnetic field could be detected.

We want to estimate the contribution of the ion motion to the

azimuthal current that generates the axial magnetic field. The azimuthal

ion current can be obtained by combining the rotational velocity

measurements, discussed in section 6, with the electron density

measurements, discussed in section 7. The resulting azimuthal ion

current is given in figure 19.

1.44 10B Am"2

20 mm

60 mm

Figure 19 : The maximized azimuthal ion current,

(anode plug : 2 mm. current : 00 A.

Bexternal: - 3 9 T# f l o w : 1 2 S 0 s c c / m l n)

In this calculation we have assumed that the rotational velocity is

given by equation (10). As the rotational velocity already saturates for

radii smaller than the FWHM width of the electron density profile, the

calculated ion current should be considered a maximization of the

azimuthal ion current density. As the rotational frequencies, FWHM

widths of the electron density profiles and electron densities are

comparable for the 2 and (r MI anode plugs, the aziauthal ion current

density given in figure 21 can also be regarded as a Maximization of the

azimuthal ion current density for the k M anode plug. With this
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azimuthal ion current density a maximization of the magnetic field

generated by the ion current can be obtained. The result of this

calculation is given in figure 20.

The orientation of the magnetic field generated by the ion current is

such that it adds to the externally applied magnetic field. The

maximized ion-current induced axial magnetic field shows a maximum of

approximately .25 % of the externally applied magnetic field at

20 n

-3.95 10 60 mm

Figure 20 : The maximized axial magnetic field generated

by the azimuthal ion current density,

(anode plug : 2 mm, current : kO A,

Bexternal' .39 T. flow : 1250 scc/min)

approximately 20 mm from the cascaded arc. As this magnetic field is

oriented parallel to the externally applied magnetic field we conclude

that the ion current can not explain the observed self-genera ted

magnetic fields. Furthermore, the measured self-generated magnetic field

should be considered as a lower estimate for the magnetic field

generated by the azimuthal electron current.

We want to estimate the electron current density, responsible for the

self-generated magnetic field. Figure 18 shows that the FWHM-width of
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the electron density profile increases rapidly over the first few mm of

the expansion. There the pressure gradients force the electrons to cross

the externally applied magnetic field. Through the Lorentz force an

azimuthal current density and self-generated meridional magnetic field

results. Based on the axial dependence of the FWHM-width of the electron

density profile, given In figure 18. we assume that the current carrying

volume extends 3 mm radially and 5 mm axially. Then an order of

magnitude estimate of the azimuthal current density can be obtained by

comparing the magnetic field generated by this current density

distribution with the measured self-generated magnetic field. The

assumed azimuthal current density is given by :

= Jo r/3 r < 3 . 0 < z < 5 (11).

Here r and z are the radial and axial distances in mm, respectively. The

parameter j o represents the azimuthal current density at the boundary of

the current carrying volume. For j o = 10s A/m"2 the calculated axial

magnetic field is given in figure 21.

1.60 10'4 T

10 mm

Figure 21 : The calculated axial magnetic field

( Jo = 10B A/*-2 )
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For the assumed current density distribution an axial magnetic field

with a maximum of 1.6 10"* T is generated. The axial extension of the

calculated axial magnetic field profile is approximately 25 % smaller

than that of the measured profile, indicating that the axial dimension

of the current carrying volume is probably larger than 5 nun. For j o = 2

106 A/m~2, the magnitude of the calculated self-generated magnetic field

is of the same order as the measured magnetic field, given in figure 13

and 14. From the measured rotational velocities of the ions it can be

concluded that close to the expansion the azimuthal current density is

carried for over 90 % by the electrons. The azimuthal electron

velocities are of the order of 5 103 ms"1. The calculated azimuthal

current density is of the order of 15 % of the axial current density.

As described in chapter 2, the ion rotation of the ions is driven by

the ^ K B force. This can be concluded from the azimuthal component of

the summed electron and ion momentum equations. When the ion momentum

equation as such in analyzed the driving azimuthal force is given by :

^ ( E t * B - 17 £ )<p (12).

As close to the expansion the radial ion velocity will be positive, the

Lorentz force will induce a counterclockwise rotation of the ion gas

( viewed in the direction of the magnetic field ). As a clockwise

rotation of the ions Is observed, the electron-ion friction dominates

the Lorentz force and can be regarded as the driving force for the ion

rotation.
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TEW SLOITK

Promoveren is niet het werk van één man of vrouw. Ik wil dan ook graag

de mensen bedanken die hebben bijgedragen aan de totstandkoming van dit

proefschrift. Naast een algemeen woord van dank aan de leden van de

onderwerpgroep atoom- en plasmafysica wil ik een aantal personen in het

bijzonder bedanken.

Ten eerste Daan Schram, met wie ik de afgelopen vijf jaar heb

samengewerkt. Ik wil hem bedanken voor het feit dat hij mij heeft weten

over te halen om van afstudeeronderwerp te veranderen. Aan het

resulterende afstudeer- en promotieonderwerp heb ik met ontzettend veel

plezier gewerkt. Veel heb ik gehad aan zijn adviezen, natuurkundig

inzicht en enthousiasme. De vrijheid die hij mij gegeven heeft in het

doen van het onderzoek waardeer ik zeer.

Voor het succesvol afronden van een promotie is ook technische

ondersteuning onmisbaar. In dit verband wil ik in het bijzonder Ries van

de Sande bedanken. Naast het feit dat hij een plezierig persoon is om

mee samen te werken is hij een voortreffelijk vakman die van aanpakken

weet. De ombouw van de holle kathodeboog naar de nieuwe

cascadeboogopstelling heeft hij voor zijn rekening genomen.

Tijdens mijn promotie heb ik met veel plezier een aantal afstudeerders

en een stagaire begeleid. Fons Jansen heeft de eerste metingen aan, wat

toen nog de holle kathodeboog was gedaan en aan het model gewerkt. Aan

hem heb ik niet alleen mijn eerste afstudeerder overgehouden. Jeroen

Verspeek heeft het verwerkingsprogramma voor de metingen vervolmaakt en

metingen aan de holle kathodeboog en de cascadeboog verricht. Deze twee

afstudeerders hebben het pad geëffend voor Guido Bollen die de

uiteindelijke metingen gedaan en verwerkt heeft. Rinie Verbruggen wil ik

bedanken voor het perfecte programma dat hij geschreven heeft om

detectievolumina te berekenen.
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Pascal Bloemen en Ger Janssen hebben onder de goede en enthousiaste

begeleiding van "coming young researcher" Richard van de Sanden de

metingen aan de plasmarotatie en van de achtergrondstraling uitgevoerd

en verwerkt. Daarvoor bedankt.

Frans Sluijter en Frits de Hoog wil ik bedanken voor hun hulp en

adviezen, vooral in de laaste periode van mijn promotie. Prof. Weenink

ben ik een bijzonder woord van dai-1'. verschuldigd omdat hij in de status

van leeslid het theoretische deel van het proefschrift heeft weten te

ontdoen van zijn onvolkomenheden.

Bertus Hüsken wil ik bedanken voor zijn digitale en analoge hulp,

Lambert Bisschops voor zijn niet alleen technische adviezen en John

Bleize voor zijn hulp bij de optiek.

Wat betreft het numerieke werk heb ik veel hulp gehad van Frans van

der Vosse. Door zijn kennis van het eindige elementen pakket voelde ik

mij vaak een tovenaarsleerling.

De voortreffelijke manier waarop de plaatjes in dit proefschrift

terecht zijn gekomen is te danken aan Ruth Gruyters.

Bart van der Sijde wil ik bedanken voor het verzorgen van de lijn in

het onderzoek, in de meest natuurkundige zin van het woord.

De laatste plaats in dit rijtje is enkel en alleen het gevolg van de

totaal andere dimensie van de steun die ik van Marian gehad heb.

Dank je wel.
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