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Preface

During the 1960s, the public face of plasma physics was almost exclusively
represented by plasma confinement, with the goal of developing a reactor
to produce electricity by thermonuclear fusion. Such a reactor is still being
developed, without any guarantee as to its successful achievement, but since
then the applications of plasma physics have increased and diversified: one
of the best known, besides lighting, is etching in the fabrication of micro-
electronic computer chips, for which plasma is indispensable. At present, the
use of plasmas continues to expand and, from recent research publications,
a seemingly limitless number of applications will eventually see the light of
day. In this development, plasmas created by radiofrequency and microwave
fields play a particularly important role.

The present text is basically concerned with plasma physics of interest
for laboratory research and industrial applications, with emphasis on the
understanding of the physical mechanisms involved, rather than on minute
details and high-level theoretical analysis. At the introductory level to this
discipline, it is very important to assimilate its characteristic physical phe-
nomena, before addressing the ultimate formalism of kinetic theory, with its
microscopic, statistical mechanics approach. In this textbook, the physical
phenomena have been translated into more tractable equations, using the
hydrodynamic model; this treats the plasma as a fluid, in which the macro-
scopic physical parameters are the statistical averages of the microscopic
(individual) parameters. This textbook is intended for students in their early
years at the graduate level, and for engineers who are interested in applica-
tions. Its level of difficulty lies somewhat below that of JL Delcroix and A
Bers (from Université Paris XI, Orsay and Supélec, Gif-sur-Yvette, France,
and MIT, Cambridge, MA, USA, respectively), which provides a series of
complementary and interesting theoretical treatments.

This book is divided into four chapters.

Chapter 1 is the introductory part of the textbook. It begins with a de-
scription of the plasma, an ionised gas, as a collective and electrically neutral
gaseous medium, followed, for illustrative purposes, by a few selected scien-
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tific and industrial applications. Then, the fundamental concepts of plasma
physics are introduced, with progressively increasing detail: the chapter aims
to present the basic parameters required to reach a starting knowledge of the
plasma medium, such as the Debye length, the electron plasma frequency,
the various types of collision between particles and their description through
specific cross-sections. The concepts presented in this introduction will be
developed as a first approach, i.e. as the first step in an iterative process, to
be completed by the detailed and quantitative presentations in the remaining
chapters.

Chapter 2 is a thorough examination of the trajectory of a single charged
particle (assuming no interaction whatsoever with other particles), subject
to an electric field F, a magnetic field B or both. In the case of electric fields
E, special attention will be paid to those at RF and microwave frequencies,
designated jointly as high-frequency (HF) fields, in preparation for the mod-
elling of HF discharges developed in Chap. 4. The presence of a magnetic
field B results in a cyclotron motion, encountered for example in electron
cyclotron-resonance discharges (Chap. 4). The combination of E and B fields
in different spatial configurations, and then the inclusion of the spatial inho-
mogeneity of the B field, reveals the so-called drift velocities, which have to
be “tamed” for an efficient operation of Tokomaks, nowadays investigated as
possible controlled-fusion reactors.

In contrast to Chap. 2, collisions between particles are taken into account
in Chapter 3, to establish the hydrodynamic description of the plasma, con-
sidered as a fluid. Such a description is obtained from the macroscopic quan-
tities calculated from the distribution function of the (microscopic) velocities
of individual particles. The transport equations, i.e. the equations describing
the space-time evolution of these quantities, are obtained from integration
of the Boltzmann equation over the distribution function of velocities. The
concepts of mobility (of charged particles) and diffusion of particles are then
introduced, where free mobility and diffusion tensors are deduced from the
(momentum transport) Langevin equation. Further, it is shown that, under
sufficiently dense plasma conditions, the space-charge electric field makes elec-
trons and ions diffuse together in the so-called ambipolar diffusion regime.
Finally, toward the end of the chapter, a first example of a scaling law in
plasmas is developed. Then, in the last section, the formation of sheaths lo-
cated at the interface between the plasma and the walls is described, together
with a straightforward and original derivation of the Bohm Criterion, which
provides the velocity of the ions as they enter the sheath.

Chapter 4, the last chapter, is dedicated to the mechanisms involved in
HF sustained discharges, which are developed based on an entirely new and
original approach. The key element is 6;, the average power lost by an elec-
tron through its collision with heavy particles, in this way supplying power
to the plasma. It is shown that 6,, the power taken on average per electron
from the HF field, adjusts so that 6, = 6, = 0, i.e. to compensate for the
loss of charged particles. This implies, for instance, that the intensity of the
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FE field in the plasma is not set by the operator, but by this balance re-
quirement. A further consequence is that, for given operating conditions and
HF power density, whatever the means of supplying the HF field to achieve
the discharge, the 6 value should be the same in all cases. The parameter 6
is also instrumental in demonstrating that, contrary to common belief, the
E-field intensity goes through a minimum at electron cyclotron resonance.
The influence of varying the field frequency on the EEDF, and ultimately
on plasma properties, is documented both theoretically and experimentally,
in the case of low-pressure (< 10torr) plasmas. The case of high-pressure
plasmas (including atmospheric pressure) is centred on the phenomena of
discharge contraction and filamentation in rare gases with low thermal con-
ductivity, emphasising the role of molecular ions in these monoatomic gas
discharges. Interrupting the kinetic cycle leading to dissociative recombina-
tion (of molecular ions) by introducing traces of rare gases with an ionisation
potential lower than that of the carrier gas leads to the disappearance of
discharge contraction and filamentation.

In addition to the content of the main text, there are a large number of
remarks and footnotes, for clarification, or to qualify certain points more pre-
cisely. Forty five problems, with detailed solutions, which are an indispensable
complement to this book, are distributed at the end of the first three chap-
ters. A set of Appendices provides clarifications of the subjects treated in the
main text, together with a number of mathematical developments, and use-
ful mathematical formulae. Finally, an alphabetic index of important terms
is supplied, with a page reference to their first appearance in the text given
in bold type.

Montréal and Grenoble, Michel Moisan
January 2012 Jacques Pelletier



Acknowledgements

The authors would first like to congratulate Graeme Lister on his excellent
contribution in translating the content of our textbook, originally written in
(non-basic) French, into (English) English. Born in Australia, Graeme Lister
(Ph.D. on instabilities in plasmas) has been involved since the beginning in
modelling plasmas, first for thermonuclear research, in prestigious institutes
(Princeton, Garching) and, afterward for RF operated lamps, as a senior
scientist in International companies (Thorn Lighting, Osram Sylvania). He
is currently working for Ceravision Limited in the development of microwave
HID lighting. Needless to say that he has an interest in HF discharges!

Another invaluable contribution to this book has been provided by Danielle
Kéroack (Ph.D. in solid state physics) who edited the English manuscript
(after having done the same with the French text), while also carrying out her
activities in the laboratory and administrative duties in the Plasma-Québec
strategic network. Her calculation from basic equations of many figures and
her patience with Springer editorial guidelines are particularly noteworthy.

We are happy to acknowledge the contribution made by several people
to the content of this book. We would first like to thank Professor Ana La-
coste (Master of plasma physics at Université Joseph-Fourier in Grenoble) at
the origin of a number of developments, particularly in Chapter 4, and for
providing some problems with their solutions. The content of Chapter 4 was
originally developed by young researchers in plasma physics, Kremena Maka-
sheva, Yassine Kabouzi and Eduardo Castanos Martinez as post-doctoral fel-
lows and Ph.D. student in plasma physics respectively, particularly concern-
ing the atmospheric-pressure HF discharges. The new results on this topic
appearing in the English edition result from the Ph.D. research of Eduardo
Castanos Martinez. The content of this book has also greatly benefited from
the many questions and comments from students in the classroom and in
the laboratory. Finally, we were lucky to have a group of kind consultants
and readers. We need to mention the long-running advice provided by Dr.
Antoine Royer, in commenting on the physics of the text and re-writing part
of it. Finally, we are grateful to John Michael Pearson and Richard MacKen-
zie, both professors of physics at Université de Montréal, for answering our
(almost daily) queries on the English language.



Contents

1 The Plasma State: Definition and Orders of Magnitude
of Principal Quantities....................................
1.1 Definition and essential nature of plasma ..................

1.1.1 A plasma behaves as a collective medium ...........
1.1.2 A plasma is a macroscopically neutral medium . ... ...
1.1.3 First examples of plasmas .........................
1.2 Areas of research and applications (examples) ..............
1.2.1 Controlled thermonuclear fusion....................
1.2.2  Astrophysics and environmental physics .............
1.2.3 Laser pumping .. ........ouvninineinnnn ..
1.2.4 Plasma chemistry ........ .. .. ... .. .. .. ...
1.2.5 Surface treatment ........... .. .. .. .. . ... ...
1.2.6  Sterilisation of medical devices .....................
1.2.7 Elemental analysis (analytical chemistry)............
1.2.8 Lighting. ... ...
1.2.9 Plasma display panels.............................
1.2.10 Ton SOUTCES . ..ottt
1.2.11 Ton propulsion thrusters...........................
1.2.12 Further applications ............... ... ... . ......
1.3 Different types of laboratory plasmas .....................
1.3.1 Discharges with continuous current or alternative
current at low frequency ........... ... .. .. oL
1.3.2 High frequency (HF) discharges ....................
1.3.3 Laser induced discharges ................. .. .. ....
1.4 Electron density and temperature of a plasma..............
1.4.1 Range of electron density values in a plasma .........
1.4.2 Definition of plasma “temperature” and the concept
of thermodynamic equilibrium (TE) ................
1.4.3 Different levels of departure from complete
thermodynamic equilibrium............. ... ... ...
1.5 Natural oscillation frequency of electrons in a plasma .......



xii

Contents

1.5.1 Origin and description of the phenomenon . ..........
1.5.2 Calculation of the electron plasma frequency .........
1.6 Debye length: effect of screening in the plasma .............
1.6.1 Description of the phenomenon. ....................
1.6.2 Calculation of the potential exerted by an ion in a

two-temperature plasma: definition of the Debye length 28

1.7 Collision phenomena in plasmas . ............c..cooveno...
1.7.1 Types of collision . ...,
1.7.2 Momentum exchange and energy transfer during a

collision between two particles .....................
1.7.3 Microscopic differential cross-section ................
1.7.4 Total (integrated) microscopic cross-section ..........
1.7.5 Total macroscopic cross-section ....................
1.7.6 Expression for the temperature of a plasma in

electron-volt ... ... .. .. ..
1.7.7 Collision frequency and mean free path between two

collisions . ...
1.7.8 Average collision frequency and mean free path ......
1.7.9 Examples of collision cross-sections .................

1.8 Mechanisms for creation and loss of charged particles in a
plasma and their conservation equation....................
1.8.1 Loss mechanisms ............ .. ... .. . ...
1.8.2 Creation mechanisms ........... ... ... ... ... ....
1.8.3 Conservation equation for charged particles..........

Problems . ........

Individual Motion of a Charged Particle in Electric and
Magnetic Fields ....... ... .. ... .. i
2.1 The general equation of motion of a charged particle in E
and B fields and properties of that equation ...............
2.1.1 The equation of motion ...........................
2.1.2  The kinetic energy equation .......................
2.2 Analysis of particular casesof Eand B ...................
2.2.1 Electric field only (B=0)............ccoiiuunnn.
2.2.2  Uniform static magnetic field ......................
2.2.3 Magnetic field either (slightly) non uniform or
(slightly) varying in time .................. ... ...
Problems . ... .

Hydrodynamic Description of a Plasma...................
3.1 Fundamental aspects of the Boltzmann equation............
3.1.1 Formal derivation of the Boltzmann equation ........
3.1.2 Approximation to the Boltzmann elastic collision
term: relaxation of the distribution function towards
an isotropic state ....... ... ... .. i i

32



Contents

3.2

3.3
3.4

3.5

3.6
3.7
3.8

3.9

3.10

xiii

3.1.3 Two classical methods to find an analytic solution to

the Boltzmann equation........................... 210
Velocity distribution functions and the notion of correlation
between particles ... ... 211

3.2.1 Probability density of finding a particle in phase space 211
3.2.2  Single-point distribution function (the case of

correlated particles) ....... ... ... o L 212
3.2.3 Single-point distribution function (uncorrelated
particles) ... ... 213

3.2.4 Two-point distribution function (correlated particles) . 213
3.2.5 Two-point distribution function (uncorrelated particles)214

3.2.6  N-point distribution functions...................... 215
Distribution functions and hydrodynamic quantities ........ 215
Kinetic and hydrodynamic conductivities of electrons in a
plasma in the presence of a HF electromagnetic field ........ 218
3.4.1 Kinetic form of the electrical conductivity due to

electrons in an HF field ............ ... ... ... .... 219
3.4.2 Hydrodynamic form of the electrical conductivity due

to electrons in an HF field . ........................ 221
Transport equations ............. ... . i 224
3.5.1 The continuity equation (15¢ hydrodynamic moment,

of zero order in w). ... ... .. i i 226
3.5.2 The momentum transport equation (27¢

hydrodynamic moment, 15 order in w) ............. 227
3.5.3 Moment equations of second order in w ............. 234
3.5.4 Higher order moment equations .................... 239
Closure of the transport equations . ....................... 240
The Lorentz electron plasma model ....................... 243
Diffusion and mobility of charged particles................. 245
3.8.1 The concepts of diffusion and mobility .............. 245
3.8.2 Solution of the Langevin equation with zero total

derivative ....... ... .. 246
Normal modes of diffusion and spatial density distribution
of charged particles ........ ... .. .. 253
3.9.1 Concept of normal modes of diffusion: study of a time

varying post-discharge ........... ... ... .. .. ... ... 255
3.9.2 Spatial distribution of charged particle density in the

stationary diffusion regime.......... ... ... ... ... 259
The ambipolar diffusion regime............. ... ... ... ... 261
3.10.1 Assumptions required for a completely analytic

description of the ambipolar diffusion regime......... 262

3.10.2 Equations governing the ambipolar diffusion regime
and the transition from the free diffusion to the
ambipolar regime . ...... .. .. .. . i 263
3.10.3 The value of the space-charge electric field intensity. .. 265



Xiv

Contents
3.10.4 The expression for the charge density py on the axis:
limits to the validity of the analytic calculation ...... 267
3.10.5 Necessary conditions for a discharge to be in the
ambipolar regime . ........ .. .. L i i 268
3.11 Ambipolar diffusion in a static magnetic field .............. 271
3.12 Diffusion regime or free fall regime.................. ... ... 274
3.13 Electron temperature of a long plasma column governed by
ambipolar diffusion: scaling law To(pR) .. ..o oo oveeeinn 275
3.13.1 Assumptions of the model ......................... 276
3.13.2 Derivation of the relation Te(pgR) - ..o oot 276
3.14 Formation and nature of sheaths at the plasma-wall
interface: particle flux to the walls and the Bohm criterion . .. 282
3.14.1 Positive wall-potential with respect to the plasma
potential: electron sheath.......................... 283
3.14.2 Negative wall-potential with respect to the plasma
potential: ion sheath ........ ... .. ... .. .. ... .. 284
3.14.3 Floating potential .......... ... .. .. ... .. .. ... .. 288
Problems . ... . 288
Introduction to the Physics of HF Discharges............. 337
4.1 Preamble ... ... ... 337
4.2 Power transfer from the electric field to the discharge ....... 339
4.2.1 Direct current discharges ............ ... ... ... .... 339
422 HF discharges......... ... i 343
4.2.3 HF discharges in the presence of a static magnetic field 345
4.2.4 Variation of the value of 6 as a function of n. for
different plasma conditions ............ ... ... .. .. 352
4.3 Influence of the frequency of the HF field on some plasma
properties and on particular processes..................... 354
4.3.1 Posing of the problem............ ... .. .. ... ... 355
4.3.2 The EEDF in the non-stationary regime............. 356
4.3.3 EEDF in the stationary regime..................... 358
4.3.4 Three limit cases of the influence of w on a stationary
EEDE .o 360
4.3.5 Influence of w on the power 6 ...................... 362
4.3.6 Density of species produced per second for a constant
absorbed power density: energy efficency of the
discharge . ....... . 363
4.3.7 Experimental and modelling results................. 364
4.3.8 Summary of the properties of low-pressure HF plasmas 368
4.4 High-pressure HF sustained plasmas ................... ... 369
4.4.1 Experimental observation of contraction and
filamentation at atmospheric pressure ............... 370

4.4.2 Modelling contraction at atmospheric pressure ....... 376



Contents XV

4.4.3 Validation of the basic assumptions of contraction at
atmospheric pressure, using a self-consistent model ... 379
4.4.4 Kinetics of expanded discharges at atmospheric
pressure as a result of adding traces of rare gases

with a lower ionisation potential.............. ... ... 382
4.4.5 Summary of the properties of high-pressure
HF plasmas. ... 385
I Properties of the Maxwell-Boltzman Velocity
Distribution.......... .. .. . . 387
11 The Complete Saha Equation ......................... 393
II1 Partial Local Thermodynamic Equilibrium ............ 395
v Representation of Binary Collisions in the Centre of
Mass and Laboratory Frames ......................... 397
\% Limiting the Range of the Coulomb Collisional
Interactions: the Coulomb Logarithm ................. 399
V1 Stepwise Ionisation.......... ... .. .. ... .. ... L. 413
VII Basic Notions of Tensors .............................. 417
VIII Operationson Tensors ................. ..., 421
IX Orientation of ws | in the Reference Triad with
Cartesian Axes (Eo, AB, Eg ., B).................... 429
X Force Acting on a Charged Particle in the Direction

of a Magnetic Field B Weakly Non-uniform Axially ... 431
XI The Magnetic Moment .............. .. ... .. ........ 433

XII Drift Velocity wg of a Charged Particle Subjected to
an Arbitrary Force F; in a Field B: the Magnetic
Field Drift ....... . ... . 435

XIII Magnetic-Field Drift Velocity wgy,, in the Frenet
Frame Associated with the Lines of Force
of a Magnetic Field with Weak Curvature............. 437

XIV  Spherical Harmonics .......... .. .. . ... .. .. .. ..... 441

XV Expressions for the Terms M and R in the Kinetic
Pressure Transport Equation.......................... 443



xvi Contents

XVI Closure of the Hydrodynamic Transport Equation for
Kinetic Pressure in the Case of Adiabatic Compression 445

XVII Complementary Calculations to the Expression

for T,(pR) (Sect. 3.13) ... 447
XVIII Propagation of an Electromagnetic Plane Wave in a

Plasma and the Skin Depth ........................... 451
XIX  Surface-Wave Plasmas (SWP)......................... 455
XX Useful Integrals and Expressions for the Differential

Operators in Various Coordinate Systems ............. 459
References. ... .. ... 465
Recommended Reading . ........... ... .. .. .. ... .. .. ... .. 467



Symbols

Vectors are represented by letters in bold characters, A. Tensors are also
printed in bold: a tensor of order 2 is underlined once, A; a tensor of order 3,

twice, A

()

S
<)

o0 o
5N w

SS9
v 'S
S

)

»

D

SEsES RN EvE i)

average taken over the velocity (or energy) distribution function
of particles

radius of the first allowed electron orbit of the hydrogen atom
magnetic induction

speed of light in vacuum

flux of particles reflected by a magnetic mirror

elementary solid angle

elementary volume in the velocity space, also noted d3w: in carte-
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magnetic part of the Lorentz’s force

statistical weight (quantum degeneracy) of the j*™ level of an
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Planck’s constant
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Jacobian (determinant of a coordinate transformation matrix)
current density
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Larmor’s radius of electrons, ions
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collision operator

time
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temperature in electron-volt
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average power lost per electron

thermal conductivity of the gas

wavelength
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reduced mass of particles of type a and 8
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step-wise ionisation frequency

photon frequency
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charge density

radius of magnetic curvature
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microscopic differential cross-section

all-angle integrated (or total) microscopic cross-section
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electric conductivity
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any given microscopic parameter

electric potential

applied potential

plasma potential at the sheath edge

plasma potential
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electric potential energy

kinetic pressure tensor
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cyclotron angular frequency of electrons, ions
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AC
CM
DC
ECR
EEDF
EM
HF
ICP
ISM
LTE
MW
RF
S1
TE
uv

Alternating current

Centre of mass

DC Direct current (e.g., DC discharges)
Electron cyclotron resonance

Electron energy distribution function
Electromagnetic

High frequencies

Inductively coupled plasmas

Industrial, scientific and medical (frequency)
Local thermodynamic equilibrium
Microwaves

Radiofrequencies

International system

Thermodynamic equilibrium
Ultraviolet
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Physical constants

Electron mass

Unsigned charge on a electron
e/m. ratio

Hydrogen atomic mass
Helium atomic mass

Vacuum electric permittivity
Vacuum magnetic permeability
Avogadro’s number
Lochsmidt’s number
Stefan-Boltzmann’s constant
Boltzmann’s constant
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Chapter 1

The Plasma State: Definition and
Orders of Magnitude of Principal
Quantities

1.1 Definition and essential nature of plasma

Plasma is a medium composed of electrons and ions, free to move in all
spatial directions; this gaseous medium is distinguished from a classical gas,
composed exclusively of electrically neutral particles, by the nature of the
interaction between charged particles.

In a classical gas, the interaction between electrically neutral particles is
short range and, provided the gas pressure is not greatly in excess of an
atmosphere, the interactions generally involve only two particles (binary in-
teractions). In this case, if two particles are travelling toward each other and
separated by a distance r, the interaction is at first attractive (proportional to
1/77, referred to as the Van der Waals force) then, immediately before “con-
tact”, this force abruptly changes to repulsive (sometimes represented by a
force ~ 1/r13, Sect. 1.7.9)*. To the contrary, the interaction between charged
particles (attractive or repulsive, depending on the charges involved) is long
range, because the Coulomb force between particles is ~ 1/r? (Sect. 1.7.1),
which implies that each charged particle interacts simultaneously with a large
number of other charged particles. As a result:

1.1.1 A plasma behaves as a collective medium

Consider, as an example, a plasma in which the particles are, to a first approx-
imation, stationary (very small thermal motion) and suppose that the ions
and electrons do not recombine to form neutral atoms: the result is a station-
ary state where, spatially, the positive and negative charges are distributed

1 This interaction is often described in a simplified fashion as a collision between “billiard
balls”, neglecting the (initial) attractive phase of the interaction.
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alternately and almost uniformly; the charge distribution in two dimensions
is illustrated very schematically in Fig. 1.1.

Fig. 1.1 (Highly) idealised + - 4+ - o+
spatial distribution of pos-

itive and negative charges, - 4+ - 4+ -
in the case where the par- + - + - +
ticles in the plasma are

(almost) at rest. - 4+ - + -

A uniform distribution of charges implies, in particular, that there is no
significant local variation in the electric field intensity. However, if a hypothet-
ical perturbation occurs, which displaces only one charge, all the neighbouring
charges will move to compensate the local deviation from equilibrium thus
created. This demonstrates that a plasma consists of particles which may
behave collectively.

1.1.2 A plasma is a macroscopically neutral medium

Consider a given volume of plasma. The charged particles are moving ran-
domly (thermal motion) but, the Coulomb forces they exert on each other,
may induce relative displacements, such as to create a significant change
in the local charge distribution: the (average) displacement of the particles
increases with thermal energy, but decreases with the density of charged par-
ticles. From Poisson’s equation?:

V-E=ple, (1.1)

where E is the (local) electric field intensity, p is the net (local) density of
charges (positive or negative), and ¢ is the permittivity of vacuum; the inten-
sity of E increases as p increases®, and consequently the neutrality restoring
forces induced by the charge separation become important*. For this reason,
and provided the volume of the plasma considered is much greater than the
typical distance between the particles, the volume will contain, statistically,
an equal number of positive and negative charges. The (average) maximum
distance of non-neutrality is called the Debye length, designated by Ap; the
dependence of Ap on charge density and average (thermal) energy will be
considered in Sect. 1.6. We can therefore assert that a plasma contained in

2 This is a variation of Maxwell’s equation, V- D = p, where D is the vector displacement
(electric induction).

3 Equation (1.1) in one dimension leads to E = px/eo.

4 For a given p, the restoring force |eF| increases with z, the distance to the neutrality
position (z = 0).
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a volume V' which is much greater than the Debye sphere, %7‘(’)\%, is macro-
scopically neutral.

In general, we can say that a plasma is a quasi-neutral medium (that is,
neutral in a volume much greater than a Debye sphere) and, in fact, we can
write n = n. = n;, where n is the plasma density, and n, and n; represent
the electron and ion density respectively, assuming that the ions are singly
and positively charged.

1.1.3 First examples of plasmas

Before continuing, consider, as well-known examples, two very different types
of plasma:

- the Sun: this is a completely ionised medium, where there are no electri-
cally neutral atoms; at the centre of the sun, the atoms have even lost
all their electrons. Astrophysicists have shown that 99.9% of the (visible)
material in the Universe is in the form of plasma, which is thus the most
common state of matter.

- the light emitting region of a fluorescent lamp: the bulb is filled with a
rare gas (typically argon) at about 3 torr (~ 400 Pa)® and a small drop of
mercury with a partial vapour pressure of the order of a few mtorr at the
operating temperature of about 40°C. An electric field (typically at 50 or
60Hz AC) of sufficient strength is applied to the gas with the aid of two
electrodes mounted as shown in Fig. 1.2, which renders the gas electrically
conducting, producing what is called an electric discharge in the gas; part
of this discharge emits light. In the case of a fluorescent lamp, the principal
emission is UV radiation from mercury atoms (Hg I 254 nm line), which
is converted to visible light by a phosphor deposited on the tube wall. The
gas, in this case, is only partially ionised, and “cold” (= 400K), whereas
it is “hot” in the case of a star.

I -

R

46—"’“—

Fig. 1.2 Schematic showing the principle of an electric discharge with an alternating
current as, for example, in the tube of a fluorescent lamp. For alternating current, R is a
reactance (a resistance for continuous current), which is necessary for a stable discharge.

5 The torr is a practical unit of pressure, used in a large number of experimental mea-
surements, while the corresponding unit in the International System (SI) is the pascal
(1 torr ~ 133Pa). The advent of pressure gauges giving the value in pascal should, in
future, result in the disappearance of the torr.
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General remarks:

1. Terminology: the difference between ionised gas and plasma. The majority
of laboratory discharges are not really plasmas, because they contain not
only charged particles, but also electrically neutral atoms and molecules,
creating, more correctly, an tonised gas. Strictly speaking, the name plasma
should be reserved for a gas that only contains charged particles, but in
practice, the two terms plasma and ionised gas are often confused; the
term cold plasma necessarily refers to an ionised gas.

The difference between a plasma and an ionised gas may be characterised
by defining the degree of ionisation «; of the medium,

2

AN (1.2)
1

Q; =

where N is the density of the electrically neutral molecules (atoms). For
a; < 1074, one should really refer to an ionised gas, rather than a plasma
because, in this case, the majority of interactions are electron-neutral colli-
sions, which are short range. However, even in such a situation, it is possi-
ble to propagate an electromagnetic wave (EM) through the (few) charged
particles, but the attenuation is, in this case, linked to the electron-neutral
collisions, rather than the Coulomb interactions.

2. Plasma is the fourth state of matter. The sequence “solid-liquid-gas-
plasma” corresponds to increasing average energy of the constituents,
plasma being the state with the highest energy. Thus, if the average energy
of the electrons reaches 5 to 10% of the ionisation energy level of the atoms
(molecules) (Sect. 1.7.9), an ionised gas is formed, but only partially; when
the average energy is close to, or exceeds, the ionisation energy, the gas ap-
proches complete ionisation. In the laboratory, this “heating” is obtained
by means of an electric field, or by photons.

3. Plasmas, radiating media. A plasma is a thermodynamic system which
(Sect. 1.4.2), in addition to charged particles (and electrically neutral
atoms, in the case of an ionised gas), contains photons which are emit-
ted and absorbed by the particles.

It should be noted, however, that a medium need not be a plasma or an
ionised gas to emit photons: it is sufficient for the atoms to be excited
without being ionised.

4. Presence of negative ions. In addition to positive ions, with charge Ze
where e is the absolute value of the elementary charge on an electron, many
gas discharges (particularly in those gases referred to as electro-negative,
for example SFg) contain negative ions (with a single negative charge, for
example H—, O~, O, C1~, SF_ ), which are formed by the capture of an
electron by an atom. Nevertheless, one always has quasi-neutrality, such
that:

—(nee—i—ni,e)—i—anZe:O , (1.3)
z
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where n, is the density of positive ions of charge Ze (so called multi-
charged ions) and n;_ the density of negative ions, with charge —e.

It should also be noted that some plasmas, such as those containing nitro-
gen, mercury and rare gases, do not contain negative ions.

5. Origin of the term “plasma”. This term was first introduced into the lit-
erature by Tonks and Langmuir in 1929 to describe the “positive column”
(Chap. 4) of certain electric gas discharges. Taken from the Greek mAaouc,
this word means “modelled shape” (for example of wax or clay), but can
also mean fiction, false appearance! The connection between the etymo-
logical sense and the physical phenomenon that it describes is rather slim.

1.2 Areas of research and applications (examples)

Although most research work in plasma physics has been motivated by ap-
plications, this discipline, due to the large variety of observable phenomena
in plasmas, has made important contributions to a number of different areas
of fundamental physics, for example non-linear effects.

Plasma physics is a field that calls for electromagnetism, hydrodynamics,
statistical mechanics, and atomic and molecular physics. In order to provide
an overview of the vast domain of plasma physics, we will examine some of
its branches, with emphasis on applications.

1.2.1 Controlled thermonuclear fusion

In the hope, in the future, of replacing energy currently produced by fossil
fuels as well as by nuclear fission reactors, fusion reactions of the type:

D + T — *He + neutron + 17.6 MeV© |
D+ D — T + proton + 4.0MeV ,

have been considered, where deuterium (D) and tritium (T) are isotopes
of hydrogen. Theoretically, 1kg of D-T could provide the same energy as
107 litres of fuel oil. These reactions are possible if the nuclei of deuterium
and tritium can come sufficiently closely in “contact”; this requires minimum
incident energies of 10keV to overcome the repulsive Coulomb potential be-
tween the positive charges. Two methods of heating and confinement are
currently being pursued: magnetic confinement, which is close to a hypo-
thetical reactor that could be coupled to an electricity network, and inertial
confinement, which is currently at a fundamental study stage, and which uses

6 1MeV = 106 x 1.6 x 10712 J (see Sect. 1.4.2 for details).
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a completely different approach. At present, in both cases, it has not been
possible to obtain a positive balance from fusion (energy produced greater
than the energy required to achieve the reactions), since the loss phenomena
have yet to be controlled. Let us briefly examine the two approaches:

- Magnetic confinement devices

The confinement of charged particles in a magnetic field (Sect. 2.2) is
essential to avoid the energy losses to the walls, and their destruction”.
The type of reactor generally used has a toroidal configuration (forming a
system closed on itself), introduced at the Kurchatov Institute in Moscow,
under the direction of Academician L.A. Artsimovitch, and is called a
tokamak®. It consists of a main magnetic field, referred to as toroidal, and
a number of other magnetic fields of less intensity (further details will be
given at the end of Chap. 2). The plasma is initially heated by induction,
using the principle of the transformer, the secondary being the plasma.
Extra current and energy are added to the plasma, for example, by high
frequency (HF) fields corresponding to the normal modes of the system (for
example cyclotron resonance) or to plasma waves. However, the impurities
emerging from the walls as a result of their bombardment by particles from
the plasma absorb a large fraction of the energy required to overcome
the repulsive nuclear potential between the elements, preventing fusion
reactions to continue; this problem has yet to be completely resolved.
Further, several types of instabilities may occur, which lead to the plasma
being “extinguished” or to touch the walls.

Commencing in the early 1950s by the military, part of the research on
fusion was made public in 1958, which led to important civilian financial
investments by a number of countries. However, towards the middle of the
1990s, some governments became more critical with regard to this work,
and reduced their budgets (the Tokamak in Varennes, Québec, was shut
down by the Canadian Government, for example), arguing that it was still
too far from a commercial reactor; in fact, at the time of writing (2010),
the condition of self-maintenance in such reactors has yet to be achieved.
Nevertheless, this research has continued in several installations in Europe,
including the Joint European Torus (JET) in Culham, England, and Tore
Supra in Cadarache, France. The main purpose of JET is to study trans-
port instabilities, while Tore Supra has utilised super-conducting coils,
which allows the machine to operate with increased toroidal magnetic field
intensity, while minimizing ohmic losses. These various studies have led
to the ITER Project, a large-scale tokamak using super-conducting coils
and financed by the international community (Fig. 1.3). This installation
should begin operation in Cadarache in 2019.

7 The idea of magnetic confinement was first suggested by A. D. Sakharov and I. E. Tamm.

8 Russian acronym for a toroidal chamber and magnetic coils: TOPOMOAJIDLHASA
KAMEPA and MATHUTHAflI KATYIIKA.
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Fig. 1.3 Schematic view, in section, of the ITER reactor. The minor horizontal and
vertical radii are 2m and 3.7 m respectively, whereas on JET they are only 1.25m and
2.10 m respectively. The major radius of ITER is 6.2 m, compared to 2.96 m for JET. The
electric power required for continuous operation is 110 MW (ITER EDA Documentation
Series No. 24, published by IAEA, Vienna, 2002).

- Inertial confinement systems
The principle of inertial confinement is to fire an intense UV laser beam
into a deuterium pellet, “peeling” it and inciting the compression of the
extracted material towards the centre of the pellet; in order to generate
fusion, the transfer of energy to the material must be faster than the
subsequent expansion in the reactor chamber, which requires a high power,
short pulse laser.

1.2.2 Astrophysics and environmental physics

Stars and the flux of plasma emitted by the sun, called the solar wind, are
two distinct examples of plasma (in the strict sense), the first being extremely
dense, the second, to the contrary, very dilute, and effectively collisionless.
Closer to the surface of the Earth, the ionospheric layers are ionised by
the solar wind. The charged particles in these layers (the F layer, for exam-
ple: ne =~ 5 x 108ecm™3, T,y = 50eV, where T,y is the temperature of the
electrons in electron-volt) are confined by the Earth magnetic field, which
forces them to oscillate between the Earth’s two poles. These ionospheric
layers play an important role in the transmission of low frequency waves
(f < 20-30MHz). Effectively, they serve as mirrors for these waves, allowing
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them to be transmitted from one point to another around the world; on the
contrary, for higher frequencies, there is no reflection, and the waves “travel”
in a straight line, and so it is necessary for the emitting and receiving an-
tennae to be opposite each other to establish communication (for example,
Earth-satellite communication). A wave will reflect from the ionospheric layer
if its frequency f satisfies f < fpe, where fp. is the electron plasma frequency
(Sect. 1.5), a characteristic frequency for electrons in the gas. Thus, for the
ionospheric F layer, where n, ~ 10°-10° cm™3, f,. = 2.8-9 MHz.

Still in the field of communication, it is also interesting to consider the
effects of a thermonuclear explosion in the upper atmosphere, which would
produce a very high density plasma, preventing communication from fre-
quencies of a few MHz up to very high frequencies, notably communication
with satellites (=~ 4-12 GHz); such a plasma, because of the electromagnetic
(EM) energy generated, could completely destroy communication systems.
In the same way, this phenomena of reflection or opacity of waves was the
origin of the loss of radio contact with the first space capsule, at the moment
it returned to the terrestrial atmosphere: heating of the vehicle, by friction
with the ambient air (even though the air density is extremely small at that
altitude) resulted in the formation of a plasma surrounding it.

1.2.3 Laser pumping

One of the necessary conditions for obtaining the laser effect is that the den-
sity of atoms in the upper energy state of the radiative transition should be
greater than that of the lower state, the opposite situation to that occurring
in thermodynamic equilibrium (Sect. 1.4.2). In order to achieve this popula-
tion inversion, one can irradiate the atoms with an intense luminous source
(optical pumping; for example, by a lamp radiating in the UV), as well as us-
ing the properties of the gaseous plasma containing the atomic or molecular
radiators (plasma pumping). The He-Ne laser is an example of laser pumping
by a plasma: the helium and neon atoms are excited by electron collisions in
the He-Ne discharge; this leads to an energy transfer from one excited level
of helium to an excited level of neon at almost the same energy (referred to
as resonance transfer), the neon level corresponding to the upper level of a
radiative transition for laser emission, for example at 632.8 nm. This transfer
of energy is particularly efficient because the excited state of helium that
feeds the corresponding level in neon is a metastable state, i.e. it has a much
longer lifetime than a radiative state, which makes it more susceptible to
transfer its internal energy directly to another atom (molecule).
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1.2.4 Plasma chemsistry

Recall that electrons play a dominant role in the formation or rupture of
chemical bonds. In an electric discharge at reduced gas pressure (meaning
below atmospheric pressure), one generally finds® that T, > T; > T,, where
T., T; and T, are the electron, ion and gas temperatures'®, respectively.
Thus, one can give sufficient energy to the electrons, which favour chemical
reactions, without the need to heat the ions and atoms from which, in prin-
ciple, one can obtain an energy efficiency and reaction yield superior to that
produced by conventional chemistry in thermal equilibrium (Sect. 1.4.2).

A particularly convincing example of this chemistry in a non-equilibrium
plasma is the formation of ozone from Os, in discharges referred to as corona
or dielectric barrier discharges at high-pressure. These discharges have the
property of being cold, that is the atoms and molecules are at ambient tem-
perature while T, is several eV. This is an energetically efficient method,
used throughout the world for treatment in waste-water plants, ozone being
a strong oxidant and destructive to bacteria.

One can also use an electric discharge to destroy the effluent emitted from
industrial processes, atoms and molecules that are toxic for people, danger-
ous for the ozone layer or contributing to the greenhouse effect. After these
particles have been passed through a discharge formed in a different gas (re-
ferred to as the carrier gas), or even creating a discharge directly with the
molecules to be destroyed, it is possible in some cases to obtain a destruction
efficiency or detozification close to 100%: these processes are fast and often
less expensive than conventional techniques, such as in very high tempera-
ture furnaces which, in addition, contribute to pollution of the environment.
These developments have led to the use of microwave plasma systems'! which
can eliminate effluent gases, notably the (per)fluorides (SFg, CFg, C2Fs....)
produced by the microelectronics industry. The same non equilibrium tech-
nique can be used to purify rare gases such as xenon and krypton, obtained
beforehand by cryogenic distillation of air, removing in particular fluoride
impurities (e.g. CF4) and hydrocarbons (e.g. CHy) originating in the envi-
ronment and having condensation temperatures close to those of krypton and
xenon.

9 The electric field in the discharge principally accelerates the electrons, because of their
very small inertia compared to that of ions: thus the energy “enters” the discharge through
the electrons (exercise 2.1). Since, in addition, the transfer of energy between electron-
neutral and electron-ion during a collision is very small (Sect. 1.7.2), because of the mass
ratio (in contrast to ion-neutral and ion-ion collisions) and under the condition that the
number of these electron collisions is not very high, one obtains Te > T;.

10 The concept of temperature to characterise the energy of a group of particles assumes
that their energy distribution function is Maxwellian (Sect. 1.4.2 and Appendix I).

11 These discharges are, however, warmer than those using the corona effect, and accord-
ingly are closer to thermal equilibrium.
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1.2.5 Surface treatment

Plasma surface treatment consists of modifying the state of a surface by one
of the following generic methods:

- deposition of a thin film of a given material (metal; semi-conductor; di-
electric; polymer) on the surface;

- chemical reaction with the surface itself (oxidation; nitriding) or physico-
chemical transformation of the surface (modification of adherence, surface
energy);

- erosion of the surface, either by a chemical reaction, which involves the
formation of a volatile molecule, from one or more atoms from the surface
and atoms or radicals provided by the plasma, or a physical action, sput-
tering by ion bombardment, such that ions eject atoms from the surface
by a mechanical process, or by a chemical reaction assisted (induced) by
ion bombardment, which combines chemical and physical actions.

Thus, a plasma produced from the gas CF4 creates, in the volume, atoms
(such as F), radicals (such as CF) as well as ions (such as CF;) and more
complex species necessary for interactions with the surface that, under suit-
able operating conditions, can equally well lead to etching of materials (Si,
W, SiOs) as is illustrated in Fig. 1.4, or deposition of teflon-like thin films by
plasma-induced polymerisation. In the fabrication of micro-electronic chips,
due to the requirements of smaller and smaller miniaturisation, the use of
plasma continues to expand its range of applications: surface cleaning, etching
(production of “patterns” in the substrate by surface erosion), deposition, ion
implantation (doping by introducing ions deep in the material), lithography
(impression and “photographic” development of resins allowing the transfer
of patterns to define electric circuits), oxidation and thermal treatments.

Fig. 1.4 Example of
anisotropic etching of SiO2
(courtesy of CORIAL,

France).

Of the multitude of elementary steps required for the fabrication of inte-
grated circuits, the operations uniquely realised by plasmas represented, at
the beginning of the 2000s, close to 50% of the total number of these steps.
The introduction of plasma equipment for micro-electronics, and more gener-
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ally for the micro/nanotechnology industries, constitutes an important outlet
and a great impetus for plasma physicists and engineers.

An example of plasma deposition is the fabrication of polycrystalline dia-
mond thin films.

Fig. 1.5 Diamond crystals
at the beginning of deposi-
tion on a silicon substrate.
Once the first layer is com-
pleted, the growth rapidly
progresses vertically.

Diamond’s interesting hardness, heat transport and dielectric properties
make it the material of choice in power electronics, as well as for cutting
different materials. It is possible, using a plasma, to deposit thin films of
polycrystalline diamond, i.e. an assemblage of small crystals of diamond.
Their size can vary from 20 nm to a few microns (Fig. 1.5), depending on the
operating conditions. The crystals unite, during their growth, through the
formation of grain junctions, mostly consisting of amorphous carbon. Such
a layer is typically 1 to 5um thick. In general, the plasma which is used
for this process contains about 1% of a carbon containing material (such
as CHy), the remainder being hydrogen; the operating pressure is between
10 and 100torr (= 1.3-13kPa) and the deposition takes place on a heated
substrate (=~ 500-1000°C). The dissociation of hydrogen molecules in the
plasma supplies the atomic hydrogen, necessary to prevent the growth of
graphite, an allotropic phase of carbon whose formation would otherwise be
thermodynamically favoured with respect to the growth of diamond under
these operating conditions.

1.2.6 Sterilisation of medical devices

Deactivation of micro-organisms can be achieved by direct exposure to a
discharge in a gaseous mixture, or in a flowing discharge-afterglow'? of such
a gaseous mixture, as shown in Fig. 1.6.

12° A flowing discharge-afterglow (remote plasma) is obtained from a gas that has been
excited and ionised by a discharge and then rapidly drawn into an adjacent vessel, called
the afterglow chamber, where there is no longer an electric field. To achieve this, it is
necessary for the gas feed to have a sufficiently high flow rate, since the species created in
the discharge have a limited lifetime (< 1-100 ms).
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Fig. 1.6 Schematic of the principle of a cold-plasma steriliser of the flowing afterglow
type (Université de Montréal).

The biocide species, in the case of the afterglow from a mixture of N3-Oo
are, on one hand, UV photons from excited NO molecules and, on the other
hand, atomic oxygen. Excited NO molecules are formed by collisions between
nitrogen atoms and oxygen atoms, both originating from the dissociation of
Ny and O2 molecules by the discharge in such a gas mixture. Under conditions
in which the fraction of O3 in the N3-O5 mixture yields a maximum in the
emitted UV radiation, the exposed micro-organisms (bacterial spores in this
case) are completely deactivated as a result of multiple lesions caused by
the UV photons on their genetic material. Further, atomic oxygen, which
is highly reactive, absorbs on the surface of the micro-organisms to form
chemically volatile substances, resulting in the removal of material (erosion)
of the micro-organism, such that it reduces their size and further facilitates
its deactivation by UV photons'?.

1.2.7 Elemental analysis (analytical chemistry)

In order to find the atomic composition of a sample, it must first be atomised:
by ion bombardment, in the case of a solid, or by dissociation (fragmentation)
of molecules in the case of liquids (previously transformed to an aerosol) and
in gases; in the third case, this is achieved with the help of a plasma, usually
formed from argon or helium. The atoms present can then be detected, by
optical spectroscopy, due to the characteristic radiation of those that have
been brought to an excited state, or by mass spectrometry. Their concentra-
tion can be obtained by reference to standard samples containing the same
atoms, preferably in a molecular matrix (ensemble) that is not very different
from the sample to be analysed. This highly sensitive method permits the
analysis of doses referred to as ultra-traces (of the order of one nanogram, or
even one picogram, per gram of sample). The plasmas used to achieve this
are sustained, for example, by high frequency electric fields (microwave and
radio frequency).

13 Probably, atomic oxygen can also diffuse into the interior of the micro-organisms and
induce lethal lesions.
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1.2.8 Lighting

Tonized gases have many applications for lighting, where they generally oper-
ate in the arc regime (thermionic cathodes)'#: these comprise: i) low-pressure
mercury vapour lamps (household fluorescent lamps, Fig. 1.2) and sodium
vapour lamps (outdoor lighting); ii) high-pressure mercury-vapour based
lamps, taking advantage of a high plasma density provided by sodium io-
dide and metal-halide salts (outdoor lighting).

Lighting is an important market which, however, has not seen spectacular
advances in recent years. There have been some attempts to activate certain
lamps using high frequency (HF) discharges, with the aim of prolonging life
and providing a more energy efficient discharge. The first lamp to be intro-
duced for domestic purposes using a high frequency electric field (~ 2.6 MHz,
a band authorized for lighting) was by General Electric in 1994; a transistor
placed in a cavity inside the lamp provided the high frequency power, which
allowed the lamp to be directly substituted for an incandescent (tungsten-
halogen) lamp (with a factor 4 improvement in energy efficiency, and 10 times
the life, but at a much higher cost to the consumer). Environmental concerns
have led lighting companies to investigate ways of eliminating mercury from
discharge lamps, and this is currently an active field of research.

1.2.9 Plasma display panels

In plasma display panels, the image is obtained as a result of electric dis-
charges created in a number of cells (pixels) of a few hundred microns assem-
bled into large surface panels (more than a million cells for a 42”7 (1.07m)
diagonal panel). The cells are filled with a mixture of gases, mainly xenon,
at a pressure below atmospheric. The UV photons emitted in each micro-
discharge excite luminescent phosphors, which re-emit visible photons in one
of the three fundamental colours, red, blue and green, depending on the cell.
Using this technique, it is possible to construct extremely large screens, with
exceptional image quality, good contrast and high brightness. Plasma screens
have an important place in the global television market throughout the world.

14 DC and low-frequency AC discharges can be operated in two distinct modes, the glow
regime (high-voltage cathode fall) and the arc regime (low-voltage cathode fall). In the glow
regime, the emission of electrons is principally by ion bombardment on the (cold) cathode
whereas in the arc regime the electrons are provided by thermoionic emission from the
cathode (which can be moderately hot (1000 K-1400 K) when covered with an emissive
coating, but much hotter otherwise, easily exceeding 2000 K). By this reckoning, standard
fluorescent lamps are arcs, but a cold cathode lamp is a glow. The transition from glow
to arc regime is characterised by a substantial decrease of the operating voltage and an
increase of discharge current (Cathode fall measurements in fluorescent lamps, [27]).
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1.2.10 Ion sources

Positive ion sources are used for a number of applications, including strongly
assisted ion surface treatment (e.g. etching by ion machining), microelectron-
ics (doping by ion implantation), nuclear and subatomic physics (mono- and
multi-charged ions for accelerators), and spatial (Hall effect sources for ionic
propulsion, spaceflight experiments).

Negative ion sources are an efficient method for obtaining high-energy
neutral beams. This is the case, for example, for D™ ions which are neutralised
into neutral D® beams: the interest in D™ negative ions is due to the fact
that, after they have been accelerated to energies of MeV, their ion-neutral
rate of conversion by charge exchange to neutral DY is much higher than that
for D* positive ions. A beam of very high-energy neutrals D° can be used
to greatly increase the plasma temperature in a tokomak, since it can be
introduced into the vessel without being affected by the confining magnetic
field.

1.2.11 Ion propulsion thrusters

These engines obtain their propulsive force from the ejection of heavy, high-
speed particles, following the action-reaction principle (conservation of mo-
mentum), resulting in a momentum created in the opposite direction to the
ejection of the particles. In an ion thruster, the heavy particles are usually
xenon atoms which have been ionised once: xenon is used because it is a rare
gas, thus only weakly chemically reactive (the engine lifetime is expected to
be of order 15 to 20 years), with the highest atomic mass if one excludes ra-
dioactive radon (the propulsive force increases with the mass released). The
xenon ions are accelerated in an electric field such that they attain a sufficient
ejection velocity, but they must be neutralised before leaving the engine in
order for the system to remain electrically neutral.

The electrical energy required to ensure the ionisation of heavy atoms (the
“fuel”) is provided by solar panels, which is extremely economical compared
with a classical combustion engine. It is envisaged to increase the ejected ions
energy by using a nuclear reactor. A number of telecommunication satellites
orbiting the Earth use such ion thrusters. They are utilised to reposition the
satellites daily to ensure optimum communication with the Earth, correcting
for perturbations in position (altitude, directional position) due to the vari-
able interaction forces exerted on them by the sun and the moon. Moving
and stopping them is easy, and they can be positioned very accurately.

Current ion thruster motors, with their weak power, cannot be used for
launchings from the Earth, but they are very effective in the spatial environ-
ment. They can impart a high speed to a spacecraft, but it takes notably more
time than a conventional chemical launcher, which provides a considerable
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acceleration on ignition. The space probe SMART-I from the European Space
Agency (ESA) has travelled more than a million km, and only consumed 60
standard litres (with respect to atmospheric pressure) of xenon.

1.2.12 Further applications

This brief overview of applications and studies of plasmas shows that this
field of physics has already obtained some remarkable successes in many
areas, including the domestic sphere, and it is equally rich in possibilities
for future applications (for example fusion, sterilisation). In order to have
an even wider view of the applications of plasmas, the reader is referred, for
example, to A. Bogaerts et al (2002).

1.3 Different types of laboratory plasmas

The development and optimization of plasma applications require utilizing
and, even, designing adequate plasma sources. This objective can be generally
met via one of the three following main generic techniques.

1.3.1 Discharges with continuous current or
alternative current at low frequency

In this case, the electrodes which are used to create the discharge are directly
in contact with the plasma (Fig. 1.2). The plasma is formed, in a transition
stage, by a process of electron multiplication called the avalanche (or break-
down) due to the application of a potential difference: the few electrons ini-
tially present, accelerated by the electric field, ionise the atoms (molecules) of
the gas by collisions, thus augmenting the number of electrons. This growth
in the number of electrons ceases after a few hundred micro-seconds, when a
stationary state is attained.

In periodic low frequency discharges, the frequency of the maintenance
current is assumed to be sufficiently small, such that all the electrical pa-
rameters of the plasma are in equilibrium with the applied field. In other
words, at each instant in the period of the oscillating field, the plasma can
be considered as having attained its stationary state.
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1.8.2 High frequency (HF) discharges

Radiofrequencies (RF) and microwaves (MW) are jointly designated as high
frequencies (HF). Microwave engineers generally consider that the microwave
(MW) frequency domain starts at 300 MHz whereas, when it comes to sus-
taining a discharge with an electromagnetic field, the lower MW frequency,
on practical grounds, is rather 100 MHz. This is because it is possible to
make impedance matching circuits based on distributed components (as op-
posed to lumped components, e.g. constituting LC “matchboxes”) at fre-
quencies as low as 100 MHz. Furthermore, discharges can be sustained un-
der electron-cyclotron resonance conditions (Sect. 4.2.3) at frequencies also
as low as 100 MHz, although it is commonly thought to require frequencies
above 1 GHz. Worldwide ISM authorized MW frequencies are 433.92 MHz,
2.45GHz and 5.80 GHz. The RF range extends from approximately 1 MHz
to 100 MHz, where the worldwide industrial, scientific and medical (ISM)
authorized frequencies mostly used are: 13.56, 27.12, and 40.68 MHz.

The electrodes carrying the RF field can be placed inside the vessel (for
example, two parallel conducting plates, in which case the discharge is said
to be capacitive), or exterior to the vessel (for example, the coils of an induc-
tive discharge (Fig. 4.4)), in which case the vessel must be constructed from
a dielectric material transparent to RF radiation. MW plasmas are gener-
ally maintained by a field applicator'®. The operating field frequency of the
discharge can be chosen so as to optimise the plasma properties for certain
applications: examples are given in Chap. 4.

1.3.3 Laser induced discharges

There are two distinct regimes, depending on the incident power of the laser:

- if the photon flux is weak, the wavelength of the laser should be such that
it corresponds to the difference in energy between two atomic or molecular
levels (this type of transition is referred to as absorption) such that they are
raised to an excited state. Following this, a collision between two excited
atoms can result in one of them becoming ionised. Direct (single-step)
ionization is also possible.

- if the photon flux is strong, the multi-photonic effect (where several pho-
tons “sum” their energy) becomes important and allows direct ionisation
of the gas, without having recourse to collisions.

15 A field applicator designates electrodes or, more specifically, any kind of device that
serves to impose the EM field configuration creating the discharge.
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1.4 Electron density and temperature of a plasma

These are the two principal characteristics of a plasma, considered from the
point of view of the particles.

1.4.1 Range of electron density values in a plasma

These values cover a range which is so large that it is preferable to use a
logarithmic scale to classify them. In Tab. 1.1 below, in addition to gaseous
plasmas, we have included “dense matter” plasmas, because they have anal-
ogous physical properties.

Table 1.1 Different types of plasma, with their corresponding electron densities

Gaseous plasmas logyg ne (cm™3)
Strongly tonised gases
Interstellar gas® 0
Solar wind® 0.5
Tonosphere, F layer (250 km altitude) 5.7
Solar corona 7
Tokamak (fusion experiments) 14
Plasma produced by a laser in a solid target 19-23
Nuclear explosion 20

Weakly ionised gas

Tonosphere, D layer (70 km altitude) 3
Laboratory discharge, low-pressure 10-12
Laboratory discharge, atmospheric pressure 14-15

Dense matter plasmas

Electrons in metals 23
Interior of stars 27
Interior of white dwarves 32

@ Few interactions between the particles (plasmas said to be col-
lisionless), but large influence of external fields.
b The solar wind is essentially composed of protons and electrons.

1.4.2 Definition of plasma “temperature” and the
concept of thermodynamic equilibrium (TE)

The temperature, T, is a parameter by which the global energy of a medium
can be characterised, notably the energy of thermal motion of the particles,
since this relates to the average energy (Appendix I (I.11)). It is only possible
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to speak of a particle temperature if the distribution in energy (velocity) is
Maxwellian (short for a Maxwell-Boltzmann distribution); if not, in addition
to the average energy of the particles, it is necessary to know the distribution
in energy of these particles. We will see that, in a system in thermodynamic
equilibrium, a single value T is sufficient to characterise the distribution of
photons and particles at the same time. A system in TE is completely char-
acterised by its temperature T and the density IV, of its heavy constituent
particles. More exactly, the density N,, includes neutral atoms (molecules)
and ions, both in ground state and excited states: it is preferable to refer
to N, as the total density of nuclei, to avoid ambiguity (see problems 1.3
and 1.4).

Consider a system consisting of atoms (neutral and ionised) together with
EM radiation (photons), this radiation being linked to the excited states of
the atoms and ions as well as to the Coulomb interactions between charged
particles (Bremsstrahlung, Sect. 1.7.1). This ensemble is in complete thermo-
dynamic equilibrium if there are sufficient interactions between the various
components of the system, such that each type of energy exchange process in
a given energy direction (for example, increase of energy of the “particle” dur-
ing the interaction) is statistically rigorously compensated by the same type
of process in the inverse direction (loss of energy by the same type of particle
in our example): this requirement of compensation (detailed balance) is called
the principle of microscopic reversibility, or more simply, micro-reversibility.

Examples of reversible processes

Elastic collision processes are clearly reversible: an atom or an electron un-
dergoing a collision has an equal probability, statistically, of either gaining or
losing energy.

On the contrary, inelastic collisions are not always easily reversible: to
ensure their reversibility, the medium needs to be denser than for elastic
collisions and, in the case where three particles are involved instead of only
two, extremely dense. For example, consider the following:

- a superelastic collision, or collision of the second kind
e+A(0) > A(j) +e & A(j) +e— A(0) +e. (1.4)

The symbol e denotes a high energy electron and e denotes a lower energy
electron; A(0) designates the ground state of the atom and A(j) indicates
an excited state of the same atom: the double arrow < separates the
two energy directions for the process considered. If the atom in the state j
emits a photon before experiencing a collision, reversibility is not satisfied.
A medium in which the number of collisions is sufficiently high, such that
the mean time between collisions is smaller than the deexcitation time of

the level considered, is therefore required.
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- collisional recombination
e+ A(0) e+ AtT(j)+es AT(j)+e+e— A0) +e. (1.5)

In this case, we see that reversibility requires a three-body interaction,
which means that it is difficult to obtain complete thermodynamic equi-
librium (TE) unless the medium is sufficiently dense to ensure that the
three components interact simultaneously.

- emission and absorption of photons

Ay +hv — A(j) &

absorption

A(]) + hv — A(Z) + 2hv stimulated emission
(1.6)

{ A(j) — A(Z) + hv  spontaneous emission

where h is the Planck constant, v, the frequency of the emitted or absorbed
photon; j and ¢ denote the upper and lower energy levels of the transition
respectively (j > ).

Consequences of complete TE

Complete thermodynamic equilibrium is obtained when the four equilibrium
laws described below are simultaneously satisfied. To characterise the system,
it is only necessary to know the temperature T and the density of nuclei N,,.

1. Maxwell-Boltzmann distribution of the microscopic velocities w
For electrons, for the case of an isotropic distribution, we have (Ap-

pendix I):
m 3/2 Mew?
e e
— 1.
flw) = (2 3 ) exp( o > , (1.7)

where kp is the Boltzmann constant, m. is the electron mass, and the
temperature T is measured in kelvin. The most probable velocity of a
particle in the Maxwell-Boltzmann distribution, v, is given by:

2T\ "
Vg = ( B ) , (1.8)
which can be used to write (1.7) in a form which is simpler and easier to

remember: 3/2 )
™ w
fw) = —5—exp (——) . (1.9)
”fh Ut2h

Remark: A sufficient condition for the velocity distribution of particles
to be Maxwellian is that the plasma is in thermodynamic equilibrium.
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2. Boltzmann’s law relating the population of the excited states to the ground

state
n_ (QJ') exp {(5]50)} , (1.10)

ng 9o kT

where ng is the density of atoms in the ground state with energy & and
n; the density of atoms in the excited state of energy &;, with go and g;
the corresponding statistical weights (or degeneracies)'®.

3. Planck’s law, or black body radiation, relating the spectral intensity distri-
bution of the EM radiation. This intensity, at frequency v, is given by:

2hv? hv -t

where c is the speed of light in vacuum.

4. The Saha’s equation describes the equilibrium between ionisation pro-
cesses (creation of charged particles) and volume recombination (disap-
pearance of charged particles by neutralisation of an ion by an electron
(Sect. 1.8.1). This law allows us to calculate the density n; of singly ionised
(positive) ions, relative to the density ng of neutral atoms, from the plasma
temperature. Assuming that the ions and neutral atoms are in their ground
state!”, this equation takes the simple form:

(1.12)

B kT

nen; _ 2g; (2rmekpT)>/? _8,- — &
ng go h3 ’

where g; and gy are the respective quantum degeneracies of the energy
levels ¢ and the ground state, n. the electron density and &; the energy
level (at threshold) of the first ionisation.

To calculate the density relation between ions of charge Z (that is, those
having lost Z electrons) and those of charge (Z — 1), we use the relation:

neni[Z)  2g,[Z] (2nmckpT)3/? AVAREA VAT
mlZ -1 glZ —1] B P ( kpT ’
(1.13)
where this time, & is the energy of ionisation of the Z'* electron with
respect to the atom ionised (Z — 1) times; the symbol [] indicates the
dependence on Z and Z —1 of n;, g; and &;; the values n;[Z] and n;[Z —1]
are the densities of the ground states of the two types of ions.

16 The degeneracy in energy of an atomic level is given by 2.J 4 1, where J is the quantum
number of the total angular momentum of the level considered.

17 To obtain, on the one hand, the total density of (singly and positively charged) ions,
which includes not only those in the ground state but also those of all the excited states
and, on the other hand, the total density of neutral atoms, including ground state and
excited states, see Appendix II.
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1.4.3 Different levels of departure from complete
thermodynamic equilibrium

In most laboratory plasmas, the micro-reversibility of processes is not perfect,
and the information then required to characterise the system increases, as the
number of non-reversible processes increases'®. We will examine this matter
by describing situations in which micro-reversibility is less and less satisfied.

Local thermal equilibrium (LTE)

In an inhomogeneous plasma in which there is a density gradient of particles
(inducing them to diffuse) or a temperature gradient (created, for example
by a thermal flux to a wall), or in a homogeneous plasma from which photons
are escaping (at least for certain lines or spectral regions), there is a net flux
of energy across the system: the local decrease (or increase) of the energy of
the system implies that micro-reversibility is not complete. However, if this
local loss of energy is small with respect to the total energy at that point,
or, equivalently, if the difference in energy between two neighbouring points
in the system is small, then one can say it is in LTE.

The most common example of LTE is that of a plasma whose particle den-
sity is not large enough, or its volume is too small, to reabsorb the majority
of the photons emitted: these photons, frequently limited to a given spectral
region, thus escape from the system. This situation is often not deleterious to
the equilibrium of the system, because additional processes occur to compen-
sate for these reactions that, in complete TE, normally require the absorption
of the photons.

Consider, for example, the reaction A(j) — A(0) + hv, although not re-
versible in this case, is replaced by A(0) + e — A(j) + e; this is called an
improper detailed balance, in contrast to the proper balance under perfect
micro-reversibility. The radiation in such a system does not obey Planck’s
law, but the flux which escapes is weak, and the three other equilibrium laws
for TE apply locally: Maxwell-Boltzmann for the particle distribution func-
tion, Boltzmann for the densities of excited states of atoms (molecules) and
Saha for ionisation-recombination: a single temperature T'(r), defined locally
at r, together with the densities N, (r) of the atomic (molecular) nuclei is
sufficient to characterise the system.

In the case where a net particle flux traverses the system (diffusion, con-
vection), the concept of LTE is applicable on condition that the time (referred
to as the relaxation time) necessary for a constituent particle of a (thermo-
dynamic) sub-system at temperature 71 (7), at point 71, to reach equilibrium
with the sub-system at temperature To(7) at point ra, is very short. In this
case, LTE is sustained locally.

18 Recall that the TE system is simply and completely determined by its temperature T'
and density Ny, of the atomic (molecular) nuclei.
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Plasmas not in LTE: the particular case of a two-temperature
plasma

When the plasma medium is less dense than was considered in the previous
paragraph, the number of collisions between electrons and heavy particles
is reduced. Since an electron transfers at most 4m./M of its energy to an
ion or atom of mass M (demonstrated in Sect. 1.7.2), the collisional trans-
fer of energy between electrons and heavy particles is insufficient for these
particles to all have the same average energy. However, if the interactions
between particles of the same type are sufficiently numerous, there is equi-
partition of energy within this population of particles, and these particles still
have a Maxwell-Boltzmann distribution. In such a case, each species can be
characterised by an appropriate temperature: electron temperature T, ion
temperature 7T;, and neutral particle temperature (or gas temperature) T,.

A particular case of interest is that in which the electron temperature is
much greater than that of the other particles in the plasma, in which case it
is the electrons which introduce the energy into the system!'®. A frequently
observed situation is that in which T, > T; ~ T (called a two-temperature
plasma). In such a two-temperature plasma, the population density of the
different energy levels of neutral atoms (and ions) cannot be described by the
Boltzmann equation (1.10). In fact, the time between two successive electron-
neutral collisions for excitation or de-excitation of those levels close to the
ground state is much longer than their radiative lifetime: these levels therefore
populate and depopulate radiatively rather than by electron collisions, and
their control by the electron kinetics is lost. On the other hand, the higher-
lying levels, which are situated just below the ionisation energy (Fig. III.1
in Appendix III), are usually in collisional equilibrium, and the Boltzmann
energy law gives their population density according to Te,. ~ T.. Such a
system is said to be in local partial equilibrium (Appendix III) because the
upper levels are in Boltzmann equilibrium with the electrons. To describe
the system, it is therefore necessary to define many “temperatures” (the
term “characteristic parameters” would be more correct) to distinguish it
from LTE.

No thermodynamic equilibrium characteristics,
but a stationary state

The energy distribution of particles are no longer Maxwellian: for example,
inelastic collisions can strongly depopulate certain energy intervals which
would be found in a Maxwell-Boltzmann distribution. In this case, we can
no longer speak of a temperature, but only of an average energy, and it is

19 When there is a preferred path for the introduction of energy, this raises the problem
of the repartition of energy in the plasma. If there are insufficient interactions between the
different types of particles, their average energy will not be the same.
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again necessary to know the exact form of the distribution function in order
to characterise the system.

In conclusion, the further from LTE, the greater the necessity to provide
data to characterise the system.

1.5 Natural oscillation frequency of electrons
in a plasma

1.5.1 Origin and description of the phenomenon

If a plasma, whose dimensions are much greater than the Debye length Ap
(the average distance below which there is no charge neutrality, Sect. 1.6),
experiences a local perturbation from neutrality (resulting, for example, from
the random movement of particles), this equilibrium will be re-established by
a collective movement of charges (Sect. 1.1). If there are few or no collisions,
this return to equilibrium will take the form of a pendular oscillation about
the point where the initial disturbance occurred.

In order to understand this phenomenon, consider Fig. 1.7, which is an
idealised representation of the distribution of ions and electrons in a plasma.
Initially, the charges are distributed alternately and equidistant such that
the electric field is zero at each point: the charged particles (supposedly with
no thermal energy to set them in motion!) must remain immobile, in their
state of equilibrium. Displacing a group of electrons by a distance z with
respect to their initial equilibrium position will result in an electric field
(this field is given by Poisson’s equation (1.1) and is called the space charge
field) which draws the electrons back to their original position, a motion
which tends at the same time to reduce the electric field intensity. However,
the accelerated electrons are unable to stop at their equilibrium position,
but continue their motion from this point, thus creating a new departure
from charge neutrality, with an electric field in the opposite direction to the
initial field. The electrons thus continue their pendular motion about their
equilibrium position, provided such a motion is not damped by collisions.

This collective motion of electrons produces a local oscillatory motion
whose angular frequency (see following proof) is given by:

nee? 1/2
= : 1.14
" (m) (1.14)

where 7, is the unperturbed electron density, €y is the permittivity of vacuum,;
fpe = wpe /2 is the natural frequency of oscillation of electrons in a plasma
(also referred to as Langmuir oscillation), or more commonly, the electron
plasma frequency.
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Fig. 1.7 (Highly) idealised representation of ions and electrons in a plasma, showing that
a slight non-uniformity in the distribution, resulting from a displacement of a group of
electrons by a distance z, creates an electric field in this region (referred to as the space
charge field). The return of the displaced electrons to their initial positions, due to the
electric field, leads to an oscillatory motion about their equilibrium position.

During these oscillations, the ions, which are much heavier than the elec-
trons, remain practically immobile: they barely start to move in one direction,
under the influence of the space charge field, when they are forced to move
in the opposite direction.

1.5.2 Calculation of the electron plasma frequency

A simple hydrodynamic model, which describes the collective oscillatory mo-
tion of electrons as a fluid, allows us to obtain a value for the angular fre-
quency wye. The following approximations are made:

1. The ions are immobile, hence their density n; remains unperturbed and
uniform.

2. The thermal motion of the electrons is negligible: their velocity v, due to
the space charge field is such that v, > vy, (cold plasma approximation).

3. The electron-neutral collision frequency for momentum transfer v is the
most important collision frequency, but remains such that v < wype, in
order to maintain the collective motion of the plasma.

4. The amplitude of the plasma oscillations is small.

5. There is no applied external magnetic field.

In terms of the hydrodynamic model (Sect. 3.5), we can describe the fluid
electrons by the two following equations:

- Equation of conservation of particles:

One

v +V - (new.)=0. (1.15)
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- Equation of conservation of momentum transportQO:
0
NeMe e +v.-V )] v, =—n.cE, (1.16)

where F is the space charge field.

We can linearise the equations (approximation 4) by writing:
Ne(T,t) = Nie + Ne (1, 1) (1.17)

where 7. (7, t) is a perturbation on the density 7., uniform and constant in the
absence of fluctuations (7, < 7i.). We assume in addition, that the physical
quantities vary with time, to first order, with a frequency w/27 which we
wish to calculate: thus we assume that E = Egexp(iwt), v, = veoexp(iwt)
and 7. (r,t) = Neo(r) exp(iwt). Equation (1.15) becomes (after cancelling the
time-dependent exponential):

Wiy + eV - veg =0, (1.18)

where we have ignored the term V - n.v.y, a second order term in a first
order equation. From (1.16), we obtain:

MeMelwVey = —NceEy , (1.19)

where v.g - Vvg &~ 0, because it is also a second order term. To these two
equations, we add Poisson’s equation (1.1) which, for the present case, can

be written: ~ -
v.p o e nee e
€0 €0

(1.20)

because charge neutrality requires n. = n;.
We can use Egs. (1.18) to (1.20) to eliminate v and neo. From (1.19):

Veo = — ( - ) Ey, (1~21)
WM

and inserting (1.21) into (1.18), we obtain:

n
w2

Ney = —

< V.E,. (1.22)
Me

Using the value of n.o obtained simultaneously from (1.22) and (1.20),
we find: _
Tice
w?m

Neg = —

V. E,= —%OV-EO, (1.23)

€

20 We have neglected the collisional interaction terms (approximation 3) and used the cold
plasma approximation (2); the field E is that of the space charge.



26 1 Definition and orders of magnitude of principal quantities

such that: .,
V. E, (L - 1) = (1.24)

and, for V - E( # 0, implying:

W= (1.25)

1
where wpe = (ﬁeoe2/eome) 2 asin (1.14).

Remarks:

1. In the cold plasma approximation (7. = 0)?!, the collective oscillation of

the plasma is restricted to the neighborhood of the perturbation which
caused it; it does not propagate, nor is it a wave. In order for an electro-
magnetic wave to exist®?, we must be able to define a group velocity v,%,
which is obtained from the dispersion equation. In the present case, from
(1.25) where wy, is a constant, vy = Ow/0F = 0.
However, if we take into account the scalar pressure exerted by the ther-
mal motion of the electrons under their own motion, (Sect. 3.5), whose
average value is determined by their temperature, we obtain, for the same
oscillatory motion (Quémada, Sect. 6.4.1):

W? =2, 4 iele (1.26)
€
where vy, = v8%kpT, /mew is non zero if T, # 0. In this equation, v is the
ratio cp/c, of the specific heats of the gas. For an adiabatic transformation,
v = (2+6)/6, where 6 is the number of degrees of freedom for the gaseous
species; in the case of a monoatomic gas, 6 = 1 or v = 3 (Sect. 3.6).
2. In a bounded plasma, i.e., where the boundaries must be taken into ac-
count, the oscillation frequency is:

w = wpe/V2 for cylindrical geometry, (1.27)
wpe/V/3 for spherical geometry. (1.28)

€
|

21 The cold plasma approximation neglects the thermal velocity compared to another
characteristic velocity of the plasma, in this case ve, by assuming Te = 0.

22 In order to propagate an electromagnetic wave, it is necessary to have a transport of
energy from one point in space to another, i.e. the Poynting vector S = E A H should be
non-zero.

23 In a propagating medium without attenuation, the modulus of the wave vector is ex-
pressed as 8 = A\/27 (also called the wavenumber), and the group wvelocity is given by

vg = Ow/0P.
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3. A numerical approximation to the natural frequency for electrons is:

fpe(Hz) >~ 9000+/n(cm=3) . (1.29)

4. One can calculate the natural frequency for ions in the plasma in the same
way as for electrons, obtaining:

2N\ 3
wpi = (nle ) : (1.30)

m;€p

where it should be noted that the ion plasma frequency, because it is a
function of the inverse of the ion mass m;, is much smaller than the electron
plasma frequency.

1.6 Debye length: effect of screening in the plasma

1.6.1 Description of the phenomenon

If we introduce conducting electrodes into the plasma to create a source of
potential, the electrons will be attracted to the positive terminal and the
(positive) ions to the negative terminal. The excess of charges of a given sign
thus created is concentrated, however, in a small region around the electrode,
called the sheath, the rest of the plasma remaining macroscopically neutral.
The sheath acts as a screen, spatially limiting the influence of the prevailing
electric field on the plasma?®*.

A similar screening mechanism is also found in the main body of the
plasma itself, where the potential of any given particle is not felt beyond a
distance Ap, the Debye length. We will show that the electrostatic potential
of a positive singly-charged ion in a plasma at a distance r from this ion is

given by:
o(r) = — — (1.31)
"= dmegr b Ap /)’ '

where the exponential term represents the screening effect, which strongly
reduces the range of the potential of the ion compared to that in vacuum. In
fact, for » = Ap, the potential of the ion will have decreased by a factor 1/e
compared to its value in vacuum (e is used here, exceptionally, to denote the
base of the natural logarithm). The range of the screening depends on the
energy of the thermal motion of the particles and their density, as we will see.

24 In fact, if we introduce an object into a plasma which is made of dielectric or conducting
material (which does not, however, act as an electrode) a sheath forms (Sect. 3.14) around
this object, because its surface charges negatively; as we will see, this effect is due to the
higher mobility of the electrons, relative to that of the ions.
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1.6.2 Calculation of the potential exerted by an ion
in a two-temperature plasma:
definition of the Debye length

Consider the ion in question as a test-particle (positive): such a particle,
hypothetically, acts on the other particles without being influenced by them.
Placed in the plasma at the origin of a system of spherical coordinates, it will
create a perturbation by its electrostatic field. We wish to know the potential
@(r) produced by the ion at a distance r, taking into account the cloud of
electrons and ions which surround it. The electron and ion densities n.(r)
and n;(r) at the origin of the system are different, but not at infinity, where
they are equal, Neso = Moo (the perturbation is not felt there).

We will suppose that, at a sufficient distance r, to be specified below, the
electron and ion populations have a Maxwell-Boltzmann distribution, char-
acterised, for greater generality, by different electron and ion temperatures,
T. and T; respectively (two-temperature plasma, Sect. 1.4.3). The electron
and ion densities, for such distributions, in the presence of a potential ¢(r),
satisfy the relation (I.15) (Appendix I), namely:

na(r) = Nacs €Xp <— ]i(;l) : (1.32)

where the potential energy @(r) = +e¢(r) for the case of a positive ion. For
the two types of particles, we then have:

(1) = Moo €XP ( 2‘2@) , (1.33)

Ne (1) = Neoo €XP ( Zig)) . (1.34)

Certainly, as other authors have noted [14], in taking account of the pertur-
bation created by the test-particle, the hypothesis of a Maxwell-Boltzmann
distribution is not valid in the immediate vicinity of this perturbation. We do
not need to be concerned in the case of the present demonstration, because we
suppose that such a distribution only occurs after a distance r sufficiently far
from the test particle, such that its potential is strongly screened by the sur-
rounding particles, or more exactly when e¢(r)/kgT < 1. These conditions
allow us to expand Egs. (1.33) and (1.34) to first order, to obtain:

ni(r) =n (1 - Zq;(;)) , (1.35)

ne(r) = n <1 + :‘;(;;)) : (1.36)

SINCe Neoo = Moo = N
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Formulation of the differential equation defining ¢(r)

The local charge density at r is thus:

p(r):en<1—8¢(T)>—en<1+e¢(r)> :

kpT; kpTe
; e’g(r) | e*¢(r)
... = —\| — B — . 1.
i plr) == (ol + S ) (1.37)
Poisson’s equation allows us to obtain a differential equation for ¢(r) since:
V-E=p/e (1.38)
leads to: V. -V¢=—ple . (1.39)
Hence, using (1.37):
ne? ne’
Vi = : 1.40
0=00) (g + o) (1.40)
kT,
Denoting: 2, = LB e 1.41
enoting Do pyCRE ( )

the term in parenthesis in (1.40) can be written:

1 1 1
- =5+ 5 1.42
% % T (42
and (1.40) then becomes: Vi = @ , (1.43)
D

where Ap. and Ap; are the Debye lengths for electrons and ions respectively,
and A\p is the global Debye length, or simply the Debye length.

Since (1.43) only depends on r, it is spherically symmetric and it can be
written in spherical coordinates as:

%2% [72%(1)(7")] = % . (1.44)

Solution to the differential equation (1.44)

We will expand the potential ¢(r) as a product of two contributions: ¢.(r) is
applicable in the neighbourhood of the test particle, while f(r) describes the
behaviour at long distance.

- Solution for r ~ 0
In this region, the test-ion potential is the most important, and it has
spherical symmetry. After integrating Poisson’s equation for this (4) ion
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alone, we obtain:

/V -EdV = /(p/eo) dV =e/e (1.45)
% %

where the volume V is sufficiently small, such that it only contains the
test-ion.
In addition, applying Gauss’s law (an application of Green’s theorem):

/V~EdV: / E-dS, (1.46)
14 S=0V

where S is the surface delimiting V. Spherical symmetry allows us to
readily integrate across the surface:

/E -dS = 47r?E,(r) (1.47)
S

and from (1.45), (1.46) and (1.47) we obtain:

e

and since: E(r)= —%Y) , (1.49)

we get the expected result for the potential ¢(r) in the immediate vicinity

of the test-ion, ¢.(r):
e

¢e(r) = : (1.50)

4megr

the potential of a positive ion in vacuum.

- Solution for large r
We can write ¢(r) in (1.44) in the form

o(r) = de(r) f(r) , (1.51)

where, a priori, we require f(r) - 1 asr — 0 and f(r) — 0 as r — oo. In
this case, substituting (1.51) in (1.44), we obtain the equation:

dzf 1\?2
2 (E) f(r), (1.52)
which has two possible solutions:

Filr) = exp (-%) and fo(r) = exp (+%) : (1.53)

D
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where fa(r) is rejected, because we require f(r) — 0 as r — oo. Insert-
ing (1.50) and (1.53) in (1.51), we finally arrive at the expression for the
potential of a test particle, at distance r, when it is immersed in a plasma:

o(r) *exp (—/\L> (1.31)

dmegr D

Remarks:

1. The screening factor, expressed by the exponential factor in (1.31), is
independent of the sign of the charge of the test particle.

2. The Debye length becomes shorter as the plasma density increases (1.41):
i.e., the potential of the test particle is more rapidly screened as the
density of charged particles surrounding it becomes more important.

3. In non-LTE plasmas, the temperature of the ions 7; being in general
much smaller than that of the electrons T, (T; < T¢), the Debye length
in the plasma can be approximated by the ion Debye length, which is
much shorter than the electron Debye length, i.e. Ap = Ap; < Ap.: the
screening effect, in this case, is governed principally by the ions.

4. For plasmas in thermodynamic equilibrium, ions and electrons have the
same temperature (7; = T.), and the electron and ion Debye lengths are
equal (Ap; = Ape). The Debye length is then given by Ap = Ape/v/2.

5. Numerical expressions for Apq:

Apa(cm) = 6.9 (Ta/n)l/2 for n in em ™3, and T}, in K, (1.54)
Apa(cm) = 740 (T, /n)*/? for n in em™>, and T, in eV. (1.55)

6. The Debye length can also be written in the form:

kgT, 1 2
ADe :\/ BLe€o _ \/_me€0 UtQh _ \/_Uth ~ Uth ’ (156)

ne? 2 ne? 2 Wpe  Wpe

which shows that an electron with the most probable thermal velocity,
travels an electron Debye length Ap. in a time of the order of one period
of the plasma electron oscillations. This relation summarises, to some
extent, the way in which the collective motion of the electrons ensures
macroscopic neutrality in the plasma.

7. The present derivation of the Debye length is idealised, because of the
numerous hypotheses used, notably the test-particle concept, in which
it is assumed that this particle is not influenced by other particles. It
supposes, in addition, that electrons and ions which are situated at a
sufficient distance form the test particle, have returned to a Maxwell-
Boltzmann distribution.
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In plasmas where the ions are considered solely as a continuous back-
ground to ensure charge neutrality (with the assumption, used in numer-
ous calculations, that they do not deviate from a Maxwell-Boltzmann
distribution), (1.35) reduces to n;(r) = n, such that the screening of the
electron (or ion) potential is due, in this case, uniquely to the electrons,
i.e. Ap & Ape. This assumption is adopted in Appendix V, and also in
problem 1.5, which proposes an alternative interpretation of the Debye
length.

One condition for plasma neutrality to be restored following a perturba-
tion (by a collision, for example), and for the different charged particles in
the plasma to resume a Maxwell-Boltzmann distribution, is that the time
between two collisions should be much longer than their natural oscilla-
tion period, i.e. ¥ < wpq. This condition is easier to realise with electrons
than with ions wpe > wp;), which justifies, in a number of cases, the as-
sumption of a continuous background of ions to ensure plasma neutrality.
Conditions for the existence of a plasma

- in order for macroscopic neutrality to be realised inside the plasma,
it is necessary that L, the smallest dimension defining the volume
occupied by the plasma, be much larger than the Debye length, i.e
L > Ap. Another condition, already mentioned in Sect. 1.5.2, is that
V< Wpe-

- The number of charges Np in a Debye sphere should be much larger
than 1, otherwise this is a “non-ideal” plasma, in which there is no
screening effect: this condition can be written:

4
Np=n (yﬂ%) >1. (1.57)

1.7 Collision phenomena in plasmas

As we have observed in Sect 1.4.2, the repartition of energy between the
different constitutive elements in a plasma is established by an ensemble
of particle-particle and particle-photon interactions. We will use the term
“collision” in future in a more general sense than simply an impact between
two more or less rigid spheres, leading to an exchange of kinetic energy. In
effect, the long range interaction (Coulomb force), as well as those interactions
leading to the excitation of an atom by an electron collision (non-conservation
of kinetic energy) lead us to consider, in the most general way, that there is
a collision if the path or internal state of a particle has been modified by the
presence of one or many other particles in its vicinity.
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1.7.1 Types of collision

We can distinguish two main categories of collision, depending on whether
the Coulomb force is directly involved, or not.

Collisions not involving the Coulomb force

These concern collisions between two neutral particles, and most collisions
between a neutral particle and a charged particle. We can differentiate, in
this case, elastic and inelastic collisions.

Elastic collisions

These can be represented by an impact between two hard spheres, with con-
servation of total kinetic energy. They are principally low energy electron-
neutral collisions, for example, below the energy threshold of the first excited
atomic (molecular) level.

Inelastic collisions

There is no conservation of total kinetic energy. For example, still consider-
ing electron neutral collisions, an inelastic collision can occur provided the
electron energy is above the threshold for excitation or ionisation of atoms,
dissociation of molecules, or even for chemical ion-molecule reactions®. The
processes of charge capture are equally inelastic in nature, because the inter-
nal energy of the participating atoms (molecules) will be modified (see also
Sect. 1.7.9).

Examples of inelastic collisions

1. Superelastic collisions (or collisions of the 2¢ kind)
An atom in an excited state can transfer its internal energy, either totally
or in part, in the form of kinetic energy to an atom or an electron, by
means of a collision. When the atom (molecule) A in an excited state j
above the ground state collides with an electron, we have:

A(j) +e— A(0) +e. (1.58)

5 . . .
25 Ton-molecule (and molecule-molecule) reactions produce the numerous chemical species
present in certain reactive gas plasmas, for example in hydrocarbon plasmas.
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This collision mechanism is especially favourable when the excited atom
is in a state referred to as metastable, in which the lifetime® is much
longer than for radiative states that undergo an electric-dipole transition.
As an example, the impact between an electron and a mercury atom in a
metastable state can result in an atom in the ground state and provide an
energy of 4.7 or 5.6eV (there are two possible metastable states) to the
incident electron.
2. Transfer of charge (charge exchange)

During a collision between a neutral atom B with an ion AT, there is a
strong probability that the neutral gives an electron to the ion, which is
then neutralised:

AT +B - A+BT. (1.59)

Thus, an ion AT previously accelerated in a high electric field can be con-
verted to a high energy neutral atom, unaffected by the presence of electric
or magnetic fields.

3. Electron capture (attachment process)
Negative ions are created by the capture of an electron by a neutral species.
One very effective process is dissociative attachment:

AB+e—A+B, (1.60)

where the electron attaches to one of the fragments of the molecule disso-
ciated during the collision.

Coulomb collisions

The interaction between charged particles is governed by the Coulomb force
which, in the case of a “collision” between an ion (with Z positive charges)
and an electron, may be expressed by:

Ze?
F=——. 1.61
4megr? ( )
As in the case of non-Coulomb collisions, we can differentiate between elastic
and inelastic collisions.

Elastic collisions

This is the case of electron-electron, electron-ion and ion-ion collisions when
the electron energy is too low (T.y < 100eV) for the emission or absorp-
tion of EM radiation. Elastic Coulomb collisions are discussed in detail in
Appendix V.

26 The lower the pressure of the carrier gas, the longer the life of the metastable states
(= us to several hours). The lifetime of the electric-dipole radiative states is independent
of pressure (=~ 10~7-10~8 seconds).
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Inelastic Coulomb collisions

Coulomb’s collisions can also be inelastic, and lead to either recombination
processes, or emission and absorption of EM radiation as mentioned earlier.

- Examples of recombination processes

1. Electron-ion recombination
An electron and a positive ion can neutralise each other. This is the
case for radiative recombination:

e+ AT > A+ hy (1.62)
and for dissociative recombination of a molecular ion:
e+ ABT - A+B. (1.63)

As in the case of charge exchange, the process of dissociative recombi-
nation is extremely effective.

2. Mutual neutralisation
In plasmas rich in negative ions, there is a very strong probability that
a negative ion will give an electron to a positive ion. There is thus a
mutual neutralisation:

AT +BT - A+B. (1.64)

Positive or negative ions, previously accelerated in a high electric field,
can thus be converted to high-energy neutrals, unaffected by electric
or magnetic fields.

3. Electron detachment
Negative ions can also lose their electron during a collision with an
electron, by electron detachment:

et A —A+2e. (1.65)

With mutual neutralisation, electron detachment is the most effective
mechanism for the loss of negative ions.

- Examples of the emission or absorption of radiation

1. Bremsstrahlung
The emission or absorption of radiation can result from electron-
electron, electron-ion and ion-ion collisions when the energies of the
charged particles are sufficiently high (T.y > 100eV). We encounter
this type of interaction, for example, in high flux laser plasmas, in
the case where the electron penetrates the electron shells, without dis-
placing any of the electrons. We distinguish Bremsstrahlung (braking
radiation) of the direct type (emission of energy in the form of photons)
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from inverse Bremsstrahlung (absorption of photons). This radiation
is distributed in the continuum across a spectral band, which is quite
broad, generally in the X-ray region.
2. Inner-shell atomic line emission

Consider again the case of an electron-neutral interaction. This time,
let the energy of the electron be such that it reaches the innermost shell
(K shell) of the atom (heavy) and dislodges an electron there, which
generates an X-ray on returning to its shell. The spectral emission is
in the form of line radiation, which generally dominates the continuum
spectral band of Bremsstrahlung radiation.

Remark:

The probability of these different collisions occurring can be characterised
by a reaction coefficient. We will see (Sect. 1.7.9, remark 2) that this coeffi-
cient, written k;;27, equal to (6;;(wap)was) Where 6;;(wap) is the effective
cross-section of the reaction considered, wqg is the modulus of the relative
velocity of the particles v and S in the interaction; the symbol () repre-
sents an average taken over the velocity (or energy) distribution function of
the particles. Henceforth, it is convenient to define the concept of effective
collision frequency explicitly (Sect. 1.7.3 and after).

1.7.2 Momentum exchange and energy transfer
during a collision between two particles

The considerations and results from this section will allow us to subsequently
quantify the physical significance of the dependence of the effective cross-
section for momentum transfer with respect to the angle of deflection of the
particles after collision (Sect. 1.7.4). It also enables us to better understand
the collisional term in the momentum transport equation.

We assume that all collisions are binary, including those between charged
particles, on the understanding that in the last case, this is only a first ap-
proximation. Furthermore, as is commonly the case in the kinetic theory of
gases, we consider that the trajectory of a particle can be separated into
two parts: the part of the trajectory occurring between two collisions, dur-
ing which each particle individually experiences the external forces, and that
part of the trajectory which is principally affected by the (mutual) collisional
interaction, during which the external forces are ignored.

27 The subscripts 7 and j indicate that this involves either an interaction between particles
of type ¢ and those of type j, or that the particle (atom, molecule, ion) which experiences
a collision moves from state i to state j.
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Conservation equations and identification of independent
variables (not determined by the conservation equations)

Consider two particles a and 3, whose velocities w, and wg are known, a
priori, before the collision?®. Following the assumption noted above that no
external force is present for the duration of the collision, there is conservation
of momentum and total energy?’:

D = Pa+Pg = MaWa + Mpwg = muw), + mgwb =p, (1.66)
2 mgw? 2 mgw’?
ma;”a i ‘*2 B _ meQwa n 52 b4 AE, (1.67)

where the “prime” indicates the values after the collision. The energy term AE
allows us to include inelastic collisions; this quantity represents the difference
in internal energy of the particles after the collision:

- A& = 0 for inelastic collisions
- AE > 0 for collisions of the 1% kind: excitation and ionisation
- AE < 0 for collisions of the 2" kind: superelastic de-excitation

It should be noted that radiative phenomena (absorption and emission of
photons) are not included in the present context.

For a given value of AE (we use the published energy levels for excita-
tion and ionisation), we have four equations: (1.66) is vectorial and (1.67) is
scalar. Since we require six components to completely characterise the veloc-
ity vectors after the collision, wy, and wj;, we are left with two components
which are not determined by the conservation equations (1.66) and (1.67):
these two quantities are determined by the law of interaction governing the
type of collision considered, taking into account the initial relative position
of the particles.

We will now introduce a change of reference frame, in order to express
the kinetic quantities in the centre of mass frame, in place of the laboratory
frame. This leads us to expressions that better describe the physics of the
collisional interactions.

Relative velocity of two particles and velocity of their centre
of mass

By definition, the position rq of the centre of mass (CM) (of two particles «
and 3, with positions r, and rg in the laboratory frame, is given by:

28 Thus making the supposition that the plasma particles are distinguishable and can
therefore be described in a non quantum manner, which is generally correct.

29 The contents of this section is a classical development of kinetic theory, which can be
found, for example, in V.E. Golant et al.
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py — MaTa + msT (1.68)
Mo + Mg
MqWq + Maw
from which: wy =2 P8 , (1.69)
Mo + Mg
where wq is the velocity of the CM frame. The CM is in uniform motion
during the interaction, because total momentum is conserved (see (1.69))

throughout the collision, hence:
wo = Wy . (1.70)

The fact that the CM is in uniform motion allows us to use it to describe the
motion of the particles during the interaction: their velocities in this frame,
denoted by wao and wgo before the collision and wy,, and wj, after collision,
are obtained by setting wog = 0 in (1.69), where we have replaced w, and
wg by wao and wgg. This leads us to the following simple relations:

Mme My
Wpo = *m_ﬁ'wao ;o Wy = ——— W , (1.71)

which shows that the velocities of the two particles, both before and after
the collision, are anti-parallel in the CM frame (see also Appendix IV). This
property suggests that we should introduce their relative velocity wag in the
calculations:

Wap = Wo — W = Wao — Wgo (1.72)

from which we can write the expression for the velocities of the particles in
the CM frame:

Weo = (&> Wap , Wy = — (L> Wag - (1.73)

Mq + Mg Mo + Mg

These various transformations allow us to completely determine the motion
of the particles in the laboratory frame as the superposition of the rectilinear
motion of the CM and the relative motion of the particles in this frame. In
effect:

mg
Wy =W+ Weo=wo+ | ———— | wag, 1.74
0 0 0 (ma+ /3) B ( )

Me
wg = wgo = — | ——————— | was - 1.75
8 = wo + Wwgo = Wy (ma+MB) 8 ( )

Remark: As we will see below, the CM is the frame in which we can describe
binary collisions “naturally” (effective cross sections, collision frequencies,
mean free paths are best introduced in this frame), the use of the relative
velocity of particles experiencing a collision being an essential element of this
description.
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Expression for the conservation of total energy as a function of
relative velocity only

Taking account of (1.74) and (1.75), we can write:

maw? mﬁw?g Ma + Mg 2 ,Uaﬂwzﬁ
2 = = — 1.
5 T3 ( 5 > wot—5 (1.76)
where pia is the reduced mass: pas = WZQT% (1.77)

and ,uagwi 3 /2 is the kinetic energy related to the relative motion.
The conservation equation (1.67) can thus be written:

WBW2 w'?
(7m“;m6>w§+u 62 oB _ (m“;m5>w62+—ﬂaﬁ2 of L AE (1.78)

and since wy = wy, (1.70), we find finally:

2 /2
HapWapg  HapW op
2 2

+ AE . (1.79)

Only the kinetic energy with respect to the relative motion can be transferred
into internal energy (potential energy); the individual velocities do not enter
into such a transfer.

Particular case of an electron-atom collision

The atom (particle ) is assumed to be at rest with respect to the electron
(particle a): wag = Wy — W ~ w,. Taking account of the fact that mg >
Ma, we have pas ~ m, and equation (1.79) then reduces to:

T (w2 — w?) = Al = AE 1.80

T wa — U}a) = coa — s ( . )
which signifies that the change of internal energy of an atom during an in-
elastic collision is equal to the change of kinetic energy of the electron, the
kinetic energy of the atom remaining essentially unchanged.

Change of momentum of a particle following an elastic collision

(AE =0)
For the particle «, by definition:

— / !
Apo = MWy, — MaWo = MaWhg — MaWao , (1.81)
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and this can be expressed uniquely (following (1.73)) as a function of the

difference in the relative velocities of particles o and 8 before and after the

collision as??;

mameg

Apy = —2MB_ (! ap,, 1.82

Yy M + mg (woz,B w /6) ( )

and setting: W5 — Wap = Awag (1.83)
we obtain: Apo = pagAwag , (1.84)

a remarkable result that we will exploit next by developing the vector Aw,g
in an appropriate frame of reference.

As we have seen at the beginning of the derivation of Egs. (1.66) and
(1.67), two components out of six of the velocity vectors after the collision
depend on the laws of interaction. These two unknowns can be expressed,
taking into account the relative direction of the velocities wop and w/, 5 by
means of the angles 6 and ¢ of a spherical coordinate system, as shown in
Fig. 1.8.

N\ 4
~

Fig. 1.8 Schematic of the relative velocities before and after collision, w,g and w?’, 8 in
a spherical coordinate system (6, ¢) tied to the centre of mass, with w,g directed along
the z axis.

In this spherical coordinate system, ¢ is the angle made with the interac-
tion plane (that is to say, the plane containing wag and wy, ), with a fixed
plane (somewhere in space) including wag. The angle 0, between wq,g and
wﬁw, is the scattering angle of the particles in the CM frame. The angle 6
depends only on the force law and the impact parameter (the distance of
closest approach of the two particles if there is no interaction, Fig. IV.1 of
Appendix IV). In the laboratory frame, the scattering angle 0, is defined
by the velocity of the “incident” particle before and after the collision, w,
and w!, (see Fig. IV.2 of Appendix IV).

30 Obviously Apa = —Apg.
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We will now project Aw,g on the three axes of the coordinate system in
Fig. 1.8:

- Along w,g (% axis of the chosen frame):

(Awag). = |w, sl cos 0 — [wag] , (1.85)
but [was| = |w, 4| due to the conservation of kinetic energy ((1.79), with
AE = 0), hence:

(Awag). = |wapl(cosd —1) . (1.86)

- Along the directions perpendicular to was (v and y axes):
(Awag)s = |wag|sinb cos ¢ (1.87)

because the projection of Aw,g in the = direction, Pr,(Awqg), is by defi-
nition equal to Pry(w],5) — Pry(was) where here, Pr;(wag) = 0 such that:

Pr,(Awag) = |w,g|sin 6 cos p = [weas|sinf cos ¢ . (1.88)

For the same reason:

(Awgg)y = |wapg|sinfsing . (1.89)

In the case of a central force, all values of ¢ are statistically equally prob-
able; we therefore say that the particle scattering is isotropic (isotropic in ¢).
From this fact, if we have a sufficient number of particles, the average values
of cos ¢ (1.87) and sin ¢ (1.89) are zero, and we can write:

Awyp = —(1 — cos)w,g , (1.90)

where, finally, the explicit form of equation (1.84) is:

Apo = —%(1 —cosf)(w, — wg) . (1.91)

This expression for the change in momentum of the particle o during an
elastic collision with the particle 8 introduces a dependence on (1 — cos€)
with scattering angle 6.

Particular case of an electron-atom collision

The atom (particle 3) is assumed to be at rest relative to the electron (particle
«) such that wg < we in (1.91), from which:

Apa
Po _ ™5 (1 cosh). (1.92)
Pa Mq + meg
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Since the incident particle « is much lighter than the particle 5, we have:

Ap,
Po _ —(1 — cos ), (1.93)
Do
such that, for § = 7, we obtain:
A
Po _ o, (1.94)
Do
or alternatively:
P, = —Pa - (1.95)

This result corresponds simply to a change in sign of the impulse of the inci-
dent particle, while the target particle remains immobile (assuming mg ~ 00);
this is the largest possible value of Alpg|.

Change in the kinetic energy of a particle following an elastic
collision (A& = 0)
In the case of the particle «, its change in kinetic energy is given by:

2 2
MaW, MWy, My

Agca = = — |:(’u)6 —+ 'U}ZXO)Q — (’LUO + wao)Q]
2 2 2
m
= 5 [2wo - (Wi — wao) + wiiy — wgo] (1.96)
since wo = wy, (1.70).
Furthermore, w)y = wqo. In effect, since wao = wegmp/(ma + mg)
(see (1.73)), we can write:
mg 2 mg 2 2
2 2 2 /
wao = (m) waﬁ and waO = <m) w afB (197)

and, since w75 = w’iﬂ from (1.79) with AE = 0, we therefore have:
w2y = w2, . (1.98)
The expression (1.96) then reduces to:
Ao = mowy - (Why — Wwao) = wo - Apq (1.99)

such that, from (1.69) and (1.91):

Abeo = — (mawa ki mbﬁ) a8 (I —cosf)- (wq —wg) (1.100)
Mo +mg me +mg
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or alternatively:

mamg

Alq = — (1 —cosb) [mawi — mﬂw% + (mg — my)(wg - wa)] ,

(1.101)
where the average of the scalar wg - w, is zero, if all the initial relative
orientations of the particles have the same probability density3'. We can
finally write (still in the CM frame):

(Mo +mp)?

2 2
MaMg MWy, mpgwg
Ay = —2— 2" (1 —cosf - 1.102
(ma _’_mﬁ)g( COs ) l 9 2 ( )
Remarks:
mem

is called the energy transfer coefficient. This coefficient has a maximum
value of 1/2 for m, = mg. Note that the cumulative value of the difference
(1 — cos8) over the ensemble of values of the scattering angle 6 (0 to ) is
equal to unity.

For an electron colliding with an atom, ¢ ~ 2m./M, which is a very weak
transfer of energy during the collision. In this case, the maximum transfer of
energy from the electron to the atom, assuming that the atom (particle ()
is at rest relative to the electron, occurs for a scattering angle 8 = w. The
maximum fraction of energy transferred from the electron to the atom is

then:
A B 74me

e M

the minus sign indicating an energy transfer from the electron to the atom.

2. The transfer of kinetic energy from one particle to another is, according to
(1.102), proportional to the difference in kinetic energy between the two
particles involved in the collision.

3. Expressed in the CM frame, the change of kinetic energy and momentum
following a collision has the same dependence on the scattering angle, i.e.
(1 —cos@): we will use this result in the definition of certain cross-sections
(Sect. 1.7.4).

4. In the laboratory frame, the relations we have just developed are much
more complicated. For instance, the fraction of energy lost by the incident
particle following a collision is given by:

(1.104)

31 Do not confuse this property (before collision) with that of isotropy in ¢ (angle after
interaction) of interactions in the presence of central forces.
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AL, , [1fCOSGaL(lfri/ﬁsineaL)l/Q+ra/ﬁsin29a4
= — Ta
Eea /B (1+ Tayp)2

(1.105)

where ro/53 = ma/mp (Heald and Wharton). We can verify that, for
mo < mg (i.e. 743 = 0), this expression becomes —2r, /(1 — cosfar),
the laboratory frame thus coinciding with the CM (see also Appendix IV).

1.7.3 Microscopic differential cross-section

In practice, it is impossible to determine all the kinetic parameters of a col-
lision occurring in a plasma: there are too many particles involved, and their
motion, before collision, is random. To overcome this difficulty, we use a
statistical description. One such description leads us to the concept of a
cross-section.

Characterisation of the angular dispersion of a mono-energetic
beam of particles by one scattering centre

Laboratory frame

Consider a mono-energetic beam of particles incident on a unique scattering
centre at rest (Fig. 1.9)%2. The flux of these particles, with velocity w is given
by I' = nw, where n is the number of particles per unit volume: this flux is
a number of particles per unit surface area per second. As Fig. 1.9 suggests,
the number of particles dN;/dt deviated by the scattering centre, per unit
time and in the solid angle d2(0, ), is:

- proportional to the solid angle df2, where df2 = sinf;df;d¢ in spherical
coordinates,
- proportional to the flux I' of the incident particles,

dN,
d—td = 6(w,0L)|T' A2, (1.106)

where the proportionality factor,d, referred to as the microscopic scattering
cross-section, depends on #y, and, in general®®, on the modulus of the particle
velocity w.

Note that 6 has the units of area (cm® are commonly used in plasma
physics), as determined by comparing the dimensional analysis of the terms
on the left and on the right side of (1.106):

such that we can set:

2

32 This is an idealised description, which isolates a particle as a unique target and, in
addition, assumes that it is at rest.

33 In the so called “billiard ball” model, where particles are assumed to be rigid spheres,
the cross-sections do not depend on the velocity of the particles (see exercise 1.10).
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Fig. 1.9 Incident flux of particles with velocity w, deviated by a scattering centre initially
at rest at point O (laboratory frame).
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From the physics standpoint, & does not represent the real surface of the
scattering centre, but rather that “seen” by the incident particles, depending
on their velocity, for example, hence the term effective scattering surface or
cross-section; the larger this value, the more probable the interaction.

Centre of mass frame

The situation described above corresponds perfectly to the case of a beam
of electrons directed towards an atom (scattering centre) assumed at rest
with respect to the electrons.

Due to the small mass of the electron, the description in the CM frame
coincides with the laboratory frame (Appendix IV). In the general case, how-
ever, the study of binary collisions (Sect. 1.7.2) is more effectively treated in
the CM frame. In effect, the description of the collisions is simplified (for ex-
ample, a single angle @ is sufficient to characterise the scattering of particles,
while in the laboratory frame it is necessary to include the angles 6, and 63y,
as shown in Appendix TV) and more general (for example, the dependence
on the individual velocities is replaced, in the centre of mass frame, by the
relative velocities (modulus) of the particles before and after the collision).

Consider again the case of a mono-energetic beam of particles a with veloc-
ity w, and a scattering centre of initial velocity wg = 0 (laboratory frame).
Since the velocity w,, is equal to the relative velocity wqs in the laboratory
frame, in the CM frame (Fig. 1.10), the particle flux can be expressed as
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I' = mweug 34 The number of particles deviated by the scattering centre in
the centre of mass frame can be expressed in an analogous fashion to (1.106):

dNy

where & depends on wegg, the modulus of the relative velocity of the parti-
cles a and B. The relation thus obtained is of a completely general nature,
precisely because the reference frame is the CM.

flux of incident
particules with
given velocity w

Fig. 1.10 Description in the centre of mass frame of an incident flux of particles a with
velocity wq, deviated by a scattering centre S initially at rest at point O (wg = 0) in
the laboratory frame. The relative velocity w,g before the collision, identical in the two
frames, leads, in the present case, to w,g = Wwa.

Remark: The differential cross-section can be expressed not only as a func-
tion of the relative velocity wqg, but also as a function of the kinetic energy
,uagwiﬁ/Q linked to the relative motion (1.79). In the case of electrons, we
have f1o3 /= m,, such that the energy linked to the relative motion:
2 2
/j‘aﬁwaﬁ ~ MmeWy
2 T2

(1.108)

is equal to the kinetic energy of the electrons.

Example of the measurement of a differential cross-section

Figure 1.11 shows the schematic view of an apparatus used to determine
the angular dependence of the scattering of a beam of electrons by a gas.

34 Note that in the centre of mass frame, the scattering centre is, in general, never at rest
(wgo # 0, see (1.73)).
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Figure 1.12 shows the result of such a measurement for the case of elastic
scattering by neon atoms, for different values of energy of the electron beam.
The current obtained as a function of the scattering angle 6 is proportional
to the differential cross-section.

electron
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.
- interaction

zone
(target gas)

electron current
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Fig. 1.11 Apparatus for measuring the differential cross-section of elastic collisions of

electrons with a gas (from [31]).
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Fig. 1.12 Collected current (un-normalised differential cross section) in the case of elastic
scattering of a beam of electrons of different energies by neon atoms (after [31]).
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Remarks:

1. If the incident flux is sufficiently uniform and mono-energetic, and on con-
dition that the scattering medium (interaction zone) is not favourable for
multiple collisions of the same incident particle, the angular distribution
of the scattered particles simply reflects the force law between the incident
particles and the scattering particle at that energy.

In the case of a Coulomb interaction, for example, we have (Rutherford
scattering, see Appendix V):

(62/87reouagwi5)2
sin®(6/2)

(wap, 0) = (1.109)

2. Recalling that I' is a flux, relation (1.107) allows us to regard 6d{?2 as the
element of oriented surface (see Fig. 1.10) which, traversed by this flux,
leads to dNy/dt. This “effective” surface for capturing scattered particles
varies with wog and 6, as shown in Fig. 1.12.

3. An incident beam of mono-energetic electrons can be represented in a
quantum way by a planar monochromatic wave, partially dispersed by the
target-particle during the interaction.

4. Some authors choose to define the differential cross-section as ¢d{2 rather
than . On the other hand, we could equally regard our 6 as being dé’/df2,
to emphasise the differential nature of this cross-section.

1.7.4 Total (integrated) microscopic cross-section

When integrating the microscopic (scattering by a single target) differential
cross-section for collision ¢ over all the values of the scattering angle df2, we
obtain the total microscopic cross-section; thus, assuming the scattering is
isotropic in ¢:
™
Gie(Wap) = 27r/ G(waps,0)sind df . (1.110)
0

The total cross-section (1.110) is often divergent (this is the case for Ruther-
ford scattering®). Note, in addition, that the value of 64, simply accounts for
the number of particles scattered, while not taking into account the value of
their momentum exchange; in fact, a collision in which 8 = 7 will have zero
contribution, while its contribution will be a maximum for § = 7 /2, for exam-
ple, although in reality the change in momentum is a maximum for § = 7. In

35 In the case of Coulomb collisions, &(6) is proportional to sin~4(6/2) (see remark 1 in
the previous section) and the integral (1.110) is therefore divergent for # = 0. This signifies
that as 6§ — 0, there is a large probability of observing small deflections.
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order to characterise the transfer of momentum, we use the following relation

instead?6:
s

Gim (Wap) = 27T/ G (was,0)(1 — cosh)sind db . (1.111)
0

The weighting introduced by the factor (1 — cos §) takes, in effect, account of
the influence of the scattering angle in the exchange of momentum between
particles (Sect. 1.7.2) during collisions; thus, the term ensures that the con-
tribution to the integral (1.111) practically disappears for scattering in which
0~ 0.

The integral (1.111) converges for electron-neutral and ion-neutral colli-
sions, but still diverges for Coulomb interactions (Appendix V): this diver-
gence comes from the large contribution of long range collisions, which are
very weak interactions in terms of transfer of energy (6 ~ 0). These inter-
actions, however, do not have any physical significance for distances longer
than the Debye length (due to the effect of electrostatic screening), and it
is therefore adequate to terminate the integral when the impact parameter
becomes greater than the Debye length (Appendix V).

Remarks:

1. All total microscopic cross-sections will be designated by &4,, where x can
represent, inter alia, either ¢ or m.

2. Experimental microscopic cross-sections are most often expressed in units
of maZ = 0.88 x 1071% cm?, where ag is the radius of the first orbit of the
Bohr hydrogen atom.

3. Although in defining the concept of cross-section, we have considered an
elastic collision, as we have remarked in (Sect. 1.7.1) above, we can also
use the same concept to characterise all types of binary interaction: charge
transfer, excitation, collisional de-excitation. ..

1.7.5 Total macroscopic cross-section

We have just defined the microscopic cross-section, where we have assumed
the existence of a unique scattering centre, which is not truly realistic, but
necessary to introduce the concept of a cross-section since it has only a phys-
ical meaning at the microscopic level. To measure a cross-section implies, in
effect, that we consider an incident flux on a very large number of scattering

36 Recall that, for two particles of given reduced mass jiq, g and relative velocity wqg, the
factor (1—cos ) characterises the magnitude of the momentum exchange during a collision
(1.91).
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centres per unit volume. This leads us to define a cross section, referred to as
macroscopic, and experimentally measurable, from which the corresponding
microscopic cross-section can be deduced. In the following, we will establish
the connection between the total microscopic and macroscopic cross-sections,
starting with the formalism developed for the total microscopic cross-section
(Sect. 1.7.4).

Consider a beam of particles with flux I" = nw, incident on a semi-infinite
medium (in y and z) this time containing not one but N scattering centres
per unit volume, which are assumed to be at rest. We wish to calculate the
remaining incident flux after it has traversed a distance x in the medium,
under the assumption that the total microscopic cross-section is known. This
may be schematically represented in the following manner (see Fig. 1.13):

- N: density of scattering centres

- A: surface of the slice considered, whose thickness is dz, such that N Adx
is the number of scattering centres in the slice and (N Adz)dy, their total
effective surface.

——
I' = nw —:

Fig. 1.13 Flux I' of inci- -

dent particles on a volume -

element of thickness dz and

surface A, containing N \\

target particles per unit P

volume. da

The fraction |dI'|/|I"| of the flux intercepted by the scattering centres in
the slice of thickness dx is equal to the ratio of the total effective surface over
the surface A of the slice, i.e.:

A NAbyde
\rl A

(1.112)

from which, after integration between = 0 and x with I'(z = 0) = I'p:

I'(x) =Tgexp (—Nb,x) = Iy exp(—FPypx) | (1.113)
with:
where P, is the corresponding total macroscopic cross-section. Thus, if the
subscript * = ¢, then P. represents the total cross-section for a simple
collision:
P. = Noy. (1.115)

while £ = m refers to the total cross-section for momentum transfer:
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Py = Néum . (1.116)

From (1.114), P, is expressed®” in cm~!. Further, P, represents the probabil-
ity of collision in units of length. To demonstrate this, consider the expression
(1.112):

total cross-section of scattering centres

(N &th) dx . in a slice of thickness dz
A B surface of the slice
_ (probablhty‘of a COHISIOH) =P,dz . (1.117)
over a distance dz

Relation between P, and its standard value

By convention, the published values of P, are given for a reference pressure
PR, corresponding to 1torr and 0°C, and denoted by:

Pyo = Ny 642 (1.118)

where Ny is the density of targets under these conditions (3.5377 x 10'¢ atoms
or molecules per cm~3). Knowing P,o, we can calculate P, at a particular
temperature T (°C) and pressure p (torr). Consider N as the density of
targets at T and p, by definition:

N
Py =N 61 = 5~ (No 61) = VOP”O . (1.119)

Value of P, at a particular pressure and temperature

It would be useful to replace the ratio N/Np in (1.119) by an expression that
includes T and p directly, parameters which are easily measurable. From
the perfect gas law, we have N = p/(kpTk) and Ny = pr/(kp X 273), from
which:

ﬁ_px273_ p x 273
No  prTx  pr(213+1T¢)’

where the subscripts K and C designate the temperatures expressed in kelvin
and degrees Celsius respectively.

(1.120)

37 According to the International System (SI), it would be more correct to express the

density of particles in m~3, but the cm~3 is well established as a practical unit, in particular

in plasma physics. This leads to the microscopic cross-section being expressed in cm~2 and
the macroscopic cross-section in cm™1,
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By convention, we write:

D . N
—=p and — =pg, 1.121
PR No ( )
where pg is the reduced pressure (note that this is a dimensionless quantity,
as well as p, and not really a pressure), and for the expression (1.120):

px 273

Po= om0

(1.122)
and we can verify that, for p = 1 and T = 0°C, we have pg = 1 (without
units) such that we can write (1.119) and (1.121) in a practical form:

Py(T,p) = poPuo - (1.123)

The flux of particles experiencing no collision over a distance x in the plasma
(1.113) can now be expressed with the help of the macroscopic cross-section
at standard conditions and the reduced pressure in the form:

I'(x) = I'o exp(—poProt) . (1.124)

Examples of cross-sections

Figure 1.14 compares the macroscopic electron-neutral collision cross sec-
tion for momentum transfer P,,, and that for simple collisions P, (i.e. only
accounting for the number of collisions), for discharges in three rare gases.
In general, we observe that P. > P,, (the behaviour of these cross-sections
will be more fully discussed in Sect. 1.7.8). Note that, in these examples,
the cross-sections are expressed as a function of the energy of the incident
particles, rather than their velocity.

Remark:

The macroscopic cross-section for a simple collision P, is obtained directly
by measuring the attenuation of a beam of electrons (1.113): the value of P,
takes no account at all of the amount of momentum transfer, but of only the
total number of collisions taking place in contrast to P,,. On the other hand,
the macroscopic cross-section for P, is determined by integrating the exper-
imentally measured differential (macroscopic) cross-section over 6, following
(1.111), shown, for example in Fig. 1.12. One can deduce the microscopic dif-
ferential cross-section by a suitable normalisation of the macroscopic value.
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Fig. 1.14 Elastic electron-neutral cross-sections in three rare gases for standard condi-
tions. The values of the macroscopic cross sections P. (simple collision: dashes) and P,
(momentum transfer: full lines) are expressed in cm ™1, while the corresponding values for
microscopic cross-sections are expressed in cm? (after Massey and Burhop, 1952).

1.7.6 Expression for the temperature of a plasma
in electron-volt

The temperature T characterising the Maxwell-Boltzmann distribution for
particles is normally expressed in kelvin (K). However, in plasma physics, this
temperature is preferably expressed in electron-volt, T,y . T can be converted
to T,y using the relation kT /e = Tey, where kp = 1.38 x 10723 JK~! and
e=1.6x10"19C. Since kT is an energy, kT /e = T,y is an energy per unit
charge (J/C) and should strictly be expressed in volt. Further, it should be
noted that T,y only represents 2/3 of the average energy of the particles in
the plasma, %k‘BT. Thus, for T,y = 1eV, the temperature in kelvin is about
11600 for an average energy which is really 1.5eV.

This convention permits, inter alia, a quick estimation3® of the values of
the different cross sections participating in the various collision processes. We
will show this by examining the case of electron collisions.

Velocity of an electron with energy of 1 eV

The velocity of an electron accelerated along the x direction, starting from a
position of rest, by a potential difference U, obeys the expression:

38 The cross-section evaluated at energy T,y gives only an approximate value, for instance,
of the average collision frequency (Sect. 1.7.8): the exact value is obtained by actually
integrating this cross-section over the energy distribution function of the particles.
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1
imewfc =eU (1.125)
or: "
2eU
wz=< ¢ ) . (1.126)
Me
For U = 1volt, the electron acquires an energy of 1 electron-volt (1.6 X
10~ J) corresponding to a velocity:
wy =5.93 x 10°m/s . (1.127)

The relation (1.126) remains valid for a beam of electrons provided that it is
mono-energetic. It is also valid for a singly charged ion, replacing m, by m;.

Estimation of the value of a cross-section in a plasma

In a plasma, the motion of electrons is in three spatial directions and is not
mono-energetic, which is different from the conditions of the measurement
of a cross-section. If we wish nevertheless to estimate the value taken by
a cross-section in a given plasma, one can imagine an “enlarged” beam of
electrons with velocity vy, the most probable velocity of the electrons in the
plasma (Appendix I). The relation %mevfh = kgT., since it expresses the
most probable kinetic energy of the electron, demonstrates the usefulness of
the relation T,y = kpT./e to obtain a good approximation of the value of
the cross-section expressed as a function of energy, rather than velocity.

1.7.7 Collision frequency and mean free path between
two collisions

Collision frequency

For a mono-energetic beam of particles with velocity w, the distance travelled
by each particle in time ¢ is = wt, which allows us to write (1.124), with
I' = nw, in the form:

n(t) = n(0) exp [—(po Prow)t] . (1.128)

n(t) being the density of particles in the beam at time ¢ and n(0) its value
at ¢ =0.
The characteristic decay-time of the exponential (1.128):

7= (poPaow) ™" (1.129)
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represents the time taken by the beam to decay, as a result of collisions
experienced, to 1/e (e being in the present case the base of natural logarithms)
of its initial value.

To define the collision frequency, note from (1.128) that:

dn n
—_— == 1.130
dt T ( )
and introducing 7 = v 1
d
d—? = —vn, (1.131)

where dn/dt represents the number of incident particles which exit the beam
(as a result of collisions with the target particles) per unit volume per second:
dn/dt is thus, in its most general form, the total number of collisions per unit
volume per second experienced by the incident particles. Dividing dn/d¢ by
n in (1.131) shows that v, is the number of collisions per second per incident
particle (subscripts z = ¢: simple collision; = m: collision for momentum
transfer), in other words the collision frequency of a particle. From (1.129),
(1.130) and (1.131), for a beam of particles with velocity w incident on targets
at rest, we can identify:

Ve = poProw = Now . (1.132)

For incident electrons whose energy is expressed in eV, eU = U.y, from
(1.126) and (1.132) we have the numerical expression:

I/I(S_l) =5.93 x 10°\/U.v poPso (cm_l) . (1.133)

Remark: Note that v, refers to the collision frequency for a given velocity
of incident particles: only the average frequency (defined in the following
section) correctly represents the number of collisions per second in a medium
in which there is a velocity distribution.

Free path between two collisions

Taking account of the meaning of v,, 7 appears as the time between two
collisions, so that the probable free path between two collisions ¢, is clearly:

0 =wr = 2. (1.134)

Vg
From (1.132) and (1.134) and, taking account of (1.118) and (1.119), we find:

1 1

by = = —.
poFPro  Noiw

(1.135)
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Knowing that 7 is also the time necessary for the number of particles in the
beam to decrease to 1/e of their initial value, £, is thus the distance that
must be traversed by a beam for its flux to be attenuated to 1/e of its initial
value as a result of collisions.

1.7.8 Average collision frequency and mean free path

Average collision frequency

In general, cross-sections vary, often greatly, as a function of the energy of the
incident particles, depending on the type of collisions which they represent.

As an example, consider the electron-neutral collision cross-section in a
rare gas with high mass such as argon (Fig. 1.14). For this gas (as for krypton
and xenon), the value of the energy has a great influence on the collision
probability; thus, we observe a pronounced minimum in P, for an energy
a little less than 1eV: this is the so called Ramsauer’s minimum, a purely
quantum effect resulting from the diffraction of the wave function of the
incident electron on the outer electrons of the target atom, with destructive
(minimum) or constructive (maximum) interference after interaction. For an
incident electron having an energy U,y of 1€V, the de Broglie wavelength is
close to the diameter of the atom, hence the diffraction. On the other hand,
for Ugy — 00, G4 — 0, because the fraction of time the particles are close
together approaches zero (to give a picture of this small probability, consider
the case of a car crossing a red light at extremely high speed: the probability
of an accident, proportional to the crossing time, is extremely small).

Particles in a plasma are not mono-energetic, their velocity w forming a
distribution f(w). Knowing that the cross-section &, varies with w, how
do we define a collision frequency representative of what is occurring in the
plasma? In this case, it is necessary to consider the average collision frequency
(Vs), defined by:

N [ buw) nws(w) du

(ve) = : (1.136)
/nf(w) dw

w

In effect, while for an incident particle with velocity w we have v, = Ny w
(1.132), for an ensemble of incident particles for which the velocity is in the
interval (w, w + dw), the number of collisions per second per unit volume,
assuming the normalisation condition (I.4), is v, f(w) dw. The denominator
in (1.136) corresponds to the density n of incident particles, including all
velocities (again normalisation condition (I.4)). The ratio of the total number
of collisions per unit volume (nominator) to the total number of particles per
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unit volume (denominator) gives an average number of collisions, per unit
volume, per electron. The expression (1.136) can equally be written in a
condensed form:

(Va) = N{Gpz(w)w) , (1.137)

where the brackets symbolically represent an integration over the distribution
function (in velocity or energy) of the particles.

Example:

In an argon plasma with an electron temperature T,y = 4eV (assuming
a Maxwell-Boltzmann distribution) vy, = 1.19 x 10ms™! ((w) = 1.34 x
10°ms™1), the integration of the distribution over the electron-neutral
momentum transfer cross-section (Fig. 1.14) gives (v,,) = 4 x 109571 at
Ltorr, 0°C. At 0.1torr and 0°C, we obviously have (v,) =4 x 108s7L. In
the following, to simplify the notation, v will denote the average value of
the electron momentum transfer frequency and v, that for simple collisions
(related to Gyc).

We have defined the average collision frequency of particles in a plasma,
satisfying a distribution f(w), with the other particles assumed to be initially
at rest (1.137). In the more general case of collisions between particles o and
particles 3 (both moving)3® and correlated among themselves (Sect. 3.2), the
expression for the average collision frequency (v.g) of particles o on particles
[ can be written, in the centre of mass frame:

//&aﬁ(lwa —wg|)|wa — wg| nang fos(Wa, ws) dwadwg

Wo WG

(Vag) =
/nafoz<wo¢) dwg
wq

(1.138)
where the function fog(wa,wgs) is a pair (two-point) correlation function
in the velocities w, and wg, expressing a correlated binary interaction
(Sect. 3.2). Note the explicit presence of the modulus of the relative velocity
of the two particles, a characteristic of the description in the centre of mass
frame. The denominator in (1.138) corresponds to the density of incident
particles «, including all velocities. The expression (1.138) is a generalisation
of the relation (1.136).

If there is no correlation between the particles (Sect. 3.2), we can re-
place the pair correlation function by two functions depending separately on
the velocity of each of the two kinds of species, by setting fog(wa,ws) =
fa(wy) fa(wg), such that:

39 When the target particles are considered at rest, their density is denoted by N but ng
when both particles o and 8 are moving.
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nﬁ//6a5(waﬁ)waﬁfa(wa)fﬁ(wﬁ)dwadwﬁ

(Vap) = ———" (1.139)
/foc(wa) dw,
The average value (v,3) can be written:
<V015> = n5<&a5(waﬂ)waﬂ> ; (1.140)

where the brackets symbolically represent an integration over the distribu-
tion function (in velocity or energy) of the particles a and /3. Note that the
frequency v,g is, as a rule, different from vg, (see, for instance, (3.126)).
One can see again that (1.140) is a generalisation of the frequency (v,) given
by (1.137).

Mean free path

Following an analogous method to that which allowed us to define (¢,3), the
mean free path of particles « for collisions with particles 8 can be expressed,
in the more general case, as the average value of the quotient of the relative
velocity wqg on the collision frequency v,g, i.e.:

Returning to the preceding numerical example (T, = 4eV at 0.1 torr, 0°C
in argon), we obtain an electron-neutral mean free path for electrons of
(¢m) ~ 3mm. Henceforth, the mean free path for momentum transfer will
be simply denoted by /.

1.7.9 Examples of collision cross-sections

In the preceding section, to establish our ideas, we started by considering
elastic electron-neutral collisions. As we have already remarked, the con-
cept of cross-sections is more general. In the following sections, we will con-
sider the cases of inelastic electron-neutral collisions (ionisation, excitation,
dissociation) and those of elastic and inelastic ion-neutral collisions (charge
exchange).
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Electron-neutral collisions leading to the ionisation of an atom
(molecule)

In laboratory plasmas, ionisation of a gas usually occurs as a result of electron
impact. The probability of impact ionisation by atom-atom collisions is, in
fact, small in plasmas with less than a few atmospheres pressure. If we take an
argon atom, its step-wise ionisation through the metastable states as a relay,
which is the lowest energy pathway to achieve ionisation, requires a minimum
energy of 11.5eV (Appendix VI). Thus, assuming a Maxwell-Boltzmann par-
ticle energy distribution function, this would require that the most energetic
atoms in the plasma reach a temperature of more than 100,000 K, which is
not realistic in laboratory plasmas.

The ionisation cross-section for electron-neutral collisions generally ex-
hibits the following characteristics (Fig. 1.15):

- a very precise energy threshold &;, below which the cross-section is zero.
For atoms, the ionisation threshold corresponds to the ionisation potential.
For molecules, a number of ionisation thresholds co-exist (dissociative and
non dissociative ionisation).

- immediately above the energy threshold &;, an (almost) linear growth of
the cross-section as a function of the energy U,y of the electron®’,

- then the cross-section passes through a maximum for an energy &,,, fol-
lowed by a slow diminution.

Fig. 1.15 General form of
the ionisation cross-section

of an atom by electron
collisions.

UeV
The dashed line in Fig. 1.15, with slope a;, drawn from the energy thresh-

old &; of the cross-section, represented by the expression:
Pi = ai(Uev — 51) for UeV Z gi 3 (1.142)

is a good approximation for the initial portion (&; < Uy < &) of the
ionisation cross-section.

40 Since the target-particles are not compelled to be at rest, it is more correct to speak of
their relative energy (velocity) at the moment of collision. In the case of electron-neutral
interactions, this distinction is generally negligible above a fraction of an electron volt in
the case where the gas is not very warm (see also remark 2 at the end of this section).
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Electron-neutral collisions leading to the excitation
of an atom (molecule)

For ionisation processes, there is an energy threshold &£; below which the
cross-section is zero. Its growth after £; is almost linear with U,y before
passing through a maximum, as illustrated in Fig. 1.16.

P;

Fig. 1.16 General form of
a cross-section for excita-
tion of level j of an atom
by electron collisions.

Electron-neutral collisions leading to the dissociation
of a molecule

Here also, there is an energy threshold £; below which the cross-section is
zero. For a complex molecule, many dissociation thresholds may coexist, de-
pending on the nature of the fragments resulting from the collision.

Elastic ion-atom collisions

Cross-sections for the scattering of ions by their own atoms (molecules) all
have exactly the same form: interaction is more probable at low velocity.
Figure 1.17 shows, as an example, the case for different hydrogen ions incident
on Hy molecules, after having been accelerated by a potential difference U
(1.126).

Ion-atom collisions leading to a transfer of charge

Consider an atomic or molecular ion A* and an atom or a molecule B. During
their interaction, there can be an exchange of an electron, which gives rise to
the reaction®!:

AT +B - A+BT. (1.143)

41 This represents an inelastic collision: the internal energy of the atom (molecule) is
modified when losing or recovering an electron.
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Fig. 1.17 Cross-sections for elastic collisions of different hydrogen ions of energy eU with

Ha (after [37] and [38]).

One interesting case is that of resonant transfer (A = B) where an atomic
ion has a collision with an atom of the same species. Fig. 1.18 shows that this
cross-section (denoted by t) reaches its greatest value for very low energies

(general rule).

Fig. 1.18 Cross-section
for charge exchange (index
z = t) of a helium atom
and its ion with energy
eU, and the resulting total
cross-section (x = T) (after
[9], with permission of
the American Institute of
Physics).
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To complete the comparison, the elastic interaction between the ion A+
and the atom A is also shown. The value of the scattering cross section (de-
noted by e) always has a lower value than for resonant transfer: this difference
is large in helium and neon, for example, but small for argon.
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Atom-atom collisions

Although difficult to measure experimentally, because they involve the inter-
action between neutral particles, these cross-sections can be calculated from
the analytical expressions for the interaction potential between two atoms.
They enable the thermal conductivity of the gas to be calculated. As an exam-
ple, this type of interaction can be modelled by the Lennard-Jones potential,
illustrated in Fig. 1.19:

¢
ro r
Fig. 1.19 Lennard-Jones <—»M
potential to model atom- repulsive attractive domain
atom interaction. domain (Van der Walls)
12 6
¢(r) =4dey [(ro/m)" = (r0/7)°] (1.144)

where the first term represents the repulsive potential when the two particles
are sufficiently in contact and the second term, the long distance attractive
potential, ro being the value of r (internuclear distance) for which ¢(r) = 0
and €y is the depth of the potential well.

Remarks:

1. In the case of excitation and ionisation by electron collisions, the amount
of energy lost by the electron and transferred to the internal energy of
the atom is quantified, whatever the energy of the electron at the moment
of interaction: the energy of the electron after the collision is its initial
energy minus the threshold energy of the excited level (Franck and Hertz
experiment, 1914).

2. Reaction coefficient: definition and general expression
Consider a particular reaction, symbolically represented by:

A+B—C+D, (1.145)
kas

where A and B are the particles before collision and C and D are the
particles after collision. The probability of this occurring is characterised
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by a reaction coefficient (expressed at 0°C, 1torr) given by the expression:

kag = <6’AB(U)A]3) wAB,) units: cm® st , (1.146)
where wap = |wa — wp| is the modulus of the difference in velocity before
collision (see problem 1.9 and footnote 40). The use of the reaction coeffi-
cient, instead of a “reaction frequency” vag, is more general because it does
not involve the density of targets Ng, which varies according to the oper-
ating conditions. We know, in fact, that vaog = Ngkap and the published
values are those of kap (in place of a more detailed cross-section).

3. Hydrodynamic momentum equation and nature of the collision term
Consider a weakly ionised plasma (dominated by electron-neutral colli-
sions) submitted to an oscillating electric field Egexp (iwt), whose fre-
quency is sufficiently high for the motion of ions to be neglected. Suppose
also that the velocity of thermal motion of the electrons is negligible com-
pared to its speed dz/dt in the HF field (cold plasma approximation)).?3
These considerations lead us to the momentum equation for an electron in

an HF field (in one dimension)?*2:
d*z Ep expliwt) — vm, 2 (1.147)
Mme—s = —eBgexp(iwt) — vme—— . :
dr 0P dt

Since the term vm.dz/dt has the dimensions of a force, vm.vdt represents
the change in momentum during d¢ and vmev its variation per second;
furthermore, a dimensional analysis shows that v is in numbers per second.
In this context, the term —vm.dz/dt = —vp. represents the number of
times per second that an electron loses its momentum. The frequency v thus
appears as the (average) collision frequency for the transfer of momentum
from the electron to the atom (ion). The solution of the differential equation
(1.147) gives the (complex) amplitude of the electron in the HF field as:

6E0

Tt (1.148)

o —

where we note that v has the same units as the angular frequency w of the
HF field.

In (1.147), vm, appears as the classic hydrodynamic coefficient of viscosity,
generally assumed independent of the velocity of the particles. The influence
of ions and atoms on the motion of electrons under the influence of an HF
field can be regarded as a viscosity term impeding the electron motion.

42 We will obtain the relation (1.143) in the framework of the Lorentz hydrodynamic model
for plasma electrons (Sect. 3.7).
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1.8 Mechanisms for creation and loss of charged
particles in a plasma and their conservation equation

1.8.1 Loss mechanisms

We can distinguish two principal loss mechanisms of charged particles through
neutralisation (also called recombination).

Diffusion to the walls, where the charge particles are neutralised

Diffusion is a collisional process that occurs if the medium is inhomogeneous
in density or in (charged or neutral) particle energy. The role of collisions in
this process is to randomise the directions of the particles after equi-probable
collisions. However, in a medium of inhomogeneous density, there are more
particles in the regions of high density than in the regions of low density so
this will create a net flux towards the low-density region.

Diffusion of charged particles from the centre of the plasma to the walls
can constitute an extremely efficient method for removing these particles, by
their recombination at the walls into neutral particles. Such a “sink” at the
walls, as it provides a much lower density than on the axis, gives rise to a flux
of charged particles I' = nv where v, the diffusion velocity, is directed from
the centre towards the walls. The value of this flux is given by the relation®?:

I'=-DVn, (1.149)

which indicates that the flux of particles to the wall increases with the density
gradient of the particles Vn; the factor D is called the diffusion coefficient,
free or ambipolar, depending on whether the plasma density is low or high,
as we shall see in Sect. 3.8.

Volume recombination

Charged particles can also be neutralised in the plasma volume itself, by
collision, and not at the walls.

The recombination of an atomic ion, assuming that its radiative recombi-
nation (1.62) is negligible, requires the presence of a third particle (three-body
recombination), in this case an electron, to ensure the conservation of energy
and momentum for the interaction. This reaction can be written:

At tete—Ate. (1.150)

43 (Generally, the diffusion coefficient D depends on position and then one should write
I' = —V(Dn): see Sect. 3.8, Remark 4.
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Note that this is an inverse reaction, in the sense of micro-reversibility
(Sect. 1.4.2), for the ionisation process of atom A. This is the process of charge
recombination that occurs in the ionisation-recombination equilibrium gov-
erned by the Saha equation. The number of atomic ions which recombine per
unit volume per second in the plasma, is thus proportional to n;n?, where
n;1 is the density of atomic ions and n. is that of the electrons. In the case
where there is only one type of atomic ion, n;; = n., and the number of ions
that have recombined per unit volume per second (cm~2s~1) can be writ-
ten ag,-n3, where ag,, a reaction coefficient, is the three body recombination
coefficient (units: cm®s~1).
By formally writing:

aarn‘z = VgrTle , (1.151)

we can define v,,., the corresponding atomic recombination frequency.
The recombination of a molecular ion (two-body recombination)

follows as:
Af +e— A+A. (1.152)

This recombination is referred to as dissociative recombination. If the en-
ergy liberated during this neutralisation is greater than that of the first ex-
cited state of the atom A, one of these atoms will be in an excited state,
unless the excess energy is transformed into kinetic energy of the atoms*‘.
The number of molecular ions recombining per unit volume per second is
therefore proportional to n;on., where n;o is the density of molecular ions. If
there is only one kind of molecular ion (n;3 = n.), in an analogous fashion
to (1.151):

QN2 = Ve (1.153)

where «,,,, is the molecular dissociative recombination coefficient and v,,,
the corresponding frequency.

In the case of plasmas rich in negative ions, the recombination of positive
ions with negative ions follows the reaction:

AT+B” - A+B (1.154)

referred to as mutual recombination. This type of interaction is independent
of whether the ions are atomic or molecular. The number of positive (and
negative) ions recombining per unit volume per second is proportional to
n;n;—, where n; is the density of positive ions (atomic or molecular) and n;_
is that of the negative ions. In an analogous fashion to (1.151) and (1.153),
we can write, for example:

Qrt MM = Vpg N (1.155)

44 In the case of rare gas atoms, one of the two atoms is necessarily excited into a metastable
state.
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where «,+ is the mutual recombination coefficient for a negative ion and a
positive ion, and v,4 is the corresponding frequency.

The order of magnitude of a,.+ is 1077 cm®s™!, a value which only weakly
varies with the nature of the ions and their relative energy. It should also be
noted that the value of a,.+ is lower by a factor of 2 or 3 than the coefficient
oy for dissociative recombination of molecular ions.

Predominance of the removal mechanism for charged particles
according to their pressure region (plasmas without negative ions)

As a general rule, in the pressure interval between 10mtorr (~ 1Pa) and
around 10torr (= 103Pa) and for a discharge in an atomic gas, diffusion
dominates, provided the smallest dimension (e.g. the radius for a long plasma
column) is sufficiently small for the volume losses to be negligible: in the
same pressure interval, but for a molecular gas, volume recombination pre-
dominates. At higher pressures, volume recombination becomes the dominant
mechanism for the loss of charges, even for atomic gases.

1.8.2 Creation mechanisms

When ionisation results from a single electron collision with an atom in
its ground state (direct ionisation), the corresponding ionisation frequency
(number of ions created per second per electron) v;4, can be written (Sect.
1.7.8):

Via = (B (we)we) = No{(G4i(we)we) (1.156)

where P; is the macroscopic cross-section and &4;, the total microscopic cross-
section, both corresponding to direct ionisation, and A, the density of the
ground state of the atom.

However, when the electron density is sufficiently high, direct ionisation
is no longer the only path possible. Ionisation can then take place in steps,
using the excited states of the atom as relay states. This ionisation process is
advantageous, because it can take place with electrons of lower energy than
for direct ionisation. A frequent case of collisional ionisation in two steps is
that where successively:

e+ A(0) = A(j) + e, (1.157)
e+A(j) > AT +e+te, (1.158)
the excited state A(j) being metastable (a state weakly susceptible to radia-

tive de-excitation between two collisions: see footnote 26). In this case, the
number of atoms ionised per unit volume per electron, taking into account
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de-excitation of the intermediate levels by electron collisions*® (losses pro-
portional to n.) and collision-free losses (by diffusion, therefore independent
of n.) can be written in the form (Appendix VI):

_ Piele
Vie

= — 1.159
1+nn’ ( )

where the coefficients p;. and n characterise ionisation in two steps and the
effect of the intermediate steps respectively. When n. is very large (satura-
tion), (1.159) reduces to:

Vie ™ Pie/T - (1.160)

1.8.3 Conservation equation for charged particles

If we take into account the two loss mechanisms we have just discussed,
together with ionisation, the conservation equation for particles can be most
generally written as (Sect. 3.5):

n +V-nv=(v;—v)n, (1.161)
ot
where v; = vje + v;q and v = Vg + Vip- The term on the right-hand side
of the equation includes the number of particles created by ionisation and
the number lost by volume recombination, per unit volume per second re-
spectively, the diffusion losses being taken into account in the term on the
left-hand side V - nwv.
In the stationary state, and in the absence of volume recombination®®,
(1.161), including (1.149), reduces to:

V - (=DVn) =v;n (1.162)
and, provided D does not depend on position, we have:
V?n = (-v;/D)n . (1.163)

In the case where v; and D are independent of n, this is an eigenvalue
problem?” (Sect. 3.8), fixed by the boundary conditions (imposed by the
geometry of the discharge chamber): for a cylindrical tube, by symmetry

45 The de-excitation (quenching) of metastable atoms by collision with heavy particles
(ground state and metastable state atoms) becomes significant in discharges with a low
degree of ionisation (Appendix VTI).

46 Tn the stationary state and in the absence of diffusion losses, (1.161) obviously reduces
tov; = vp.

47 This is not so, for example, for a two-step ionisation where the problem is non-linear
(1.159).
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(dn/dr)y=o = 0, and we often take n(r = R) = 0, where R is the internal
radius of the tube. In the case of a very long cylindrical tube (L > R) and
for n(r = R) = 0, we have n(r) = n(0)Jy(2.4057/R), where Jy is the Bessel
function of the first kind and of order zero (Fig. 3.4).

Problems

1.1.

a)Find the vertical distribution, in equilibrium, of the density and velocity
of neutral particles of mass M, in the terrestrial atmosphere, under the
influence of gravity. Take the origin of the vertical coordinate z to be
the surface of the Earth, where the density of particles is 7. Assume
that the particles have a Maxwell-Boltzmann velocity distribution and,
to a first approximation, that the temperature T' of the particles and the
gravitational constant g do not vary vertically.

b)Calculate the average velocities (w), (w) and the average kinetic energy as
functions of the height z.

It will be useful here to refer to Appendix I and the table of formulae and
integrals (see Appendix XX).

Answer
a) The system is subjected to a conservative force (F = —V ) since the grav-
itational force F' = —Mg is the derivative of a potential (more correctly a

potential energy), in this case &(z) = Mgz. Assuming, to a first approxi-
mation, that the particles have a Maxwell-Boltzmann velocity distribution,
then for the present system (1.17):

M
f(z,w) =ngexp (— gz) f(w), (1.164)
kT
where the scalar function:
M o\? Muw?
w
= — 1.165
fw) <27rkBT> P ( QkBT) (1.165)
represents an isotropic distribution in velocity (remark 2 below). Clearly:
f(zw) =n(z)f(w), (1.166)

and the vertical distribution of the particle density is then given by:
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n(z) = fig exp <—];ig;> . (1.167)

Remarks:

1. Since we can write f(z,w) = n(z)f(w), the function f(z,w) is said to
be separable (Sect. 3.3).

2. The fact that we have assumed 07/0z ~ 0 allows us, in effect, to
assume that there is no significant loss of particles or energy in any
given direction, such that the velocity distribution function is isotropic

b)Generally speaking (see Sect. 3.3 for further details), the average value
of a variable A(r, w) taken over the distribution function f(r,w) can be

written:
oo

/ A(r, w) f(r, w) dw

(A(r,w)) = (1.168)

7f(r,w) d3w

Because the function f(r, w) is separable and isotropic (1.166), expression
(1.168) as a function of z becomes:

/A(z,'w)f(w) dBw -
(A(z,w)) = n(z) = — = / Az, w) f(w) dBPw, (1.169)
n) [ fwdte

oo

where the denominator, as we can verify, is equal to unity since the function
f(w) (1.165) is normalized:

oo

T M o\? Muw?

3, — _ 2dw =
/f(w)d w/<27rk:BT> exp( 2k‘BT) drw*dw=1. (1.170)
—00 0

Finally, from (1.169), (w), the average scalar velocity has the value:

(w) = /wf(w) 4rw?* dw = 871:]?/‘? ) (1.171)
0

and thus is independent of z.
To obtain the average vector velocity (w), we can calculate its components,
for example in the = direction:
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(M MutN o T o (M) 4
() =\ 577 /wIeXp T 2%kgT wx/eXp kT | YT

—00 —00

odd integrand
(1.172)
Since the integrand over w, is odd, its integral from —oo to +oo is zero,
and (wg) = 0.
This is the same for the velocity components in y and z, such that (w) = 0.
Finally, the average value of (w?) can be expressed as:

oo oo

kgT
(w?) = / w? f(w) 3w = /47rw4f(w) dw = 3]\3 , (1.173)
—o0 0
and the average kinetic energy is given by:
3
(€c) = SkaT . (1.174)

Remark:

Since there are neither sources or sinks of particles, it is not possible to
have a net movement of particles in a given direction, from which, inter
alia, (w,) = 0. The density gradient in the z direction was established
as the gravitational force “was applied”, before the stationary state was
reached!

1.2,

a) The random particle flux is defined as the average value of the flux crossing
a surface in one single direction (in the positive z direction, for example)
thus:

I, = (nw;). (1.175)

Calculate this flux of particles of mass m and density n, assuming ther-
modynamic equilibrium at a temperature 7. Perform the calculation in
Cartesian coordinates, then in spherical coordinates (“useful” integrals can
be found in Appendix XX).

b)Calculate the corresponding random energy flux. Perform the calculation
in Cartesian coordinates, then in spherical coordinates.

Answer

a)In the case in which the velocity distribution function is Maxwellian and
isotropic (necessary conditions for thermodynamic equilibrium), the ran-
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dom flux of particles is written, in Cartesian coordinates (remember, in
this context, that n is independent of position):

3 (oo} 2 oo 5
m 2 muw muw
I, = — Z ) dw, — L) d
: ”(%kBT) /wzeXp( 2kBT) v /eXp< 2/~cBT) e
0

7 mw?
X /exp fﬁ dw, . (1.176)

— 00

Therefore:
3 5 3
FZ —n m % 1 2kBT % \/7_T QkBT % \/E 2kBT 7
2nkpT 2 m m m

I=- = (1.177)

Expressing the velocities in spherical coordinates, where w, = w cos# and
d3w = w?dw sin @ df de:

s

3 27 5 e’}
2 2
I,=n (27rZLBT> /dgo/sin@cos@d@/w?’exp (—;Z:T> dw ,
0 0 0
(1.178)
thus:
H 11 /2ksT\?> nfw)
m B n{w
I, = — 2 - X = = . 1.179
: "(%kBT) X”X2X2(m) 1 (1.179)

Comparing (1.177) and (1.179), the value of I, is clearly independent of
the coordinate system in which the velocities are expressed.

Remark:

If n is the particle density, only half of this density will contribute to the
random flux in a given direction! We can therefore write the random flux
in the form: n

Ir,= §<wz(wz >0)), (1.180)

from which we obtain, based on (1.177) or (1.179):

(wz(w, >0)) = % . (1.181)



72 1 Definition and orders of magnitude of principal quantities

This example illustrates the difficulty of separating the different contribu-
tions to an average quantity when the molecular properties themselves are
the product (here: n times w,) or quotient of different quantities.

b)The random kinetic energy flux along z, in Cartesian coordinates, can be

written: )
P, = <an <m;” )> , (1.182)
and:

% oo oo 00 9 5
m mw,w mw
P, = - dw,dwydw, ,
n(?kaT) /// 2 exp( QkBT) Wa Gty Gt

—oo —oo 0
(1.183)

which, after decomposing the terms, becomes:

3
2
P, — nm m %
2 27T]€BT

T mw? T mw: muw?
/wg exp (— 2kBT) dwx/exp (—21@% dwy fw, exp (— 2k:BT) dw,

+/exp <_2k‘BT> dwz/exp _Qk;BT dwy/wz exp ( o T) dw, | ,
— 00 — 00
(1.184)
from which we obtain:
[ 2k3T@ = 2%pT I, . (1.185)

In spherical coordinates, the random flux is written:

3 27 5 oo
nm m 2 . maw?
P, = > (W) /d(p/smﬂcosﬂdﬂ/wsexp (ZkBT) dw ,
0 0 0

(1.186)

3 3
2 1 [(2kgT
Pz:@( m ) ><27r><—><<kB ) , (1.187)
2 m
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P, =2kgT T, . (1.188)

Once again, we have verified that the value of P, is independent of the
coordinate system in which the velocities are expressed.

Remarks:

1. P, has the dimensions of an energy flux or, equally, of a power density
per unit surface (Wm=2).

2. We know that the average kinetic energy of these particles is given by
%k‘BT. However, the random energy flux introduces the factor 2kgT
and not %kBT. This difference is due to the much greater weight of
the velocities appearing in the calculation of the random energy flux
(w3 d3w than in the calculation of average kinetic energy (w? d3w).

1.3. Consider a helium plasma, in which the density of nuclei is 1020 m=3.
Calculate the density of neutral atoms, of electrons and of both singly and
doubly ionised atoms, when the plasma temperature is:

- eV:leV
- Tey =10eV

assuming thermodynamic equilibrium. The energy threshold for ionisation of
helium, with respect to the ground state of the neutral atom, is & = 24.59eV
for the first ionisation and &;9 = 54.4 eV for the second. Perform the calcula-
tion analytically and not using the computer.

Answer

The equations for conservation of nuclei*® and of charges are respectively:

Ny = no +n;1 +n42, (1.189)
Ne = M1 + 2042, (1.190)

where N,,, ng, n;1, nj2 and n,. denote the densities of nuclei, neutral atoms,
singly (Z = 1) and doubly charged (Z = 2) ions and electrons respectively.
The assumption of thermodynamic equilibrium allows us to apply the Saha
equation for the two ionisation levels (see Sect. 1.4.2):

48 The conservation of nuclei expresses the way helium atoms at 0 K become distributed
into neutral atoms and ions when subjected to a temperature 7" # 0.
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3
NeNi1 2gi1 (27rmekBT)5 51‘1
_ _ 1.191
-~ m 3 exp =T ) (1.191)
neni _ 29 (2mmekpT)E (€2 = ) (1.102)
ni1 9i1 h3 kT ' '

We thus have four equations to resolve a problem with four unknowns. The
quantum degeneracy g[Z] (statistical weights) of the three electronic states

of

helium, given by 2J + 1, are listed in the table below (L is the total orbital

angular momentum and S the total spin under ground state conditions; J the
total angular momentum, is the modulus of the vectorial sum (in a quantum
sense) of L and S).

a)

L 5 J glZ]l=2J+1
He 0 0 0 1
Het 0 & 1 2
Het™ 0 0 0 1

TeV =1eV

Although an analytical calculation is possible (see b), we will proceed by
successive approximation (iterative method) to solve the first part of the
problem. In the first iteration, we will neglect the number of doubly charged
ions with respect to those that are singly charged. This can be justified by
the large gap between the thermal energy of the particles (1 eV) and the
energy of the second ionisation of helium (54.4eV). In consequence, the
conservation equations for charges (1.190) and nuclei (1.189) reduce to:

Ny >~ ng +nyg1p - (1194)
Let us write the relevant Saha equation for the equilibrium of the singly

charged ions with respect to the neutral state, and the equilibrium of the
doubly charged ions with respect to singly charged ones with T,y = 1eV:

elly 2 2 —
L ST X302 ¢ 107 x e

no
=276 x10"m 3 = A, (1.195)

NeMig 2 >2< 1 % 3.02 x 1027 x o—(54.4-24.5)

L2
=312x10"m™? = 4, . (1.196)

Combining equations (1.193), (1.194) and (1.195), we obtain a second order
equation in n;1:
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n + Aing — N,A; =0 (1.197)
from which:
A A2
ny = —71 + (%) + N,A; . (1.198)

Only the case n;; > 0 is physically realistic, so we deduce n;; = 5.12 x
108 m~=3.
Knowing n;1, we can then deduce n. and ng with the help of Eqgs. (1.193)
and (1.194): n, = 5.12 x 10'¥m=2 and ng = 9.49 x 1019 m=3.
A second iteration, using equation (1.196) with the n. and n;; values just
determined, gives n, = 3.12 x 104 m—3

b) TeV =10eV
This time we will calculate the exact solution, by solving a 3'4 order equa-
tion in n.. Writing the relevant Saha equation for the equilibrium of the
singly charged ions with respect to the neutral state, and the equilibrium
of the doubly charged ions with respect to singly charged helium ions with
TeV =10eV:

nemti _ 2 T 2 % 955 x 107 x 2%

no
=329%x10®m™3 =B, (1.199)

MeMi _ 2x1 955 x 1028 x o (5:44-2.45)

i1
=479%x 10 " m 3 =B, . (1.200)

Equations (1.190) and (1.189) can be written in the form:
ni1 = 2(N, —no) — ne (1.201)
ni2 = Ne — (N, — o) - (1.202)
Introducing expressions for n;; and n;z in (1.199) and (1.200), we find:

Ne(2(Ny, —no) — Me)

B, = 1.203
1 - ( )
from which: (2N )
Ne n — Ne
[ S L. 1.204
T TR on, (1.204)
and: ( (N )
Ne(Ne — n — 1o
By = 1.205
2 2(Np, —ng) —ne ( )
hence: N B.(oN
ng = Mell¥n —ne) + Bs(2No — 1) (1.206)

2B2 —|— Ne
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We can eliminate ng, using relations (1.204) and (1.206), which results in
a third degree polynomial in n.:

n3 + (B1)n? + [B1(Bs — Ny)ne — 2B1BaN, =0 . (1.207)

Retaining the positive real root of this equation, we obtain n. ~ 2.00 x
102°m~=3. The density of the neutrals can be obtained from either equation
(1.204) or equation (1.206): ng ~ 2.53 x 10* m~3. Finally, using equations
(1.201) and (1.202), we have n;; = 4.17 x 1012m~3 and n; = 1.00 x
102°m—3, and we observe that, this time, n;; < n;s.

1.4. Calculate the electron density in an oven containing sodium vapour at
2000 K. The density of sodium nuclei is 102 m~3.

Energy threshold of the first ionisation of sodium: &;; = 5.14eV

Energy threshold of the second ionisation of sodium (with respect to neu-
tral ground state): £ = 47.29eV

Statistical weights: go = 2, gi1 = 1, g2 = 4.

Answer

Assuming the system is in thermodynamic equilibrium, we can use the Saha
equation (see Sect. 1.4.2). In this case, for the singly charged sodium ion with
respect to neutral sodium:

‘ 3 / .
niitne  (2mmekpT)? 9 B(T) exp (_ i ) , (1.208)

no h3 B(T) kT

where ng is the density of neutral atoms (in the ground state), n;; is the
density of singly charged ions (in the ground state) and n., the electron
density; B(T) is the partition function (Appendix IT), defined by:

&
B(T) = %:gok exp (—kBL’“T> , (1.209)

where the summation is over the different excited states of the neutral atom
(k = 0 designates the ground state) and:

Eilj
B'(T) = Zgilj exp (— k;é“) ) (1.210)
J

where the summation is over the different excited states of the singly
charged ion (j = 0 designates its ground state); gox, gi1; represent the level
degeneracies; Eor, ;15 are the threshold energies of the excited levels with
respect to the ground state of the atom and the ground state of the singly
charged ion, respectively.



Problems 7

It is easy to see that when kpT is small compared to &y and &;j, the
partition functions reduce to B(T) ~ go and B'(T) =~ g;10 respectively
(Appendix II).

If the atom loses another electron, the density of the doubly charged ions will
be linked to that of the singly charged ions by the Saha equation:

(1.211)

nione  (2mmekpT)? | gio [ Ein — & }
= 2=exp|———| ,
n; h? gi1 kT
where n;o is the density of the doubly charged ions.
It is obvious, in the present case, that since the particle temperature is
2000K (i.e. in eV 2000/11600 ~ 0.17eV) and the energy threshold of the
first ionisation is 5.14eV, the gas will be very weakly ionised and we can
set ng; = 0 (in effect, the value of exp(—5.14/0.17) in (1.208) relative to
that of exp[—(47.29 — 5.14)/0.17] in (1.211) results in a comparison between
1.13 x 10713 and a number 1071°91) Finally, because n. ~ n;, the Saha equa-
tion (1.208) reduces to:

n2  (2rmekpT)? 1 5.14
—e e BT 9 —exp 1.212
o E 2 P07 (1.212)

The additional equation for conservation of nuclei, in the case where n;o ~ 0,
can be written:
no +ni1 = ng +ne = Ny, (1.213)

where N,, is the density of the sodium nuclei. Thus from (1.212) and (1.213),
expressing the energies in Joule:

(27 x 9.11 x 10731 x 1.38 x 10723 x 2000)2
(6.62 x 10-34)3

ng = (Np —ne) [

5.14 x 1.6 x 10719
_ 1.214
xexp [ 1.38 x 10-23 % 2000 | (1.214)
or: n? = (N, —ne)A, (1.215)
where we have set:
6.28 x 1077 13 I
We now need to resolve a quadratic equation of the form:
n?+ An, — N,A=0, (1.217)
hence: ~A+ VAT AN, A
= T 49 %108 m? . (1.218)

Ne 5

The degree of ionisation n;1/(ni + ng) is extremely small: 0.5%.
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1.5.

a) Consider a plasma at a given instant (one dimensional configuration, see
figure) with an electron density n. that is 1% higher than the ion density
n;, in a slice of the plasma from x = —¢/2 to © = +£/2. Derive the
expressions for E(x), the electric field and for V(x), the potential in the
region of non-neutrality.

Assume:

—  that the field FE is zero in the plasma surrounding the slice (because it
is uniform and macroscopically neutral);

— that the potential at x = —¢/2 and © = +¢/2 (the plasma potential)
is taken as the potential reference (V(—£/2) = V(+£/2) = 0).

Determine the direction of the space charge field.

Evaluate the electric field intensity at the borders of the region of non-
neutrality at = —£/2 and x = +¢/2 for n; = 10 m=3 and for a slice
width of ¢ = 2cm. Analyse this relation dimensionally, then calculate the
potential at x = 0.

Ne = N4 e = T4 e = T4

Sl
=
|

Fig. 1.20 One dimensional representation of a slice of non-neutrality of width £ in a
plasma.

b)What is the energy (in eV) necessary for an electron, incident at x = —¢/2
(from x < —£/2) to overcome the potential barrier (imposed by the non-
neutral field) and cross the non-neutral zone to arrive at @ = +£/2?

c¢) Using the preceding relations, derive an expression for the maximum dis-
tance that an electron with average thermal energy (kpT/2 in one dimen-
sion) can travel away from its position of neutrality in the macroscopically
neutral region, due to its thermal motion. We assume that the ions are
immobile. Evaluate this distance for kgT'/e = 1eV and n, = 10! m=3.

d)Knowing that the electrostatic potential energy of an ensemble of charges
in a volume V is:

1
Wg = 560/E2 v, (1.219)
14
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derive an expression for the electrostatic energy (or potential energy) as-
sociated with the presence of charges in the zone extending from z = —£/2
to x = 4+¢/2. Evaluate this potential for the conditions given in a).

Answer

a) This type of problem can be treated with the Poisson equation V-E = p/eg
(1.1), a self-consistent relation since the density of charges p is the source
of the field FE, ¢y being the permittivity of vacuum.

In the case in which the non-neutrality of charges is to be resolved in
a single dimension z, as illustrated in the figure above, we have, from
Poisson’s equation:

dE P
—_— == 1.220
ATt (1.220)
/dE - /ﬁ da (1.221)
€0
E@)=Lz+0y. (1.222)
€0
Further, the potential ¢, defined by E = —V ¢, can be written in one
dimension: do
@ _ g 1.223
2 = —B() (1.223)
and:

/d¢>= /—E dz (1.224)

which, by substituting (1.222), becomes:

/d¢ - /— (% x+Cl> de (1.225)

2

dx)=-LZ —Crz+Cy. (1.226)
€0 2

Because of symmetry, ¢(z) = ¢(—x), so C; =0, and:

E(x) =22 (1.227)

€0
in the interval —¢/2 < x < ¢/2. Further, since ¢(—¢/2) = ¢(£/2) = 0, the
expression for Cj is:

_ .l
Cy = 50 1 , (1.228)

hence:
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260

d(z) =+ (g - x2> . (1.229)

The variations of the electric field and the potential ¢(z) are drawn below,
as a function of x, for p < 0. There is a discontinuity in the electric field
E(z) and the derivative d¢(z)/dx of the potential at = ££/2 due to the
discontinuity of the space charge at each side of the boundary x = +£/2.

For p < 0 (n. > n;), according to (1.227), the space charge electric field
is positive (directed to the right, Sect. 2.2.1) for negative values of x such
that —¢/2 < x < 0 and it is negative (directed to the left) for positive
values of x such that 0 < x < ¢/2. The direction of the electric field is
such that the field tends to attract the ions into the space charge region
and repel the electrons. Consequently, the non-neutrality cannot remain

for very long, at most a time of order w;el.

p<0 E
-
2eq
2 L
-% 0 +4£ x
_pL
N - 2ep
E E
p<0 —¢
pt?
8eq
£ 0 £ T
~3 T3

In the present case, p = (n; — ne)e = (An)e. Therefore, from (1.227) the
local field intensity at x is:

An)e

€0

o

x, (1.230)

where |An| is, from the initial assumptions, 0.01n;.
We can make the dimensional analysis at the same time as we continue
the numerical calculation, z = £/2 = 1072 m, An = 10 m~3, ¢y = 8.85 x
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1072 Fm™!, e = 1.6 x 107!? C, where the coulomb C is linked, as a unit,
to the farad F by the relation C = F V.
From equation (1.230), at © = —£/2:

8.85 x 10—12 - m3(Fm™)

=18kVm~!,
(1.231)

10" 1.6 x 1071 1072 Cm FV
m

&
Bl<

the units Vm™! being those of the electric field.
In the same manner, the potential at = 0 becomes, from (1.229):

Anf?
$(0) =~ 8:) : (1.232)

giving ¢(0) = —90 V.

b)In order for an electron coming from z < —¢/2 to cross the space charge
region, it is necessary for the initial kinetic energy U in the direction z to
be greater than the energy necessary to break through the potential due
to the space charge (caused by electrons!), which is:

U=ep(0) =—-90eV . (1.233)

¢) We will show that the maximum distance x over which an electron with
average thermal energy can travel from its neutral position in a macro-
scopically neutral region, due to this thermal energy, is the Debye length
(Sect. 1.6). This maximum distance is fixed by the equality between the
thermal energy of this “average” electron, and the potential energy linked
to the space charge electric field produced by the deviation of the electron
with respect to its neutral position, namely:

1
kT =U]. (1.234)

However, the work exerted by the electric field E on an electron is given
by the expression (Sect. 2.1):

dU = F dz = —|El|edz (1.235)

Hence from (1.227) and since the electron is moving from x = 0 to z:

Y 2
U] :/|E|edx _ (1.236)
260
0

Assuming that the ions are at rest*®, only the electrons move into the space
charge field, and we obtain, following (1.236):

49 Delcroix and Bers (Sect. 1.4.1), in their case, assumed a complete absence of ions.
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2,2
U|=lCr (1.237)
26()
then, making use of (1.234):
nee2a? 1
= —kgT 1.238
2 27 (1.238)

and finally:

Eok'BT
= 1.239
=\ (1.239)

which is, in effect, the expression for Ap. (1.41).

Application: for T,;y = 1eV and n., = 10" m—3, we find Ap. = 74 um.
d)If we express an element of volume as dV = S dz where S is a surface, the

general expression for the electrostatic potential energy being:

1
Wg = 5EO/E2 v, (1.219)
14
we can write:
2/2
1
Wp = Se / FE2Sdx . (1.240)
—£/2

We can then deduce the electrostatic energy density per unit surface:

02

Wg 1 9 (eAne)? 4

LAZDIN. E2dg = £20) 3 1.241

5 2% / dr ==, ! (1.241)
—1/2

For the conditions indicated in a), we find numerically:

% =96x107%Jm 2. (1.242)

1.6. Consider two parallel conducting plates extending to infinity in y and
z, and placed at z = £d. Their potential ¢ is assumed to be zero. The space
between the plates is occupied by a gas of charged particles of one single
type, of uniform density n and charge gq.



Problems 83

a) Show that the potential distribution between the plates is given by:

d(x) = —L (g2 - 22). (1.243)
260
b) Assuming that the distance d is greater than the Debye length Ap, what is
the probability of finding a particle with a kinetic energy sufficiently high
to overcome the potential energy £ and travel from one plate to the mid-
distance between the plates? Consider that the particles have a Maxwell-
Boltzmann velocity distribution and discuss to what extent the hypothesis
that a particle has such an energy is generally acceptable?
¢) Calculate the Debye length in the case of an electric discharge in which the
plasma density is 10'® m~3 and the temperature is 2eV.

Answer
a) Poisson’s equation V - E = p/ep and the relation E = —V ¢ allows us to
write the equation for the potential ¢ in the form:

4
€0

Vi =— (1.244)

and, in the present case, since there is only one type of charged particle,
p = ng, we can thus write:

nq

€0

Vip = (1.245)

In the present configuration (one single dimension), a first integration gives:

Vo= —@ 0 (1.246)
0

The position x = 0 represents the axis of symmetry of the system, such
that:
Vo(x=0)=0, (1.247)

therefore C; = 0.
A second integration leads to:

nqu
260

P(x) = +Cy, (1.248)

but ¢(z = 4d) = 0, from which Cy = ngd?/2¢, and, finally:
(@) = L (d —a?) (1.249)
260

recalling that we have assumed that n is independent of position.
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b) The potential difference between the axis and one of the plates is, following
(1.249):
nqd?

6(0) — d(d) = T (1.250)

260
and the energy given to the particle in moving from x = d to z = 0 is
obtained by multiplying the potential difference by ¢:

ng?d>

= . 1.251
& 2 (1.251)

Assuming that d > Ap, we then have:

2 72 2 2
nqg-d ng* .o, ng°kpTey kpT
2¢q 2¢0 P T 2 ng? 2 ( )

i.e. the electrostatic energy of the particles would be higher than their aver-
age kinetic energy (Maxwell-Boltzmann velocity distribution), m(w?)/2 =
kpT/2. In such a situation, is it possible to find a particle with a kinetic
energy higher than the potential energy £7 To answer this question, we first
consider the case where d is equal to or slightly larger than A\p (d > Ap),
and then the case where d is much larger than Ap (d > Ap).

Since the velocity distribution of the particles is Maxwellian, and as long as
d remains of the order of Ap, there are particles with velocities such that
their kinetic energy is much higher than the average kinetic energy (see
Fig. 1.2 in Appendix I). However, in the case where d > Ap, considering,
on the one hand, that the electrostatic energy £ increases with the square
of d, and, on the other hand, that the number of high energy particles
decreases exponentially with velocity in a Maxwell-Boltzmann distribution,
the proposed hypothesis of finding a particle with enough energy to travel
from one plate to the mid-distance between the plates becomes unrealistic.

¢) We have the numerical relation (Sect. 1.6):

T\ 2
Ap = 740 < n") , (1.55)

3

where Ap is in cm and n in cm™3. In the present case, n is 10'° cm ™3 and

Tey = 2eV, from which:

2 \? B _
Ap = 740 (W) = 740v/2107° cm ~ 1.05-10 2 cm = 105um . (1.253)

1.7.

a)In a plasma, charged particles move randomly due to their thermal energy.
One of the conditions for the existence of a plasma is that the energy
of the thermal motion of the charged particles (characterised here by a
temperature T, = T; = T') should be much greater than the average energy
of Coulomb attraction exerted between ions (Z = 1) and electrons.
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Show that this assumption leads to the relation:
neADh > 1, (1.254)

an inequality expressing the neutrality condition in a plasma with electron
density n, and Debye’s length Ap.
N.B. The average distance d between an electron and an ion can be de-
duced from the trivial relation (%ﬂd‘g) ne = 1, where d is the radius of the
sphere.

b) Transform the equilibrium equation for ionisation (Saha’s equation) to the
form:

25/2 . e)\3 ’
ne _ 2% (neAp) <_L> 7 (1.255)
no 90 \/nead kT
where: 2
47eg
= 1.256
G0=" "3 (1.256)

is the radius of the first orbit of the Bohr hydrogen atom, ny the density
of neutrals. g;, go the statistical weights of the singly-charged ion (ground
state) and neutral atom (ground state), respectively, and &;, the threshold
energy for the first ionisation of helium.

c¢) Show that (1.254) is neither a sufficient, nor a necessary condition for n./ng
to be large (high degree of ionisation).

Constant: ap = 0.05nm. Application: & = 24.59eV (energy threshold of
the first ionisation of the helium atom).

Answer

a) The energy of interaction between an electron and an ion can be written:

e2

d)=—— 1.257
oD = g (1.257)
where d is the average distance between the two types of charged particles.

The assumption stated above implies that:

e2

4dmepd

< kpT, . (1.258)

To estimate the average distance d, we turn to the obvious relation:

<§ﬂ'd3> ne=1, (1.259)
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which states that the spherical volume around an ion, of radius d, only
contains one particle (on average). From (1.259) and (1.257), we obtain:

1
4 3 g2 1
2 1. 1.260
(3”‘6) dreg bpT, & (1.260)

From the definition (1.41):

1
EokBTe 2
Ape = (B2 " 1.261
p < ne2 ) ( )

we obtain the inequality (1.260) raised to the cubic power:

47, nee> 5
<1, 1.262
3 (47rengTe) n3 < ( )
from which:
am 11 (1.263)
3(4m)3 n2 X, ' '
The factor 1/3(4m)? simply reinforces the fact that:
neAd > 1. (1.264)
b)The Saha relation, for singly ionised atoms, from Sect. 1.4.2, is:
Net; 2gi (27Tmek‘BT)% g@
= = — . 1.12
no go h3 xp kBT ( )

Noting n. = n; (the helium ion is assumed to be singly ionised) and intro-
ducing Ap in (1.12) via a ratio equal to unity:

n_i _ 29 (27rmekBT)% A n.e? %ex B &; (1.265)
no n g0 h3 EokBT P kBT ’ '
such that:
3
n?  2g; n? 5 [2mmee?\? &;
—& = =_*)3 = - 1.266
no 9o 2 D( h2eq > exp( kBT> ’ ( :
ne _ 2ginep (2mee? %QX _ & (1.267)
no n go +/MNe 47Th2€0 P kBT ’ '
and finally:
5
ne  23g; Ay ( &; )
— = exp| ——— 1.268
no 9o \/nead P\ kT ( )
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¢)In the case where T is low, for n./ng to be large, the relation (1.268)

requires that ng be small, that is to say the gas pressure should be low.
For this, n.A% > 1 is, a priori, insufficient.
In the case where T is high, n./ng is a priori large: the exponential decay
is weak and n.aj < 1 (which is the case when n. ~ 10 cm™3, ap =
5 x 1072 cm, from which n.ag: 1015(5)310727, clearly an expression always
< 1). It is therefore not necessary for n.A% > 1 to achieve a high degree
of ionisation.

1.8.

a) Consider a lithium ion with kinetic energy & = 60eV, colliding with a
helium atom at rest. Will the helium be ionised? If this is the case, indicate
if it will produce a single or double ionisation.

b)What would happen if the incident lithium ions were replaced by an elec-
tron with the same energy.

Mass of lithium: ~ 6.9 m,,

Mass of helium: ~ 4.0 m,

Mass of proton: m, = 1.67 x 10727 kg

Energy threshold for single ionisation of helium: 24.59 eV
Energy threshold for second ionisation of helium: 54.4 eV

Answer

This concerns a collision between an ion and an atom. The laws of conser-
vation of energy and momentum indicate (Sect. 1.7.2) that only the kinetic
energy linked to the relative motion can be transferred into internal energy.
The expression for conservation of energy can be effectively written (1.79) as:

2 2
i — BACT 4 Ag (1.269)

with w and w’ the relative helium-lithium velocities before and after collision,
and pp; the reduced mass:
mymp
=" 1.270
Hht m +mh B} ( )
where m; and my, are the masses of the lithium and helium atom respectively.
For a given initial relative velocity w, the maximum energy that can be
transferred into internal energy, from (1.269), is obtained for w’ = 0, i.e.:

2
w
Agmax = Mhl2 Bt . (1271>
Given that the helium atom is at rest, the initial relative velocity wy; is equal

to wy, the initial velocity of the lithium ion, whose kinetic energy is:
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mlwlZ

2

£ = (1.272)

Explicitly, (1.306) can be written:

Aoy = &, (L) . (1.273)

mp + my

Remarks:

1. If the kinetic energy linked to the relative motion is completely trans-
ferred to internal energy (in other words, there is complete equality be-
tween the energy threshold of the inelastic reaction and the transferable
kinetic energy), then w),;, = 0 (w)}, = wj). Following (1.74) and (1.75) and
including (1.70):

w), = w; = wj = wy . (1.274)

Since wy, = 0, we find from (1.75):

my
wo = w; e (1.275)
Equation (1.274) shows that, after the collision, the helium and lithium
nuclei both follow a uniform, straight path, with a velocity equal to that
of the centre of mass wq and given by (1.275).
If the energy threshold of the inelastic reaction is below the maximum
transferable energy, the remaining energy will be repartitioned as elastic
energy between the helium and the lithium. If the relative velocity after
collision is w},;, the velocities wj, and wj are given by (1.74) and (1.75).
2. Assuming that the kinetic energy linked to the relative motion is integrally
transferred into internal energy, we have w},; = 0. In this case, from (1.274)
and (1.275), the velocity w; of the lithium particle before collision and the
velocities w; and wj, of the lithium and helium particles after collision are
all co-linear; the collision is thus necessarily frontal.

Numerical application:

a) The mass of the lithium ion being ~ 6.9m,, and that of the helium atom
~ 4.0m,, the numerical value of (1.273) is then:

4.0m,, - 4.0

Agmax = 5c =
6.9m, +4.0m,, 6.9+4.0

= 22.02eV .

This energy is not sufficient to induce even a single ionisation of the helium
atom.
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b)If the lithium ion is replaced by an electron as incident particle, we obtain
from (1.273):
4.0m,,

Al pax = 60———"—
me + 4.0m,,

=59.99eV .

In this case, we can achieve a double ionisation of helium.

Another solution

We could also derive the solution directly from the conservation equations:
1. Conservation of kinetic energy (1.67):
mwp | mpwy  mw)? N mpwi?
2 2 2 2
where m; is the mass of the lithium ion, w; its velocity before collision,
wj its velocity after collision, my, is the mass of the helium atom, wy,
its velocity before collision, w), its velocity after collision, andA€ is the
internal energy of the helium atom after collision.
2. Conservation of momentum (1.66):

+ AL, (1.276)

mpw; + mpwyp = mlwg + m;Lw;L . (1277)

In the present case, the helium ion is at rest before the collision: wj = 0.
Using the law of conservation of momentum (1.277), the velocity of the
helium atom after collision reduces to:
my(w; — w)
w), = mulw: —wy) (1.278)
mp
and the law of conservation of total energy can be written in the following
form: ) " )
T T T (4 — w))? 4 AE 1.279
: S+ oo (i — w])? + A€ (1.279)
Under these conditions, the initial velocity of the lithium is known (the
kinetic energy &. being given), the change of internal energy &, is simply
a function of wj, the velocity of the lithium ion after collision.
3. Calculation of the maximum possible AE (to be compared with the ioni-
sation energy thresholds).
The energy available for transfer to internal energy will be a maximum
when:

d(AE)

dw

=0, (1.280)

which allows us to determine the maximum value of AE.
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From (1.279):

2 2 2
miwj miw,; my N2
AE = _ _ _ 1.281
g B 9 th (wl wl) ) ( 8 )
2 2 2 2 2
mpw; mw; my 5 0 my / my o2
AE — _ _ it AP S — . (1.282
2 2 2my, - my, T o, ( )
This becomes:
d(AE 2 i
(A8) )+ Mgy — Myt — 0, (1.283)
dw; mp mp
2 2
w! (ml L ﬁ) — (1.284)
mp mp
and finally:
w) = w— | (1.285)
my + mp

which shows that the maximum occurs for a frontal collision (use (1.91)
with = 7w and wy, = 0).
In this case, the value of A& .x, starting from (1.279) and using (1.285), is:

2 3,2 2 2
mlwl ml wl ml 2 my
A€ max = — — 1-— s 1.286
@ 2 Q(ml + mh)2 2myp, v ( my + mh> ( )
2 2 2 2 2
mpw,; mpw; my mpw; my mp,
Agm x — - - U ) 1.287
& 2 2 (ml +mh)2 2 my <ml +mh) ( )
and:
2 2
Ay = E, (1 S L — 2> , (1.288)
(ml + mh) mp (ml + mh)

which finally leads to:

Abpax = En (L) , (1.289)

m; + mp

and we recover the numerical implementation already treated above.

A further solution

Instead of looking for the maximum possible value of AE, we can calculate the
velocities after the collision as a function of AE. If the value of AE does not
satisfy the conservation laws, then the values of the velocities after collision
so obtained will be either negative or imaginary.
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In (1.282) of variant 1 of the solution, A€ is a maximum when the scalar
product w; - w; is a maximum, that is when w; and wg are colinear (frontal
collision) and in the same direction (see (1.285)). Thus we have:

12 2 256 12
AE =g, — T g T T 20y T T (1,290)
2 my 2

mp mp mp
2 2
AE =€, (1—””) L (1+ml) £ 2 (1201)
mp, 2 mp h Y My
2 2 /9
el (g ) 2 Tas e (1- 20| 0, am)
2 mp mp my mp
and finally:
, —B+vB2-—4AC
w) = oA , (1.293)

where (€. and AE are now in eV and B? in kg J):

_mi(ym
A= <1+ mh) (kg) | (1.294)
2
g—_mi [2E (1.295)
mp my
C= [eAE — ek, (1 - ﬂ)} (J). (1.296)
mp

The velocity of the ion after collision w; (1.293), must be a real quantity.
In addition, the law of conservation of momentum should give a single value
for the velocity of the lithium ion after the collision. Under these conditions,
the value of AE that leads to a single root of equation (1.293) will be the
portion of energy transferred by the lithium ion to the helium atom during
the collision.

To allow a single root, the discriminant of the quadratic equation is neces-
sarily zero:

D=B>-4AC=0. (1.297)
From (1.297) we obtain:
4
my 2e€e _ (1 + ml) {GAE — &, (1 - ml)] , (1.298)
my My 2 mp, mp
2 J—
mi_ e g (mazmi) e (1.299)
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Thus:
2 —
AE =€, ( i (rmun = ) (s ml)) . (1.300)
mp(mp + my) mp (my, + )
2 2 _ 2
AE =&, (W) , (1.301)
mp(mp, +my)
and finally:
mp
AE =€, <> , (1.302)
mp + my

the numerical application for which has already been treated above.
If we choose to give AE in (1.276) a value equal to the first ionisation of
helium (A€ = 24.59¢eV), we obtain from (1.297):

6.9mp 69mp —26
= 1+ -—2)=157x10 k
A 2 ( 4.0mp> % (ke) ,
.92 2 1.6 x 10—19
g 89my [ 2 LOXA0Z 760 g4y g2 (B? in kgJ),

4 6.9 1.67 x 10—27

C = [1.6 x 10719 (24.59 — 60 (1 - 697””))} = 1.089 x 10717 (J) ,
4.0mp

D=B>—4AC=658x10"% -684 %10 =-26x10"* <0,

which is an unacceptable solution, because it would require an imaginary
value for the velocity of the lithium ion after the collision, w; (1.293).
For AE = 22.02¢eV,

A=157%x10"% (kg),
B=-811x10"2?? (B? en kgJ),

C = {1.6 x 10719 (22.02 — 60 <1 - 6'9m’°>>} = 1.048 x 10717 (J) ,
4.0m,,

D=B>-4AC =658 x 107 - 658 x 1073 =0,

and:
,  11.81x 10—22

YT 9157 x 1026
The solution is valid (satisfying the conservation laws), but the internal en-

ergy is less than the energy threshold for the first ionisation of helium, as was
shown in the original solution.

=258 x 10°ms~! . (1.303)

1.9. Consider two populations of particles, o and 3, with masses m,, and mg,
whose velocity distribution functions f,(w,) and fg(wg) are isotropic, with
temperatures T, and Tj, respectively.



Problems 93

a) Calculate the average value (|lw, — wg|) of the modulus of the relative
velocities between particles a and 3, using the following steps:

1.

2.

Write the relation expressing the average of the modulus of the relative
velocities by integration over the distribution functions f, and f3.
Introduce the following change of variables:

aw, + bwg

1.304
a+b ( )

Waop = Wo — Wg and woy =

and calculate the coefficients a and b such that the product of the
distribution functions f, fg can be written in the form:

fa(wa)fﬁ(wﬁ) = faﬁ(’wa,@)fo(wo) . (1'305)

For this, express w, and wg as functions of wy and w,g, and proceed
by identification.

. Verify that the Jacobian of the transformation of coordinates is equal

to unity and thus d®w, d3w5 = d3wa5 d3wg. Then integrate over w
and w,g to obtain the average value of (jw, — wpgl).

b)Calculate v,g, the most probable relative velocity.

Answer

2)

1.

To obtain the average value of |w, — wgl, it is necessary to integrate
this term over the velocities of the population ensemble of the particles
« and S, i.e.

(wa—wil) = [ [ lwo—ws fufs Pwadoy  (1300)
Wao Wg

with:

fozfﬁ =
3 3 9 2
M, 2 mg 2 ox _ MW, " mﬁwﬁ
orkpTe ) \27kpTs) 0| \ 2kpT. ' 2kpTs
Equation (1.306) is justified by considering the general definition of a

hydrodynamic quantity (3.39) where the function fug(w.,wgs) is an
uncorrelated pair-correlation distribution function (Sect. 3.2) such that

fap(Wa, wg) = fo(wa)fs(wp).

(1.307)
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2. The calculation of w, and wg as a function of the new coordinates

wqap and wy given by (1.74) and (1.75) is:

bwaﬂ
= 1-
Wo =wo + -~ (1.308)
aw.,
wy = wo — a+§ . (1.309)

Substituting w, and wg by wsg and wy in the exponential term of
(1.307), we obtain:

2b
a+b

mawi mﬁw% Mg w? 4+ b2
2kpTs  2kpTs  2kpT. | ° (a+b)?

wag + wo - wag}

2
mg 9 a 9 2a

—_— - — swep| . (1.310
To eliminate the cross terms in (1.310) by addition, a and b must be

chosen such that: T
g _Matp (1.311)
b mBTa

and we will take a = myTg and b = mgT,.
The argument of the exponential given by equation (1.310) can thus
be written:

mawi mﬁw% — w? (ma +mg)(maTs +mpTs)
2kpT, ' 2kpTs ~  °  2kpTaTs(ma +mp)
+w(21,(3 mamg Mo + Mg

ma +mg 2kp(maTs + mpTy)

2 2
mowy /’Laﬁwaﬁ
= 1.312
YpTo | 2kpTas (1.312)

after setting:

T, T
mo = mq +mg , Toi%ﬁy
aff
mamg maTg +mgTy,
Hap = ——————, Top=——"T—"-
Mq + Mg Ma + Mg

Further, noting that the product m,mg/T,T3 in the pre-exponential
terms of equation (1.307) can be written in the form:

MmaMg  MaMg (ma +’ITL5)TQ5 _ PagMo
TQTB - Ma + Mg TaﬁTaTB B TaﬁTo '

(1.313)
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We can thus verify that:

fa(wa)fﬁ(wﬁ) = faﬂ(waﬁ)fo(wo) ) (1'314)

where f,3, characterising the relative velocity distribution, and fo the
velocity distribution for wq are defined by:

2 2
pos_ \? HaBWog

g (o - , 1.315
f A (QWkBTa5> exp ( QkBTag ( )

2 2

mo mowy
= — . 1.316
fO (QWkBT()) <P ( 2]€BTO> ( )

3. Cousider the change of frame for the velocities defined by (1.308) and
(1.309). The Jacobian J for this transformation has the value:

J= =1. (1.317)

a—+b

Since dw,dwg = Jdw,g dwy, we finally have:
dwydwg = dwag dwy . (1.318)

The average value of the modulus of the relative velocities can thus be
written:

(wa = wol) = wash) = [ [ [waslfosfo dwasdwn, (1319
’u)a/;’UJ()
hence:

/ |wa6|foz6 dwaﬁ/fo dwg = / |wa5|fa5 dwaﬂ . (1.320)

Wap Wap

——
1

The function f,s being isotropic, using (1.315) we can develop (1.320)
in the following way:

o0 3 2

Pap 2 HapWap
o — =4 3 L2 ———— | dwag ,
(lw wgl) w/waﬁ (27TkBTaB> exp( 2o T Wag
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g 2
Kap 2 1 (2kpTap
" — Y [ HeB S (ZEBLes)) 1.322
(e — wg) wgﬂﬂm)XQ(Mw (1.322)
3
-2 ( — )2 <2kBT°‘B>2 (1.323)
ﬁ QkBTag Hag ’

2 [ 2%pTs\ 2 T,
(o = w5l = o= (P72 )" = [S0%e0 (g
VT pap Tliap

B \/SkB(maTg +mgTy)(me + mg)

: 1.325
m(Mme + mg)mamg ( )

(lwa —wgl) = \/Sk—B (ﬂ - E) : (1.326)

s mpa Ma

Remarks:

a. If one of the temperatures is zero (I3 = 0), we recover the value of
the average particle velocity for temperature T, (T, # 0) because
([wa = 0]) = ([wal) = (BkpTa/mma)?.

b. If a = B, {(jws — W', |) = v2(w,). This second case corresponds to
a collision between two particles from the same population.

c. If the cross-section G,5(|w, — wgl) is a simple analytic function
of |lw, — wgl, it is then possible to calculate the reaction coeffi-
cient kopg = (Gap(|wa —wg|)|we —wg|) (1.146) by using the same
method.

b) Assuming that the distribution functions are isotropic, the distribution
function fug(wag) is described in spherical coordinates by:

9(wap) = Amwls fap(was)

hence:

2 2
_ Hap : HapWap
wg) = 4 2 _— - | . 1.327
§(wap) wwwgwﬂw)em<2%nﬁ (1321

The most probable velocity v, is obtained when:

dg
awag

=0. (1.328)

The derivation of (1.327) shows that relation (1.328) is satisfied when:

2 _ 2kpTag

wy (1.329)
7 Hap
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The expression for the most probable velocity is then:

2%k 5Tos
VaB =\~ >
Hap

which, when we expand T, g and pqg as before, is:

2kpT, = 2kpT,
vaﬁ_\/L+ﬂ,

Mmea mg

which is the square root of the sum of the most probable velocity of each
type of particle.

1.10. Consider “billiard ball” binary elastic collisions, where the species «
and f3 are rigid spheres of radius r, and rg.

a) Draw the geometric representation of a collision in the centre of mass frame
at the moment of impact: indicate the particle velocities before and after
the collision, the impact parameter s and the scattering angle 6.

b)Calculate the microscopic differential scattering cross-section 6(waqg, ).

c¢) Deduce the total microscopic scattering cross-sections .(wqp) and
a'tm (wag).

d) Consider ion-neutral and electron-neutral cross-sections in a “billiard ball”
model, assuming that the electron radius is zero (r, = 0) and that the
radius of the ions is equal to the radius rg of the neutrals. Deduce the
relationship of the cross-sections. Compare this relation with that obtained
for collisions of electrons and helium ions on helium atoms:

(6en (W) (Tey =2eV, T, =300K) =5 x 1075 cm? |
(6in(W))(T; = T, = 300K) = 3.5 x 10~ cm? .

Answer

a) The geometry of an elastic “billiard ball” collision, whose interaction is by
nature repulsive, is represented in the figure below. The velocities w,o and
wpo, and wj,, and wi, are the velocities of the particles a and 3 before
and after collision respectively. The distance s between the two pairs of
asymptotes is the impact parameter (the distance of closest approach in
the absence of an interaction). The scattering angle 6 is related to the
angle Xmax, the maximum angle between r (the relative position of the
centre of the particles) and the relative velocity wag = wao — wpao before
collision by:

2Xmax +0 =1 . (1.330)
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W0

Y

A

wigo

Fig. 1.21 Geometric representation of a “billiard ball” interaction in the centre of
mass frame.

b) The differential relation between the total microscopic cross-section 6. and
the microscopic differential scattering cross section &(wag,8) is deduced
from (1.110):

dée = 216 (wap, ) sin b do . (1.331)

The microscopic cross-section element déy. can be expressed in a simple
way as a function of the impact parameter s (V.34), as:

déi. = 2msds . (1.332)

It is therefore sufficient to determine the relation between s and 6, then to
deduce the corresponding differential cross-section and finally to identify
(1.332) with (1.331).

From the figure, we have:

s = (rq +73) sin Xmax » (1.333)

then, taking account of (1.330):

s = (rq +1rg)cos 3 (1.334)
and thus: 0
ds = —y sin 5 do . (1.335)
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The (—) sign signifies that an increase in the impact parameter results in a
reduction in the scattering angle 6. Including (1.334) and (1.335), (1.332)

can be written:

(ra + Tﬁ)2

2rsds = — sin 6 d¢ (1.336)

and, by identification with (1.331), we obtain:

(ra +1p)

6(wap, 0) = ‘ 0 (1.337)

This verifies that, for the hard sphere “billiard ball” model, the microscopic
differential cross-section depends neither on the relative velocities, nor on
the scattering angle.

Remark: Relation (1.333) can also be obtained by integration of (V.18)
from r = 00 t0 Tmin = Ta + 73, by considering the interaction potential
@(r) to be zero between r = oo and 7y, and becoming infinite for r less
than 7pi,. The integral (V.18) can then be written:

Tmin
d
Xmax:/ 78 4 5 (1338)

2
o 12 1—|—(f>
r

and by change of variable:

= - 1.339
u=1, (1.339)
we obtain:
s/(ra+rg)
max — 5 1.340
X / 1— u2 ( )
0
hence:
Xmax = arcsin o + s (1341)
and finally:
§ = (Ta + 7“5) Sin Xmax - (1333)

c¢) The total microscopic collision cross-section (1.110) can be written:

™ 2
Ote = 27r/ W sin @ d@ (1.342)
0

and, after integration:
6te = T(ro +75)%, (1.343)
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which is a value corresponding to a tangential collision (s = 74 + 73) and
which can be obtained directly by multiplying (1.337) by 47 steradian, the
solid angle over a sphere.

The total microscopic momentum transfer cross-section (1.111) can be
written:

™

2
Gm = 277/ W sin (1 — cos6) db (1.344)
0
Bim = g(ra +15)? /(1 —cosf) d(—cosb) , (1.345)
0

then, after integration:
Gtm = 7(ra +75)%, (1.346)

which is identical to the value obtained for the total microscopic cross
section for simple collisions (1.343).
d)In the case of ion-neutral collisions 7, = rg, such that:

Gin = 47T} (1.347)
while for electron-neutral collisions (r, = 0):
Gen =715 . (1.348)

Therefore, within the billiard-ball model, the cross-section for electron-
neutral collisions is a factor 4 times smaller than the cross section for
ion-neutral collisions. For helium, from experiments this time, there is a
factor of 7 between these two cross-sections but they were not determined
for the same relative velocities or relative energies.



Chapter 2

Individual Motion of a Charged
Particle in Electric and Magnetic
Fields

There are three distinct levels of modelling of the action of E and B fields
on the charged particles in a plasma. Starting with the simplest and moving
to the most complicated, we have:

The single trajectory model

In this description, the fields E and B are given, imposed from the exte-
rior: no account is taken of the fields created by the motion of the particles.
Further, collisions are completely neglected, including Coulomb interactions:
this model only describes the motion of an isolated particle.

The hydrodynamic model

In this case, the plasma consists either of two fluids (that of the electrons and
that of the ions), or of a single fluid (for instance, that of the electrons, the ions
remaining at rest and forming a continuous background, providing an effective
viscosity to the electron motion). The motion of each fluid is characterised
locally by an average velocity v whose value results from an integration of
the velocity distribution of the particles contained in the volume element
considered (Sect. 3.3). The motion of the charged particles creates the fields
E and B (for which the average local value is retained (macroscopic fields))
which are included in a self-consistent manner in the equations of motion®°.
In addition, the model includes collisions, which modify the pre-determined
motion defined by the superposition of the external and induced fields.

In order to establish self-consistency between the charged particle motion
and the fields they produce, we need to consider first the velocity of the

50 The coupling of the E and B fields with the charged particles is said to be self-consistent
because the motion of the particles creating the fields E and B is itself influenced by the
fields that it produces.

M. Moisan, J. Pelletier, Physics of Collisional Plasmas, 101
DOI 10.1007/978-94-007-4558-2_2,
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fluid elements. This is obtained from the equation of motion, in which the
Lorentz’ force (Sect. 2.1) is included, assuming values for the F and B fields
for the first iteration. Once v has been determined, we can calculate the total
current density J from the component fluids involved (J = > naGava). We
can then complete the loop in two ways to obtain iterated values for E and B:

- from J, recover E from the electromagnetic relation:
J=0oF, (2.1)

where o is the electrical conductivity from the fluids involved, and from the
known value of F, calculate B by one or other of Maxwell’s curl equations:

0B
E=— 2.2
vap--25 22)
OFE
VAB= ILL()EOE + pod (23)

- from the density J, calculate the charge density p from the continuity
equation (for example dp/0t + V - J = 0) and obtain E from Poisson’s
equation:

V.E=p/e, (L1)
then, determine B through (2.2) or (2.3).

Remark: Note that the conductivity o, which relates J and E, plays a key
role in obtaining field-particle self-consistence: we shall calculate the expres-
sion for o in the framework of various models.

The kinetic or microscopic model

This is the description with the highest resolution. It uses the individual ve-
locity distributions of the particles: this allows us to include certain phenom-
ena that escape the hydrodynamic model, such as, for example, the Landau
damping (resonance effect between a wave propagating in the plasma and par-
ticles with velocities within a certain interval). This model includes the fields
and collisions self consistently, this time on the microscopic scale (individual
particles), a more refined approach than that provided by the macroscopic
values (average values over the velocity distribution of the particles).

The present chapter is devoted to the study of the individual motion of
a charged particle in given E and B fields. This model gives a first glimpse
of the complex phenomena taking place at the heart of a plasma, with the
assumption that there are no collisions in the body of the plasma or at the
walls. In the first place, we will examine the solution of the equation of
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motion through a series of particular cases, to finally determine the general
solution®?.

2.1 The general equation of motion of a charged particle
in E and B fields and properties of that equation

Suppose q, is the charge of a particle of mass m,, moving with a velocity w =
dr/dt and suppose E(r,t) and B(r,t) are the external fields: the particle is
subject to the action of the Lorentz’ force that, in the non-relativistic case,
takes the form®?:

F =gq,[E(r,t)+wA B(r,t)] . (2.4)

This equation is the result of observation. It is valid if the particle is suffi-
ciently small to be taken as a point (this therefore avoids the need to consider
the problem of repartition of charges in the particle volume).

2.1.1 The equation of motion

From (2.4), we can write:

d2r dr

This equation leads to a second order differential equation for each axial
component of the coordinate system. For example, in Cartesian coordinates:

d?z [ dy dz\]
d2y [ dz dz\ ]
d?z [ dx dy\ ]
ma@ =qo |E. + (Byg - Bﬂcd—?;) . (28)

51 The principal reference for this section is Electrodynamics of Plasmas by Jancel and
Kahan, Chap. 4. See also Delcroix, Physique des plasmas, Vol. I, Sect. 12.3, Delcroix and
Bers, Physique des plasmas, Vol. I, Sect. 2.3, and Allis, Motions of Ions and Electrons [2].

52 The relativistic equation is:

1
d 2\ 2 2
ma L =g (1= 2 ) |E(rt) +wAB(r,t) — % (w-E)| ,
dt c? c2

where c is the speed of light in vacuum.
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2.1.2 The kinetic energy equation

Taking the scalar product of (2.5) with w = dr/d¢, we obtain the kinetic
energy equation:

me d |dr

2 dr dr dr
Ta E ZQQE(Tvt)'E‘FQa <E/\B(Tvt)> '&a (29)

where the second term on the RHS vanishes, since (A A B) - A = 0: the
resulting equation is in scalar form and constitutes an invariant in any frame
of reference. After integration of the equation over time ¢ from tg to ¢ (in
position, from r( to ), we have:

Ma
2

where the RHS of the equation represents the work done on the particle by
the electric field. From this, we can draw the following important conclusions:

dr|?

dt

dr

at |,

I

) ¢
1 :qa/E'dr, (2.10)
0 i

1. The magnetic field does “no work” because the force it exerts on the par-
ticle is perpendicular to its velocity®3. It follows that the magnitude of the
velocity of a charged particle is not affected by the presence of a magnetic
field. However, the magnitudes of the velocity components perpendicular
to B can vary, as we will show for the cyclotron motion (Sect. 2.2.2).
Supposing that B is directed along Oz, this implies that:

wl = wjy +wly = wi(t) +wi(t) (2.11)

where the subscript 0 denotes the velocity at ¢ = 0: in other words, a mag-
netic field can only change the direction of the velocity, not its magnitude.
However, the application of a magnetic field to a plasma makes it possi-
ble, among other things, to conserve the energy of the system by reducing
the diffusion losses of the charged particles to the walls, as we shall see
(Sect. 3.8).

2. Only the electric field can “heat” the charged particles, i.e., give them
energy.

2.2 Analysis of particular cases of E and B

We will successively treat the following cases: only an electric field acting
on the particle (Sect. 2.2.1); the particle is subjected to a constant, uniform

53 Heating by magnetic pumping, where B varies periodically, can be considered as result-
ing from the action of the E field through the Maxwell equation VA E = —90B/dt.
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magnetic field, with or without an electric field E (Sect. 2.2.2); and finally,
the most complex situation, the particle moves in a magnetic field that is
(slightly) non uniform or (slowly) varying in time (Sect. 2.2.3). We will see
that the different solutions obtained for the particular cases can be included
in a general equation describing the particle motion in such E and B fields.

2.2.1 Electric field only (B =0)

From (2.6), (2.7) and (2.8), we obtain:

d2 o d2 o
Eort), 5= 12B,rt), T5=RE(r0. (212)

d2z Qa
Atz my, de? dez2  m,

We can now treat the following cases.

Constant and uniform electric field E

By direct integration of (2.12) in vectorial form, we deduce:

w= LBt w,, (2.13)
Me
Ga Lt

r=—FE— +wy+7ry, (2.14)
My 2

which describe uniformly accelerated motion.

Remarks:

1. From (2.13), one can see that the component of motion along a direction
perpendicular to E is not affected by the presence of this field; this can be
shown by decomposing w in directions parallel and perpendicular to E.
The situation is completely different with B, because the corresponding
force acts perpendicularly to B (and to w) (2.4).

2. Since the field F selectively accelerates the component of velocity parallel
to it, we could say that it tends, if not to confine, at least to orient the
particle in this direction.

3. From (2.13) and (2.14), we can conclude that the velocity, as well as the
distance travelled by an ion of mass m; under the effect of a field E during
a given time is m,/m; times smaller than that of an electron of mass m,
in the same field, which justifies the commonly used assumption that the
ion is at rest with respect to the electron.
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Conservative field E(r,t)

Since the electric field is conservative, we can write:
E =-V¢(r,t), (2.15)

where ¢ is the potential acting on the particle. The vectorial equation of

motion: )

r
ma@ = 7QO¢V¢ ) (216)

scalar multiplied by dr/dt shows, after integration over time ¢, that the vari-
ation of kinetic energy is equal to the (negative) variation of the potential
energy, such that the total energy is, of course, conserved:

Mo
2

Equation (2.17) is a variant of (2.10).

dr |?

dt

_|dr
T

2
] = _qa[(b("'ﬂt) - ¢(r07t0)] . (2'17)

To

Application to the case where ¢ is time independent

The motion of an electron in an electrostatic potential is similar to the prop-
agation of a luminous wave in a medium of refractive index n,, as shown
below.

Consider the case of two media where ¢, moreover, does not depend on 7,
thus F is zero (2.15). The crossing of a discontinuity in potential (¢1 # ¢a,
Fig. 2.1) determines the existence of a field E (at the interface only) and, as
a result, the particle experiences an instantaneous acceleration (or decelera-
tion), the velocity thus changing from w; to wo.

However, the components of the velocities parallel to the interface between
the two media remain the same from one side to the other, because the electric
field E is perpendicular to this interface (Remark 1 above) from which, noting
P = mew:

|p1]sinfy = |p2|sinbs , (2.18)

which, when written in the form:

|p1|  sinfs

|p2|  sin@; ’

(2.19)

appears as the well known geometrical optics law of Descartes, if 6; and
0, are considered as the angle of incidence and refraction respectively, and
where the momentum p; of the particle is proportional to the index of the

. =4
medium®?.

54 Doing this, one finds that n, = Ay/€ — ga¢, where A is a constant and &£ the total
energy of the particle.
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Me W1
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9¢
oz z
. | 1
interface —~
* o Yy

Fig. 2.1 Description of the (62 > ¢1)

refraction path in optical MewW?
electronics.

The field E is uniform, but oscillates periodically
as a function of time

This case corresponds to that in which the charged particles are present either
in a plasma created by a high frequency field (HF), or in a plasma produced
by other means (for example, a continuous current discharge) onto which a
significant HF field has been superimposed.
The equation of motion is, in this case:
d?r Qo

— = —~ Bl 2.20

dtz2 m, 0 ( )
and, after successive integrations from ¢ = 0 to ¢, and supposing that the
initial velocity of the particle is wqg (taking wy # 0, to remain completely
general), we obtain:

d 1 E, . E
w= = = [0t a0, (2.21)
de iw | mg Mg
or: 5 5
w = JoZ0 it | <w0 o 0) : (2.22)
imqw WM
and: 5 5
p= a0 geiwt+(w0—,q“ 0>t+rc, (2.23)
MW iwmg
where 7. is a constant of integration, the initial position of the particle being
E
ro=—120 4oy, (2.24)
MW

Examination of the relative phases of FE, w and r

We consider a charged particle (taken to be a positive ion), with zero initial
velocity, in an electric field Eg coswt of period T, and examine the detailed
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behaviour of its velocity and trajectory®® as a function of time, with the aid
of Fig. 2.2. To simplify this presentation, we ignore the non-periodic term in
velocity in (2.22).

E convention :
field direction E, + — —
ion motion P —
R(E)=F
t E = Eycoswt
wWE | electron

R(w) = wg
w(t = 0) t gaEo .
wp = —— sinwt
MW
ion 4+
TE
R(r) =zg
E
t Tp = —%—02 cos wt
MW
zp(0)

T T
=z 7
4 2

Fig. 2.2 Velocity and trajectory of a positive ion (full curve) and of an electron (dotted)
in an alternating electric field of period 7.

1. Velocity: the velocity of the charged particle is in phase with the field E.
From ¢t = 0 to t = T /4, the positive ion is accelerated in the positive
direction of the field: its velocity increases during the entire quarter period
and reaches its maximum value at t = 7 /4, when the electric field passes
through zero.

Between ¢ = 7 /4 and 7 /2, the field E is in the opposite direction to the
velocity of the positive ion, so it can only be retarded. The velocity passes
through zero at the same time as the electric field reaches its maximum,
the situation being symmetric to ¢ = 0: in order to return to zero velocity,
a field of the same amplitude but in the opposite direction is required.

Between ¢ = T /2 and 37 /4, by symmetry, the velocity of the particle
reaches its maximum opposite to its initial direction at the same time as

55 By convention, the electric field existing between a positive charge and a negative charge
is directed towards the negative charge. As a result, a positive ion is accelerated in the
direction of the field (see Fig. 2.2).
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the electric field passes through zero, just before changing sign, and so
on. The velocity of the ion is then 7/2 behind the phase of the field E.
This de-phasing with respect to the field E, as we shall see, is such that
the transfer of energy from the field to the charged particle is zero over a
complete period.

2. Trajectory: in the case of a positive ion, the phase of the trajectory lags
by 7 behind that of the electric field (in opposite phase), while an electron
is in phase with the field. The amplitude of motion of a charged particle
in a HF field E is referred to as the extension of the periodic motion and
denoted by xg.

For a positive ion (initial position zg(0) in Fig. 2.2), since the initial
velocity is assumed to be zero, the direction of motion, according to our
convention, is in the direction of the field and only changes direction when
the velocity wg passes through zero (at ¢ = 7/2): at this time, the field
has its maximum in the opposite direction: there is clearly a lag in phase
of 7 in the motion of the ion in the field.

In contrast, the spatial oscillation of the electron motion is in phase with
the HF field (following the convention of the direction of the field that we
have adopted).

Transfer of energy from an oscillating electric field F
to a charged particle

The kinetic energy resulting from the work done by an electric field E on the
charge, in the time interval tg to ¢ can be written (see (2.10)):

T t
:qa/E-dr:qa/E-wdt, (2.25)
" 0 to

and, following (2.22):

Meiw iwmg

oot
. «Eo Nor
W= qa/Eoe“"t-(—q Oel‘“t—l—wo——.q O>dt ,
L to

t

t
2E2 . 2E2 .
=R %—0/el2wtdt+ <an0.w0_ .qq 0>/ewtdt ;

imaw imqw

L to to
2 12 t 2 2 t
el a8 izt n gaEo - wo n Qb \ ot
I 2m g w? to iw Maw? to ’
2 2 t 2 2 Ey-w ‘
_ _ 9a%™0 cos2wt| + a0 coswt| + MSiHWt , (2.26)
2maw2 ‘o maw2 t w to
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where R(A) denotes the real part of a complex quantity A. In the scalar
product under the integral, w reduces to wg (2.22), the component of the
velocity parallel to E (there is no work done in the direction perpendicular
to E).

The value of the integral (2.26) over a period 7 = 27/w, i.e. between the
times to and tg + 27/w, is zero. The total kinetic energy acquired during a
period is actually zero, because during the first half-period the work is done
in one direction and in the opposite direction during the second half-period.

However, if the oscillatory motion of the particle is interrupted by a colli-
sion before the repetition of a complete period starting from ¢q, when the field
has been applied, the integral (2.26) is non-zero and the corresponding energy
taken from the field will be acquired by the particle®®. In order to demon-
strate this, we must leave the very simplified model of individual trajectories
(collisionless plasma model) for a moment and consider the hydrodynamic
model including collisions.

Transfer of energy from an oscillating field F to electrons via
collisions: power absorbed by the electrons and plasma
permittivity (a digression from individual trajectories)

Consider an electron fluid, coupled to ions and neutrals via collisions. As-
suming that the thermal motion of electrons is negligible compared to their
motion resulting from the field E (vy, < vg, cold plasma approximation), the
corresponding hydrodynamic equation for momentum transport (Sect. 3.7)
can then be written:

med—v = —eEpe“t —mevv , (2.27)

dt

where v is the (macroscopic) velocity of electrons and v the average electron-
neutral momentum transfer collision frequency. The physical meaning of this
equation has already been discussed (1.147).

In fact, we are not very far from the context of individual trajectories in
the sense that we can consider that (2.27) describes the motion of a single
particle in a medium where it is subject to a friction force.

In the cold plasma approximation, the electron velocity is purely periodic,
such that:

v =wveet (2.28)

and, substituting v in (2.27), we obtain:

56 The particle “acquires” this energy at the moment of collision, this energy being totally
or partially shared with the particle with which it interacts. Recall that in the case of an
electron-neutral collision, the electron only partially transfers its energy; more exactly, a
fraction of the order of m./M of that energy (Sect. 1.7.2).
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v= (2.29)

which determines vg.
Since dr/dt = v, again neglecting thermal motion, we have:

r=—, (2.30)

that is: B
ro_°E® (2.31)
mew(w — iv)
- Average HF power absorbed per electron
The work per unit time and per electron in the field E can be written:

—eE v, (2.32)

which thus represents the instantaneous power taken from the field. The
average value of the product of two complex variables A and B over a
period, each varying sinusoidally with the same frequency, is R(AB*)/2
(B* is the complex conjugate of B). The power taken from the field over
a period, or the average power, per electron, is then:

—eFE - v* e2E? 1 e? Vo ==
=R ——r0 | = 0 | =————F?2 2.
R ( 2 > R [ 2me (v — iw)} me v2 +w? (2:33)

where V E2 = Ey/ V/2 is the mean squared value of the electric field.
If v/w < 1 (HF discharge approximation), we have (2.33):

62 V —=

0, ~ m_eEEQ , (2.34)
and we can verify that, for v = 0, the transfer of energy from the field E
is zero, 6, = 0, conforming to the result we have already obtained above
in the case of individual trajectories.
In the opposite case of v/w > 1 (low-frequency discharge approximation),
we obtain: e
e? B2

Me V

0, ~ (2.35)
Expressions (2.34) and (2.35) are essential to the understanding of HF
plasmas (Sect. 4.2).

- Electrical conductivity and permittivity in the presence of collisions
The motion of charged particles in the field E creates a current, called the
conduction current. For an electron density n., the current density can be
written:

J = —neev (2.36)
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and in complex notation, following (2.29):

nee?
= T B0 (2.37)

Since from electromagnetism:
J=0FE, (2.38)

where o is the (scalar) electrical conductivity of electrons, we find by
identification from (2.37) and (2.38):

2
o=t (2.39)
me(v + iw)

Note that in the case where there are no collisions (v = 0), o is purely
imaginary and the plasma then behaves as a perfect dielectric.
The permittivity €, of the plasma relative to vacuum in a field Eoe*t is
related to the conductivity o (demonstrated in Remark 2 below):

o
=14+ — 2.40
€ + iweg ( )

where € is the permittivity of vacuum. Substituting o from (2.39), we

find:

w2

=1-—_ _ 2.41
r wlw—iv)’ (2:41)

which, in the absence of collisions, reduces to:

w2

6=1-—"1, (2.42)

an expression which shows that the exact case where w = wp. represents
a singular value for the propagation of a wave, since €, = 0.

Remarks:

1.

Note that the value of 6, (2.33) is inversely proportional to the mass of the
particles, which means that we can usually neglect the power transferred
to the ions in assessing the HF-particle power balance. We can also verify
that for constant w, , passes through a maximum when v = w®7; this is
the case in which the transfer of energy is the most efficient.

The use of the conductivity o in the preceding pages corresponds to the
representation of charges in vacuum, as distinct from the dielectric descrip-
tion expressed by €, where, from the beginning, we prefer to consider the

57 Recall that the collision frequency v depends on the average energy of the electrons
(and on the energy distribution function) and gas pressure (Sect. 1.7.8).
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displacement current rather than the conduction current to describe the
motion of charged particles in a HF field.

In effect, in the case of a purely dielectric description of the plasma, (2.3) can
be expressed in the form:

oD OE
VAB= MOW = /j,oﬁoﬁpg . (243)

Assuming a periodic variation e* in the electromagnetic field with angular
frequency w, we obtain the terms on the RHS of (2.3) and (2.43) respectively:

8E : iw iw
MOGOE + pod = poeoiwEget + pooEgel?t | (2.44)
OE . iw
,uoeoepﬁ = poeoepiwEge ¢ (2.45)

which, by identification, leads to:
iwepe, = iweg + 0, (2.46)

from which we obtain the complex relative permittivity of the plasma given
by (2.40).

2.2.2 Uniform static magnetic field

MAGNETIC FIELD ONLY (E = 0)

The study of this simple case will allow us to introduce the concepts of
cyclotron gyration and helical motion. Cyclotron motion of particles produces
a magnetic field B’, in the opposite direction to the externally applied field
B, giving the plasma a diamagnetic character.

We will use Cartesian coordinates, such that Oz is oriented in the di-
rection of B. From the general equations of motion (2.6) and (2.8), setting
E =(0,0,0) and B = (B,0,0), we obtain:

d%z

— =0 2.47
=0, (2.47)
d?y  ¢q.Bdz

— = — 2.48
dt2 me dt ’ (2.48)

E:__gBdy
dez2 m, dt

(2.49)
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These equations can be rewritten by introducing the cyclotron (angular)
frequency:
B
Woq = — T2 (2.50)
Ma

the sign convention being such that we is positive for electrons®®.

Ignoring the subscript « for simplicity, (2.47) to (2.49) take the form:

i=0, (2.51)
= —we (2.52)
5= wei . (2.53)

We will solve these equations, using the initial conditions (¢ = 0): x =
y = z = 0 (the particle is initially at the origin of the coordinate system),
T = wgo = W), Y = wyo and z = wo: for complete generality, the compo-
nents of the initial velocity parallel and perpendicular to B are non zero.
Integrating (2.53), we obtain:

Z=wy+C1 =wey+wy, (2.54)

where the constant of integration C, in view of our initial conditions, is equal
to w,o. Introducing this value of 2 into (2.52) for §;

i = —wly — wewso . (2.55)
This equation can be rearranged such that the LHS is homogeneous in y:
v+ Wgy = —WcW20 (2.56)

which has the form of a “forced” harmonic oscillator. The solution to this
equation is given by the sum of the general solution without the RHS, and a
particular solution of the differential equation including the RHS, thus:

y = A1 coswet + Agsinw.t — LE (2.57)
We
We will now determine the constants A; and Az in (2.57):
y(t=0) = A, — 220 — 0 from which A; = 22 | (2.58)
We We
. _ . Wy0o
y(t = 0) = wyo = Asw, from which Ay = —= . (2.59)
we
We now need to calculate z(t): from (2.54) with (2.57)—(2.59),
58 Some authors prefer to write wea = |qa|B/ma, but it is still necessary to define the

direction in which the respective positively and negatively charged particles rotate around
a line of force of the field B.
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. W20 Wyo . W20
2= we | == coswet + — sinwet — —— | + w,o , (2.60)
wC c c
and, after integrating over ¢:
W0 . Wy0
2z = —=sinw.t — —& coswet + Co , (2.61)

wC C

and since z(t = 0) = 0, we find Cy = wyo/we.
The three equations describing the orbit of a charged particle can finally be
written:

T = wyot = wyot , (2.62)
w w w

y = —2 coswet + —2 sinwet — —2 (2.63)
wc (& wc
w w w

2= —sinwet — —2 coswet + —L2 (2.64)
wc (& wc

In the yOz plane, the particle motion describes a circle®®, for which the centre
is fixed by the constants of integration, in this case Y, Z = —w.q/we, —wyo /we.
To demonstrate this, we will write the equation of the corresponding circular
trajectory:

2 2
W20 Wy0
G-V +(=-2"=(y+—) +(2-—5
We We
2 2
w Wy . 2w 0Wy0 .
= 220 cos? w,t + _y2 sin® w.t + % CoS Wt sin wet
wC OJC wC
wly U’ZO 2 2wzowyo :
+ 5 sin wet + —5 CO0s Wet — —5 —Cos Wet sinw,t
wC wC wC
2 2 2
_ Waot Wy _ wiy 9
= 5 =—5 =7pg, (2.65)
wC wC
from which we can define a radius whose value is:
w10 Me
rg=——=—Q7=WwW]9 - (266)
We eB

In summary, in the plane perpendicular to B, we observe a periodic cir-
cular motion with an angular frequency w., the cyclotron frequency%?, whose

59 The relations (2.63) and (2.64) which describe a periodic motion have the same ampli-
tude and the same frequency, with a difference of phase 7 /2. In the framework of Lissajous
curves, this gives rise to a circle. Note that, in English, the distinction between frequency
and angular frequency is often ignored.

60 Equivalently, the gyro-frequency of particles a (o = e, ).
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radius rpg is called the Larmor radius®', w,y being the initial speed of the
particle in the yOz plane. To determine the direction of rotation of particles
of mass m, and of charge q,, we ignore the constant, initial velocity of the
particle in the yOz plane. For the electron, since by convention w.. > 0, we
see from (2.63) and (2.64) that for w.t = 0, y = w,o/w, and z = —wyo/we,
while for w.t = /2 (t = 7./4, where 7, is the cyclotron period), y = wyo/w.
and z = w,o/w.. It follows that, for a field B away from the reader, the
gyration of the electron is in the clockwise direction (towards the right), as is
shown in Fig. 2.3a, while the positive ion rotates in the anti-clockwise direc-
tion (towards the left). In the direction parallel to B, the velocity is constant,
equal to wjo, and the motion is uniform, since this velocity is not modified
by B. The combination of the cyclotron motion and uniform motion gives
rise to a trajectory in the form of a helix (Fig. 2.3b), which rotates around
the magnetic field line (referred to as the guiding centre).

Fig. 2.3 a Cyclotron motion of an electron in the plane perpendicular to B, the field
directed along the Ox axis, away from the reader. The points on the circle show the
position of the electron at ¢ = 0 and ¢ = 7./4. b Helical motion of the electron along the
B field.

Interesting particular cases:

- If wyp = 0, the helical trajectory degenerates into a circular orbit. The
radius of the orbit is then dependent on the total velocity wg of the particle,
and rp = wom./eB.

- If w9 =0, the trajectory is rectilinear and parallel to B.

Remarks:
1. The decrease in the diameter of the helix with increasing B results in a

confinement of charged particles in the direction perpendicular to B. In
fact, as B tends to infinity, rg — 0, such that transverse motion is not

61 Equivalently, the cyclotron radius or radius of gyration.
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possible: we will see in Sect. 3.8 that this effect reduces the particle diffu-
sion perpendicular to B, towards the walls.

2. A uniform field B cannot affect w) so wy|(t) = wjo where the subscript zero
corresponds to the time ¢ = 0: this is a property of the Lorentz force in the

case E = 0. If E = 0, from conservation of kinetic energy: w? (¢) —|—w‘2| ()=

w?(t) = w}. Since we have just seen that w) = wyo, then wi = w?, and,

thus w? () = wy(t) + w?(t) = w? . Thus, in a field B, the components w,
and w, can vary, as was mentioned in Sect. 2.1 (Remark 1).

3. The pitch of the heliz is obtained by calculating the axial distance travelled
during one revolution. If this pitch is pp, and 7. is the cyclotron period,
then p, = w)oTe = w)o/ fe = 2mw)p/we, and we obtain:

Wijo

php =271 <—> B - (2.67)

w10

4. A useful way to represent the helical motion is:
w=w))+w:ATB, (2.68)

where w) o describes the motion of the guiding centre and the second term,
the circular cyclotron motion of the particle; the vector w, is directed along
B and defines the axis of rotation and its direction; the vector r g, the orbit
radius, has its origin at the guiding centre.

5. Since the Larmor radius is proportional to the mass of the particles, (see
(2.66)), it follows that for ions of mass m;, rg; = rEem;/Me,1.6. 75 > rpe.

6. The cyclotron frequency (2.50) or gyration frequency does not depend
on the velocity of the particles, but only on their mass and charge. This
property allows energy to be given uniquely to particles of a given mass and
charge by means of an electric field oscillating at w = w¢q, independently
of their velocity distribution: we can therefore obtain a form of selective
heating by means of cyclotron resonance, which will be treated in detail
later (2.146).

7. A usefull numerical relation to calculate the cyclotron frequency for elec-
trons is:

fee(Hz) = 2.799 x 10'°B (tesla) . (2.69)

Thus for B = 0.1 T (103 gauss), fee = 2.8 GHz. The corresponding fre-
quency for ions of mass m; is m;/m,. times smaller.

8. The diamagnetic field created by the circulating cyclotron current is given
by the Biot-Savart Law (Lorrain et al):

B/_MO J/\r

 Arx r3
1%

av . (2.70)

In this expression, r points from the source (charge) towards the guiding
centre axis (Fig. 2.4). Note that B and B’ are calculated at the same r
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position for comparison purposes. The diamagnetic field B’ points in the
same direction for electrons and ions: particles of opposite charge revolve
in opposite directions around B, such that their respective currents rotate
in the same direction, as is shown in Fig. 2.4. The vectorial product J A
r from (2.70) indicates that B’ is in the opposite direction to the field
B responsible for the cyclotron motion (this cannot be otherwise!). The
magnetic field in the plasma is given by the vectorial sum of B and B’
(see exercise 2.2).

J
B ()
electron cyclotron JAr
motion
J
ion cyclotron
Y JAT

motion

Fig. 2.4 Determining the orientation of the diamagnetic field B’ created by the cy-
clotron motion in a field B imposed into the page: B’ comes out of the page towards
the reader.

STATIC UNIFORM ELECTRIC AND MAGNETIC FIELDS

In this section, we will show that the effect of uniform, constant fields E and
B leads to a motion, called the electric field drift (also known as the E A B
drift), of ions and electrons in the plasma, perpendicular to both E and B.
After this, we will derive an equation that incorporates all the fundamental
motions studied to date. As a further application, we will calculate the electric
conductivity, for the same FE and B fields, and show that it is a tensor.

In the first case, the superposition of electric and magnetic fields modifies
the magnitude of the velocity, such that the part of the Lorentz force tied
to the magnetic field, g,w A B, is continuously varying. It is noteworthy
that, since the two fields are uniform and constant in time, the orbits can be
calculated analytically and are easily represented graphically.
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The case where FE and B are arbitrarily oriented (with wo = 0)

The Cartesian frame is once again constructed such that B is directed along
the Ox axis. Since the orientation of E in this frame is independent of B, the
FE field has a component along each of the axes. We suppose that the charged
particle, at ¢ = 0, is situated at the origin of the frame x = y = z = 0, and,
in contrast to the previous case (B only), at rest © = y = 2 = 0. This last
condition implies that w, o = 0, removing the contribution of the cyclotron
motion to the particle trajectory entirely, allowing us to examine the effect of
the electric field drift alone (the case w, ¢ # 0 is treated further in the text,
for E perpendicular and parallel to B.)

1. The equations of motion
From (2.6)—(2.8), we obtain:

i=top 2.71

it (271)

j = T%Ey —wek (2.72)

s=dop . (2.73)
m

2. Calculation of the trajectories
The equations of motion are integrated analogously to the previous case.
Calculation of y: Integration of (2.73) gives:

=L gy, (2.74)
Substituting 2 in (2.72):
y= q—‘“Ey — we {q—aEzt + wcy} . (2.75)
Me Me

This equation can be rearranged such that the LHS is homogeneous:

Wedo

jrwly=——dap gy :l—“Ey , (2.76)

(03

for which the solution is:

o piy-Io g (2.77)

y = A coswet + Ag sinw.t — sEy
MaWe MaWw?

The constants A; and As are fixed by the initial conditions.
Since y(t = 0) =0, (2.77) yields:

Ao
2
aWe

A+ E,=0, (2.78)
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from which:

Ay =——1 g (2.79)

Maw?

and since y(t = 0) = 0, Asw. — (go/Mawe)E, = 0, such that:

Ay =L p (2.80)

.
Maw?

Calculation of z. Substituting the value of y obtained from (2.77), together
with (2.79) and (2.80), in (2.74):

E.t E E E.t E
p=toel ) |- Y coswet + o = sinwet — ozt | JoZy il
Me, Maw? aw? Moe  Maw?
(2.81)
and, after integrating:
E E E,t
= q2 Y sinwet — q;—z cosw.t + Qaly? | Cs. (2.82)
w2mg w2mg WM,

Since z(t = 0) = 0 = —(qo/w2ma)E, + Cs:

E
Oy = Loz (2.83)

Maw?

Calculation of x. Two successive integrations of (2.71) lead to:

o o, t°
=—F,—. 2.84
v Mme 2 ( )
Finally, the equations for the trajectory as a function of time (for B || &,)
can be written:

2

Qo ., ¢
= —F,— 2.85
xz M e ( )
Y= fgiaEy cosw.t + giaEZ sinw.t — Qo E.t+ Qqa E,,
w2m, w2my, WM w2my,
(2.86)
y=— 2qa E,sinw.t — 2(]a E, cosw.t + da Eyt+ 2‘]04 E,.
w2m, w2my, WM w2my,
(2.87)

3. Study of the motion described by (2.85) to (2.87)
The presence of the uniform and constant fields EZ and B results in a drift
motion (called the electric field drift) of the charged particle perpendicular
to B and E |, the component of F perpendicular to B. In fact, if wy = 0,
as is the case here, the non-periodic part of the motion in the plane yOz is
as follows: the particle initially moves in the direction of E | (for a positive
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ion, Fig. 2.5) or in the opposite direction (electron). Due to the velocity
w thus acquired, the magnetic part of the Lorentz’ force F'r,, produces
a motion perpendicular to E; and B, precisely in the direction of the
drift motion, since F'r,,, = qow, N B.

E.

E

y=2=0ent=0
Ey Y

Fig. 2.5 Cycloidal motion
of the drift for a positive po ~ E | /B?
ion (the field B is out of the
page). The ion is initially
(t = 0) at the origin of the
frame and at rest, then it

moves, on average, along @
the drift axis represented N
by the dotted line. (el

The projection of the motion in the yOz plane (the plane perpendicular
to B) is thus a cycloidal trajectory, as is shown in Fig. 2.5: the non-
periodic terms (g /mow.)Eit [i = y,z] push the particle in a direction
perpendicular to E; and B along a virtual straight line, whose parametric
equation is given by:

yi=——2_E.t, (2.88)
maWe
and: q
= * E,t. 2.89
Zd aws Y ( )

These relations can be combined to give:

E
Zq = _E_Zyd . (2.90)

The average velocity of this shifting motion, called the electric field drift
velocity, taken from (2.88) and (2.89), is:

W\ B\ E
Wae = \/(—q ) + (—q y) - (2.91)
MaWe MaWe B
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This velocity is independent of the mass of the particle, and of its charge.
Further, because the motion is directed perpendicular® to E (to both E |
and E| components, see Fig. 2.5), the particle in its drift motion does no
work in the field E: the drift velocity thus remains constant.
A uniformly accelerated motion in the direction perpendicular to the yOz,
plane, following the E, component of the electric field, must be added to
the motion in the yOz plane.

4. Comparative study of the cycloidal motion of electrons and ions.
We will ignore the motion due to E|. Recall the convention: the motion of
positive ions is in the direction of the electric field. At ¢ = 0, the electron
and the ion are at the origin of the frame, with zero velocity. Immediately
afterwards, the ion starts to move in the direction of E| but its trajectory
is instantly curved, by the magnetic component of the Lorentz force, fol-
lowing wge (Fig. 2.5). The electron is initially accelerated in the opposite
direction, but the Lorentz force leads it to follow the same drift direction
as the ion because of the opposite sign of its charge (F ., = —ew. A B):
the two trajectories (if we ignore the influence of E|) are confined in the
plane (wge, E ), as is shown in Fig. 2.6.
In (2.86) where y = —(qo Ey/w?,mqa) cosweat + - - -, the amplitude of the
periodic motion of the particle is proportional to m, (w2,ma o< m;1):
the electrons describe much smaller arcs than those of the ions but their
number per second is much larger (Fig. 2.6) since the ratio of the masses
m;/me > 1 leads to wee /we; > 1.

Fig. 2.6 Schematic repre-
sentation of the motion of
electrons and ions in the
electric field drift, showing
that the arcs described by
the electrons have much
smaller amplitudes but are
more numerous.

62 To see that wy. is perpendicular to E, note that the slope of the trajectory describing
the particle motion z = f(y) is given by Az/Ay = —E,/E. (2.90) while the orientation of
E | in the same frame (y, z) is expressed by E./E,: these slopes are therefore orthogonal.
To distinguish it from the present drift velocity, the drift in a field E including collisions
(Sect. 3.8.2) will be called the collisional drift velocity.
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Remarks:

1. E| /B has the units of velocity (the proof is left to the reader)

2. The maximum amplitude p, of the cycloid of a particle of type « with re-
spect to the drift axis is proportional to E | /B? (Fig. 2.5). The calculation
of this expression is also left to the reader.

The preceding discussion can be treated in a more complete manner by
considering more generally that wg # 0: then the influence of the cyclotron
gyration is superimposed on the drift velocity in the total motion of the
particle. Nonetheless to simplify the calculation, we will assume E 1 B.

Perpendicular F and B fields with wg # 0: combined drift and
cyclotron motion

The B field is still along Ox but this time E is entirely along Oz. This leads
to the following equations for the trajectory of the charged particle:

T = wHOt , (2.92)
E E
Y= Y20 og wet + (wyo + L 2) sinwct — Qo 4  Wx0 ) (2.93)
We We = Mew? MaWe We
\ E ! E
2= 120 sin w.t — (M 4 o 2) cos wet + (m 4 o 2) . (2.94)
We We maWwe We MaWe

To illustrate the various forms of the trajectories, one needs to consider the
ratio wyo/wqe, where wge = £ /B (we will assume wyo = w,o) and distin-
guish three particular cases.

To do this, consider the term:

Wyo | 4ok

We = Maw?

appearing in the expressions (2.93) and (2.94) for y and 2. Taking into account
the convention on the sign of w., (2.50), this term can be transformed in
terms of the ratio wyo/wqe such that:

1 o Mg 1
= | — 222 -
v Mq GoB We

-] = Tl -wal . 299

c

If wge > wyo, then wyo ~ 0 and w,o ~ 0 (no cyclotron motion because
w,o =~ 0) and Eq. (2.93) for y reduces to:

Gl

Maw?

y= (wet — sinw,t) (2.96)
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which obviously leads to (2.86) in the case where E, = 0.
For the same approximation (wy ~ 0 and w.o ~ 0), Eq. (2.94) for z becomes:

oE
=4 (1 —coswet), (2.97)

Maw?

the expression obtained when E, = 0 in (2.87).
We will now consider the three following typical cases:

- wyo/wqe = 100 (Fig. 2.7a)
- wyo/wge = 2 (Fig. 2.7b)
- wyo/wge <1 (Fig. 2.7¢)

(a) wyo/wge = 100 (b) wyo/wge =2 (c) wyo/wge <1

- | e /va -
1 > e

Yy Y Y

Fig. 2.7 Trajectory of a positive ion in uniform static E and B fields, with the respective
components E. and By, for different values of the ratio wyo/wge where w.o = wyo (the
B field is directed towards the reader).

Figure 2.7a shows that the cyclotron motion is hardly affected by a weak E
field, the guiding centre being slightly displaced in the direction of the electric
field drift. Figure 2.7b describes what happens to the cyclotron motion when
it is strongly modified by the drag along y due to the electric field drift.
Finally, Fig. 2.7c shows that all traces of cyclotron motion disappear when
Wde = Wyo-

To obtain a simple analytic form for the resulting trajectories, suppose
wzo = 0 (in Fig. 2.7, note that w.o = wyo # 0). The resultant trajectory
for wyo/wge = 2 is that of a quasi trochoid®3, for which the mathematical
expression is:

y=oar —bsint z="b(cosT —1) (2.98)

with, following (2.93) and (2.94) and assuming w,o = 0:

E 1 E
a:ch, b:fw—C wyo — 5 and T = wet .

63 A true trochoid requires y = at — bsinT and z = a — bcos 7.
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In the case wyo/wge < 1 (a ~ b), the trajectory is that of a cycloid (with a
sign inversion):

y=a(r—sint) z=a(cosT—1) witha= (2.99)

We
Note that setting w.o = 0 while wyo/wqe = 1 (Egs. (2.93) and (2.94)) sup-
presses all periodic motion in the y and z (b = 0) directions: all that remains
is a rectilinear trajectory along y due to the electric field drift.

Remark: In the case wge < wi9 = werp (weak E, field), as shown in
Fig. 2.7a, the trajectories are quasi cyclotronic, with a weak drift velocity
of their guiding centres in the direction perpendicular to B and E,. The
guiding centre of the cyclotron trajectory of a positive ion moves slowly in
the direction of the drift, because the cyclotron curvature is smaller when
the ion moves in the direction of E| (w, increases, as does rp) than when
it moves in the opposite direction to F . This deformation of the cyclotron
motion leads to a shift of the guiding centre and, accordingly, to the particle
drift.

Parallel F and B fields: no drift motion

Assume the Ox axis is in the direction of the fields: It is then useful to
distinguish two cases:

- The initial velocity is zero.
From (2.85) to (2.87), we find:

a(t) = i—i%ﬁ : (2.100)
y(t) =0, (2.101)
z(t) =0. (2.102)

The motion is only along Oz and uniformly accelerated: since the B field is
in the direction of motion, it plays no role on the trajectory of the particle
(Frm = gaw A B =0 since w || B).
- The initial velocity normal to B is non zero (wyo # 0, w.o # 0).

Under these conditions, we can resume the development from (2.71)—(2.73).
We then obtain a helical trajectory, as in the previous case of a magnetic
field only, but the pitch of the helix increases (or decreases) because the
E, field gives rise to a velocity component w,:

2 2 2t [ Qo 2
Pn = wH'YZ = mw” = qa—Bma’LU” = 0B <—Ext> =—F.t.

M, B
(2.103)
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The general solution

By combining the results of the preceding cases, it is possible to obtain the
general characteristics of the motion of a charged particle in uniform, static
fields, £ and B. The charged particle describes a trajectory which, in the
most general form, consists of:

1. A cyclotron gyration in the plane perpendicular to B, provided that
wg # 0. If in addition w)y # 0, the particle motion develops in three
dimensions, leading to a helical motion, with constant pitch if E = 0 or
increasing (decreasing) pitch if the E field has a component parallel to the
B field.

2. A net motion perpendicular to both E and B, referred to as the electric
field drift trajectory, which is independent of both m, and g¢,., and has a
constant velocity wqe = F, /B.

Examination of the general equation of motion (2.5) will enable us to
recover these results. For that purpose, we regroup the terms homogenous in
w on the LHS:

w— 2 ywyrB=1"F, (2.104)

M Ma
The solution of this differential equation consists of the general solution w1
of the homogeneous equation without the RHS (helical motion with constant
pitch) to which is added a particular solution ws that includes the RHS. We
want to determine w such that:

w=wi +ws . (2.105)

- General solution without the RHS (E = 0)
The value of w; has already been obtained (2.68) in the form:

w; =w|o +WwW.ATB, (2.106)

describing a helical motion, where w)|q is the initial velocity parallel to B.
Therefore, we only need to calculate ws.
- Particular solution including the RHS: the expression for wq

We can construct this solution in a completely arbitrary way, provided that
the result obtained is a true solution. To guide us in this process, we know
that this particular solution must reproduce the drift motion. Because of
this, we express ws in a trihedral coordinate system, whose Cartesian axes
are defined (Fig. 2.8) such that:

éZHBa éyHELy élH(EL/\B)

This method was proposed by J.L. Delcroix.
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E)
B
Fig. 2.8 Trihedral coordi-
nate system used to calcu-
late the particular solution E,
(after J.L. Delcroix). E, AB
We are thus looking for a solution of the form:
w2:aE|‘+bEl+C(El/\B), (2.107)
wy = aE| +bE| +¢E. AB), (2.108)

which we can substitute in the equation of motion (2.5) including the RHS:

dE\|+bEl+é(ELAB):i—a[aEH—&-bEL—!—c(EL/\B)]/\B

%’(EH YE). (2.109)

(03

Noting that®* (E; A B) A B = —E | B? and regrouping the terms along
the different axes:

[e] ] aB2 «@ ba
<a—q—)E|+(b+qc —q—)EL—i—(c'—i)El/\B:O,
m m

(2.110)

we obtain:

« 7 @ ozBQ o
g=do  jo b BT oy (2.111)

Mq Mq Mq Mq

for which a particular solution is obviously & = g, /m, and b=¢=0such
that: ; L
o
=22 b=0, c=—. 2.112
a -~ €= 53 ( )
This shows that we have actually chosen as particular solution that for
which the initial velocity of the particle in the plane (B, E ) is zero. We

then have:
E, NB

B2
where the first term on the RHS is a uniformly accelerated motion along B,

the second term represents the electric drift in the direction perpendicular
to both E | and B, for which the modulus of the velocity is £, /B.

ot
wy, = g, (2.113)
My

64 Double vectorial product rule: AA (BAC) = B(C-A)—-C(A- B).
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- Solution of the general equation of motion
By adding w; (2.106) (noting that w. A rg = —(qa/ma)B Arp and ws
(2.113), we obtain the full general solution:

o ot E, \NB
w=wp+ 2y ANB + g 4 ZELZ (2.114)
Me My B
Helical motion 4 Electric drift
Uniformly
accelerated motion
along E

Electrical conductivity in the presence of a magnetic field:
the need for a tensor representation (a digression from
individual trajectories)

In Sect. 2.2.1, we calculated the electrical conductivity of charged particles
in a periodic electric field (B = 0). We now want to obtain an expression for
the conductivity when the particles are subjected to uniform, static magnetic
and electric fields.

In order to calculate the current created by the charged particles in the E2
an B fields, we will move from the trajectory of one particle to an ensemble of
individual particle trajectories per unit volume. For this ensemble of particles,
we will again make the assumption that their initial velocities are isotropic,
such that on average, at ¢ = 0, there is no directed motion: (w o) = 0,
(wjo) = 0.1In (2.114), it follows that wjy = 0 and rg AB =0, (rp x w10)°.
The current density J, of charged particles of type a then reduces to:

2
Naqst naq,
Jo = NadaWo = ;1; EH + ;20‘

(E.AB). (2.115)

In the following discussion, until equation (2.121), we shall omit the index «
in J and o.

Conductivity is now a tensor quantity: we will show that, if it is consid-
ered a priori as a scalar, it cannot satisfy (2.115). In fact, in the case where
J = oFE, we would have the following components:

J=0E.é,+oEe,+0E €., (2.116)

but in developing (2.115), and since E, = E,é, + E,é, (B is taken to be
along 2)% we obtain:

65 The value of rp, initially fixed by w ¢ in the case of the solution to (2.104) without the
RHS (E = 0), is not affected by the inclusion of the particular solution (E # 0) because
wo; =0 (b=0in (2.112)).

66 We have not decomposed equation (2.115) following the trihedral coordinate system of
Fig. 2.8 because this, being vectorial, can be developed in any chosen coordinate system.
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2
Naqa Naqa Naqy

J = D (B) E &, — I (B) E,é, + o tE.é, , (2.117)
because:
&, &, &,
E, NB=|E,E, 0]. (2.118)
0 0 B

Note that in (2.117) there is no E, component along €, and no E, component
along &, as is required by (2.116). In fact, in (2.117), for example J, has the
form:

Jp = (n‘go‘) E, . (2.119)

from which we can conclude that o cannot be a scalar in the presence of B.

We will now seek to write the components of a tensor o explicitly, suppos-
ing it to be of order 2 (see Appendix VII for a brief introduction to tensors
and Appendix VIII for tensor operations), defined by the relation:

J=0o- FE, (2.120)
which can be written explicitly as:
J' =" E, (2.121)

where 0%/ is a tensor element with two (order 2) superscript (contravariant)
indices. Note that the vector J is also contravariant but that E is (by nature)
covariant: by convention, there is a summation over the same index when it
appears in both the covariant and contravariant positions, and this index is
said to be mute. In the following, however, we will not distinguish between
the variance of the quantities. Expanding (2.121), we find:

J = (0gaEy + 05y By +02.E.)ép + (0ys By + 0y By + 0. E. )€,y
+(0:0Ey +0.yEy +0..E, ), . (2.122)

By identification of (2.122) with (2.117),

such that the tensor can be represented by the matrix:
0 1/B 0
T =naqa | —=1/B 0 0 . (2.124)

0 0 gat/me
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In the present case, and assuming a macroscopically neutral plasma
(ne = m;), the total electric current due to the positive ions and the elec-
trons (subscripts ¢ and e respectively) is such that only its component
along the direction of the B field is non zero, because along = and v,
oL, +0%, = (eni/B)—(enc/B) = 0, etc. In fact, the electric field drift motion
cannot give rise to a net current because the drift of the ions and electrons

takes place in the same direction, so that the net transport of charge is zero%”.

Remarks:

1. In (2.121), the element o;; of the tensor o expresses the fact that the
component E; of the electric field (a force) in a given direction induces a
current J? (an action) in another direction.

2. The reader can calculate the corresponding relative permittivity tensor
corresponding to o and introduce therein the electron plasma frequency,

by generalising (2.40):
o
=1+ — 2.125
&=L+ "~ (2.125)

where I is the unit tensor (represented by the unit matrix).

UNIFORM STATIC MAGNETIC FIELD AND UNIFORM
PERIODIC ELECTRIC FIELD

The problem to be resolved is not very different from that of Eq. (2.104),
which led to the general solution of the preceding case (E constant) because

now:

w— 12 (w A B) = 12 Eyeiet (2.126)

Meq Ma

We are left to find a particular solution including the RHS%®, still with the
trihedral coordinate system of Fig. 2.8, but this time setting:

wy = aBg e’ +bEg, e + ¢(Eg. A B)e“" . (2.127)
Substituting this expression into (2.126), we obtain:
[aEOH F0Eo. + By A B)} et
+iw [aEg| + bEoyL + c(Eg1 A B)] e’

[EOH + EOJ_:I et
(2.128)

_TZL—O‘ [(anH +bEqg, + C(EOJ_ A B)) A B] elwt —

da
M

67 Tt constitutes a neutral beam of charged particles!
68 Remember that this solution ws is related to the drift motion in £, and B.
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Noting that Eq A B = 0, we obtain, along the different base vectors of the
trihedral coordinate system, by identification:

Ey (a+iwa—q—“> —0— i +iwa = 2 (2.129)
Mq Mq
7 [e B2 @ 7 aB2 o
Eo. (b+iwb+ch> —0 s btiwh= -2 cy do (2130
Me Me My Me
Lo qob _ gab
Eyy AB|é+iwe—— ) =0—>¢+iwc=—. (2.131)
My Me

To find the solution, we must distinguish two situations:

1. Off-resonance case (w # we)

- Solution of (2.129)—(2.131) .
A simple particular solution is then @ = b = ¢ = 0; the value of the
coefficients in this case are:

o o ab
aZ.q ,bz,q (1—B2c)andc:_q , (2.132)
iwmeg, iwmg, iwmg
such that:
B%g.b 2 B?
. (1—_ q“), ie. b(l—q“Q 2):,% . (2.133)
iwmg, iwm,g, m2w iwm,
where again:
1Qn, 1

b=

(2.134)

wima (- w_g ’
w2
Note that the coefficient b is finite on condition that w # w.. Finally:

. . 2
4o 4o w da 1
“ wmg, me (W2 — w?) ance m (w2 —w?)’ ( )

c c

such that the general motion, off cyclotron resonance, can be written:

4o lW(qq
w=wit |~ Eo+ o5y Fou
WM, Me (W2 — w?)
T T
Helical motion (—1) (+4)
+ all initial
conditions
(+1)
1

(2.136)
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Because this describes a periodic motion with the same frequency along
the 3 axes and because of the particular phase relations between the
three components of ws, namely (for a positive ion) —7/2 for Ey)
and /2 for Ey, with respect to the axis (Eq; A B) in the case where
we > w, the trajectory obtained from (2.136) is closed on itself, corre-
sponding to a helical motion, depending on the initial conditions super-
imposed on a three dimensional elliptical motion (which is difficult to
represent graphically!).

In the particular case where w = 0 (constant field E), we have seen that
the velocity wy describes the motion (axial and lateral) of the guiding
centre®. In the presence of a harmonically varying E field, the drift
motion does not occur: the term containing Eo; A B in (2.136) is not
constant and when integrated, cannot yield a linear dependence on ¢,
as is the case in (2.86) and (2.87) where E is constant. This drift is
in fact “annihilated”, because the Ey; component and, as a result the
drift velocity, oscillate periodically. On the other hand, if w tends to
zero, the term Eg, in (2.136) disappears and the term in Eq reduces
to (ga/Ma)Eot because sinwt — wt, in complete agreement with the
expression (2.113) for ws obtained for constant E.

W > Wee w < Wee

EOJ_/\B

Eo,

Fig. 2.9 Orientation of wy, with respect to the reference frame (Eq; A B, Eg |,
B) for the case of a non-resonant electron cyclotron frequency. See Appendix IX
for details.

Representation of the wsy; component of the particular solution of
(2.136)

Returning to the coordinate frame in Fig. 2.8, we find, in the plane
perpendicular to B, an ellipse whose major axis varies according to
Ey, or Eg; A B, depending on whether w > w, or w < w. (Fig. 2.9).
To show this, we rewrite the two corresponding components of ws in
(2.136) in the form:

69 In fact, for constant E, ws (2.114) includes the drift motion (perpendicular to E; and
B) and the uniformly accelerated motion along B, which together describe the cyclotron
motion around the guiding centre.
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o . Eyy, NB .
q72 {IWE()J_ — wcw}e’“’t , (2.137)
w?)

Mo (w2 — B

noting that the term Ey; A B/B has the same modulus as Ej,. We
can then conclude that for w > w,, the velocity wsy is mainly™ in
phase quadrature (in advance for electrons because g, = —e) with the
field E | while for w < w,, wo, is principally in phase: this leads to the
representation in Fig. 2.9.

2. Resonant case (w = w,)
The particular solution can no longer have b = ¢ = 0 because, follow-
ing (2.135), the coefficients b and ¢ would then tend to infinity. We can,
however, retain the solution that corresponds to @ = 0, from (2.132):

a=—to (2.138)

wmg,

To find the value of the coefficient ¢, we substitute the value of b given by
(2.130) in (2.131) and obtain:

o oB? o 1
etiwe= o | _FoZ €y Go pl = (2.139)

Ma My Me iw

and, to eliminate i), we differentiate (2.131), and rearrange the result to
write b in the form: _ m
b= (¢+iwe)—, (2.140)

Ao

which, substituted into (2.139), gives:

B2
o | 922 €4 do (G hiwe) 22| (2.141)

iw(é+iwe) = - - - .
[ (03 (63 e

By regrouping the terms in (2.141), we obtain:

2

¢+ 2iwé = q—C; —w?c+w?c, (2.142)
mOé

such that for resonance (w = w,):
g2
¢+ 2iwe = =5 . 2.143
¢ + 2iwe m2 ( )
A valid particular solution for (2.143) is ¢ = 0, which leads to ¢ =
q2 /2iwm?, from which finally:

70 The adverb mainly is used to emphasise that the weakest amplitude in (2.137) is not
completely negligible, depending on the ratio w/we.
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2
dal

= . 2.144
¢ 2iwm? ( )

The expression (2.144) for ¢ substituted into (2.131) gives for b:

2 2
Mo e qat da .

b=— = t—1i]. 2.145
Qo {2iwm3 + 2m3} 2maw wt =] ( )

Ultimately, the particular solution can be written:

;2

9o : 1g,t
wt —1)Ey; —

2maw ( JBoL 2wm2

i .
Wo = l:— mqawEOH + (EoL A B):| Cal
(2.146)

Discussion of the solution

- the motion parallel to B is the same as that for non-resonance (and it
is obviously independent of B).

- the motion in the plane perpendicular to B is completely different. The
terms involving Ey | and (Eq; A B) increase indefinitely with time, and
this motion tends towards an infinite amplitude: this is the phenomenon
of gyro-magnetic resonance or cyclotron resonance.

The motion in the plane perpendicular to B can, in fact, be decomposed
into 2 parts:

- a motion along Ej | , purely oscillatory, with limited amplitude;

- a motion along Ey, and a motion along Ey; A B, /2 out of phase
with respect to each other and with increasing amplitude: the result
is a spiral of increasing radius rpg, as can readily be verified, but with
constant rotation frequency (because weq = —goB/m,, is independent
of the particle velocities).

Remarks:

1. If the E | component of the electric field rotates in the opposite direction
to the particle cyclotron motion, and at the same frequency, i.e. w = —w,
there can be no resonance (see exercise 2.7).

2. It is obvious that the amplitude of the cyclotron motion cannot increase
indefinitely because:

- collisions can interrupt the electron (ion) motion, limiting the gain in
energy,

- in any case, the increase of the electron (ion) gyro-radius is limited by
the dimensions of the vessel.
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2.2.3 Magnetic field either (slightly) non uniform or
(slightly) varying in time

The treatment of the equations of motion until now has been purely analyti-
cal, with no approximation. To deal with cases where particles are subjected
to magnetic fields which are no longer uniform or no longer static, we must
limit ourselves to B fields which are only slightly spatially non uniform, or
slowly varying in time. This restriction allows us to consider a helical tra-
jectory about an initial line of force, which imperceptibly modifies the orbit
during a cyclotron rotation: in other words, a number of complete gyrations
are required before the axial velocity of the guiding centre or its initial posi-
tion in the direction perpendicular to B is significantly modified”!. This slow
variation of the guiding centre motion allows us to introduce the guiding cen-
tre approzimation, also called the adiabatic approximation (in the sense that
the particle energy varies very slowly), this concept being developed using a
perturbation method.

Characteristics of the guiding centre approximation

- To zeroth order in this approximation, the trajectory in the plane perpen-
dicular to B is circular. At a given point on the line of the field B defining
the guiding centre axis, the field B is assumed to be uniform both in
the plane containing the cyclotron trajectory and axially: this is the local
uniformity approrimation. At another point on this field line, the field B
can be different, but it is once again assumed to be uniform transversely
and axially. In the absence of an applied electric field, the motion in the
direction of B is uniform. The complete trajectory is helical.

- To first order, the “inhomogeneties” (spatial or temporal) introduce vari-
ations in the guiding centre motion in both the direction of B (we are
looking in particular for the axial velocity) and that perpendicular to B
(of particular interest is the lateral position). These inhomogeneities oc-
cur locally, transversally as well as axially, as perturbations in the B field,
assumed to be uniform to zeroth order.

The orbital magnetic moment associated with the cyclotron
motion as a constant of motion defining the guiding centre
approximation

The local uniformity approximation method that we have just introduced can
be justified physically, and developed using a simple mathematical method,

71 Recall that the guiding centre azis is defined instantaneously by the line of force of the
field B around which the cyclotron motion occurs.
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making use of the orbital magnetic moment, an invariant associated with the
cyclotron component of the helical motion of the charged particles.

Definition: The magnetic moment p of a current loop of intensity I bounding
a surface S is equal to SI. In the context of our approximation, to order
zero, we have S = 774 and I = g, N7, where N7, is the number of turns
per second which are effected by the charged particle on its cyclotron orbit.
Since N7. = f. = w/2m, the modulus of u is given by:

Q(l|wc‘
|| = w%—% (2.147)
and:
2 2 2
wi\ Golwe]  wiga 1mew]  Exini
ul = <wg ) ot 2w 2 B B (2.148)

where &y is the kinetic energy of the particle in the plane perpendicu-
lar to B. Since the magnetic field created by the cyclotron motion of the
particle tends to oppose the applied field B (see p. 117, and the remark on
diamagnetism), p is a vector anti-parallel to B.

The magnetic moment is a constant of motion (to order zero)

Consider the case where the variation in B is simply a function of time’2.

From Maxwell’s equations, this leads to the appearance of an electric field:

0B
VANE=——— 2.149
= (2149)
which can accelerate (decelerate) the particles (without modifying the total
kinetic energy). Thus, in the direction perpendicular to B, we can write (2.10)
such that:

dt

where FE is the field induced by the variation of B with time (0B/0t). In
this case, the variation in kinetic energy over a period 27 /w, is given by:

d /1
( mawi) =g, FE-w, , (2.150)

27 [we

1 9 de
o (imawL> = / 4 E - prs dt , (2.151)
0

72 We could equally define the adiabaticity of u considering a spatial inhomogeneity: this
is a question of reference frame. If B is inhomogeneous in the laboratory frame, in the
frame of the particle, B varies with time.
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where d€/dt is the instantaneous curvilinear velocity vector, tangent to the
trajectory at each point. If we now suppose that the velocity parallel to
B is not very large and that the guiding centre is only slightly displaced
perpendicular to B, notably because the field B does not greatly vary (the
basic assumption for this calculation method), we can replace the integral
over the helical trajectory by a line integral along the circular orbit (not
perturbed by the inhomogeneity). Then, calling on Stokes theorem, which
states that “the line integral of a vector along a closed contour is equal to the
rotational flux of this vector traversing any surface bounded by this contour”,
we obtain:

) <;mawj) = ]{an -de = q, /S/(v AE)-dS (2.152)

1 B B
0 (§mawi) = —qu // aa—t -dS = iqaaa—tﬂr% ) (2.153)
S

since OB /0t is a flux perpendicular to the plane of the cyclotron motion (adi-
abatic approximation) and therefore to the surface element dS. The sign of
the cosine of the angle between the direction of the normal to the elementary
surface and the vector 0B/0t determines the sign of the integrand.

The variation of the kinetic energy per unit time then takes the form
(7. being the period of gyration):

and:

d (/1 5 OB 7ry OB mriqa|wel
(= = +q, B = 72 TTBlalWe] 2.154
dt <2m“wL> “or T, T ot o (2.154)
and from (2.49), by definition, we find simply that:
d /1 9 0B
— | =Mq = U—. 2.1
dt <2m wL) Mot (2.155)
Also, following (2.148), it is equally possible to write:
d (1 9 d o 0B
R (e - SwB=%B+ 2 2.1
i (o) = Gum) = HB 47 (2.156)

such that, by comparing (2.155) and (2.156), it is obvious that du/0t = 0,
which shows that the moment p is a constant in time.

This constant of motion is called the first adiabatic invariant. Remember
that the magnetic moment is strictly constant only if B is completely uniform
and wg = 0; it is constant, to a first approximation, if the change in B is
slow, that is to say adiabatic.
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Remark: In so far as one can consider the moment p to be constant, the
corresponding ratio &, /B also remains constant and therefore whenever
B varies, Ein1 should also vary in the same way and proportionally. Since
the total kinetic energy is conserved (in the absence of an applied field E),
the values of w)| and w, will be modified in such a way that w, decreases
and w) increases and vice versa.

Static magnetic field, but non uniform
in the direction parallel to B (E = 0)

We will continue to suppose that there is no applied field E ™. A priori, we
are led to represent the magnetic field as being purely axial:

B = B(2)e, (2.157)

which will be proved to be incorrect: the gradient in B along z necessarily
requires the existence of a component B,.. To see this, we assume a field B
which is axially symmetric, as is shown, as an example, in Fig. 2.10.

Fig. 2.10 Approximate representation of the lines of force in the case where the field B is
axially symmetric and axially non uniform. The contraction of the lines of force indicates
an increase in the intensity of B.

We need simply to consider the Maxwell equation:

V-B=0 (2.158)

(which signifies that the magnetic field lines should close) and to expand it
in cylindrical coordinates as suggested by the symmetry of the problem. The
units of local length are e; = 1, e = 1 et e3 = r, for the coordinates z,7, ¢
respectively”™. We then obtain:

73 Since B is constant in the laboratory frame, V A E = —9B/dt is zero and there is no
electric field, which is not the case in the frame of the particle!

74 Quite generally, the divergence of a vector can be expressed as (see Appendix XX):

V.B=—

[01(e2e3B1) + d2(e1e3B2) + 93(e1e2B3)] ,
erezes

where V - B is in fact a pseudo-scalar (see Appendix VII).
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0 10 10
V-B=—B,+-—(rB,)+-—B,=0. 2.159
0z +’I"8T(r )+r0g0 v ( )
By construction, Fig. 2.10 shows an axial symmetry of the B field, that is to
say 0B,/0¢ = 0, such that':

10 0
-—(@rB,)=——8,, 2.160
r 87’( v) 0z~ ( )
which implies that the inhomogeneity of the field B in its own direction
cannot exist without the presence of a transverse component, which is B, in
the present case.

1. The expression for B in the neighbourhood of its axis of symmetry, for a
weakly non-uniform field
Assume that we know a priori the expression for B,(z) and its gradient
(0B./0z),_, at r = 0. In addition, we can use Fig. 2.10 to see that B,
passes radially through a maximum on the axis of symmetry and that at
r=0,0B,/0r = 0. Based on this, we assume that in the region close to the
axis, (0B/0z),., ~ constant, such that the B, component is independent
of r to second order. Under these conditions, by integration of (2.160) over
r in the neighbourhood of the axis:

f 0B 1 0B
~ / z I _ = 2 z
rB, ~ /r ( 5% >r/=0 dr 5" < 5% >r=0 . (2.161)
0

The complete and correct expression for the field B when it is non uniform
in its own direction, and with the assumption of axial symmetry, is not
(2.157), but rather:

R . r (0B,
B =¢,B.(z) — erg < 9 >T0 . (2.162)

Note that the correction introduced by the B, component becomes more
important when the axial gradient is large, and as we move away from the
axis. Under the basic assumptions of our calculation, this correction is of
first order, and is in fact linear in r in the vicinity of the axis.

Because the B, component is zero, and therefore B = &, 5, + €,B., we
can express B in Cartesian coordinates in the following way:

1 (0B, 1 (0B, R .
B=—= &, — =y | — B.é, . 2.1
2x< 0z )z_y_()e 2y( 0z )o,oey+ © (2163)

2. The trajectory of a charged particle in the calculated field B
We must solve:
MW = ¢o(w A B) . (2.164)
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From our assumptions, the component of velocity perpendicular to B can
be obtained, to first approximation, by supposing that the cyclotron mo-
tion takes place in a locally uniform field. All that remains is to calcu-
late w).

3. The equation of motion in the direction of B,
Since the field B is not completely uniform along z, the velocity of the
guiding centre in the same direction does not remain constant.
To calculate this, set w = w,&, + w,&, + w.€,, and consider (2.164):

MW = &:qa[Byws — Bowy] . (2.165)

The variation of the guiding centre axial velocity described by (2.165)
stems from the first order of our calculation method. It is therefore correct
to use the zero order velocities in the plane perpendicular to the z axis to
develop (2.165):

1 (0B, 1 (0B,
MW R .40 |—3Y Wy + =T wy| (2.166)
2 0z 0.0 2 0z 0.0

where the term (BBZ/Z?Z)O’O is, by assumption, of first order while z, ¥,
w, and w, are of order zero; the term on the RHS of (2.166) is thus of
first order.
4. Solution of the equation of motion

The expressions for the position and velocity in the plane perpendicular to
B are, from the assumptions of the approximation method, those already
obtained in a uniform field B (Sect. 2.2.2, E = 0). They can be written
more succinctly:

A
wy, = Asin(w.t — @), x = —— cos(wet — @) , (2.167)
We
A
wy = Acos(wet — ) , y = — sin(w.t — ) . (2.168)
We

Setting w,(0) = 0 and wy(0) = wyo, which leads to ¢ = 0 and A = wyo,
respectively, we obtain:

w
Wy = Wyo SiDwet z=——22 cos wet (2.169)
We
w
Wy = Wyp COSWet , y = —Lsinw,t . (2.170)
1 1 o,

This solution is such that, with w. > 0 and B entering the page, the
electrons are seen to rotate in the anti-clockwise direction; to check it,
consider the values of x and y at ¢ = 0 and ¢ = 7/2w,. There is thus a
change in convention, and to re-establish the motion in the true direction,
we need to set w.. = —eB/m instead of w.. = eB/m.
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In order to come back to our initial conventions (Sect. 2.2.2, E = 0), we
must take w, = Acos(w.t — ¢) and wy = Asin(w.t — ) with wy(0) =0
and wg(0) = w,o at t = 0. This yields:

w
Wy = Wgo COS Wt r =2 sin wet , (2.171)
We
w
Wy = Wy Sinw,t , y=—2coswet . (2.172)
We

We can easily verify that (2.169) and (2.170) lead to 2% +y? = (wyo/w.)? =
r%. Thus, by substituting (2.169) and (2.170) into (2.166):

2 We We
MaW) = _Ge 0B, wio
ol 2 0z )0 \ we

Go (OB, ) (r%wgma )
= o , 2.174
2 ( 0z 0,0 4B ( )

where, to allow for the sign of w., we have chosen, exceptionally, w, =
(qa/ma)BH"’. Simplifying:

. 1 T%wf 0B,
=__- B 2.1
’LU” 2 BH 0z 0.0 ( 75)

from which, finally, after integration:

« [ OB, w2 w?
MW = ézq_ <—> — O sin? wt — 2 cos?wet| ,(2.173)
0z /o

é 1 (0B
w(t) = wy(0) — =rEw? — ( ) t. (2.176)
H H 27 1\ 9z /g

This is the velocity, entirely parallel to B, of the guiding centre in the case
where the gradient in B is principally in the direction of the field.
From (2.174), we can also derive an expression that will be useful later:

1 1 0B 0B
F = D = —— 2 z = — 2 . 21
L = MaW)| 2mo,wlO B, < P )0’0 u( P >0,0 (2.177)

Appendix X suggests another demonstration of expression (2.177). In ad-
dition, Appendix XTI uses (2.177) to show, with a different method than
that developed from (2.149) to (2.156), that u is a constant of motion in
the guiding centre approximation.

75 B) represents the value of B.(z) along z = 0 (region of uniform B).
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5. Analysis of the motion w): retardation or acceleration of charged particles
along an axial gradient in B
Following (2.176), the gradient B, /0z subjects the charged particles to:

- either a retardation if 0B./0z > 0 because in this case w(t) slows
down as a function of time, and finally changes the sign of the RHS
of (2.176) with respect to the LHS. If By is the value in the uniform
B region and Bpax the maximum value of B (Fig. 2.11), the region
By < B < Bpax where the particles are subject to reflection is called
a magnetic mirror.

- or an acceleration if 0B,/0z < 0, as is the case after reflection by a
mirror, for example.

N
_/ -

(b)

Fig. 2.11 a Magnetic

field for the confinement of Binax

charged particles showing

the mirror zone where they

are reflected. b The value

of B increases as the lines B
0

of force (figure a) get closer i

together. z

mirror

The type of action exercised by 0B, /dz on the velocity depends neither
on the charge of the particle or its mass, because from (2.176):

A 02
e, w{ (0B,
=wjy— ——+ t 2.1
W) = Wijo QB|<52 >007 (2.178)

and there is thus the possibility of confining all the charged particles. The
efficiency of the confinement depends, finally, on the ratio w (0)/w (0): if
it is too large, the mirror cannot play its role, as we will show below.

Remark: The role of the magnetic mirror (Fig. 2.11) can also be understood
from the fact that, in the absence of an applied F field and within our
guiding centre approximation, the total kinetic energy of the particle is
conserved:

W + W) = constant (2.179)
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and only the ratio W) /W, can vary, thus:
dVVH =—dW, . (2.180)

In addition, from (2.177), we can write the infinitesimal element of work
effected by the particle on the field B in terms of the kinetic energy parallel
to B76:

Inserting (2.180) in (2.181) and because u = W, /B (2.148), we have:

dWL = [LdBH = %dBH (2.182)
I
or also: AW W
1 1
=—=yu. (2.183)
B B

This result signifies that if B) increases, W, must increase, such that the
ratio W /B|| remains constant. When the particle enters into the mirror
zone, its energy W) will decrease, if need be to zero, after which it will
increase again after being “reflected”. Since W increases in the mirror
neck (Fig. 2.11a), and because rp = W, /B, the question is whether the
value of rp could become so large that the particle reaches the wall. In
fact, the value of rp in the mirror zone decreases because the value of B
increases more rapidly”” than W, .

6. The loss cone in the magnetic mirror of a linear machine
Consider the typical configuration of a linear magnetic confinement ma-
chine, with a mirror at each extremity such as that shown in Fig. 2.12. We
are looking for the conditions such that the incident particles “cross the
mirror”, i.e. are lost.
Consider a particle traversing the uniform zone with a velocity wg (making
an angle g with B), as is shown in Fig. 2.13a. Let us now separate the
velocity of this particle into parallel and perpendicular components with
respect to the field B. Thus in the region of uniform field (Fig. 2.13b),
wy = wo| + woL (the subscript 0 indicates that the particle is in the
homogeneous field region of the machine) where:

76 In (2.177), we found F = —pudB./dz, from which Fdz ~ —pdBy.

7 To verify this assertion, it is sufficient to differentiate r% = w2 /w2. Taking (2.182) into

account, we find
moW, (dB)
drgp = — 5 \ = )
quaB” B,

In consequence, if the gradient of B, is positive (mirror zone), the Larmor radius effectively
decreases when B increases (drp is negative).
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Wo|| = Wo COS Qg (2.184)

wo | = wp sinayg , (2.185)

By

mirror uniform B region

z

Fig. 2.12 Typical configuration of the confining magnetic field of a linear discharge
in which each extremity is closed by a magnetic mirror (a configuration referred to as
“minimum B”).

()
Bmax

Bo mirror

(b)

Fig. 2.13 a Orientation wos A
of the velocity vector with
respect to the z axis in the Wo
zone of uniform B (ao)
and the mirror zone (o).
b Decomposition of the
velocity wg along the z axis
(wg);) and perpendicular to >
it (wo)- Wo|

@

In the absence of an applied F field and with the assumption that B varies
slowly along z, we know that m,w3/2 = constant (where only the ratio
w, /w) can vary) and that the magnetic moment 4 is constant to first
order.
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We can thus establish a relation between the velocity in the uniform field
region and that in the mirror, noting that from (2.168):

1 2 o2 1 2 2
smeowisin® ag  Fmewg sin® o
= = , (2.186)
Bo B

where w| = wg sin « in the mirror region, such that:

B
sin o = sin a4 / B (2.187)
0

There is a reflection of the particle in the case when o > 7/2. Equation
(2.187) shows that if o is sufficiently small (corresponding to a large
enough “parallel” component of velocity of the particle in the homogeneous
field region), the value of B/By cannot be large enough to reach at least
a=m7/2 (sina = 1); it is certainly true for ap = 0! When this is the case,
the particle will cross the mirror and be neutralised on the end walls, and
it will be “lost” for the plasma. We will denote «yg,, as the minimum angle
of o for which there is still a reflection of particles at the maximum of
the field Bpax. If we define the mirror ratio by:

R = Bumax/Bo , (2.188)
the value ag,, is obtained for sina =1 in (2.187):

Bmax
Bo

1
TR
The angle «y,, defines a cone, in the interior of which the particles leave the
plasma at the end of the machine. Note that the efficiency of a magnetic
mirror to reflect charged particles is independent of the modulus of the
velocity of the particles (wg) as well as their charge and mass.
7. The percentage of incident particles reflected by a magnetic mirror
We will consider the preceding magnetic field configuration (Fig. 2.13a)
and suppose that the angular distribution of the particle velocities is
isotropic in the uniform region: in other words, the density n(ay) of parti-
cles with an angle «q is the same for each value of ag. We wish to calculate
Cy = I+ /e, the fraction of incident flux I}y, reflected by the mirror,
knowing that there is a reflection if cg > agp,-
To do this, we must calculate the number of particles per second that are
directed towards the mirror, [j,., and then subtract the number of them
for which ay < ag, (and which are not reflected), which will lead us to
I.. Tt is sufficient to establish such a balance for each value of ap on an
elementary solid angle df2, independently of the value of the azimuthal

1 =sinagn, (2.189)

and finally: sin o, = (2.190)
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angle ¢ owing to axial symmetry. We therefore consider the solid angle
d2(ag, ) in which the particles enter (Fig. 2.14). To this angle d2(ay, ¢),
there corresponds an elementary surface do(ag) directed along ag, whose
projection perpendicular to the mirror axis, do(ag)cosag™, constitutes
the effective surface traversed by the incident flux in the direction of the
mirror.

do

ds?
Fig. 2.14 Elementary
surface do(ag) collecting
particles of velocity wo
directed along ap and
entering the solid angle d{2. z

[€70]

We then have:
Tine(ag) = nwg do(ag) cos ag (2.191)

where, as we have seen, n does not depend on «g.
By definition do = r2df2 where df2 can be expressed in spherical coordi-
nates (r, cag, ) as:

df? = sinag dag dy . (2.192)

The axial symmetry implies that the integration over ¢ yields 27. We can

then write:
o I, nwer?(2m) f;o/z cos ay sin apdayg (2.193)
"7 e nwor2(2m) foﬂ/z cos o sin aigdag . .

The result is independent of the magnitude of the velocity, thus it is valid
for all particle energy distributions.
Simplifying, and after a trigonometric transformation:

/2
IS/Q sin 20&0(10[0 —cos 20[0 o
oI _ w. o
/2 . ™/2
Jo Tsin2apdag g 20
0

which gives:

C, = 1+ cos2aom, _ [1 + (1 — 2sin” OéOm)] =1 — sin? Qom
92 2
By

3
Bmax

=1- (2.195)

78 Recall that a flux is by definition always evaluated normal to the surface that it traverses.
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from which, finally:
C.=1——=. (2.196)

Remarks:

1. The fraction of reflected particles becomes larger as R increases, that is
to say as Bpax becomes more important relative to By.

2. Satellite measurements have provided evidence for the existence of belts
(layers) of high energy charged particles surrounding the earth. These
particles, essentially electrons and protons from the solar wind, are trapped
in the earth magnetic field and reflected at the poles: the lines of force of
the B field become tighter at the poles, forming a mirror.

3. The particles confined in a system with a mirror at each extremity will
oscillate between the two mirrors (see exercises 2.15 and 2.16).

Constant magnetic field, but non uniform in the direction
perpendicular to B

The following section is divided into two parts: 1) the field lines are assumed
rectilinear; 2) the curvature of the field lines is taken into account.

1. Field lines assumed rectilinear
We consider B entirely directed along the z axis and uniform along this
axis. The gradient which affects it is, by hypothesis, perpendicular to it and
uniquely directed along the y axis: VB = (0B/0y)é, and thus 0B/0x = 0.
In this case, we will assume that B increases slowly with y such that B
can be expressed by:

B(y) =é.Bo(1+8y), 0<f<1. (2.197)

)
\ %

Fig. 2.15 (Trochoidal)
trajectory of an electron in
the plane perpendicular to
the field Bé, which is non
uniform in the direction Oy
(2.197). There is a magnetic
field drift along x.
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If the field were uniform (5 = 0), we would have a cyclotron gyration of
constant radius in the plane Oy (the dotted trajectory in Fig. 2.15). Due
to the inhomogemeity of the field in this plane (8 # 0), the trajectory is
no longer an exact circle, and it does not close on itself, as is shown in
Fig. 2.157: this is due to the fact that the Larmor radius decreases, and
with it, the radius of curvature of the trajectory, whenever the particle is
moving towards increasing values of y (in the example considered), with the
result that the guiding centre shifts. The guiding centre drifts, on average,
along increasing x if the particle rotates in the clockwise direction as shown
in Fig. 2.15; this average motion (over many periods) is called the magnetic
field drift. Tt occurs in the direction perpendicular to B and to V|B|, hence
its alternative designation as the V|B| drift. We will now calculate the
velocity wg,, of this magnetic field drift.

- The instantaneous velocity of the guiding centre
To find dR,/dt, where R, is the instantaneous position of the guid-
ing centre (Fig. 2.16), we will call on our adiabatic approximation:
the motion of the particle is determined to zeroth order by the cy-
clotron gyration in the field B, when the effects of its non-uniformity
are ignored: this motion is perturbed, to first order, by the magnetic
field drift.

Fig. 2.16 The vector R
describes the position of the
guiding centre in the frame
of the particle (in this
case an electron), which
itself is at position 7 in the R r
laboratory frame. Note that
R is perpendicular to the
cyclotron trajectory at the
point considered and that
Ry, =7+ R. T 0

Zeroth order motion: calculation of R

The radius of the gyration vector R gives the position of the guiding
centre with respect to the particle, as illustrated in Fig. 2.16, and we
will show that:

Ma
R= 5% (wA B) . (2.198)

To demonstrate this expression, we need only recall that, in general,
for a particle situated at v’ with respect to the axis about which it is

79 According to our adiabatic approximation, many complete gyrations are required for
this phenomenon to manifest itself.
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rotating with a frequency w, the tangential velocity obeys w = w A 7’.
In the present case, this translates into:

qgoB

Ma

w=+2"AR. (2.199)

Multiplying this expression vectorially on the right by B, yields:

wAB=2(BARAB. (2.200)

Ma

Recalling that the double vectorial product obeys the following rule:

PAQAT)=Q(T-P)-T(P-Q), (2.201)
hence:

(QAT)AP=T(P-Q)-Q(T-P), (2.202)
we find that:

wAB = ;—" [R(B-B)- B(R-B)] , (2.203)

where the term R - B is zero, because to zeroth order the vector radius
of gyration R is necessarily perpendicular to the guiding axis. Then
(2.203) leads to (2.198)80:

Meq
R=_"h(wAB). (2.198)

First order motion: calculation of R,

We have assumed till now that the lines of force are rectilinear. In order
to avoid repeating the calculation when tackling point 2) where the lines
are curvilinear, we set B = Bépg rather than B = Be,, where ép is
the unit vector tangent to the field line, which takes into account the
possible curvature of these lines.
Following Fig. 2.16:

R,=r+R, (2.204)

where R describes the guiding centre motion in the frame of the parti-
cle, which is itself at position r in the laboratory frame. We can then
rewrite R (2.198) in the form:

Ma

R= "t(whep). (2.205)

80 Tn fact, it is sufficient to note that |R| = maw, /qaB (JR| = rp) and that R is
perpendicular to w and B.
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The derivative of (2.204), taking (2.205) into account, gives®!:

AR, _dr AR ome dB
e~ dt | odar qu B2 dt B
n M d_w/\A . Me /\déB
qaB \ dt °B qo B v dt ’

where dép/dt = 0 when we assume that B is directed parallel to the
z axis (case 1). In the context of point 2) which follows, where we
make the assumption of a weak field curvature, we will neglect the term
comprising dég/dt 32. We can therefore take B = &,B and (2.206)

reduces to:
dR, mey dB me (dw
—= =w — —(wAB — AB) . 2.207
@ Y a BT < at ) (2:207)

In order to modify the third term on the RHS, we will take the equa-
tion of motion m,dw/dt = g,(w A B) and multiply it on the right
vectorially by B:

dw

Owing to the properties of the double vectorial product (2.199):
(wAB)AB=B(B-w)—w(B-B)=B(Bw)) —wB*, (2.209)

we obtain:

d
madi: A B = g (w) —w)B>. (2.210)

This expression can be substituted in the third term on the RHS of
(2.207), which after some reorganisation, becomes:

ng —

w -+ me dB
dt

hig WAB). (21)

— —w +wy)B?] —
p? L 1)B°]
After simplification, we find an expression for the (instantaneous) ve-
locity of the guiding centre in the laboratory frame:

ar, =~ Mma dB
dt 1™ B3 dt

(wi AB), (2.212)

81 If B is spatially non-uniform in the laboratory frame, it varies with time in the frame
of the particle, as already mentioned.

82 If we include the term dép/dt, its contribution will be of second order in an expression
which is of first order. In effect, dép/dt = (0ép/dy)dy/dt is a second order term.
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where the first term represents the guiding centre velocity along the
lines of force of the field B (zeroth order expression) and the second
term is that in the direction perpendicular to w, and B (first order
expression), a motion that varies with time as a result of the cyclotron
trajectory of the particle.

- The average velocity of the guiding centre in the plane perpendicular
to w, and to B: the gradient of the magnetic field drift velocity
In order to calculate the temporal average of the second term on the
RHS of (2.212), we rearrange it in the following form:

—my, dB —mq 0B . R « .
an(;’ E(w AB) = an(; a_ywy (we€s +wyéy +w.€.) A\ B.é;
—mg OB . «
= P B(; a—y’LUy(exwsz - eywaz) P (2213)

where the RHS is now expressed in the laboratory frame. Since the
temporal average of w,w, is zero® and that:

1 -
wi=cul, (i =wl+ud), (2.214)

the velocity associated with the average motion of the magnetic field
drift finally reduces to:

—mg OB w? .
——=e, .
qaB? 0y 2

(2.215)

Wam =

This expression can be transformed, since in a direct trihedral coordi-
nate system (contrary to a indirect one) —&, = &, A &, into:

2
wi 1
m = Me———=(B B 2.21
wy Ma— an3( ANV B) (2.216)
or, equivalently: (BAVE)

W N
= —— 2.217
O e B ( )

which is the magnetic field drift velocity of a particle in the presence
of a gradient in the field perpendicular to B and assumed to have no
curvature®?t.

The relation (2.217) could have been obtained directly from the gen-
eral expression giving the drift velocity of charged particles subjected

to a magnetic field in the presence of a given force, as is shown in Ap-

83 Larmor motion: if wg is proportional to sinw.t and wy is proportional to coswct, since
these two functions are orthogonal, the time integral of w,w, over a period is zero.

84 In fact, this gradient is related to the lines of force because 8 ~ 1/p (XIIL.18).
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pendix XII. Appendix XIII allows us, in addition, to write (2.217) in

the form: )
L wi(p
m=——t (L AB) . 2.218
W w.B 2 (p2 ) (2.218)

where p is the radius of curvature (see Fig. XIII.1). It will be useful to
compare this expression with that of the curvature drift velocity, which
we will now calculate.

2. Accounting for the curvature of the field lines
The magnetic field drift, for which we have just established the equations
of motion, cannot exist alone, because the lines of force of B which we
have supposed to be rectilinear by setting:

B =¢é.By(1+ By), (2.219)

where 5 < 1, are not really so! In fact, although Maxwell’s equation for
the divergence of B:
0B, 0B, 0B,

"B = ‘ = 2.22
v 8x+8y+8z 0 (2.220)

can be trivially verified, in contrast to Maxwell’s equation V A B = 0%°,
since the curl operates on (2.219). It requires that the field B be in the
form:

B = &,(8Boz) + &:[Bo(1 + By)] (2.221)

as is shown in (XIII.7). Note that the component along y is of first order
(8 < 1). These field lines, which we find in a toroidal configuration, are
schematically drawn in Fig. 2.17: the greater the distance from the origin
of the frame, the more the contribution from B, becomes important.

Fig. 2.17 Lines of force
y(2) in the presence of a
gradient in B in the direc-
tion perpendicular to B. z

85 Tn general V A H = J + €90 E/dt: however, in the context of the individual trajectories
model, we neglect the current associated with the charged particle motion, J = 0, as well
as the corresponding displacement current g0 E/0t. This last term is non zero in the case
of a variable electric field E applied from outside.
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The expression (2.221) represents a field B with lines of force characterised
by a local curvature p. Recalling that the radius of curvature at a given
point A of a curve is the distance between that point and the point of
intersection of two normal vectors to the curve situated immediately on
either side of A (Fig. XIII.1 of Appendix XIII), one can show that p is
approximately 1/5 (XIIL.18).

- Magnetic curvature drift velocity

This field curvature is associated with a particular drift motion, per-
pendicular to the lines of force (hence a velocity perpendicular to B,
as with the other drift velocities already defined). We will determine
the average temporal velocity of this drift called the magnetic cur-
vature drift, by resorting to the general expression for the drift of a
charged particle subject to a given force F'p in a magnetic field B
(Appendix XII).

For this, we need to know the expression for the force exerted on the
particle by the curvature of the lines: during its helical motion around
the lines of force, the particle experiences a centrifugal force, for which
the corresponding inertia term is of the classical form:

maUJﬁ R
ch = —T ey y (2222)

where w) is the velocity parallel to the line of B at a given point and
€, is the base vector linked to the coordinate system of the particle and
directed towards the “instantaneous centre of rotation”: we then have
p = —pé,. Following (XII.2), the drift velocity in the curved magnetic
field is then:

mawﬁ B
e = A 2.223
wd qap?®B? P ( )
or equivalently:
w?
| PAB
e = —— . 2.224
wd wc pQB ( )

- Total drift velocity due to the presence of a gradient in B in the direction
perpendicular to B
From (2.218) and (2.224), we obtain finally:

ANB |1
wan +0ae =~ 505 [0t + ]
c

T 7

Charge Magnetic Magnetic
sign field drift curvature drift

(2.225)

Remark: These two contributions to the drift motion are in the same
direction, defined by the vector —p A B, but whose sense depends
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on the sign of the charged particle. This drift can therefore create a
separation of charges in the plasma, generating an electric field®¢. This
effect causes a loss of charged particles in tokomaks, because they are
directed to the walls, as we see in the following.

- The evolution of the drift motion tied to the magnetic field in a tokomak
Figure 2.18a is a schematic representation of the configuration of the
coils producing the toroidal field in a tokomak: this magnetic field,
imposed by the machine, is directed along the z axis. Because the coils
are closer towards the central axis of the torus, than at the outer radius,
the B field is inhomogeneous as a function of %7 and, due to this, it
acquires a curvature. We will examine the different effects to which the
particles are subjected in the presence of this toroidal field by referring
to Fig. 2.18b.

(b)

=
=27 toroidal field

/ﬁ e

/ y E\ B

Fig. 2.18 a Schematic representation, showing the positioning of some magnetic
field coils around a toroidal vessel: because they become closer towards the central
axis of the torus, the field B increases along x. b Section of the toroidal vessel
showing the charge separation created by the particle drifts in the toroidal magnetic
field.

- The two magnetic drifts create a separation of charges along y
(electrons downwards, ions upwards: the direction of the drift is that
of g, in (2.217)).

- This separation of charges creates a field E (perpendicular to z
and z), directed downwards, opposed to the magnetic field drift cur-
rent, giving rise to a weak current.

- The fields E and B then create an electric field drift, which is ori-
ented according to E A B (crossed-field case, (2.222)). In the electric
field drift, positive ions and negative electrons are displaced in the
same direction: in the present case, they are directed towards the
external wall of the torus (the vector product rule applied to the

86 Except in structures where the magnetic configuration is closed on itself (a magnetic
structure with rotational symmetry, for example).

87 Note: direction designated by y in the previous discussion.
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right trihedral coordinate system yields —&, A é, = —&,). These
charged particles are then “lost” to the fusion plasma: they recom-
bine at the wall losing their energy, additionally inflicting damage
on the wall.

Remark: The plasma particles subjected to a simple toroidal magnetic
field do not remain confined, as we have just seen, and a supplemen-
tary magnetic field, called a “poloidal” field, is used to reduce the drift
effects. This second magnetic field provides a slight azimuthal variation
to the toroidal magnetic field line configuration, forming a helix around
the minor axis of the torus, in order to prevent particles from traveling
to the walls.

Problems

2.1. Consider electrons and ions, of mass m, and m; respectively, subject
to a constant electric field. Assuming that the average time 7 between two
collisions is the same for electrons and ions, show that the (average) kinetic
energy acquired by an electron in the time 7 is m;/m. times greater than
that acquired by an ion in the same time.

Answer

We know that: d d
We w;
F=lglE=m¢e—— =m;—— . 2.226
41 = me=g= =mig (2.226)
The same force, with opposite sign, acts on the ion and the electron. From
this, for a time 7 between two collisions:

T

/ Fdt = mfwe(r) — we(0)] | (2.227)
0
= m;[w; (1) — w;(0)] (2.228)
and, to simplify the problem, setting w,(0) = w;(0) = 0, we obtain:

we = Wy, . (2.229)
Me

The ratio of the kinetic energy of the electron to that of the ion is then:
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m; 2
m ? 2
Ece e 2/2 e( e) Wi i
- m we/ o m _ m ' (2230)

279 2
Eei  muwi/2 m;w; Me

2.2. Consider the motion of an electron (o = e) or that of an ion (o = 7) in
the plane perpendicular to a magnetic field B = Bé, present in the plasma,
as shown in Fig. 2.4.

a) Calculate the direction and amplitude of the magnetic moment pu, of an
electron and an ion in cyclotron rotation about B.

b) Calculate the macroscopic magnetisation M, (magnetic moment per unit
volume, expressed in A /m) induced by the electron (o = €) and ion (o = )
populations rotating in the field B:

M,y = /uwfa(w) dw . (2.231)

Assume that the velocity distributions f,(w) for the electrons and ions
are Maxwellian, with temperatures T, and T;, respectively.

c¢) Calculate the total macroscopic magnetisation M and discuss the respec-
tive contributions of the electron and ion populations to the plasma dia-
magnetism.

d) Assuming that n, = n; = n and T, = T; = T, deduce the magnetic in-
duction B resulting from both the applied magnetic induction By = Byé,
and the component pgM due to the diamagnetism of the plasma. Write
the condition for which the intensity of the field B in the plasma becomes
equal to half By.

Numerical application: By = 2 x 10~ 2 tesla (200 gauss), T, = T; = 35000 K.

Answer

a) The cyclotron motion of an electron and an ion in the plane perpendicular
to the magnetic induction B can be described by equation (2.68):

Wy = Wea A TBa (2.232)

where: B
Wog = — T2 (2.233)

Me

For the electrons, w.. and B are collinear with the same sign, i.e. the
same direction, while for the ions, w.; and B have opposite sign. On the
other hand, the currents ¢, and %; associated with the cyclotron motion
of electrons and ions are in the same direction, because of their opposite
charge, as shown in the Fig. 2.4. They induce a magnetic field B’ in the
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B, B,
wne (> w €
. W] e .
Ze TBe (2% —TB;
w4
He Hi

Fig. 2.19 Characteristic parameters of the cyclotron motion of an electron (left) and
an ion (right) in a magnetic field.

direction opposite to B (Biot-Savart Law (2.70)); for the same reasons, p;
and p. are anti-parallell to B, as shown in Fig. 2.19.
The modulus of the magnetic moment p is defined as the product of a
current density ¢ circulating in a closed loop with surface S. In the case of
a cyclotron gyration:

Pza = TThoia - (2.234)

The current induced by the rotational motion is then:

. QQwCOL

@ ) 2.2
) o (2.235)
such that (2.148):
2
MaW
zow — . 2.2
a 2B (2.236)

b) For an ensemble of particles of type a, the average value M, of the macro-
scopic magnetisation (in the hydrodynamic sense) is given by (3.39):

M., = /,uzfa(w) dw , (2.231)

w

i.e. (neglecting the subscript «):

3
1 [ mw? m 2 mw?
R - dw 2.237
M B/ 2 " (27rkBT) eXp( Zk:BT) v (2.237)

which can be expanded:
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507 2

nm m 9 muws
=y - d T
M- =35 (27rkBT> /wmeXp( 2k:BT) v

mw
X / exp <_2k3;> dw, / exp (— 2kBZT) dw,
I mw? T, mw?
+ / exp ( 2k3T> dw, / w,, exp TokaT dwy
x 7ex UL P (2.238)
P\ 2kpT ) " ‘
and this reduces to: T
Mo = "a% (2.239)

In vector form, taking account of the sense of the induced magnetisation
M, with respect to B:

nakBTa
c¢) The total magnetisation is the sum of those induced by the ions and the

electrons, i.e.:

B
M= ~52 (nekpTe +nikpT;) . (2.241)

If T; < T., M is induced solely by the electrons.

If T; = T,, the contribution from the ions is equal to that from the elec-

trons.

d) For n, = n; =n and T, = T; = T, we have from (2.241):

(2.242)

where p is the pressure exerted by the charged particles, referred to as the
(scalar) kinetic pressure (p. 205).

B is the magnetic induction in the plasma and results from the vector
addition of the applied field By (which exists in the absence of the plasma)
and the field created by the motion of charged particles, i.e. poM (the
magnetisation M giving the magnetic field, the corresponding magnetic
induction is thus obtained by multiplying the field M by pg, the vacuum
magnetic permeability). We then have:
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B = By + oM =B — (2.243)

p
—B
B2/2p0
B(1+-2 )=B,. (2.244)

B2 /2p0
The diamagnetism of the plasma causes a reduction of the applied mag-
netic field, due to the motion of the charged particles in the same field.
The diamagnetism can be neglected (B ~ By) if:
B2
<K —, 2.245
P (2.245)

i.e. the kinetic pressure p remains much smaller than the magnetic pressure
B2/2/L0.

The magnetic induction in the plasma is half the applied magnetic field
(B = By/2) if:

B2
== 2.246
P= 5 (2.246)
that is: B2
= —". 2.247
" 2,U()I€BT ( )

Numerical application

From (2.247), we obtain:

10~*
n =
2 x 47 x 1077 x 1.38 x 1023 x 35000

=824 x10m™?,

=824 x 108 em™3 . (2.248)

Remark: Maxwell’s Law for the curl of H applied to the field M leads to
Jpm =V A M. Since M is uniform in the plasma:

VAM=0, (2.249)

thus Ja¢ = 0: no macroscopic current is induced. On the other hand, in
regions with gradients in M (boundaries of enclosed plasmas), the diamag-
netism of the plasma actually induces magnetisation currents (J g # 0).

2.3. Consider a particle of charge ¢ subject to uniform, static magnetic and
electric fields which are perpendicular to each other. The particle velocity w
can be decomposed according to w = wp +w’, where wp is the electric field
drift. From the equation of motion, show analytically that w’ represents the
motion the particle would have in the magnetic field alone.
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Answer

The equation of motion can be written (2.5):

dw

in which we substitute wp + w’ for w knowing that:

E, NB
wn ==

noting that dwp/dt = 0 because E and B are constant in time. We find:

(IX.2)

dw’ EL NB
=q|E - — B "ANB| . 2.251
mdt q[¢+( 22 )/\ +w/\} (2.251)
From the double vector product:
QNTYANP=T(P-Q)-Q(T-P), (2.252)
this becomes:
EANB B(B - E)—- E(B?) B?
(7) AB = =2 =Bz (2.253)
from the assumption that E is perpendicular to B.
Finally:
d /
;’ = q(w' A B) , (2.254)

which is precisely the motion of a particle in a magnetic field alone.

2.4. Consider the motion of a charged particle in a uniform and static mag-
netic field B, and a uniform electric field F, directed perpendicular to B and
slowly varying in time. The velocity of the particle is denoted by w.

a) Show, by expressing the velocity w in terms of the following three velocity
components:
w=wp+w +w,, (2.255)

where wp is the electric field drift velocity and:

m OF
== 2.2
Yr= B2 o (2.256)

that w’ and w, then obey the equation of motion:
mw’ + mw, = q(w’ A B) , (2.257)

where m is the mass of the particle and ¢ its charge.
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b) Consider a periodically varying field E(t), with an angular frequency w.
Show that if the frequency of the field oscillation is small compared to w,
for the cyclotron gyration, then the w’ component describes the cyclotron
motion of the particle in the B field alone.

¢) Show that there is no net current (ions and electrons) associated with wp
while, on the other hand, w), leads to a current which is referred to as the
polarisation current:

J, = ';—";E , (2.258)
where p,, = (m. + m;)n is the mass density of the electrons and ions (of
masses m,. and m; respectively) and n, the charged particle density. The
velocity w), is called the polarisation drift velocity.

d) By considering the total charge current (the conduction current and the
displacement current 9D /0t), show that the relative permittivity of the
medium with respect to vacuum is given by:

Pm
=1 . 2.2
€p + B (2.259)
To do this, recall from (2.45) that:
oD oD’
= =— 2.2
Jr o T J. 5 (2.260)

where D’ = €y¢, E is the displacement current in the dielectric description
(see (2.43)).

Answer

a) Equation (2.257) signifies that the presence of the field E does not quali-
tatively modify the helical motion (described by w’: to be shown in b) of
the particle.

We know that the equation of motion is linked to the Lorentz force by:

mw = q[E +w A B], (2.261)

independent of the form of E and B.

In the present case, we make the assumption that the total velocity can
be expressed in terms of the three vectors given by (2.255). Developing
(2.261) in terms of these different velocities, we obtain:

mwp +mw' +mw, = q[E + (wp A B) + (w' A B) + (w, A B)] (2.262)

and, replacing w, on the RHS by equation (2.256) and wp by its vector
form:
_EANB

e (2.263)

Wp
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we obtain:

EANB
mwp +mw' +mw, = ¢{ E+ (T)/\B + (w' A B)

double vector product

-E
md (ENB
—— [ —— . 2.264
+th< B2 ) (2:264)
= mwp

From the double vector product (see problem 2.3), this becomes:
mwp +mw' +mw, =q¢{E - E+ (w' A B)} + mwp (2.265)
and finally:
mw' + mw, = q(w’ A B) . (2.257)

b) We need to show, starting from (2.256) and (2.257), that |w,/w’| < 1.
Setting F = Eyel“?, we can write:

maw, B miw? 1
mw +maw,| | ¢B2 °||quB
2 2
w E w | jw
w? | | Bw w2 |l w

which indicates that we require not only w/w. < 1 but also, preferably,
wp < w', which is an acceptable hypothesis.

c¢) Since the velocity wp does not depend on the charge of the particles, the
corresponding conduction current density is zero, because:

JD:ZnaqawD:nwD(efe):O. (2.267)

[e3%

For the conduction current referred to as the polarisation current, we have:

E ne(—e)me  ni(e)m;
Jp = Znaqawpa = ? |: e + °
=5 n(m; +me) , (2.268)
E

= 53 P - (2.269)
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d) The conduction current J. reduces to J,, as we have just shown. In addi-
tion, because quite generally:

oD oD’
Jr=—+J. = — 2.260
T=% T (2.260)
in the present case this reduces to:
Jr=eE+J,=¢cFE (2.270)
and from (2.269):
Jr=e¢FE + ﬁpm =, (2.271)
such that we obtain, as required:
o =1+-Lm (2.259)

B260

2.5. Consider a plasma subject to a high frequency electric field Ege'?, di-
rected arbitrarily with respect to a static magnetic field of intensity B, both
fields being spatially uniform. In the framework of the “individual motion
of charged particles” description, calculate the conductivity and permittivity
tensors for electrons whose motion is associated with the particular solution
of the non-resonant equation of motion. Assume B is directed along the Oz
axis and express E | in terms of the Cartesian coordinates x and y. The mul-
tiplying factor for the tensor o should be such that it reduces to a unitary
matrix for B = 0.

Answer

In order to obtain wa, the particular solution to this problem (see Sect. 2.2.2,
p. 123), we used the frame of Fig. 2.10, which led us to the expression:

wy = [aBq +bEo, + c(Eg. A B)| &' (2.127)

To transpose this result into Cartesian coordinates (z,y, z), as posed by the
question, we write:

wy = &, (aEq)) + &,(bEo,) + &, (bEo,) + c(é, Eox + &,Eo,) N&.B , (2.272)

where we have set Ey, = €,FEy,+¢&,FEy, and have canceled, for simplicity, the
dependence on e'“t. After regrouping the terms along the three base vectors,
we find:

wo = éy [bEOx + CEOyB] + éy[bEOy - CEOIB] + éz [CLEZ] . (2273)

Including the coefficients a, b and c¢ for the non-resonance solution from
Sect. 2.2.2 (Eq. (2.135)), we obtain:
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: 2
. iq w q B
wy =¢&, | —————=F ————F
2 x[mawg—oﬂ 0x+m§w§—w2 Oy]
. 2 .
. iq w q B R iq
+é, | ——— —————Fp. | te, |— E.| . (2274
o e e e e L R et
To develop the electrical conductivity tensor, recall that J* = O'ijEj

(2.121). By definition, the current density J* = nquw’ and we have, after
introducing the factor —ing?/mqw:

. 2 2 .

ing R w ig wB
J=- -—Y _F 49T g

MW {ez [( w2 — w? Ox) * Mo W2 — w? Oy}

c

2 .
. w igBw .
& |—-————Foy — ———5FE e.E. ;. (2275
o[ e e} - )
There are two components of o along €,, and recalling that ¢B/m, = —w,,
we find: ) )
w iwew
Oxx = w2 — wg ) Oxy = w2 Wg ’ (2276)
then, along €&,:
_ w? _ iwew
Oyy = R el Oyz = i ok (2.277)
and, finally, along é,:
0., =1. (2.278)
The tensor o, represented as a 3 x 3 matrix, has the value:
w? wew 0
., w? —w?2  w?—w?
ing . 9
g=— iwew w 0 (2.279)
Mot | =2 w2 w?—w?
0 0 1

and we can verify that if B = 0 (w. = 0), the matrix becomes unitary: the
plasma is no longer anisotropic.

For the relative permittivity tensor €,, we have for Eyelvt:

o
e, =I1+— 2.125
T weg ( )
such that:
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ng? w? ng®  iwew
1 2,2 2 2,2 2 0
megw? w? — w? meow? w? — w?
2 2 2
n iwew n w
S qz T 1- qz 2 _ 2 0 » (2:280)
meow? w? — w? meow? w? — w?
2
ng
0 0 B
meow
from which, finally:
2 .2
Wpe Wpe  We
1=— 2 2 2, 0
w? — w? w? —w?w
;o2 2
€, = Wpe We oy e (2.281)
=P 2 2 1 2 2 0 ) ’
w? —w? w w? — w?
2
w
0 0 1- £
w

2.6. Consider a uniform, alternating electric field of the form Ege™ !, to-
gether with a uniform, static magnetic field B along the z axis (entering into
the page). We wish to study the phenomenon of cyclotron resonance using
the coordinate frame rotating in the plane perpendicular to B. Expressing
the field F in the laboratory Cartesian frame in the form:

E=¢,E,+e,F,+¢&.FE,, (2.282)
the same field in the rotating coordinates frame is written:

E=é6,E,+é_E_+é.E.

_Catiey)  (e—idy)

V2 V2

a) Express the components E, and E_ in terms of the components E, and
E,. Determine which of the two unit vectors, €, or é_, rotate in the same
direction as the electrons during their cyclotron motion around B.

b) The conductivity tensor, expressed in the laboratory frame, for w # we,
and Ege ! has the following elements (exercise 2.5):

E_+é&.E. . (2.283)

w? —lww,

0

2 02 2 — o2
w? —w? w? — w?

o =oo iww, w? . (2.284)
2 2 0

— W2 — 2
ws w? — w;

0 0 1

w
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Show, by calculating the corresponding terms o} and o_, that this tensor
is diagonalised in the rotating frame.

¢) Show that electron cyclotron resonance leads to an increase in velocity of
the particles as a function of time, according to the relation:

wo = LE.,t. (2.285)
m

In other words, the electrons in their own frame “see” a continuous electric
field (w = 0) which accelerates them continuously between two collisions.
For this, develop the relation (2.146) in the laboratory frame.

Answer

a) We can develop (2.283) by regrouping the terms along the unit vectors in
the laboratory frame:
E L . [Ey+E_]+ i
= _el‘ _ [
Vo V2
which must be equal to the same vector E expressed in the laboratory
frame:

&,[Ey — E_| +é.E. , (2.286)

E=é,E,+é,E,+é.E, (2.287)
from which:
1
E,= —[B, +E_], 2.288
\/5[ + ] (2.288)
E,=—|E, - E_]. (2.289)

V2

By combining (2.288) and (2.289), we obtain the components of the field
FE in the rotating frame:

E, —iE
B, = # (2.290)
and, similarly: BB
g -ty (2.291)

V2

The components £, and E_, in terms of the components £, and E,,
thus correspond to the concept of a rotating field: the superposition of two
oscillating fields with the same frequency, perpendicular to each other and
in phase quadrature.

Since the rotating field E, can be written:

e, +ie,

E, = % Eie vt (2.292)
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taking the real part, we obtain:

E
E, = =L (&, coswt + &, sinwt) (2.293)

V2

from which it is easy to verify, in the Oy plane, that the vector &€, (and
thus the field E ) rotates in the clockwise direction, thus, according to our
convention (field B entering the page and w. > 0), in the same direction as
the electrons, as shown in the figure. Note that the intensity in expression
(2.293) originating from (2.290), is constant in the rotating frame.
Make sure that the orientation of the axes x and y is such that the field
along z enters into the page (right-handed frame).

b) Equation (2.284) gives us the components of the tensor in the laboratory
frame. Note that 0y, = oy, and 0,y = —0y,. Thus, by expanding the
current density J = o - E in the laboratory frame, we can write:

0 -FE=0,6,FE,+0,6,Ey — 03y Ey +04,6,E, +0..6.FE, . (2.294)

Replacing the components of the fields in the laboratory frame with those
of the rotating frame ((2.288) and (2.289)), we have:

1 1
oc-E= o.,.6,—|F,+FE_|+o,,6,—|F. —FE_ 2.295
o e s+ B+ 000 2By — B (2295)

1 i
— O0py€y—=|FL + E_|+ 046y —=|Fy — E_]+0,.6,F, .
oy slBs + -] + 0108, (Ey — )

Regrouping the terms in £, and those in F_:

+ A A ~ Ca
—= (€3 Oy + 165 05y — €y 05y + 1€y 045] (2.296)
\/§ ’ ’

E_ . n A n

— €3 Opx — 165 05y — €y 05y — 1€y 04z] (2.297)

V2

and introducing the base vectors €, and é_, we find:

&, +ié &, +ié
E z Y Oy + 1— Y o, } +
" [ V2 vz o
E_ {e”” \;;y g — 12 \;;y aw} . (2.298)

Finally, we obtain:
o E=F é ,0,,+iE & 0.y+F € 0,—1E_é_oyy+0,.6,FE,. . (2.299)

We can now introduce the elements of the tensor o in the rotating frame:
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P [E+é+(am Fiogy) + E_é_(0pg — i04y)| +0-28.E. . (2.300)
——— —_————
O'+ o _

which is an expression showing that, in the rotating frame, the tensor has
been diagonalised (there are no mixed components E,é_ or F_é&,). The
matrix can now be represented by:

d 0 0
W — We
o = oo 0 “ ol (2.301)
w + We
0 0 1

where the base vectors are €, €_ and €, respectively.
We can thus verify that the electron resonance is indeed directed along €
(w = we).

c¢) Consider (2.146):

. .9
1Ga do . ig,t iwt
= |- FE t—1)Ey — Ey NB
w2 MW of + 2maw (wt =) EoL meg( 0L )] €

(2.302)

where we have replaced the dependence ¢“? of the field E by e “! as
indicated in the introduction.
We will replace i by —i in (2.302). Since we are only interested in the
resonance phenomenon, we will ignore the term in the €, direction and the
second term in Eq,, which is time independent (which rapidly becomes
negligible). Writing this in Cartesian coordinates:

Ey, =é,FEy, +éyky,, (2.303)
this becomes:

ig?Bt

507 (€xFoy — &, o) . (2.304)

t . R
W0l = 2q_m (eJ;EOx + eyEOy) +

Knowing that at resonance, —¢B/m = w. and w = w,, from (2.304):

qt

W20l = om [(éwEOx + éyEOy) - i(éwEOy B éyEOw)} ) (2.305)
t .. . R .

waoL = 5 [62(Boz — iBoy) + & (Eoy +iFoa)] | (2.306)
t| /e, +ie .

W0l = % {<2y> (Eoz — 1E0y)] , (2.307)

such that, from (2.283) and (2.290), and multiplying by e™%:
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2.7. Consider a homogeneous, static magnetic field B = é, By and a homo-
geneous alternating electric field E = &, E, coswt (&, &, and &, are the unit
vectors along the Cartesian axes z, y and z).

a) Show that at cyclotron resonance, the contribution of this effect to the
velocity of particles of mass m is given by:

w = %Eot [cos(wt)é, + sin(wt)é,] + ﬁEo sin(wt)é, . (2.309)

b) Write the form of this motion at resonance explicitly. What does it repre-
sent?
c) In an alternating electric field E directed instead along é,:

E = Eysin(wt)é, , (2.310)

show that the contribution to the particle velocity at cyclotron resonance
can be written in the form:

w — %Eo (t - %) [sin(wt)é, + cos(wt)é,] — ﬁEa cos(wt)ey, .
(2.311)

d) A rotating electric field is applied in the xOy plane with an amplitude such
that £, = Fy, = Fy. Following the chosen direction of rotation, we have:

E = Ej[cos(wt)é, + sin(wt)é,] (2.312)

. E_ = Ej[cos(wt)é, — sin(wt)é,] . (2.313)

Based on the expressions for w and w’, calculate the resultant velocity
for a particle at cyclotron resonance w, > 0 in a field rotating to the right
(E4) and then a field rotating to the left (E_). What can you conclude?

Answer

a) In the presence of a magnetic field:
B = Bye, (2.314)
and in a periodic electric field perpendicular to it:
E = Eye'“'e, (2.315)

the particular solution (2.146) of the equation of motion at w = w, repre-
sents the effect of the cyclotron resonance on the particle velocity. We will
ignore the contribution to the velocity in the direction parallel to the field
B, since it is not affected by the field F, because it is perpendicular to B.
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In the 2Oy plane (2.142) we have:

igt
2wm?

wo = L(wt — i)E()éz - (E(]éz A B(]éz) eth . (2316)

2mw

We can then take the real part of this expression (knowing that ! =
cos(wt) + isin(wt)), from which:

wy = ﬁWtEO cos(wt)é, + ﬁEO sin(wt)é,
2
+ S Epsin(wt)(é; ANé,)By .  (2.317)
Since &, A &, = —&, (right-handed frame) and w = w. = —¢By/m, this
becomes:
wo = %E@t COS(UJt)éz — m Sll’l(wt)Boéy
+ ﬁEo sin(wt)é, . (2.318)

By setting ws = w, we obtain the relation from statement a):
w = %Eot[cos(wt)éw + sin(wt)e,] + ﬁEO sin(wt)é, . (2.309)

b) The third term on the RHS of (2.309) describes a periodic motion in the
direction of the field E (this is normal: it would also exist in the absence
of B) while the first and the second conjugate terms represent a periodic
rotational motion, of frequency w., whose amplitude continuously increases
with time: in other words, the particle describes a spiral. The modulus of
the corresponding velocity of this motion is wg = ¢Fot/2m, because the
contribution to the periodic motion along €, rapidly becomes negligible.
This increase in amplitude comes precisely from the resonance between w
and w,, called cyclotron resonance.

c) We use equation (2.317), in which the direction of the field E is along &,
rather than é,. Since é, A €, = &, we have:

t . . . %t . R
= 2q—mE0 cos(wt)é, + ﬁEo sin(wt)é, + 2:::WEOBO sin(wt)é,

%Eot [cos(wt)é, — sin(wt)é,] + ﬁEo sin(wt)é, . (2.319)

We now change the time origin by replacing t by t—7 /2w: as cos (wt — 7/2)
= sin(wt) and sin (wt — 7/2) = — cos(wt), we obtain from (2.319):
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w' = %EO (t B %) [sin(wt)é, + cos(wt)é,]

q R
— mEO cos(wt)é, . (2.311)

d) To get the resulting particle velocity in the field E (defined by (2.312)),
we simply add the velocities w + w’ from equations (2.309) and (2.311):

wroTs = %Eot[Q cos(wt)é, + 2sin(wt)é,] (2.320)
qEom . . . . qEo . . R .
e [sin(wt)é, + cos(wt)é,]| + ST [sin(wt)é, — cos(wt)é,] .

To obtain the resulting particle velocity in the field E_, we add the velocity
w with w”, where w” = —w, since then E = —FEj sin(wt)é,. This yields:

wror- =W —w'

=0

QLEOt [ cos(wt)é, + sin(wt)é, — sin(wt)é, — cos(wt)é, |
m : :

q T . A A
+ y ZEO [sin(wt)é, + cos(wt)é,]

q . A A
+ MEO [sin(wt)é, + cos(wt)é,] . (2.321)

We can conclude that if the field turns in the positive direction of w, (i.e.
if the particle velocity is not in the direction of the rotating field), the
velocity of the particle does not increase linearly in time and, therefore,
there is no cyclotron resonance.

2.8. Consider a magnetic field of the form:
B = By(1 — ecoskx)é, , (2.322)

where € is a parameter smaller than unity and k is a constant. This field
is used to axially confine charged particles at each end of a linear machine
whose centre is at = 0.

a) Find the expression for w) as a function of w)(0), w1 (0), € and k.
b) Show that particles will be effectively trapped if:

2¢
1—€’

wi (0) < w? (0) (2.323)

¢) Assuming an isotropic velocity distribution at = 0, calculate the number
of trapped particles as a fraction of the total number of particles.
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Answer

a) This is a case in which the magnetic field has a (weak) non uniformity in
its own direction, which corresponds to the situation treated in Sect. 2.2.3
(page 138); note that we are using here the = axis as the direction of B
rather than z. We know that the expression:

B = By(1 — ecoskz)é, (2.324)

is not complete, because the component of B (of order 1), required to sat-
isfy Maxwell’s equation V- B = 0, is missing. Nevertheless, this correction
does not appear in the calculation of the w) component. Finally, note that
the minimum value of |B|, |B| = By(1 — ¢€) is found at = 0 and thus
corresponds to the region situated between the mirrors: correctly speak-
ing, there is no region of uniform field in this machine, only two mirrors
at each end with a minimum in the magnetic field in between.

By transposing equation (2.176) along &, and setting B = B(x = 0),
we have:

é 1 0B
t) = w;(0) — =rjw? ——m— “ t, 2.325
) =m0 -Fritpr g (), 0
where w, corresponds to the value at B(z = 0). Since 0B;/0x =

Boek sin kx and rjw? = w? (0), we find:

wy () = w)(0) — %zwi(O)

ek sin kx

2.326

(we could neglect the parameter € compared to 1 in the denominator).

b) We have shown in Sect. 2.2.3 (p. 138) that the particles coming from
the central region of the machine (x = 0) are reflected by the magnetic
mirror if the angle o of their vector velocity with respect to the axis
(of components Wo|| = Wp COS and wp; = wpsinag) in the section of
uniform field (the region of the weakest field between the two mirrors) has
a value greater than ag,,, defined by (2.189):

. B(x=0
sin agy, = (Bmax ) (2.327)
Bpax is reached for coskx = —1, from which Byp.x = 1 + € and B(z =
0) =1 — ¢, such that (2.327) gives:
1—c¢
.2
m = . 2.328
sin® ayg e ( )

Noting that the ratio of the velocities w, (z = 0)/w(z = 0) corresponds to
sin agyy,, we have:
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2
wi(0) 1—ce
= 2.32
w2(0)  14e’ (2:329)
such that:
wi (0)(1+€) = (w? (0) + wif(0))(1 —e), (2.330)
wh (0)[(1+€) + (e = D] = wif (0)(1 - ¢), (2.331)
and finally:
2e
wi (0) = w? (0) - (2.332)
The condition for reflection is defined by the inequality:
2e
wi (0) < w? (0) - (2.333)

¢) The reflection coefficient C, of particles in a magnetic mirror (2.196)
leads us to:

I, 1 1 1- 2
1 -1 —1 o2 (2339)

Cr = - - =
Tine R Bunax/B(z = 0) T+e 1+t

2.9. Consider a magnetic field directed principally along z but subject to a
slight curvature, represented by the term 0B, /0z (we suppose that the cur-
vature is in two dimensions only, in the plane zz). The origin of the Cartesian
frame is chosen such that the field B is directed along the z axis while, on
each side of the origin, there is a contribution from the z and z components
of the field, as shown in the figure. The radius of curvature p of this field line
is assumed to be much greater than the particle Larmor radius (of charge ¢
and mass m).

a) Show that, in the immediate region of the

origin, B is described by: x
=4 o
B = B, (ex— + ez> , (2.335)
P B
where By is the intensity of the field at z = . _——
z

0 and é,, €, are the unit base vectors in the
Cartesian frame (x,y, 2); p~! = d?z/d2? in
the case that dz/dz is not too large.

b) Assume w is the particle velocity. Using the field given by (2.335), express
the components of w to first order, in Cartesian coordinates.

c¢) Determine, to order zero, the three components of velocity and position,
using the following initial conditions:

T Y
w" = wio€; + wyoe, , (2337)
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(the zero superscript in A° signifies that the quantity A is expressed to
order zero).
d) Show that the calculation to first order leads to:

w?
W, = ( 20 ) ¢ 4w gcoswet (2.338)
p
w?
wy = — ( zO) +wgsinwt, (2.339)
Plc

where the constants of integration are fixed such that if we set p~! = 0,
we will recover the zeroth order solution. In this first order calculation,
we have replaced the values of w, and z, which appear in the expressions
obtained for w, and w, in b), by their values approaching z = 0, i.e. to
order zero, namely w,o and w,ot respectively.

e) Finally, show that the position of the guiding centre satisfies the expres-

sion: )
=(=122. 2.340
! <2P> : ( )

Answer

a) The magnetic field is directed, at the origin of the system, along the z axis
and is affected by a (symmetric) curvature of the lines of force in the 20z
plane. Equation (2.335) in the terms of the problem suggests that the B,
component is a correction term for B, in the neighbourhood of z = 0. A
similar question was treated in Sect. 2.2.3, p. 147 and p. 152 (2.221) with
the inhomogeneity along €, instead of €,. Achieving this transposition
yields:

B = é,(8Boz) + €.[Bo(1 + pz)] . (2.341)

The principal component B, is subject to a first order correction, which
we can neglect in comparison to By, of order zero; the correction along
the z axis introduces a (small) term 3, where 8 ~ p~! (XIII.18): equation
(2.335) of the question is therefore demonstrated.

We can also treat the problem from the beginning, without recourse to
the results of Sect. 2.2.3 as we have just done. Since B, is a first order
correction, a development in series, limited to first order, is justified:

9B, 0B, 0B, OB,

z ~ 2.342
T+ 8yy+ 5‘zz aZz, ( )

the B, component depending only on z (see figure). Since B = é,B, +
é.B, and B, = By, we obtain:
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. OB R
B = exa—;z +é,By . (2.343)
To calculate 9B, /9%, we consider a magnetic field line whose slope dz/dz
is, as a general rule, equal to the ratio B, /B, of the local magnetic field
components:

dr B,
— = 2.344
dz B, ( )
From (2.344), we have:
d? 0B, 1 0B, B,
STz - Toas (2.345)

d22 ~ 9z B. 0z B?

where the second term on the RHS is negligible compared to the first term
because it is of order 2: from (2.341) and (2.342), 0B, /0z and B, are both
non zero only to order 1.

By assumption, dz/dz is not too large in the neighbourhood of the origin,
then (XIII.2):

d?r 1
— ~ = 2.346
dZQ p ( )
Finally, from (2.345) and (2.346):
0B, By
= — 2.347
5 5 (2.347)

from which, following (2.343), we have thus demonstrated the validity
of (2.335).

b) We simply return to the general equations shown in Sect. 2.1, which we
can write, taking —¢By/m = w. and setting £ = 0 (Egs. (2.6)—(2.8)) in
the form:

1

m

B
Wy = i[Bgcwz — Byw,] = g [—Ozwz — Bowz}
m m| p
z
= —w, {—wz — wm] , (2.349)
p
B,
W, = E[Bngg — Byw,| = L {—Ozwy] =W, [Ewy} , (2.350)
m m{ p p

where the underlined terms are of first order, because they tend to zero if
the radius of curvature tends to infinity (rectilinear lines of force).

c¢) To obtain the expression for the components of w to order zero, we only
need to set p — oo in (2.348)—(2.350). We then get:
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Wy = —WeWy , (2.351)
Wy = Wely , (2.352)
W, = 0. (2.353)

We can start by calculating the expressions for w, and z. To do this, we
differentiate (2.351):
Wy = —Welly (2.354)

and substituting w, from (2.352) gives:
wL - _wc(wcwx) 5 (2355)

from which:
Wy + wiw, =0, (2.356)

for which the solution is clearly:
Wy = Aj coswet + Ao sinw,t | (2.357)

where A; and A, are constants, depending on the initial conditions (equa-
tions (2.336) and (2.337)). This leads to:

Wy = W o COSWet (2.358)
and: w
= w“) sinwet . (2.359)

To calculate the expressions for w, and y, we will take (2.352) and substi-
tute therein the value of w, from (2.358). After integration, and application
of initial conditions, we obtain:

Wy = W osinwet (2.360)
and: w
y=—2(1—coswet) . (2.361)
We

As for w, and z, we deduce from (2.353):
w, =W,y and 2z = wyt. (2.362)

d) The system (2.348)—(2.350) can be resolved quite easily provided that, in
the terms in 1/p (terms of first order), the expressions for velocity and
position along €&, are those of (2.362), which are of order zero. Note that,
as a result, these terms remain of order one. Then from (2.349), we write
down:

2t
Uy = —we [“’70 - wm} . (2.363)
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To obtain w,, we start by differentiating (2.348):
Wy = —wetiy (2.364)

which we can render homogeneous in w, by substituting the expression
for w, from (2.363):

20t
Wy = w? [w—o - wz} , (2.365)
p
from which: 5 5
t
Wy + Wiy = 200 (2.366)
P

The solution is the general solution with no RHS, namely (2.358), to which

must be added a particular solution (of first order): wi = w2yt/p (fol-
lowing (2.366)), from which, in total:

2
t
Wy = W | o COSWet + Yol (2.367)
For w,, differentiate (2.363) and we have:
2
Wy = —we {ﬂ - wm] , (2.368)
p

an expression in which we can replace w, by its expression in (2.348), such
that:

w2
Wy = —we [7" + wcwy] 7 (2.369)
from which: w
by + wiw, = —?ngo : (2.370)

whose solution, following the method of (2.367), is:

. 2
Wy = W gsinwet — o w5y - (2.371)

e) To calculate the guiding centre velocity, we simply ignore the sinusoidal
terms in (2.367) and (2.371), such that:

2

wy = L0t (2.372)
P
w2

wy = ——22 (2.373)
PWe

and, clearly (E = 0):
W, = W, - (2.374)
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The position of the guiding centre is then described by:

2 t2
L (2.375)
2p
2
/
y = — 20" (2.376)
puec
z = wyt . (2.377)

Combining (2.375) and (2.377) for = and z, we obtain:
r=_— (2.378)

This guiding centre motion is due to the magnetic curvature drift (Sect.
2.2.3, p. 147). To obtain the contribution from the magnetic drift, as was
shown in that section, we need to include the correction terms (to first
order) in B,, which we have neglected in our calculation so far (see (2.363)).

Remark: We can also obtain (2.378) by recalling that the motion of the
guiding centre due to the curvature drift is effected along the lines of force
B. It is sufficient to use the parameterisation of the lines of force calculated
in Appendix XIII. From equation (XIII.7), we have dy/dz = z/p which,
adapted to the direction of curvature in the present exercise, becomes
dz/dz = z/p, from which z = 22/2p, since the constant of integration is
zero, because at z =0, B, = 0.

2.10. Consider an axial, linear magnetic confinement machine whose mag-
netic field in the homogeneous region has a magnitude By. This machine is
fitted with a magnetic mirror situated at z > 0 such that the value of the
magnetic field is:

B—é.B, {1 + (2)1 : (2.379)

where a is a constant. Find an expression giving the position z, in the mirror
zone, at which a particle is reflected if its vector velocity makes an angle oy
with the direction of the magnetic field in the homogeneous region.

Answer

The position at which a particle is reflected in the mirror zone is indepen-
dent of the magnitude of the velocity, but depends on the angle aq (in the
homogeneous field region) of its vector velocity with respect to the axis of
the machine. More exactly, we have seen that:
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B(2)
By

(2.187)

sin a = sin g

where the angle « is the angle of its vector velocity with respect to the axis
of the machine in the mirror region at the position z, where the magnetic
field is B(z) (see Fig. 2.15). The value of z at which the particle is reflected
is simply obtained by setting sin« = 1 in the preceding equation. Since:

B(z) = By [1 + (2)2] , (2.379)

we then obtain:

(2.380)
from which:
(2.381)
ie.:
1
2 2
1
z:al< - ) —1| =zacotayg. (2.382)
sin ag

Remark: Although the field B has components B, and B,, which are nec-
essary to satisfy V - B = 0, the important component for the mirror effect is
B, (remember that in the adiabatic approximation, only F. enters into the
conservation of ).

2.11. Consider the motion of an electron in a uniform magnetic field B di-
rected along the z axis and symmetric about this axis. This magnetic field
varies slowly as a function of time, such that B, = By(1 — at), where the
intensity By is constant and « is a very small parameter.

a) Verify that the field B satisfies Maxwell’s equations
b) Show that, in a Cartesian frame, the equation of motion of the electron
can be written in the form:

We = —Wee [wy(l —at) - %} , (2.383)
2

Uy = Wee {wm(l —at) - %] 7 (2.384)

w, =0, (2.385)

where w = (w,, Wy, w,) is the velocity of the electron, and w,, its cyclotron
frequency in the field By.
In this calculation, why is it important that o be small?
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Answer

a) Conformity of the field B with Maxwell’s equations.

Due to the fact that the magnetic field varies with time, it creates an
associated electric field E, described by Maxwell’s equation:

0B

VAE =———, 2.386

5 (2.386)
and this field E is perpendicular to B. Since B = é,By(1 — at), expanding
equation (2.386) gives:

([ OE,\ . [0E,\ . (0E, OE,\ .
(S <az> +ey <az) + e, (83; — ay > = aBer . (2387)

This requires that OF,/0z = 0E,/0z =0 and 0E,/0x — 0E, /0y = aBy,
i.e. that £, and E, are independent of z. Under these conditions, due to
the axial symmetry with respect to z, we can infer that the rotational term
along the z axis can be written:

E, = —%(aBo) , (2.388)

E, = g(aBO) . (2.389)
In fact, the vector E describes a circle in the zOy plane.
For the equation V - D = p, where p = 0 in the framework of individual
trajectories, following (2.388) and (2.389), we have 0E, /0x+0E, /0y = 0,
and this equation is verified.
The verification of V- B = 0 is trivial, since B is independent of position.
Finally, for VA H = J + 0D/0t, where J = 0 (individual trajectory),
V A H =0 because H is uniform, and the term 0D /0t = ¢g0E /0t = 0.

b) Equation of motion. Following (2.6)—(2.8), we have:

d?z dy aBy
e 3,0 — {e Ew Bz_ = —Qe—(—— eB 1—at)y s 2.390
me 3 q[ + dt} Ge—5 Y T 4eBo(l - at)y (2.390)
d?y dz abBy .
Me g = de [Ey — Bza} =G5 T qeBo(1 — at)i (2.391)
d?z
meﬁ =0. (2392)
Since the motion is uniform along z, setting we. = —¢.B/m and w, =

dz/dt, w, = dy/dt, we have then verified (2.383) and (2.384):
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. o

Wy = —Wee {(1 — at)w, — Ty] , (2.393)
Wy = Wee [(1 — at)wy — %} , (2.394)
W, =0. (2.395)

The parameter o must be chosen to be small in order to keep a positive
intensity of B with time (at < 1).

2.12. Consider the motion of an electron near the origin of a given frame.
The electron is subject to a magnetic field which is constant in time, but
slightly inhomogeneous along the field lines. Its equation is given by:

B =¢é.By(l+az), (2.396)

where « is sufficiently small, such that az < 1. Assume that the field is
axially symmetric about the z axis. The initial conditions are as follows:
£E(O) = —Zo, y(O) = 07 Z(O) = 07 wm(o) = 07 wy(o) = w]o, wz(O) = W,0.

a) Show that the z, y and z components of the equation of motion due to
the Lorentz force are described by the following equations:

FR— [y +a (zy + %yz)} , (2.397)
i = Wee {z +a (zx + %mﬂ : (2.398)
5= e (%) [z — yd] . (2.399)

b) Supposing that the initial velocity is given by:
wo = wLoéy + wyp€, , (2400)

show that: i
Z=w, = _aniot + Wy - (2.401)

Answer

a) The field we are considering has a slight inhomogeneity in its own direction.
Under these conditions, and due to the axial symmetry of B, we know
(Sect. 2.2.3, p. 138) there is, in fact, a component B, (of order 1 with
respect to the component B,, of order zero) which has been ignored in
(2.396).

Including an expression for this in Cartesian coordinates (2.163), the com-
plete expression for the field B is now:
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1 (0B, ) 1 [(0B.\ . R
B=-—- . — -y | == Bo(1 L, (2.402
v (7)o o (), o i vase. cao

where 0B, /0z is calculated from (2.396), and finally:
1 R 1 R R
B = —53330 0, — §yBo aé, + Bo(1+ az)e, . (2.403)

Developing the equation of motion along the three axes of the Cartesian
frame, and setting £ = 0, we have:

e e . B .

along x: T = ;’]T'S(Bzy’ - Byz) = 737@ {BO(I +az)y + 700@2
= —Wee |:y + (Zy + %)] ’ (2404)
along y: U = Wee [1’ +« (zx + 2)} , (2.405)
and along 2: 2= —wceg(xy' —yx) . (2.406)

2

b) To calculate the velocity along the guiding axis, we can observe, following
(2.406), that it is of order 1, due to the presence of the small parameter «
(assuming az < 1), which agrees with the assumption of the guiding cen-
tre approximation. We therefore simply need to replace the positions and
velocities of the cyclotron motion appearing in (2.406) by their expansion,
limited to order zero.

The equations describing the zeroth order motion in the perpendicular
plane are obtained by setting v = 0 in (2.404) and (2.405):

&= —weel (2.407)
= Weedk . (2.408)

Now we must resolve the system of 2 equation in 2 unknowns.
To calculate the motion along y, we perform a first integration of (2.407)
over time:

T =—wey + C1, (2.409)
where the constant C' = 0, because ©(0) = 0 and y(0) = 0, such that:

T = —Weel - (2.410)
Substituting this equation in (2.408), we obtain:
g+wiy=0, (2.411)

for which the solution is:
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Yy = A1 coSwWeet + Ao sinweet .

To determine the constants A; and As, we note that:

y(0)=0=4,,

such that:
Wy = AsWee COSWeel ,

with the initial condition w, (0) = w,,.

Finally:
Wy = W1 COSWeel
and:
0 .
= SN Weet .
wce

183

(2.412)

(2.413)

(2.414)

(2.415)

(2.416)

To calculate the motion along the x axis, we continue in an analogous

fashion. Integrating (2.408), we obtain:

y:wcex"l‘CQa

(2.417)

where, because of the initial conditions, the constant of integration Cy =

W1 — Weelo -
Substituting (2.417) in (2.407):

&+ wie = —weewi o +w o, (2.418)
whose complete solution has the form:
. w10
T = Aj cosweet + Ag Sinweet — — (2.419)
Using the initial conditions x(0) = —zg and w;(0) = 0, we find successively
A1 = w,0/Wee, from which:
g = L0 COS Weet (2.420)
wce
and As = 0, from which:
Wy = —W oSN Weet . (2.421)

To calculate the motion along z, we substitute the values for the motion

along z and y in (2.406):

2 2
. Weetr [w w
2= | 20 0082 Wt + —L0

2 | wee Wee

sin?

which, on integration gives:

wcet == _§wJ_0 5

(2.422)
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where £(0) = w,o = C5, which indeed leads us to (2.401):

. a9
z:—§wL0t+wzo.

Remark: The choice of z(0) = —z rather than z(0) = 0 as initial condi-
tion enables us to obtain simpler expressions for the components of velocity
and position!

2.13. In the context of the individual trajectories model, consider an applied

magnetic field:
B = Byh(t)e, , (2.424)

where By is a constant and h(t) is a slowly varying function of time.

a) Verify that Maxwell’s equations are satisfied if the field E induced by
dB/dt is expressed by:

1. .
E = §Boh(yém — xéy) , (2.425)

where h = dh(t)/dt. Specify the restrictions, if necessary.
b) Using the values of the fields E and B, show that:

d /1 1 :
T ( mw i) = —§mwch(ngg — zwy) , (2.426)

where w| = w,€,+wy€,, and w, is the cyclotron frequency of the charged
particle.

c) Find the solutions for z, y, w,, w,, to zeroth order (initial conditions
r=y=2=0; wy(0) = wgo, wy(0) = wyo, w.(0) = w.o).

d) Show that the quantity mw? /2B remains constant to order zero in h.

Answer

a) We want to check whether the field E induced by the time variation of B
and the field B itself obey Maxwell’s four equations:
0B

1. = ——, .
VAB=-" (2.427)

The calculation of the LHS gives:
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e, €, €,
1. . . 1 .19 9 0
VANE=VA|-Byh(yée, —x¢&,)| = -—Boh| — — — |,
20(ygC &) 270 or Oy 0z
y —x 0
1_ . .
= §B0héz(—1 — 1) = —B()héz s (2428)
but: 9B
— Bohé, = ——, 2.42
one ot (2.429)
which corresponds to the RHS of (2.427): this equation is therefore
satisfied.

From Poisson’s equation V- D = V - ¢gE = p, where p = 0 in the indi-
vidual trajectories model; in effect, the assumption in this description
is that there are no charges to induce the field E. Equation (2.430) is
effectively verified since:

V. (E=V. [eoBoh(yéx - xéy)} (2.431)
) ) o 1
— Bl | 52 + (=) + 5-0)| =0.

OF
3. VAB:GOUOE+MOJ~

(2.432)
where J, the conduction current, is zero in the framework of individual
trajectories. Expanding the LHS of this equation gives:

&, &, é.

o o0 0

va=|2 9 0 (2.433)
dr Jy 0z
0 0 Boh(t)
= 9 (Boh(t))en — 2 (Bon(t))e, = 0
Ay T Ox Y ’

since Boh(t) is independent of position.
It remains to show that the RHS, 0E/Jt, is also zero. From (2.425), we
have:
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OE 0 [1_ . R
o o [530’1@% - weyﬂ
Bo [+ .
= 70 {h(wyé;p - ’wxéy) + h(yéw — xéy) i (2.434>

This expression is zero to zeroth order (h ~ h o~ 0), but not to first
order.

Remark: We cannot set a priori, 0E/0t = 0 because this requires us,
in the present case, to neglect the field E induced by 0B/0t. On the
other hand, the field E induced by the particle motion (J = oE) is
effectively zero in the framework of individual particles since J = 0.

4. V-B=0. (2.435)

This equation is trivially verified because By and h(t) are independent
of position. In effect:

3%(0) + 8%(0) + %(Boh(t)) _0. (2.436)

The four Maxwell equations are satisfied, but only to order zero
(h=h=0) for VAB=0D/ot.

b) We know that only the electric field affects the work done (Sect. 2.1); in
the present case, the actual electric field is that induced by the variation
of B. The component of the kinetic energy perpendicular to the field B is
given by:

d /1
T (2me> =qF w, , (2.437)
but this is also the total work effected because E is entirely in the plane

perpendicular to B.
We then have:

d /1 1 .
<—mwi) = quOh(yém —2&y) - (Wz€y + wy&y) ,

dt \ 2
B h
= (%) mT(ywz — zwy) (2.438)
and, noting w. = —qBy/m, we then retrieve:
d /1 1 .
T <§mwi> = —Emwch(ngg — zwy) . (2.426)

¢) The equations of motion in Cartesian coordinates (Sect. 2.1) are:
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. q (1,

e = — [EBOhy + Boh(t)wy] , (2.439)

. g 1,

w, = -L0]. (2.441)
m

To integrate these equations, we will use the guiding centre approximation,
and consider that there are two timescales, that of the cyclotron motion,
and that of the much slower motion due to h(t): thus h(t) will be a constant
to zeroth order and we will then put A = 0 in Egs. (2.439) and (2.440).
Setting —gBoh/m = {2, we can, by identification, use the solutions for a
constant field B, taken from Sect. 2.2.2, p. 113.

However, in this case, B is along €, while here it needs to be along é,:
exchanging = <+ z and recalling that, to maintain a right-handed frame,
we must have €, A &, = €., it is necessary to replace z by —x in such a
permutation.

Finally:
T = —% sin 2t + %cosﬂt— % , (2.442)
y = “’50 cos 2t + % sin 2t — % , (2.443)
z = Wyt , (2.444)
Wy = —Wy COS £2L — Wy sin 2t , (2.445)
Wy = —Wg0 SIN 2 + wy cos 2t (2.446)
W, = Wy - (2.447)

We can easily verify that the initial conditions are respected: we recover
z=y=z=0att=0and w,(0) = wgo, wy(0) = wyo, w.(0) = w.o.
Another solution

The initial conditions are the same except for w,(0) = 0. The expressions
are then much simpler:

v = % cos 2t — % : (2.448)
Yy = % sin £2t | (2.449)

z = wyot , (2.450)
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Wy = —Wyo sin 2t , (2.451)
Wy = Wy cos 2t , (2.452)
W, = Wy - (2.453)

d) We need to verify that the first adiabatic invariant is, in effect, constant
to zeroth order, in the present configuration.
We will consider the temporal variation of the magnetic moment:

E d mwi _1d mw? _i dB mw? . (2.450)
at =@ Bdt 2 dt 2
The derivative appearing in the first term on the RHS is given by (2.426),
while the second term is calculated by making use of the zeroth order

velocities ((2.445) and (2.446)), conforming to the concept of adiabatic
invariance:

4, 1471 h(yws — zw,)
= pa | ameehlyws —aw,
1 1 2 2
BQhQBOh m(wyo +wyo)| - (2.455)

It is clear that the RHS, due to the presence of h, is of first order, therefore
zero to zeroth order, which leads to the fact that u is indeed a constant to
order zero.

2.14. Consider a static magnetic field (toroidal field):
B =é,Bpaz + €,By(1 + ax) , (2.456)
where « is a constant much less than unity.

a) Express the equation of motion of an individual particle in Cartesian co-
ordinates. Underline the terms which are linked to the curvature of the
lines of force of the magnetic field B.

b) Find the solutions of the motion to zeroth order, knowing that the initial
conditions are:

w,(0) =0 z(0) =rp
1w, (0) = wyo y(0) = 0 (2.457)
w;(0) = w0 z2(0)=0

with rp = wyo/we, where w, is the cyclotron frequency and g, the cy-
clotron gyro-radius.
¢) Then show that to order one, the following equation is obtained for wy.
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- 2 2 (3 . 2
Wy + Wiwy ~ aw? §r3wy0 sin 2wt + w3yt | - (2.458)

d) Find the solution for w, from (2.458).

Answer

a) This problem corresponds to the case studied in Sect. 2.2.3, p. 152. The
component of B in the direction of &, is that responsible for the curvature
of the field lines of B. The field already satisfies Maxwell’s equations, since
V - B =0 (Sect. 2.2.3, p. 138) and clearly from (2.457), V A B = 0.

The equation of motion in Cartesian coordinates, with £ = 0, B, = 0 and
we = —qB/m, is obtained from (2.6)—(2.8):

Wy = L [Bow,] = L [Bo(1 + az)w,] = —wewy (1 + azx) , (2.459)
m m
W, = g [Brw, — Byw,] = g [Boazw, — Bo(1 + ax)w,]
Yoom m
= we [we + a(zw, — 2ws)] | (2.460)
w, = a [-B,w,] = 4 [Boazwy| = weazw (2.461)
m y m y Yy

where the first order quantities underlined are related to the curvature of
the field (contribution from the B, component).
b) In order to reduce (2.459)—(2.461) to order zero, we only need to set o = 0:

wrc = —WcWy , (2462)
Wy = Wy , (2.463)
W, = 0. (2.464)

To calculate the w, component, we start by differentiating equation (7),

to introduce w,y:
Wy = —Welly , (2.465)

then use (2.463) to obtain:
Wy + wiw, =0, (2.466)
which has the (harmonic oscillator) solution:
wy, = Aj sinw.t + As coswet , (2.467)

where the constants A; and A; must be determined from the initial con-
ditions. Since w,(0) = 0, Ay = 0. For Ay, we have, by integrating (2.467):
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T = A4 cOS wet (2.468)
We
and since z(0) =rp, A1 = —rpwe:
Wy = —TRWeSInwWt , (2.469)
T =TpCcoswet . (2.470)

wy, it is found by the same method:

wy = A sinw.t + A cosw,t , (2.471)
which leads to:
Wy = Wyo COS Wl (2.472)
and:
y=rpsinw.t . (2.473)

Finally, for the w, component, since w, = 0 (2.461), we obtain:
W, = Wy (2.474)

and:
z = wsot . (2.475)

¢) By substituting the values of the zero order components of w and r in the
terms involving « ((2.459)—(2.461)), we find:

Wy = —W,e [wy + awyorp cos? wct} , (2.476)
by = we [wy + o(—rpwesinwet coswet — wipt)] (2.477)
Wy = QWeWyoW0t COS Wt . (2.478)

To obtain an homogeneous equation for w,,, we proceed in the same fashion
as b), differentiating (2.476) with respect to time ¢, then replacing w, by
its value taken from (2.477):

Wy = —We [y — 20Wy0T BW, COS Wet Sinwet]
. TBWyo .
Wy = —We {wc {wm + « (——2 Y2 sin 2wt — wzotﬂ }

+w3awy0r3 sin 2w.t ,

3
Wy + wiw, = aw? [§r3wy0 sin 2wt + wgot} . (2.479)
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d) The solution of the differential equation (2.479) is the sum of the general
solution without the RHS:

wy = Aj coswt + Agsinw,t (2.480)

and a particular solution with the RHS (not obvious!):
Wg = — 50T 5Wyo sin 2wt 4+ aw?t . (2.481)

We can verify that (2.481) is indeed a particular solution of (2.479). From
(2.479) and (2.480),

2
. . W, .
Wy + wfwz = QwarBwyo sin 2wt — éarBwyo sin 2wt + wfawzot

3

iawaBwyo sin 2wt 4+ w?aw?yt |
which corresponds exactly to the RHS of (2.479).

We can fix the constants A; and As in (2.480) by the values they have
at t = 0. Since w,(0) = 0, then A; = 0. To obtain Ay, we integrate the
complete solution to obtain x:

2 42
awzgt

1
TBUY0 o 2wet + 5 (2.482)

Az t+
r = ——COSW —
We 2 2w,

from which: A )
2 Qarpwyo
)=—"+-———> = 2.483
z(0) o Tl B ( )

. Wo_ L Wo
and, thus, since rp = =4
We We

1L arpwyg 1 arg
Ay =(-——=—rp|we=—arpwy — Wyo = Wyo | — — 1) ,

4 we 4 4
(2.484)
i.e.:
1
We = Wyo (% — 1) sin w.t — §ar3wyo sin 2wt + awgot . (2.485)

2.15. Consider a linear magnetic confinement machine, limited at each end
by magnetic mirrors. We can arrange for the two mirrors to be displaced with
respect to each other, each being given a velocity vy, in the laboratory frame.
We will consider a particle of charge g and mass m which, in the homogeneous
magnetic field region of the machine, is characterised initially by a velocity
wy, such that w1 = wo, and by its kinetic energy &;.
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VM BO VM
— -
— —
= —
Bmax Bmax
L

a) Show that at each reflection by the mirrors, the magnitude of the parallel
velocity of the particle is increased by 2v,.

b) Explain why the particle will eventually leave the mirror.

c) Calculate the energy &, of the particle when it leaves the mirror: express
&p as a function of the initial energy & and the mirror ratio R = Bax/Bo.

d) Find the expression giving the number of reflections n that the particle
experiences before leaving the system, as a function of vy, &, R, and m.

Answer
a) In the laboratory frame, the particle with

velocity wy) is directed towards the mirror |
M, which is itself in motion, with a velocity

vy, in the direction of the incident parti- z vM' - wy|
cle, as illustrated in the figure. The veloc-
ity of the particle along the z axis, in this M
frame, is:
Wy = wy) , (2.486)

taking the positive sign as the direction to the mirror.
An observer tied to the mirror sees the particle coming towards him with
an increased velocity:

WM = Wo| — VM (2.487)

since v, is negative.
In the same frame, after reflection, the particle returns with the opposite
velocity:

w = —(wo —vr) - (2.488)

Returning to the laboratory frame, we must, this time, add v,; to the
particle velocity (inverse operation as for (2.487):

w, = —(wo —var) + vy = —(wo — 2vnr) . (2.489)

The speed of the particle after reflection is thus augmented by |2v /| (com-
pare (2.486) and (2.489)).
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Another solution for a)

We can consider the reflection of the particle on the mirror as a head-on
elastic collision between a light particle of mass m and a moving wall, i.e.
a heavy particle with a quasi-infinite mass M (m < M).
The relative velocity w,, s of the two particles, independent of the frame,
is expressed by:

WM = Wjo — Vi - (1.70)

After reflection, considering an elastic collision, the relative velocity is
opposite and with the same modulus (after (1.79)):

Wiy = — Wiy = —(Wijo — V) - (2.490)

In the laboratory frame, the velocity wilo of the light particle after reflec-
tion becomes (1.74):

where w.,, is the velocity of the center of mass after reflection. Then,
from (1.69) and (1.70):

maw) g + Moy

Weoy = WeM m M ( )
From (2.491) and (2.492), we obtain:
, maw) g + Moy + Moy — Mw)g
= 2.493
Wo m L M ) ( )
which, assuming M > m, gives:
Wip = —wjo + 2V - (2.494)

b) We have just shown in a) that w), the component of the particle velocity
parallel to the field B, is increased at each reflection, while the component
w remains unchanged, with 'wf) = 'wS_O) after a number of reflections n.
As a result, assuming that in the uniform region before the first reflection
we have:

w(()(f = wp sin oy , (2.495)

then after the first reflection, this becomes:

w(()iz = (()1) sin oz(()l) = w(()o) sin a(()o) . (2.496)
Since wg, the modulus of w, increases, the angle aél) must decrease, for

wpy to remain constant: after n reflections, the angle oz(()") will be smaller

than ag,, and, following (2.189), the particle will find itself in the loss cone.
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c¢) By assumption, initially:

1
& = §m(w(2u_ + wSH) = mwgu (2.497)
and, as discussed in b), the particle will leave the machine when «q is

sufficiently small, i.e. when:
wo | 1

— <sinag, = — .
VR

)
Setting the equality in (2.498), where wy is increased at each reflection,
such that after n reflections:

(2.498)

N

w” = [w2, + (wo + 2nvar)?] (2.499)

Owing to our initial assumption wo = woy, from (2.498) we have:
w(()n) = ’w(u_\/ﬁ = wo|\\/7_z ) (2.500)

such that, by multiplying the square of equation (2.499) by m/2 and sub-
stituting (2.500), we have:

2 maw? 1
& = % TO” + 2mnwo vy + 2mn2v%/[] = §mw3\|7€ , (2.501)
thus: .
Ep=E—.
P 2
d) We can calculate n from its quadratic expression in (2.501):
w R 1
Pt A _g (S -1)—5 =0, (2.502)
VML 2 2muy,

from which we obtain:

1 2 R 1
n= ol 2 ) g (D1} — (2.503)
20 2 VL 2 muy,

because the solution with a negative sign in front of the square root would
give a negative value for n. Continuing the development further, we have:
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2 2
_Wwoy 1 [ woy Wo|| R
_ —%MW(—W) (Y (R e

w, w
n:——°”+2U—°”\/1+R—2, (2.505)
M

QUM

ol [(Rfl)% ,1} - (‘S)_ b [(7%1)% 71} , (2.506)

20 m 2upr

of which we will take the nearest upper integer value!
Another solution for d)

We have:
wy| = wo| + 2nvyy (2.507)

where wy) is the parallel velocity of the particle on leaving the machine,
defined by:

sin Qom 2 % . (2508)
(why +woL)?
Considering equality (2.508), we have:
2
<2 Wo1 1
=— === 2.509
sin ag,, wJ%H T R ( )
which becomes:
wy (R—1) = wj . (2.510)

From (2.507), we can then write (with, by assumption, wy = woy in the
present case):

e Wy|| — WoL _ ’LUOM(R— 1)% — 1]

Q’UM 2UM
and, using (2.497):
1
&2 1 1
=|— — -1z —-1] . 2.
" (m) 2upr {(R ) } (2.506)

2.16. A magnetic mirror is situated at each end of a machine, and its axis is
along the z axis. The magnetic configuration of these mirrors is symmetric
with respect to the plane z = 0. The planes of the mirrors are situated at zs
and —zp/.

The magnetic field has been constructed such that, along the z axis, we have:

B(z) = By {1 + (2)1 : (2.511)

where a is a constant.
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a) Show that the period of oscillation of a particle of mass m between the two
mirrors is given by:

1
m |2
=2 2.512
Tp Ta |:2MBU:| , (2.512)

where p is the orbital magnetic moment. Assume the adiabatic approxi-
mation is valid along the whole trajectory.

b) Calculate the particle velocity along z (the particle is assumed to remain
within the machine) and show that:

1
2B 2 2mt
w, = ( 0M> EM os <l) (2.513)
m a Tp

(2.514)

and finally:

g
n
|
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o
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=
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T

Answer

a) To the extent that the magnetic field is only slightly non uniform (adiabatic
condition) in its own direction, we can write (2.177):

mw =pu-VB (2.515)
because pp = —pé, (p. 136). Along z, in the present case:

. 0B 2uBoz
mu, = —p= = - “a20 , (2.516)

where equivalently:
dQZ o 2#30

daz
which has a permissible solution, for z =0 at ¢t = 0:

o (2.517)

1
2uBy\ ?
z:zMsin< o f) t (2.518)
ma

m
=2 . 2.51
Tp =2ma, | 5.5 (2.519)

b) At z = 2z, due to the assumption that the particle does not leave the
mirror, we must have w (zpr) = 0, that is:

from which the period:

1
5mwﬁ(zM) =0. (2.520)
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The conservation of kinetic energy gives:

1 1 1
§mwﬁ(2) + §mwi(z) = imwi(zM) . (2.521)

Knowing that p is a constant of the motion, we have:

W= ;ng(ﬁ'y = constant , (2.522)
such that, from (2.521) and (2.522):
Smut(s) = ulB(ear) ~ B(:)], (2.523)
from which:
wy(z) = \/ %" [B(zar) — B(2)] . (2.524)

If we now replace B(zp) and B(z) by their respective values:

wy(2) = ) 2o {1 + (Z—M)2 1- (E)T : (2.525)

m a a

_ \/@Zf ll _ (z;ﬂ , (2.526)
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(2.527)

2.17. The Hamilton-Jacobi formalism of classical mechanics allows us to in-
troduce the concept of an adiabatic invariant I as the average of an action
integral (LHS of (2.528) below). In the case where the particle is subject to
a periodic motion, this integral takes a constant value:

1
— dpdg=1 2.528
5 P pda , ( )

where ¢ is a generalised canonical coordinate®® (for example a position vari-
able) and p is the conjugate canonical moment (for example, the momentum

88 Do not confuse the variables p and ¢ of the Hamilton-Jacobi formalism with pressure
and charge.
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corresponding to the position ¢). Given the kinetic energy &. of the system,
the value of p is obtained from the equation:
0&.

aq -

p= (2.529)
Consider a linear discharge, confined by a static magnetic field B, directed
axially, and terminated at its two ends by magnetic mirrors.

a) Show that the action integral taken over the cyclotron motion of a charged
particle leads, within a constant coefficient, to a constant value of the
orbital magnetic motion p of the particle. Specify the assumptions used
for your calculation.

b) Show that the charged particle oscillates between the mirrors with a period

T, given by:
-
) (& fuB)}

Specify your assumptions.
¢) Calculate the second invariant I, linked to the axial motion, to show that:

(2.530)

[N

1 1
I = o 7{ 2m(&E. — V)2 dz, (2.531)

where we have introduced the pseudo potential V = uB, to give the inte-
gral a more general aspect.
d) Consider the case where the discharge is confined by a magnetic field:

B = B, {1 + (2)1 e, (2.532)

where a is a constant such that 0B/0z varies very slowly along z: calculate
the period of oscillation of a particle in such a linear machine.

Answer

a) Since this concerns cyclotron motion, we will describe the system in cylin-
drical coordinates (r, ¢, z). We then have z = rp cos ¢, y = rp sin ¢, where
rp is the Larmor radius, which we assume to be constant because B varies
slowly along the axis.

Since:

1
E. = 5m(a':“‘ + 2+ 2%, (2.533)

this can be written in cylindrical coordinates as:

1
E.= Em(TQngZ +3?%). (2.534)
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Because 2 + 2 = (—rpsing ¢)? + (rpcos ¢ ¢)? and setting ¢ = ¢, we
obtain for p,:

€, ;
Pe =, = mrye (2.535)

where ¢ = dp/dt = w,, and then:

1 1 ) 1 maw?
Ilzﬂfpwdgp:%/mTQBgOd@:%mT%wC/d(p: wJ_’
cyclotron ¢
period
(2.536)

recalling that w. = w, /rp. Knowing that g = mw? /2B and w. = |q|B/m,

we obtain: )
I = (ﬁ) [ (2.537)

b) The period of oscillation 7 along the axis of the discharge is found by
integrating the closed (cyclic) motion along z:

T— fd_z _ (4 (2.538)

w) z
In addition, we have from (2.534):

1 1 1 1 1
&= Emr%wf + §m22 = §mwi + §m22 =pB + §m22 , (2.539)

which allows us to calculate the axial velocity 2:

2

% —ie [%(& _ ;LB)} , (2.540)

thus, over a cycle back and forth, the period of oscillation of the particle is:

T d
Tz/dt:f{—zl. (2.541)
2
0 ‘

c¢) Taking advantage of the definition (2.528), we can introduce the adiabatic
invariant linked to the axial motion, by setting ¢ = z and p = p,:

1
Iy =— %pz dz . (2.542)
27

Since p, = mz, we obtain:

1 .
I, = 7 j{mz dz, (2.543)
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which can be evaluated from (2.540), giving:

B=g fm|2E )| .
= % f 2m(&. — uB))? dz . (2.544)

d) We know from (2.177) that:

0B,
F,=— , 2.545
h (2.545)
such that, in the present case:
3022
F.=—p= (2.546)
and, since F, = mZz, this leads to:
By2
2—&-&—02 z2=0, (2.547)
m a

which is the equation of periodic motion. Its oscillation frequency w is

given by:
1
2B 21
w= (0“> - (2.548)
m a
and since w = 27 /7"
m \ 2
T =2ma <2B0,U) . (2.549)

See also problem 2.16.

2.18. Calculate the current density of ions and electrons in the ionosphere,
due to the gravitational gradient in the terrestrial magnetic field at an altitude
of 300 km. Assume that the magnetic induction vector B is perpendicular to
the terrestrial gravitational field.

The general relation for the gravitational force exerted on a mass m due to
a mass M, when the masses are separated by a distance r, is:

GMm
Fy=—=""5—. (2.550)

where G is the universal gravitational constant. By definition, at the surface
of the earth, of mass M, a mass m is subject to a force:

GMm
-

Fg = =—gom, (2.551)
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where R is the radius of the earth (the mass M is localised at the centre of
the earth!).

Numerically, consider the O ions to have a density, 1.8 x 102 m~3, equal to
that of the electrons; | B| = 10~ % tesla (1 gauss). The mass m, of the electrons
is 9.11 x 10728 g and that of OF, is m; = m, x 1836 x 16. The earth radius is
4 x 107 /27 metres and go, the gravitational field at the surface of the earth,

is 9.8 ms2.

Answer

a) The expression for the drift velocity in the gravitational field
It has been shown (Appendix XII) that the drift velocity of a charged
particle in a magnetic field B due to an arbitrary force F'p is given by:

_FD/\B

w )
D qu

(2.552)
where F'p is the gravitational force, in the present case.
For the electrons F p. = —GMm,/r? and for the ions Fp; = —GMm;/r?.
As can be seen from (2.552), the two types of particles, because of the
opposite sign of their charge, drift in opposite directions: there will be a
net current.

b) Calculation of the gravitational force at an altitude of 300 km with respect
to the surface of the earth
At a given altitude z with respect to the surface of the earth such that
z < R (which is the case here: (300/40000)27 ~ 0.05), we can develop
(2.550) to first order with respect to the surface of the earth (z = 0):

GM GM GM 2
g = T~ TP -2 (2553)
(R+2)? R2 (1 + i) R? R
R
Since, at the surface of the earth:
GMm
Foo=——p =90, (2.551)
then from (2.551) and (2.553):
2
F, = —mgo (1 - Ez) (2.554)

and finally, because B 1 F'y, the expression of drift velocity ((2.551) and
(2.552)) is:

1 2z

m - —

w _go—R (2.555)
b= qB : :
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c¢) The current density of the gravitational drift is due to the contribution of

the ions and the electrons which, moving in opposite directions (contrary

to the electric field drift in electric and magnetic fields), creates a net
current:

J = nevp; — nevpe , (2.556)

where vp; and vp. are the drift velocities of the ions and electrons re-
spectively. This leads to:

22\ |migo  Mmego
_ 1 .
J—ne( ){e . ], (2.557)
ngo 2z
_ 1 . 2.
J= B ( R)(ml—kme) (2.558)

and, because m; > me,:
ngo 2z
J—=—(1——=) m;. (2.559)
This drift is perpendicular to the direction of the earth radius and to B.

d) Numerical application:

2 x 300 x 10% x 27
4 % 107

1.8 x 10'2 x 9.8 (1 —

J ~ ) 1837 x 16 x 9.11 x 1073!

10—4
=43x10°Am 2 ~4nAm?!



Chapter 3

Hydrodynamic Description
of a Plasma

In Chapter 2, we analysed the motion of an isolated charged particle, sub-
jected to externally applied electric (E) and magnetic (B) fields, ignoring the
interaction with other particles. In this chapter, we will introduce a model
that considers an ensemble of particles; the motion of these charged particles
self consistently produces magnetic and electric fields, referred to as induced
fields, which are superimposed on the external fields applied to the plasma.
A further difference from Chap. 2 is that we will also account for collisions.
This model is hydrodynamic in nature, such that the parameters describing
the plasma (density, particle diffusion, fluid velocity v, temperature, kinetic
pressure. .. ) are average values taken over a velocity distribution in a volume
element. These values are said to be macroscopic.

The hydrodynamic model concept: assumption of a continuous
medium

In this description, we follow the motion of small volume elements in the
plasma, without taking account of the microscopic phenomena taking place
therein. This assumes:

1. That there are enough particles in the volume for the fluctuations around
the average values to be negligible, leading to well centred average values.
In the same way, we assume that the effect of electric and magnetic micro-
fields produced by the charged particles in the volume element considered
is taken account of on the macroscopic scale by average fields assumed to
be acting globally on this same volume element.

2. That the volume elements are sufficiently small to provide an accurate
spatial description.

These conditions are generally realised in laboratory plasmas: for example,
a cube of gas with sides of length 10 um at atmospheric pressure contains
2.7 x 10 molecules.

M. Moisan, J. Pelletier, Physics of Collisional Plasmas, 203
DOI 10.1007/978-94-007-4558-2_3,
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This macroscopic description of a plasma is analogous to that of ordinary
fluids; the particles in the same volume element move together®®, forming a
continuous medium although it is discontinuous on the molecular scale.

Relationship between the hydrodynamic model
and the kinetic description of a plasma

The hydrodynamic description of a plasma introduces macroscopic quantities
such as the temperature, the pressure, the mobility of charged particles, the
diffusion coefficient of different types of particles, etc: these values are aver-
ages, calculated from the distribution function f(r,w,t) of the microscopic
velocities w of the particles (Sect. 3.3). This distribution function is obtained
in the framework of the kinetic theory of gases.

The hydrodynamic model enables us to describe all the physical phenom-
ena taking place in the plasma in a relatively complete way, by performing
calculations which are much simpler than those from kinetic theory, which
are much more difficult and complex to derive and interpret.

A plasma is not an ordinary fluid

The charged particles in a plasma constitute one or more fluids, whose motion
results in a current density J: this motion involves the coupling of the E and
B external fields with the particles, through the terms J A B in the equation
of motion and J - E in the energy balance equation®®. The study of fluid
conductors subjected to electromagnetic fields has given birth to a branch of
plasma physics called magneto-hydrodynamics (MHD).

The term MHD is also used to designate a particular technology, related
to this area of plasma physics: this term can also be used to refer to ion
propulsion or MHD electricity converters, for example.

Cold plasma and warm plasma: two levels of approximation
of the hydrodynamic model

In the framework of the hydrodynamic model, if we neglect all thermal motion
of the particles (T' = 0), we obtain what is conveniently referred to as a cold
plasma; if, on the other hand, we take account of the random motion of the

89 In fact, particles pass from one volume element to another, but the average number of
particles in each element remains almost constant, or varies slowly.

90 The term J A B, the magnetic part of the Lorentz force F = q(E + v A B), is also
referred to as the Laplace force. The term J - E describes the transfer of energy from the
field E to the charged particles, and is related to Ohm’s Law (P = VI). From the fact
that J = o E, we obtain J - E = 0 E2; this term is referred to as the Joule heating effect.
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particles, but assume an isotropic scalar pressure®!

this the warm plasma approximation.

, Da = NakpTy, we call

Description of the plasma by one, two or many fluids

- In the case of a weak interaction between the different particle species

(electrons, ions, neutrals), each type of particle is generally characterised
by a different temperature T,. We can thus describe the motion of elec-
trons, ions and neutrals separately, knowing however that these fluids are
partially coupled by their collisional interaction terms. Moreover, since the
neutrals do not react with the E and B fields, we usually do not include
their equation of motion (for example, in the case of propagation of a
wave), but we take account of their influence through the collision terms
in the fluid equations of the charged particles; we can thus reduce the
model to two fluids (electrons and ions).
A particularly interesting case of weak coupling is that in which we limit
ourselves to a single fluid, that of the electrons, neglecting the motion of
the ions, which are much heavier. In this case, the ions are assumed to form
a stationary and continuous background, ensuring macroscopic neutrality
and influencing the collisional interaction term of the electron fluid. This is
the Lorentz plasma model, used in particular to describe plasmas produced
by HF fields.

- In the case of a strong interaction between the different types of particles,
as is the case in a plasma in LTE, the different fluids are so well coupled
that they can be considered as a single fluid possessing, a single and equal
temperature, that is sufficient to describe the plasma.

3.1 Fundamental aspects of the Boltzmann equation
Before giving a detailed description of the hydrodynamic approach, we will
discuss some rudimentary kinetic theory.

3.1.1 Formal derivation of the Boltzmann equation

The Boltzmann equation is derived rigorously from Liouville’s theorem (see
for example Delcroix and Bers, Sect. 10.2). We can, however, obtain this
equation simply, but in a purely formal way, by initially assuming there are
no collisions between the particles, and in a further calculation, including the

91 When there is no isotropy, it is convenient to use the (hydrodynamic) kinetic pressure
tensor, ¥,which is a 24 order tensor (Sects. 3.3 and 3.5).
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effect of collisions. Consider the particles of a particular type that, at time ¢,
occupy a volume element dr dw in phase space, centred at the values r, w.
By definition, the number of particles is given by:

flr,w,t)drdw , (3.1)

where f(r,w,t) is the velocity distribution function of the particles. In the
absence of collisions, the flow in phase space is that of an incompressible fluid
(Liouville’s theorem), such that at a later time ¢ 4 d¢, the same particles of
the volume element dr dw will, under the influence of the forces present,
be situated at the point r» + w dt, w + (dw/dt)dt in phase space, where
dw/dt = F/m represents the acceleration produced by the fields imposed
externally on the plasma and those induced by the micro-fields. Expanding
the distribution function at the new point with respect to the initial point,
using a first order Taylor expansion, we obtain®?:

3 3
F of of F; af
f(r—|—fwdt,w+adt,t+dt) flr,w,t)+ ga— gﬁ—E el

(3.2)
and we can then express the total variation, df/dt, of f between the two
points, in the time step dt, in the form:

df = Fof | Of _ F of
Ewgwl Z =w Vo f4 - Vaf+ o, (33)

m awz

where V, and V,, are the differential operators in spatial coordinate space
and velocity space respectively.

In the absence of collisions, the number of particles contained in a volume
element in phase space is conserved and the distribution function is therefore
not modified, such that df/d¢ = 0, from which:

aof

F
8t+w Vrf—i—— Vuf=0. (3.4)

This is the Vlasov equation (or the collisionless Boltzmann equation), an
equation that is particularly useful for providing a simple treatment of wave
propagation in a plasma: the field of the wave acts on the charged particles
in the plasma, and these, in their turn, modify the field of the wave. This
effect is self consistently accounted for by the force term F'/m. We can set
df /0t = 0 if we wish to study the stationary solution, which however is not
applicable in the case of an alternating electric field, such as HF discharges.

92 Recall that f(z + Ax) ~ f(z) + (0f/0z) Az, where Az is very small (this development
is limited to first order).
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For the second step of our formal derivation, we will consider the influence
of binary collisions. Without further justification, therefore, we will suppose
that, for species a:

He T rwv o= (5
m coll.

= (3.5)

where (0f/0t).,, is the collision (or interaction) term in the Boltzmann
equation: it expresses the variation of the number of particles in the volume
element of phase space, centred about r,w, due to elastic and inelastic col-

lisions. To avoid any confusion in notation, we will replace (0f/0t)..,; by
S(f), where S denotes the global collision operator:
of F
i -V, — . V.,f=S5(f). 3.6
g5 Tw Vel + - Vuf =5(f) (3.6)

Equation (3.6) is the Boltzmann equation. It describes the evolution of the
particle distribution function in phase space under the influence, on the one
hand, of the gradients affecting this distribution, and on the other hand, the
forces and the presence of collisions.

In the case of elastic collisions, the collision operator can be expressed
in the form of an integral (assuming binary collisions, as well as weak
correlations):

SUa) = Y 8Una =30 [ [ (Fadh = fufi) e = w3 50s(52) A2
B#o B apy 0

(3.7)
where [/, ff'g and f,, fg are the distribution functions after and before col-
lisions, respectively; wg is the velocity of the target molecule before the
collision, w,, that of the incident molecule; G,3(f2) is the microscopic dif-
ferential cross-section (Sect. 1.7.3) for elastic collisions and df2 = sin 6 dfdp
is the solid angle element. Note that these collisions are characterised by the
usual parameters, in particular the scattering angle 6. The integral (3.7) is
the elastic collision integral for species a®3. Since (3.6) includes the collision
term in the form of (3.7), is also referred to as Boltzmann’s integro-differential
equation.

Remarks:

1. In (3.7), the assumption of weak correlation enables us to replace the
double distribution functions f,z and f(lxﬁ by the product of the single
functions fo fz and f;, fj (see Sect. 3.2 for details).

2. Tt is interesting to compare the composition of the term (3.7) with that of
the binary collision frequency (Vo) (1.139).

93 For a demonstration, see Golant et al. (Sect. 6.2).
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3. The Boltzmann equation applies to neutral gases whose density is not too

large, and to weakly ionised plasmas that are essentially governed by short-
range binary interactions between neutrals and charged particles (ions and
electrons).
If the assumption of weak correlation is not valid, the Lenard-Balescu equa-
tion, in which the distribution function f,z is decomposed into a correlated
part and an uncorrelated part, enables us to take account of both collec-
tive and individual phenomena simultaneously. Finally, the Fokker-Planck
equation can be considered as an extension of the Boltzmann equation for
plasmas in which the long range Coulomb interactions (but screened at
the Debye length) predominate.

3.1.2 Approximation to the Boltzmann elastic collision
term: relaxation of the distribution function
towards an isotropic state

In a plasma subjected to a force F' resulting from a field FE, particles are
accelerated along F'. Elastic collisions will, however, tend to reduce this di-
rected velocity; in other words, they reduce the anisotropy in the velocity
distribution function f(r,w,t).

To express this physical mechanism, we introduce the collision operator:

S(f) = —v()f(r,w,t) = fo(r,w)] , (3.8)

which, in this form, is called the relazation operator to the isotropic distribu-
tion function fo(r,w), where w is a scalar velocity; fy represents the velocity
distribution function in the absence of the force F' and f(r,w,t) describes
the distribution function at time ¢, in the presence of F' or shortly after F'
has been suppressed, v(w) being the microscopic collision frequency.

- Evolution of the time dependent function f(w,t) towards the isotropic
function fo(w)
To simplify this calculation, we will assume that the plasma is spatially
uniform, such that V,.f =0 and f(r, w,t) = f(w,t). We will then follow
the development for ¢t > 0 when F' is zero after t = 0. The Boltzmann
equation then reduces to:

of _

T — i)~ folw). (39)
Since dfo(w)/0t =0, (3.9) is equivalent to:
O law 1)~ folw)) = v flw. 1)~ fotw)] . (310)

at
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which has the solution:

flw, 1) = fo(w) = [f(w,0) — fo(w)]exp(—vt) . (3.11)

The difference f(w,t)— fo(w), which appears in the collisional term (3.8),
decreases exponentially, such that the function f(w,t) tends towards the
isotropic function fo(w), with a time constant equal to 1/v.

- The collisional relaxation operator applied to a steady state Boltzmann
equation (0f/0t = 0)
We have, from (3.6) and (3.8):

W Vo[t Vaf = w0~ folr )], (312

and this leads to the following expression:
1 F
f('r,w,t)—fo(r,w) = 7; wvr’f+ E 'wa ) (313)

which shows that relaxation to isotropy occurs if the RHS of (3.13) tends
to zero, i.e. if the value of F' is not too high and collisions are sufficiently
numerous.

Solution of (3.13) by an iterative method

In the case of weak anisotropy, (3.13) can be resolved by an iterative method,
where the zeroth order approximation of the distribution function is given
by f©(r,w,t) = fo(r,w). The first order approximation for the distribution
function is obtained by substituting fo(r,w) for f(r,w,t) in the terms V. f
and V,,f in (3.13):

1 F
FO(rw, t) = fo(r,w) — 5 ['w -V, fo+ o wao] . (3.14)
The 2" order approximation is:

O w,t) = folr,w) — % {w SV, W+ g : wa“)} (3.15)
= fo(r,w) (3.16)
*l |:’w -V, (fO(raw) - l {w : VrfO + E : wao})
14 14 m

+Eloe, (fo(r,w) L {w Vot T wao}ﬂ ,
m m

v

and so on until the k™ order approximation.
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Remark: It can be shown that, in the present case, the collision frequency
v(w) is the momentum transfer frequency.

3.1.3 Two classical methods to find an analytic
solution to the Boltzmann equation

Chapman Enskog

We assume that the function we are seeking is not far from a Maxwell-
Boltzmann distribution fas (7, w,t); the difference is characterised by a pa-
rameter 77 < 1, by setting:

fr,w,t) = far(r,w,t) +nfi(r,w, t) + 02 falr,w, t) +--- . (3.17)

This form of solution enables us to treat the deviations from isotropy with
respect to fyr. However, in all cases, it is necessary that f(r,w,t) is not very
far from a Maxwell-Boltzmann distribution.

Development in spherical harmonics in velocity space”

The presence of an electric field renders the distribution f anisotropic. The
degree of anisotropy remains weak as long as the directed velocity created
by the electric field is small with respect to the mean velocity of thermal
motion. The method proposed by W.P. Allis consists of developing f(r, w,t)
in spherical harmonics (Legendre polynomials, see Appendix XIV), such that:

3cos?f —1

f(rv w, t) = fO(Ta w, t)+f1 (Tv w, t) COs €—|-f2<’l", w, t) 2

+ooo, (3.18)
where fy is isotropic, but not necessarily Maxwellian (Golant et al. Sect. 5.2).
The angle 6 is that of the spherical coordinate system, where z is in the
direction of the anisotropy: thus, we write w, = wcos (see the example in
Sect. 3.4). The development (3.18) assumes symmetry in ¢ (otherwise, see
Delcroix and Bers Sect. 12.3).

94 We obtain spherical harmonics Y (6, ¢) in the form Y (6, ¢) = ©(0)&(p), when we apply
a separation of variables to the Schrodinger equation for a one-electron atom.
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3.2 Velocity distribution functions and the concept
of correlation between particles

We wish to define a distribution function f(r,w,t) that is valid at each point
in phase space and which characterises each point in that space individually,
i.e. without there being any relation between that point and the other points
in this space. Such a function is said to be a single-point distribution function,
in contrast to a two-point distribution function, a three-point distribution
function. .. functions, which introduce a dependence between pairs of points,
triplets of points... of this space. We will initially consider this question,
starting with the phase-space joint probability of an ensemble of completely
correlated particles, and then examine how and under what conditions, it is
possible to partially or fully neglect these correlations. Correlations are due to
the interactions between particles; in general, all particles have an influence
on each of the others, so there is total correlation.

3.2.1 Probability density of finding a particle
in phase space

- The probability that, at the same time, (distinguishable) particle 1 is at
ri,w; %%, particle 2 is at 79, wy, particle 3 at is at r3, w3 - - -, is expressed
symbolically by:

D(ry,wi, - ,ry,wy) dry dw; -« - dry dwy , (3.19)

where D designates the probability density of presence in the 6N dimen-
sional phase space, and N is the total number of particles. The probability
density D obeys the Liouville equation; it contains all the information
necessary to completely characterise the system of N particles.

- The probability of finding the N particles in a given state in phase space
is obtained by integrating the probability density D over the ensemble of
volume elements in phase space:

/D(m, wy, -, ry,wy) dry dwy dro dws - -drydwy=1.  (3.20)

This integral is unity because, statistically, it includes a summation over
all the possibilities, and is therefore certain.

- The probability of finding (distinguishable) particle 1 at r1, w1, indepen-
dently of the positions and velocities of the other particles, is found by
integrating (3.19) over all the volume elements except dr;dw;:

95 More exactly, in a volume element dr;dw; in phase space centred at 71, ws ...
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[/ D(ri,wy, - ,ry,wy) dro dws - - - dry dwy| dry dw; . (3.21)

Clearly, the result of this integration then depends only on 71, w;.
Since, in reality, the particles are indistinguishable, expression (3.21) rep-
resents the probability of finding any of the N particles at 71, w; in dr;dw;
at time t.

- The probable number [dN] of (indistinguishable) particles found at 7y, w;
is thus given by the probability of finding a particular particle at that po-
sition in phase space (3.21), multiplied by the total number, N, of particles
in the system which can be written:

[dN] =N [/D(rl,fwl, s ry,wy) dro dwg - - -dry d'w,\/] dr; dw; .
(3.22)

Remark: The actual number d/ of particles located in a volume element drq,
dw; centred at r1, w7, can be replaced by the probable number of particles
[dN], if the number of particles is sufficiently large for statistical fluctuations
to be negligible.

3.2.2 Single-point distribution function
(the case of correlated particles)

The actual number of particles in the volume element dr dw centred at r, w
is, by definition, given by:

dN = fi(r,w,t) dr dw , (3.23)

where fi is referred to as the single-point (in phase space) velocity distri-
bution function. If, as we have noted, the number of particles is very large,
[dN] = dN, so from (3.22) and (3.23):

filri,wy,t) dry dw; =

N [/ D(ri,wy, - ,ry,wy) drg dws - - - dry dwy| dry dw; , (3.24)

which is the expression for the single-point distribution function obtained for
complete correlation of particles. Because the particles are indistinguishable
(a quantum property), we will remove the “labels” from them. The function
enables us to calculate the number of particles present at a given point in
phase space independently of particles at another point, or other points in
this space.
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The integration of (3.23) over dr; dw; leads, by definition, to:

/fl(r, w,t)drdw=N. (3.25)

3.2.3 Single-point distribution function
(uncorrelated particles)

Contrary to the previous case, in complete absence of correlations (permanent
state of molecular chaos), the total probability density D is the product of
individual probability densities D; (i =1,2,3...N), and we can write:

D =D, DyD;... Dy, (3.26)

Suppose, once again, that the particles are indistinguishable, in which case
the individual probability densities are all equal, so that:

D = (Do)V . (3.27)

Inserting (3.27) into (3.20), the decomposition of D leads to:

N
{/Dodrdw} =1,

/Do drdw=1. (3.28)

such that:

In this case, from (3.24) and (3.28):

N—-1
fi(r,w,t) = NDg {/ Dy dr dw] = ND; . (3.29)

To calculate f1(r,w,t), we will thus use either (3.24) for completely cor-
related particles, or (3.29) for completely uncorrelated particles.

3.2.4 Two-point distribution function
(correlated particles)

The two-point distribution function fi2(r1, w1, 72, wa,t), by definition, con-
siders pairs of particles which are found simultaneously, at time ¢, at two
distinct points r1, w; and 72, ws in phase space. The probability that parti-
cle 1is at r1, wi, while particle 2 is at 75, wo (at the same time t¢), according
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to the formalism developed above, is given by:
{/D(rl, wi, -, Ty, wy) drsdws - - drydwy| dry dw; drg dwy . (3.30)

Since the particles are indistinguishable, the total number of pairs of particles
which can occupy two given points in space is found, analogously with (3.22),
by multiplying (3.30) by the total number of ordered pairs that it is possible
to form with N particles, namely N (N — 1):

fra(ry, wi, re, wa, t) dridw, dry dws = (3.31)

N(N-1) {/D(rl,wl, coory,wy) drg - dwy| drg dw; drg dws
where, from the normalisation (3.20):
/f12 d’f'l dw1 dTQ d’LUQ = N(N— 1) (332)

giving the total number of (ordered) pairs of particles that can be formed?®.

The two-point function is used in particular used to describe binary colli-
sions: in this case, the pairs of particles travelling with velocities w, and wg
before collision enter into the collisional term through the double function fuz
(see Remark 1 following (3.7)). The recourse to a pair of ordered particles is
arbitrary, but reasonable in a number of problems where the two points play
different roles, for example, due to different physical environments (presence
of forces, spatial inhomogeneity).

3.2.5 Two-point distribution function
(uncorrelated particles)

If we completely neglect the correlation between particles, we can, from
(3.27), express the two-point function in the form:

N—-1
N

N—2
fiz=N(N-1)D? U Do (r, w) dr dw} = (NDy)(NDy) (3.33)

which, from (3.29) for fi, gives fio = fi(r,w,t)fo(r,w,t)(N — 1)/N, such
that for very large values of N:

f12 ~ fl(r,w,t)fg(r,w,t) . (334)

96 For example, for N = 3, there are 6 possible ordered pairs; 12, 21, 13, 31, 23 and 32.
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Thus, in the case of uncorrelated particles, the two-point function, which leads
to the number of pairs of particles for which one is situated at r1,w; while
the other is at 74, ws, is simply expressed as the product of two single-point
(in phase space) functions, as expected.

3.2.6 N-point distribution functions

From the generalisation of (3.31), we know how to write these functions, so
in the case of correlated particles:

fr2..n(ri,wy, - vy, wy) = N D(rq,wy, -7y, wy) (3.35)
and in the complete absence of correlation:

Jizen = fife-- fn- (3.36)

In the following sections, we will mainly consider single-point distribution
functions. We will, however, encounter two-point functions in the binary colli-
sion integral of the hydrodynamic equation for momentum transfer. More gen-
erally, the multiple-point distribution functions appear in the kinetic BBGKY
hierarchy (Sect. 3.6).

3.3 Distribution functions and hydrodynamic quantities

The single-point velocity distribution function enables us to calculate the
mean value of certain molecular properties, also referred to as corpuscular or
microscopic properties, for each position r and time ¢. As a result, these are
called hydrodynamic (or macroscopic) quantities. For any particular molec-
ular property 1 (r,w,t) (T is the Greek capital letter upsilon), the most
general definition of the mean value, denoted by (¥'(r,t)), is given by the
expression:

/T('r, w, t)f(r,w,t) dw

(T(r,1)) = (3.37)

] /f(r,w,t) dw

in which the denominator represents the particle density per unit volume®:

97 Consider, in this regard, that the term Uw f(r,w,t) dw] dr represents the number of
particles, for all velocities, in the volume element dr in position space.
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n(r,t) = /f(r,w,t) dw . (3.38)

Equation (3.38) is the normalisation condition on f(r,w,t), the un-separated
distribution function in r and w.

We then find:
/T(r,wj)f(r,w,t) dw
Y(r,t) =% 3.39
(r(r, 1) o (3:39)
Definition of some typical hydrodynamic quantities
The mean velocity:
v(r,t) = ! /wf(r w,t) dw (3.40)
) - n(”"t) ) ) ) *
w
the mean kinetic energy:
= m
Ecin = - 2f(r,w,t)d 3.41
e [t dw (3.41)
and the kinetic pressure tensor®®:
Y(r,v,t) =m, /(w —v)® (w—v)f(r,w,t)dw, (3.42)
w
where the operator ® represents the tensorial product of two vectors.
Hydrodynamic quantities in the particular case where the
distribution function f(r,w,t) is separable
The distribution function f is separable if we can write:
flryw,t) = n(r, t)h(w,t) (3.43)
or, when time-independent:
f(r,w) =n(r)h(w) . (3.44)

98 The significance of this parameter is discussed further in Sect. 3.5. Note that (w —v) ®
(w—w) represents a tensorial product which results in a 29 order tensor (see Appendix VII
for tensor notation). Note also that the density n(r,t) does not appear explicitly in the
definition of ¥(r,t) (3.42).
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In this case, the normalisation condition on the distribution function depend-
ing only on velocity (cf. (3.38) for comparison) is by definition:

/h(w) dw=1. (3.45)

The mean values (3.40), (3.41) and (3.42) then take the form:

v = /wh(w) dw , (3.46)
Ean =20 / w?h(w) dw | (3.47)
¥ =mun(r) /(w —v)® (w—v)h(w) dw . (3.48)

Remarks:

1. In the following, we will use the notation f to denote the velocity distri-
bution function, whether it is separable or not: if the argument of f does
not contain the position vector r, the function is assumed to be separable,
ie. f(w) = h(w).

2. A sufficient condition for the function f to be separable is that the plasma
has uniform density.

Calculation of a hydrodynamic quantity from a distribution
function expanded in spherical harmonics (separable function)

The normalisation condition (3.45), expanded in spherical coordinates (3.18),
leads to:

/f(w,t) dw = 47r/f0(w,t) wrdw=1. (3.49)

The RHS only contains the isotropic contribution from the spherical har-
monic expansion (3.18), as we will show. The second term of the expan-
sion (3.18) is proportional to cosf, and since the volume element dw =
d3w = w?sin f df dy dw contains the term sin 6, the integral of sin 6 cos df
over 6 from 0 to m, of odd parity, is zero! Writing cosf® = 7 and noting
that sinf df = —d(cos ), the integral of cos@sinf df over 0 from 0 to 7 is

1 o . . . .
(7'2/2)|71. The contribution from the third term in the expansion (3.18) is
proportional to 3 cos? 6 — 1: since these two terms have the same parity in 7,
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they cancel after evaluation over (1,—1), and this is true for all higher order
terms of the expansion.

Applied example: calculation of the mean velocity in the direction of
anisotropy z in velocity space. The coordinate system in this space is
w; = wsinfcosp, w, = wsinfsiny and w, = wcosf. Since symmetry
in ¢ has been assumed in the expansion (3.18), we have (recalling that f is
a separable distribution function in the present casel):

/ /271' (w cos ) f (w, t)w?* d(cos 0) dw (3.50)

0=0 w=

Replacing f(w,t) by its expansion (3.18), and once again choosing 7 = cos 6
as variable of integration, we find:

vz—/{iTz]AQstfo w, t) w+/ % )
0

0 ~—_—— ——
0 2/3

1
{ 3} 21w fy (w, t)dw+--- . (3.51)
1

The isotropic terms and the terms of order higher than 1 do not contribute

to v, and we obtain:
o0

v, = 4?77 w? f1(w, t) dw . (3.52)
0

3.4 Kinetic and hydrodynamic conductivities
of electrons in a plasma in the presence
of a HF electromagnetic field

The electrical conductivity is an essential parameter in the description of a
plasma, because it enables us to establish a link between the motion of the
charged particles and the electric field, or fields, with which they interact,
including both externally applied fields and those created by the charged
particles themselves. The electrical conductivity will be found in both the
kinetic model and the hydrodynamic model.

We will start by deriving the expression for the conductivity of electrons
in its kinetic form, which requires the electron velocity distribution function.
We will use this expression to deduce the hydrodynamic conductivity, in
which the relationship with the kinetic conductivity introduces the concept
of effective collision frequency. These various expressions for the conductivity
will be developed in the presence of a high frequency (HF) field, as a preview
to the treatment of HF discharges in Chap. 4.
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3.4.1 Kinetic form of the electrical conductivity
due to electrons in an HF field

Solution to the Boltzmann equation
with a weakly anisotropic velocity

Consider a uniform plasma” subjected to a small amplitude HF electromag-
netic field (i.e. the field does not introduce non-linear effects or contribute to
the plasma ionisation), directed along z. The Boltzmann equation for elec-
trons is then written in terms of the distribution function f(w,t):

0F _ By i OF

B e e =5 (3.53)

In (3.53), we have neglected the effect of the field H of the electromagnetic
wave on the electrons and we have assumed that the wavelength is much
larger than the plasma dimensions: this is the electrostatic approzimation,
allowing us to neglect the term e~ in the phase term e~ 82« of the HF
field. In addition, we will make the approximation that, in the absence of
the field E, the particle distribution function, created by a mechanism other
than that of the HF field, fo(w), is an isotropic function, but not necessarily
Maxwellian.

To resolve (3.53), including the anisotropy due to E, assumed to be small,
we expand the velocity distribution function in spherical harmonics. Limiting
the expansion to first order, we have:

F(w,t) = folw) + == fi(w)e™’ (3.54)

because cos @ = w, /w. Note that the dependence of the function f(w,t) on t,
explicitly expressed in the second term of the expansion, reflects the periodic
variation of the HF field. In accord with our assumption of a small amplitude
field, hence of weak isotropy, we can express the collision operator in the
form of a collisional relaxation term (3.8), associated with the microscopic
collision frequency v(w). To first order in the spherical harmonics expansion
of f(w,t), we find from (3.8):

S(f) = —wlw) |22 fi(w)e "] . (3.55)

We wish to obtain the expression for the function fi(w), which charac-
terises the departure from isotropy induced by the field E (3.53). We must
first show that:

of  w, of

ow, wow’

(3.56)

99 One can treat the case of an inhomogeneous plasma in the same way, provided that the
function f is separable.
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This comes from:

0 0 Ow

B ow 12w, w,
w. Ow dw.

dw= (w2 +w?+w?)?, thus — = .
and w = (wy +w, +w;3)?, usawz 5 0 ”

Importing (3.54) and (3.55) in (3.53) and taking account of (3.56), and can-
celing the factor ! appearing on all terms, we obtain:

z a z iwt z
o o) + 22 i) = —vw) 2 fuw) s (35)

%fl (w)iw —

where the second order term 9/0w [fi(w)w,/w], is neglected compared to
the other terms, which are all of first order. Regrouping, we have:

. eEy 0
£1(w) [y(w) +lw] - mf a—ﬁf , (3.58)
from which: B/ o
eLig/Me 0
= 3.59
hw) = ) Fie dw (3.59)
Electron conductivity in the HF field
- Current density of electrons due to the field E
Since f(w,t) is a separable distribution function, we have:
J = —nev, = —ne/wzf('w,t) dw . (3.60)

w

Using (3.52), which gives v, specifically for a separable function f, it
follows that:

4 oo
J = —ne?7T /wal(w,t) dw , (3.61)
0

where in the present case, fi(w,t) = fi(w)e“’.
Finally, including (3.59), we arrive at:

4m ne? T 1 dfo

J=———F@" | ————uw'dw. 3.62
3 me 0¢ /V(w)+iw8ww v (3:62)

0

- Expression for the conductivity
Setting J = o E, we obtain, by identification from (3.62):
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Arne® | 1 0fo
S - Yoy .
7 3 me /V(w)—Hw ow T (3.63)
0

referred to as the Boltzmann conductivity or kinetic conductivity. After
integration by parts, we find the following equivalent form:

o= 4—”62/00 0 L(L} fo(w) dw (3.64)

3 me | 0w |v(w)+iw

because fo(co) = 0 and the contribution from the limit w = 0 is zero.
- Dielectric permittivity of the plasma (relative to that of vacuum)
From (2.40), we know that for E = Epe*!:

io
=1-—, 3.65
€p weo ( )

(Note: €, = 1 +i0/weg if E = Ege™*?) then from (3.63):

2
Wpe 4

w 3

— ily o 8@5") wd dw . (3.66)

ep =1+

3.4.2 Hydrodynamic form of the electrical conductivity
due to electrons in an HF field

Noteworthy expressions for the electrical conductivity

Collision frequency, independent of the velocity w!%°

In this case, v(w) = v, and from (3.64):

4 mne? T 9 ne? T
=-— dw=——F7——— |4 2d
7 3me(v + iw) /fo(w) Sw” dw me(v + iw) W/fg(w)w v
0 0
=1 (see (3.49))
(3.67)
from which: )
o= (3.68)
me (v + iw)

which is the (hydrodynamic) Lorentz conductivity.

100 Since v(w) = ¢(w)wN, this is only true if v(w) does not depend on w, for example, if
G(w) ~ w1l
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Remark: We have already encountered this expression for the conductivity
o in Chap. 2 (2.39), by considering the electrons to be moving in a vis-
cous hydrodynamic medium (viscosity term —vv in the equation of motion
(2.27)). We can see that the true condition allowing us to obtain (3.68) is
v(w) = constant, v(w) being the electron-neutral microscopic collision fre-
quency for momentum transfer. Recall that, under the same conditions, the
permittivity of the plasma is given by (2.41):

Qp=1——Pr (3.69)

Maxwell velocity distribution function

We have (Appendix I):

m 3/2 m w2
I . e 1
fO(w) <27TkBTe) exp (Qk;BTe) , ( )
and thus: N
8 ne? 1 . ,
O = 2 s | ) T e P Ue) due (3.70)
0

where u, = w/(27kpT,/m.)'/?. We can then calculate o, provided v(u,)
is known.

Expression for the effective collision frequency

We can preserve the Lorentz form of the conductivity (3.68), even in the
case where v depends on w, by substituting an effective frequency veg for v
in (3.63), which we will now define. This approximation leads to relatively
simple expressions in two limit cases:

1. The field E is constant (w = 0) or the angular frequency w is such that
w < v. In this limit, the continuous current (CC) limit, the Lorentz con-
ductivity takes the (purely real) form:

o= , (3.71)

Me

AS

while the Boltzmann conductivity (3.63), in the same limit, is written:

4_777162/ 1 afo(w)dew

3 me ) v(w) Ow

(3.72)

o =

Equation (3.72) can be expressed in the form (3.71) provided we can in-
troduce an effective collision frequency vVeg(cc), such that:
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L _ dr ! 8f0(w>w3 dw . (3.73)

Vefi(cc) 3 v(w) Ow

2. The field E varies periodically, but rapidly enough that w > v, called the
high frequency (HF) approximation. In this case, the Lorentz conductivity
(3.68) can be written:

ne? ne? (V )
g = — __1—2’
(&)
w w

(3.74)

which leads, in the present limit case, to:

o (” - i) . (3.75)

me \w? w

Furthermore, the Boltzmann conductivity (3.63), expressed with the help
of the function fy, in the same limit gives:

4w ne? viw) 1] 9fo 5
g = —?me / |: 2 - ;:| %w dw, (376)

such that, in comparing (3.76) and (3.75), leads us to define:

4 af
Veff(HF) = ~ 3~ 1/(111)5’—1311)3 dw . (3.77)
This finally enables us to express the conductivity, in this limit, in its
Lorentzian form as:

ne? (Vegmr) i
= — —— . 3.78
a ( 7 w) (3.78)

To show that the term:

4 —i\ 9f
_ §7r/ (U) 08 du (3.79)

in (3.76) actually reduces to —i/w in (3.75), it is sufficient to realise that
the term:

dm [ 0fo 3
—— [ —w’d 3.80
3 ow " Y (3.80)
is unity, which we show by integrating the expression by parts and then

applying the normalisation condition (3.49):

ir [ 0f

47
“3 | 30 w? dw = ?3/f0w2 dw = 47r/f0w2 dw=1. (3.81)
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3.5 Transport equations

In the hydrodynamic model, for each microscopic variable (7(r,w,t) =1,
mw, mw?/2, m(w —v)® (w —v),-- ), there is a corresponding macroscopic
flux due to gradients in these quantities in phase space, which is described
by a set of so called transport equations (hydrodynamic equations).

To obtain these equations, we multiply the Boltzmann equation (3.6) for
the single-point distribution function f, (7, w,t), by the variable 7", then in-
tegrate over all velocities:

/T%d +/Tw~VTfadw+/Tm£a-waadw = /TS(fa)dw. (3.82)

In the following, for reasons of simplicity, we will ignore the subscript «
of the species of particles considered, the subscript r attached to the differ-
ential operator in the spatial coordinates, and the symbol ® for the tensorial
product (w ® w = ww). Examination of the different terms of the LHS of
(3.82) enables us to obtain mean values (3.39) of a given microscopic variable
T explicitly, as we will now show.

The time dependent term (15* term)

This can be written in the form:

of 0 or
such that: af 5 ar

[ %8 dw = g ) - () (359
where the brackets () designate an average taken over the (un-separated)

distribution function.

The term including the spatial gradient of f (2"¢ term)

Knowing that 101:

V-/wadw:/Tw-VfduH—/f’w-Vwa, (3.85)

w

we can write:

101 See Appendices VII and VIII for details.
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/Tw Vfdw =V nwY)—n(w-VY). (3.86)

w

The term including the gradient of f in velocity space (3 term)

/T% Vofdw= /// F 8f dwwdwydwz

Wy Wy Wy

/ / / Ey af - du duy v, (357)

Wa Wy Wy

[ [ 5E dw, au, ..

Wy Wy Wy

Integrating, for instance, the first term on the RHS by parts along w,,
we obtain:

[]]75a:

Wy Wy Wy

[ fanae{ [ ™ - o (r) an} . s

Wy Wz

dw,dw, =

where the first term on the RHS of (3.88) is zero because f(+oo) = 0. The
second term is easily calculated if we suppose that:

oF, _0F, OF;
Ow, Owy T dw,

=0. (3.89)

This condition is satisfied for the two types of force that we will encounter:

- the force due to an electric field E. This force, which acts on the charged
particles, is independent of their velocities.

- the force due to a magnetic field B. The component of this force in a given
direction depends only on the components of the velocity in the other two
directions.

According to (3.89), since F}, is a constant with respect to w,, we can exclude
it from the derivative in (3.88), and the term containing the force F' (3.87)

can be written: I I
/T— -Vypfdw=—-n{—-V,7T). (3.90)
m m

w

By substituting (3.84), (3.86) and (3.90) in (3.82), we obtain the evolution
of the macroscopic parameters of the microscopic property 7
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13} or F
e [n(T)] — n<§> + V- [n(w?)] —n{w-VY) — n(E - VuT)

= /TS(f) dw. (3.91)

We will now use this relationship to obtain the different hydrodynamic mo-
ments.

3.5.1 The continuity equation (1% hydrodynamic
moment, of zero order in w)

This equation describes particle transport (their flux), taking account of the
various influences affecting their motion (field of force F' and collisions). It
corresponds to the microscopic variable:

r=1, (3.92)
so that: a7
i 0, VI'=0, V,I'=0. (3.93)
Equation (3.91) then reduces to:
on
E—I-V-nv: S(f)dw . (3.94)
w

This scalar (zero order tensor) equation is called the equation for conservation
of particles or the continuity equation'%?.

Collisional term: assumptions required

The term S(f)dw represents the net number of particles entering (or leaving,
if negative) the interval w, w+dw in velocity space as a result of collisions!%.
In the case of elastic collisions, there is neither creation nor disappearance
of particles in the plasma volume. These collisions only modify the velocity
distribution of the particles, whose total number does not change locally, and
the integral over all velocities is then necessarily zero.

102 By multiplying (3.94) by maq, the mass of the species «, or by ga, the charge of species
a, we obtain the law of conservation of mass or the law of conservation of electric charge
respectively, the latter being 0p/0t + V - J = qo fw S(f) dw.

103 Writing the collision operator S(f) in the form (0f/0t).,, has the advantage that it
describes the variation in f as a function of time, resulting from collisions (see (3.5)).
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Thus: 5
a—? LV () =0. (3.95)

However, in general, creation of charged particles occurs in the discharge
volume (for example, by electron-neutral collisions) and destruction of these
particles takes place, either by volume recombination or by recombination as
a result of diffusion of these particles to the wall (Sect. 1.8). When there is
volume recombination, the integral of the collision term takes the following
complete form:

/S(f) dw = (7; — 7,)n., (3.96)

where 7; is the mean ionisation frequency and 7., that of volume recombina-
tion. In the case where losses only occur due to volume recombination, in the
stationary state (On/0t = 0), we have 7; = 7., and the term V - nv in (3.94)
becomes zero. On the other hand, if diffusion is the predominant mechanism
for the loss of charged particles, the ionisation term dominates the volume
recombination term and the integral (3.96) is non zero (for a more detailed
discussion, see Delcroix and Bers, Appendix A9-1).

We are now in a position to interpret (3.94) in more depth: the variation
of the number of particles of species « in a volume V' as a function of time is
equal to the net number of these particles resulting from creation and volume
loss, less the flux of this species leaving the volume V' by diffusion. Equation
(3.94) can thus be written in integral form:

aa—’ZdV://S(f)dde—/v-de, (3.97)
\% V w \4

and applying the Ostrogradski theorem:

%dV://S(f)dde—/nv-dS, (3.98)
1% V w S=0V

where S is the limiting surface of the volume V', and dS is a surface element
normal to the surface S and directed outwards from the volume.

3.5.2 The momentum transport equation
(2 hydrodynamic moment, 1°¢ order in w)

This moment corresponds to the microscopic variable:
Y =mw, (3.99)

a vector which satisfies:



228 3 Hydrodynamic description of a plasma

Omw

=0, Vemw=0, Vymw=ml, (3.100)

as well as: a7

where I is the second order unit tensor; this tensor has components d;;,where

d;; is the Kronecker delta (d;; = 1 if i = j, 6;; = 0 if i # j). Equation (3.91)
can then be written:

0
e [pm(w)] + V - [nm{ww)] —n(F - I) = /mwS(f) dw , (3.102)

which is a vector equation (1% order tensor).
To evaluate the dyad (ww) (2" order tensor), set:
w=v+u, (3.103)

where u is the velocity of a particle relative to the mean velocity (w) = v
of the ensemble of particles. The velocity u thus has a mean value of zero
({w) = 0). In statistical terminology, u is a centred quantity with respect to
its mean value. We can use (3.103) to obtain:

nm{ww) = nm{uw + 2uv + V) . (3.104)
Since (uv) = (u)v = 0, and (vv) = vv, (3.104) can be written:
nm{ww) = ¥ + nmov , (3.105)
where, from (3.39) and (3.42):
¥ = nm{uu) (3.106)

is the kinetic pressure tensor'* (of order 2).
Equation (3.102) thus takes the form:

0
a(nmv) +V. ¥+ V. (nmov)—n(F) = /mwS(f) dw . (3.107)

However, knowing that:

V- (nvv) = (nv - V)v +v(V -nv) , (3.108)

104 The term (nm){ww) represents a total “agitation” density (due to n), while (nm)vv
is a convective (directed) “agitation” density and (nm)(uu) is a purely thermal (random
in direction) “agitation” density. Agitation is a quantity with dimensions of energy, whose
tensorial nature takes account of the anisotropies of the medium.
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we obtain from (3.107):

0
a(nmv)+V-£+nm('v~V)v+mv(V-nv)—n(F) = /mwS(f)dw. (3.109)

From the continuity equation (3.95) (the particular case where the collision
term is zero), and noting that d(nmw)/0t = mwvdn/ot + nmdv/ot, (3.109)
leads to the following well known expression:

0
nm<m+v~V)v+Vo£n(F)/mwS(f)dw. (3.110)
w
We will now successively examine the different terms of this equation, to
clarify their physical significance and give more details on some of them:

1. The convective term v - Vv is non linear in v, which complicates the
solution of (3.110). Fortunately, its contribution is often negligible in com-
parison to the other terms: this term obviously becomes important when
v or its gradient is large.

2. The kinetic pressure tensor appears above in its completely general form
(the dyad (uw) being anisotropic, see (3.114), further in the text). The
term V - appears as a force per unit volume (it has the same dimensions
as the term n(F')), referred to as the kinetic pressure force.

To clarify the significance of ¥, consider the corresponding total force
acting on the given volume V. The Ostrogradski relation (a particular
case of the Stokes-Cartan theorem) enables us to write:

/V-gdvz / w.dS, (3.111)
|4 S=0V

introducing a force ¥-d.S, exerted on a surface element on the boundary of
the volume. Then, noting that ¥-dS = ¥-é,dS, where €, is a unit vector
perpendicular to the surface element dS, we can conclude that ¥ - é; is a
force 15 per unit area, i.e. a pressure!

Still with the aim of clarifying the meaning of ¥ (3.106), we will now
consider the dyad (uw). Since this is a 2"¢ order tensor, we can represent
it by the matrix:

(uz) (usuy) (ugu.)
(uu) = | (uyug) (u§> (uyuz) | - (3.112)

(uzua) (uzuy) (u?)

105 Gince ¥ is a second order tensor, the contracted product ¥ - &, is therefore a vector, as
it must be the case for a force.
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The non diagonal terms are zero since fwv uif dw; = 0 (i = x,y,2) ',
k2

implying for example:

Wz Wy

Hence the tensor reduces to a diagonal matrix:

(?) 0 0
(uu) = 0 (uz) 0 . (3.114)
0 0 (u)

Particular case: the distribution of velocities w is isotropic (u; = uy = u.).
Making the further assumption of a Maxwell-Boltzmann distribution, we

obtain: ( 2> T
u B
(u3) = <“73> = (u?) = 3 T T

With these two assumptions, and taking account of (3.106), we can write:

- (3.115)

V.W=V.[nksT)I], (3.116)

where I is the 2°d order unit tensor. Therefore, introducing the partial
pressure p, = nokpT, associated with the particles of species a;, we finally
obtain:

V. ¥ =Vp,. (3.117)

With these assumptions, the momentum transport equation (3.110), for
particles of species «, takes the form:

NaMe <§t+va'v>va+vpanaQa[E+va/\B}

/mawaS(fa) dw, , (3.118)

We

where, in general, the fields E and B denote both the externally applied
fields and the (macroscopic) induced fields; the collision operator S(fu)g
is defined by (3.7).

106 In fact, since u is, by definition, a centred velocity with mean value zero, we have
// L/ ug f(w dwz] dwy dw: = nfug) =0,
Wy Wy -

and the same for (uy) and (u.), then more generally fw u; f(w) dw; = 0.
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3. The collision term appearing on the RHS of (3.110), the second hydro-
dynamic moment, represents the total momentum “gained” or “lost” by
particles «, as a result of elastic and inelastic interactions, with other types
of particles only: collisions between particles of the same species can nei-
ther lead to a net gain nor net loss of momentum! The collision term can
then be written formally as:

Poa=> Pas, (3.119)
B
where:
Paﬂ = /mawaS(fa)[g dwa . (3120)

In order to obtain an expression describing the net transfer of momen-
tum from one group of particles to another (for example, from electrons
to neutrals), we will first take a phenomenological approach (with an ap-
proximate expression for P,g) then, in a second step, we will calculate its
exact value.

- Approximate expression for P,g for elastic collisions
We have already shown (Sect. 1.7.2) that the momentum Ap,p trans-
ferred from one particle to another during a collision depends on the
relative velocities of the two particles before collision:

mameg

Apop = — (1 —cost)(w, —wg) . (1.91)

Mo + Mg

To characterise the net transfer of momentum per unit volume, AP g,
from particles of type «, density n,, to particles of type 8 (8 # «a),
density mg, over their entire velocity distribution, we will make use
of the mean velocities v, and vg rather than the integrals over the
velocities w, and wg (this assumes that the microscopic collision fre-
quencies v,p are independent of the relative velocity wqg). Then, the
momentum P, lost by particles « to the benefit of particles 5, per
unit time, per unit volume, is of order:

number of momentum
transfers per second, per
volume unit

1
—~
APos MaMg
Po=—1-= Pap ~ — ——————Vapna (Vo —vg) . (3.121
« Al Z af Zma‘f'mﬁ af a( a ﬁ) ( )
Ba Ba
T
decrease of average number of momentum
momentum to the transfer per second

benefit of particle 3 per particle «
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Supposing that the particles of type « are electrons:
Pap = —VagNaMe (Vo —v8) , (3.122)

because the reduced mass fiag = Mmampg/ (Mo + mg) &~ my.

This relatively simple relation, obtained for the case of elastic collisions,
can also be applied to inelastic collisions, to the extent that v.g is
the sum of the elastic and inelastic collision frequencies expressed in
an appropriate fashion, and that the velocity distribution is isotropic
(Golant et al., Sect. 6.3).

Exact expression for P,z for elastic collisions

The rigorous expression for P,z is given by Golant et al., Sect. 6.3:

maMmpg

Py = o [ f () = w0) 22 o (w02 f ) dw oy
Wo Wg

(3.123)
where the functions f,(wy) and fz(wg) are the single-point, unsepa-
rated, velocity distribution functions for particles a and 8 (the depen-
dence on 7 has been omitted for convenience of notation). The (micro-
scopic) collision frequency of particles « on particles 3, v, is written
(from (1.140)):

K

Vag = n@wag/QW&(G)(l —cosf)sinf df (3.124)
0

where wqg is the modulus of the relative velocity, |w, — wg|, of the
particles a and 3, and where the integral corresponds to the total mi-
croscopic momentum transfer cross-section (1.111).

Remember that v, is different from v, because:

Ve = Natias / 276(0)(1 — cos0) sin 0 d6 | (3.125)
0

so that, combining (3.124) and (3.125), we obtain:

Yap _ LBa (3.126)
ng Na
This results in:
Paos = —Psa (3.127)
and, in particular:
Paa = _Paa =0. (3128)

There is therefore conservation of global momentum during elastic col-
lisions between particles (P, = 0).
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In the general case, v,s depends on the modulus of the relative ve-
locities wqp, and the calculation of the integral (3.123) is not straight
forward. On the other hand, if one can make the approximation that
Vap has no such dependence!?”, Eq. (3.123) is simple to integrate and
we obtain:

Pag = —uagnayaﬂ(va - ’U,g) y (3.129)
which is identical to (3.121).

Remark: In the case of inelastic collisions, the calculation is much
more complex, because the variation in kinetic energy of the particle
« is equal to the sum of the variation in both internal (potential) en-
ergy and kinetic energy of the particle 8. However, the problem is con-
siderably simplified if the relative kinetic energy uagwiﬁ /2 is entirely

08 ie.

converted to potential energy AE in the course of the collision'
from (1.79):

Hapwls =0 . (3.130)
The variation in momentum Ap,g of the particle v (1.81) can thus be
simplified by taking account of (1.82):

APap = ~pap(Wap — Whg) = —flapWap - (3.131)

Under these conditions, the inelastic collision term, after integration,
can be written:

Pas = —papNaVas(Va —v38) , (3.132)

an identical equation to that for elastic collisions (3.129).

4. We can now reunite the different terms of the momentum equation of
order 1 in w. To do this, we set:

a_o

=tV (3.133)

where d/dt is the total derivative operator'®. It is used when the observer
follows the motion of a volume element (Lagrange description). On the
other hand, the RHS of (3.133) can be considered as describing the motion
of a volume element in the laboratory frame: this motion depends, on

107 The effective collision frequency Vap is independent of the relative velocity if the
momentum transfer collision cross-section 6,43 is inversely proportional to the relative
velocity. One can show that this case corresponds to an interaction potential in 1/r4, that
is approximately valid for collisions between charged and neutral species.

108 With this assumption, the collision is by definition head-on because wy, 5 =0 (3.130)
and wag, wao and wgg are collinear (1.73).

109 Note that, in the stationary regime, the total derivative is non zero because the con-
vective term v - V remains: only the term 9/0t cancels.
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the one hand, on the time variation of the local velocity, and on the other
hand, on the ensemble motion (convection) of the fluid (Euler description).
Finally, by substituting (3.129) and (3.133) in (3.118), we obtain the well
known form'!9:

Ma—Vo = qo [E +v4 A B] — —Vpa Z HapVapVa —vg] . (3.134)

dt eyt

This is the 2" moment equation (first order moment in w) or the mo-
mentum transport equation for particles of species a, having an isotropic
distribution function, and colliding elastically with particles 8 that are
different from «. This equation is also called the Langevin equation.
Equation (3.134) determines the acceleration of the fluid under the influ-
ence of different forces, including electric and magnetic forces, the pressure
gradient and collisional viscosity.

Remark: It is interesting to compare (3.134) with the hydrodynamic
Navier-Stokes equation for the transfer of momentum in an incompressible
(in this case, pps, the mass per unit volume is constant, and the continuity
equation leads to V -v = 0) and viscous fluid. Under these conditions, the
equation can be expressed as (see Landau and Lifschitz):

ov
— 4+ (v-V)v| =-Vp+ n,Av +nF, (3.135)
ot ——
T Interaction term
Force per volume unit (viscosity)

where 7, is the coefficient of fluid viscosity.

3.5.3 Moment equations of second order in w

We can distinguish two cases, in which the second order moment is either w?
or ww.

Transport equation for kinetic energy

This equation is also called the energy balance equation. This moment corre-
sponds to the microscopic variable:
1 2

T = 2Mat” (3.136)

110 Remember that Eq. (3.118), taken from (3.110), is obtained from (3.95), the continuity
equation without a RHS term.
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which leads to!:

T

Equation (3.91) can then be written:

% <;nama<w2>> LV Bnamamwﬂ o (F - w)

1
- / EmawZS(f) dw,  (3.138)
which is a scalar equation (zero order tensor).

Noting that (w?) = (u?) + v? and assuming the velocities are isotropic,
with (u?) = 3kpT,/ma, we obtain, for the species «:

0 (1 0 (3
5 <§namavi> —i—a <§nak3Ta> =-V . qqu+n09.E v4+Rs, (3.139)
kinetic energy kinetic energy
directed random
(convection)
where: e
qa = %(wawa (3.140)

is the vector-flux''2 of the total kinetic energy of the particles of species a,
and where the term:
Ra= Y Rap (3.141)
BFa

represents the total energy “gained” or “lost” by particles «, following elastic
and inelastic collisions with other types of particles only: collisions between
particles of the same species cannot lead to either a loss or gain of kinetic
energy.

The variation of the density of the total kinetic energy of the fluid of par-
ticles o (LHS of (3.139)) occurs due to three mechanisms, represented by the
three terms on the RHS: 1% term: transport of kinetic energy from one point
to another in the plasma due to a spatial gradient!'3; 27 term: deposition
of energy (heating) in the plasma by the current of particles moving in the
field E (Ohm’s law): 3™ term: variation of kinetic energy of the particles a
due to their collisions with other types of particles.

111 Note that (3.136) can also be written in the form 7 = (mqw - w)/2, and therefore
VuwY = maqw: the gradient of a scalar must be a vector.

112 Tn general, the vector nw?Y (w) is the vector fluz of the molecular property 7 (w).

113 For example, in the case of a temperature gradient, the heat flux can be expressed by
qo = —AaVTq, where A\, is the thermal conductivity of species a.
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The collision term R,g, resulting from the elastic collision of particles «
with particles 8, can be written in the same way as for the first order moment,
if the collision frequency v,g is independent of the velocity (Golant et al.
Sect. 6.4):

___ 2mamg mo(w?)  mg(wi) mg—mg
Rap = (ma + mB)Q%VaB > 2 2 (va - v5)
(3.142)
Knowing that:
ma (W) =ma [(ul) +v2] = 3kpTs + mavy , (3.143)

and using the energy transfer coefficient § (1.103), Eq. (3.142) can now be
written:

M2 mﬂvé 3 (mg —my)
a T8 4 O (T — Tp) + " Ma)
5 5 T 5kB( 8) + 5 (va - vg)

Raﬁ = —5naua5
(3.144)

It should be noted that R, = 0. Although this can be easily verified in
(3.144), it is not necessary to assume that v, is independent of the velocity
to obtain this result, because the kinetic energy is a collisional invariant.

In many cases, the gas has no directed velocity (v, = vg = 0), or all the par-
ticles have the same velocity (v, = vg). In these cases, the terms containing
v, and vg disappear and we are left with:

3 3
Rag = —(5nal/ag <§/€BTQ - §kBTg> s (3.145)

which clearly illustrates the exchange of kinetic energy during elastic colli-
sions.
Remark: In the case of inelastic collisions, the calculation is much more
complex, because the change in kinetic energy of particle a is equal to the
sum of the change in internal energy and in kinetic energy of particle S.
However, the problem is considerably simplified if we suppose that the change
in kinetic energy of particle S is negligible in comparison to the change in
internal energy, which is generally the case for collisions with electrons (1.80).
With this assumption, for a collision frequency v,g, the collision term Rqg
resulting from inelastic collisions of particles « (electrons) with particles 3 is
then:

'Raﬁ = —nauagé'k ) (3.146)

where & represents the energy threshold of the inelastic collision considered.
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The transport equation for the kinetic pressure tensor ¥

This tensor ¥ leads to the true second order moment.
The kinetic pressure tensor ¥ (3.42) corresponds to the microscopic

property:
Y = my(w —v)(w —v) (3.147)

in which v = v(r, t). Writing w = v + u, we obtain:
or ov Ov
N i I 14
5t m, <u 5 + 5 u) (3.148)
VY = —m,Vvu —myVuv = —m,Vou — (maVvu)T , (3.149)

VX = ma(ul + l’ll/) y (3150)

where I is the second order unit tensor and the suffix T indicates the trans-
pose of the matrix representing the tensor''*. All the terms are 2°¢ order
tensors. Equation (3.91) can then be written:

2 [nama<(w — 'U)(’UJ — ’U)>] =+ nama<ua—v + 8_1;

ot o
+ V- [nama(w(w — v)(w — v))] + ngma(w - Vou +w - (Vou)T)

—no(F - (ul + Iu)) = /ma('w —v)(w—v)S(f) dw , (3.151)

which is a 2™ order tensorial equation.
Rewriting (3.151), again with w = v+wu, and suppressing the terms whose
mean value is zero, we obtain:

—nama(un) + V - ngme (vuu + uuu) + name (u - Vou + (u - Vou)T)

ot
o (F - (ul+Iu)) = R (3.152)

«

where:

R,=Y R (3.153)
BFa

is the collision term (Appendix XV). Expanding (3.152), we obtain:

114 The tensor AT with elements az;. is the transpose of the tensor of the same order A,
with elements c;; such that aiTj = aj;.
Hence: VY = —mq(Vou + Vuv) = —mq Vou — (mqe Vou)T.
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— (namouu) + (V - v){(ngmeuu) + (v - V){(ngmyuu)

ot

+ V - ngme (uuw) + ngme (uw) - Vo + (ngme (uw) - Vo)

—ng{F - (ul +Iu)) =R, . (3.154)
It should be noted that the last term of the LHS of (3.154) is zero if the
force F' is independent of velocity (e.g. in the case F' = g, E): F can then be
removed from the expression between brackets, which is then zero.

We can then transform (3.154) to the form:

[(‘i tv V4+(V- ”)} V+V-Q+¥ -Vu+(¥-Vo)' -M =R, , (3.155)

where ¥ is the kinetic pressure tensor (3.106) and M, which is also a 2" order
tensor, results from the action of an external magnetic field (Appendix XV);
on the other hand, @ is a 3'4 order tensor, defined by:

= my, /(w —v)(w—v)(w—v)f(r,w,t)dw, (3.156)

w

Q

known as the thermal energy fluz tensor: this is a third order, centred moment
of velocities with respect to the mean velocity of the distribution function

f(r7 w7 t) *
We would like to rearrange the first term of (3.155). To do this, we note
that the continuity equation (3.28) with RHS zero can be expanded as:

%+(U-V)n—|—nv-v:O, (3.157)

from which, including the total derivative (3.133):

1dn
Vv=———. 3.158
v n dt ( )

We can then transform the first three terms of (3.155), to obtain:

o d. wdn A4 (¥

This equation then reduces to:

n% (%)*V'QHQ'V)’UH(!V)?J]TMEa. (3.160)
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Remark: The kinetic pressure tensor:

¥ =m, /(w—v)(w—v)f(r,w,t) dw

w

appears as a centred moment (with respect to v) of order 2 and is related
to a variance''® calculated with respect to an average value which, in the
present case, is the velocity v.

We can see this by noting that:

U = ma/wwf dw — mq /’u'uf dw = nmy(ww) —nmavv,  (3.161)

w w

which is of the form E[X?] — E[X]?, where E[X] is the mathematical expec-
tation of the variable X. In summary, we have discussed four aspects of the
kinetic pressure tensor:

- V - W represents a force per unit volume.

- W .é, (¥ projected normal to a unit surface) is a force per unit area,
the kinetic pressure. It is the generalisation of the scalar pressure in an
anisotropic gas.

- W is the second order, centred moment of the velocity distribution function
with respect to the average value v: it is related to the variance of the
microscopic velocities.

- ¥ has the dimensions of momentum flux: in fact, while nwv is a particle
flux, nv(mw) in (3.161) represents a momentum flux.

3.5.4 Higher order moment equations

We can write the transport equation for the thermal energy flux Q (3.156),

yielding a 34 order moment in w, and so on for the higher moments, which
leads to an infinite number of hydrodynamic equations.

Remark: In general, we require a set of hydrodynamic equations for each
type of particle. However, in some cases, the single fluid of electrons is ade-
quate for our purposes (Sect. 3.7).

115 The variance D of a random variable X is expressed as a function of the mathematical
expectation E according to:

D[X] = E[(X —m)?] = E[X?] - E[X]?

where E(X) = m. This characterises the importance of the deviation of the ensemble of
values of the distribution, with respect to their average value m.
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3.6 Closure of the transport equations

The transport equations of the parameters n, mv,¥,Q --- provide a good

description of the evolution of a plasma at the macroscopic level, but unfor-
tunately they constitute an indeterminate system:

- the equation for the conservation of the number of particles n contains v,

- the equation describing the evolution of v introduces a second order
tensor ¥,

- the equation describing the evolution of the kinetic pressure tensor ¥
introduces a third order tensor @,

- and soon...

In summary, the evolution of a given variable is always dependent on a
further variable whose tensorial order is one order higher. Such a system is
called a hierarchy. In general, we use only the first 2 or 3 transport equations.
In order to break this hierarchical dependence, it is necessary to make a
simplifying assumption on the highest order tensor appearing in the highest
order equation we wish to consider. This procedure is commonly referred to
as closure of the transport equations (see the following examples for methods
of closure).

Remark: An analogous problem, but different in its physical meaning, is
found in kinetic theory. The integration of the Liouville equation dD/dt = 0
(D is the probability density defined in Sect. 3.3) over all positions r;, w; in
phase space except r1, w1, leads to:

% +w- -V, f1+ E -Vufi = Sl(flg) . (3162)
t m

This equation (the Boltzmann equation), which describes the evolution
of the single-point function f; (3.24), introduces a binary interaction term
between particles in the form of the two-point function f12 (3.30). Integrating
the Liouville equation in the same way, but this time over all variables except
71, w1 and 79, wo, we obtain:

df12
ot

F
+w-V,fia+ o Vo fiz = S12(f123) (3.163)

where the term S(f123) represents the ternary interactions between particles,
and so on for f123,f1234...Once again, we have an indeterminate system of
equations, called the BBGKY!'6 hierarchy. In order to use (3.162) indepen-
dently of (3.163), we set, as conditions of closure, the assumption of weak
binary correlations between particles (3.34), such that S(fi2) =~ S(f1f2).

116 The names of the physicists Born, Bogolioubov, Green, Kirkwood, Yvon are in alpha-
betic order, and apparently the exact inverse of the historical order.
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Note that the BBGKY hierarchy is constructed from the collision operator,
while the hierarchy of hydrodynamic equations has a completely different
origin. It results from the existence of gradients in real space, and appears
in the form of a divergence of a tensor of one order higher than the order
of the hydrodynamic equation considered. Note, furthermore, that the set of
hydrodynamic equations we have just developed proceed from the calculation
of mean values, taken uniquely over the Boltzmann equation, the very first
equation of the BBGKY hierarchy.

Method of closure

We can limit the hydrodynamic description to k equations by “simplifying”
the tensor X of order k+ 1 that generally appears, as we have just indicated,
in the form V-X: this is usually achieved by assuming that 2" can be replaced
by a tensor quantity of one order lower. Among the simplifying assumptions
for closure of the hydrodynamic equations, we will consider two that are most
commonly used:

1. Cold plasma. We completely neglect thermal motion, and assume that
T = 0, which allows us to write ¥ = 0 in the equation for momentum
transport. The hydrodynamic equations for n and v then form a two-
equation determinate system, to which we can add Maxwell’s equations.
This approximation is particularly applicable to:

- the description of the properties of an electron beam
- wave phenomena in plasmas (for a phase velocity much greater than
the mean velocity of the thermal motion of the particles).

2. Warm plasma. This approximation, which is less restrictive than the pre-
ceding one, has the advantage of accounting for the thermal motion, which
is assumed to obey a Maxwell-Boltzmann law. This approximation there-
fore enables us to describe a larger number of observed phenomena, being
particularly applicable to the following cases:

- neutral gases: since the electric field E cannot transfer energy into the
system and set particles in motion, it is thus essential to include their
thermal motion,

- plasmas for which the “cold plasma” approximation is regarded as too
crude, when it comes, for instance, to describing the propagation of
waves with low phase velocity.

In the warm plasma approximation, various assumptions are possible, the
main ones being:

a. Isothermal approximation. In this case, we assume that the kinetic
pressure tensor is no longer zero but has the form ¥ = nkgT, a sim-
plified form of this tensor, where the temperature values 7T;; of the
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tensor T are independent of the spatial coordinates (T;; = constant).

Under this assumption, two situations can be envisaged:

- isotropic plasma. The kinetic pressure tensor then reduces to the sole
isotropic and scalar pressure p = nkpT. Then, according to (3.116)
and (3.117), we can substitute Vp for V - &, both a tensorial term
also of order one (a vector) in which, from our assumptions we can
deduce:

VipT =0. (3.164)

As in the case of the cold plasma approximation, the closure of the
system of equations is achieved for the first order moment in w,
i.e. we are left with only two hydrodynamic equations for the fluid
considered.

- anisotropic plasma. The kinetic pressure tensor, following (3.116),
takes the form ¥ = nkpT, where this time the components T;; are
different for different values of 7. Since by hypothesis, the components
of T' do not depend on position, V - kgT = 0. The closure of the
equation of moment of order 1 in w is written as:

V- W=V -nkgT = kBI'VTL—Fn(V'kBI) =kgT -Vn. (3.165)

b. Adiabatic approzimation''”. The perturbing system (for example a
wave) does not have the time to exchange energy with its environment.
To determine the equation of state p(n), we need to consider the first
three hydrodynamic equations. The closure condition is applied to the
transport equation for ¥ (moment in &) by setting R = 0 and requir-
ing V- Q = 0: there cannot be transfer of energy between particles nor
transport of thermal energy by the particles because the compression
is adiabatic. If, under these conditions, we require that ¥ reduces to
the scalar kinetic pressure p, we can show (Appendix XVI) that the
transport equation for the kinetic pressure tensor leads to the following
purely scalar equation:

d3p
o v=0. 1
ndt2n+pv v=20 (3.166)
. . 1dn
Then, taking account of the expression V - v = R (3.138),
n
Eq. (3.166) finally reduces to:
d (3p pdn
—(ZE) =L 1
"t (2 n) n dt (3.167)

117 A change of state of a system is adiabatic if there is neither a gain, nor a loss of thermal
energy of the system. Two situations are possible: 1) the system is isolated; 2) the process
considered (for example, compression of the plasma exerted by a wave) is so rapid that
there is no time to transfer energy by conduction.
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for which the solution is:
pn~ 7 = constant , (3.168)

where v = 5/3 (perfect gas). This is the adiabatic relation. In the
case where the fluid considered is isotropic (for example, electrons in
the absence of a magnetic field B) and resembling a perfect gas with
density n, the adiabatic constant v (ratio of specific heats ¢,/c,) is
effectively 5/3.

Other values for v are possible. For instance, for a (linear) one dimen-
sional flow in the presence of a field By (the medium is thus anisotropic),
we use 7 = 3 for compression parallel to By and v = 1 for compression
perpendicular to By. More generally, if the molecules have § degrees
of freedom (vibration, rotation, translation), then v = 1 4 2/6. Thus,
d = 2 in the case of azimuthal symmetry and § = 3 for a three di-
mensional, spherically symmetric compression, for which, v = 5/3. The
case v = 5/3 is also referred to as the Euler or scalar approximation
(because the compression is spherically symmetric).

In summary, the assumption of an adiabatic gas flow is used, for exam-
ple, in situations where the particles take part in the propagation of a
sound wave or when the fluid flows extremely fast. Assuming a perfect
gas where p = nkgT, the adiabatic equation can also be expressed as:

Tn'~" = constant , (3.169)

illustrating that in this case, since n is spatially varying, T also varies
spatially.

3.7 The Lorentz electron plasma model

This model can be regarded as a first application of the hydrodynamic equa-
tions and closure methods to the case of an electron fluid. Consider a plasma
composed of electrons, ions and neutral atoms. We will treat the case in
which the degree of ionisation is weak (n. < ng): the electron-electron,
ion-ion and electron-ion collisions can then be neglected in comparison to
the electron-neutral collisions, which are much more numerous and therefore
are the dominant mechanism in the momentum exchange through collisions.
From this fact, the energetic exchanges between the electron fluid and that
of the ions (but not the interaction for the space charge electric field) are
negligible, leading to T; < T,: we can thus consider that we are dealing with
an electron gas and an ion gas which are quasi independent of each other.
Furthermore, because T, > T; (or more commonly T, > T;), and the mass
of the electrons is much smaller than the mass of the ions and neutrals, we
can assume the ions and neutrals to be at rest compared to the motion of
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electrons. The situation finally reduces to one in which we can consider a
single fluid, that of electrons, which moves in contact with a continuous
fluid of ions and neutral atoms at rest, providing an effective viscosity to the
electron motion. Furthermore, in addition to the “viscosity” just invoked, the
interaction between electrons and ions also manifests itself in creating a space-
charge electric field (Poisson’s equation) affecting the motion of electrons.

The Lorentz equation for plasma electrons
If we neglect the convection term in the Langevin equation (3.134)!18, and
since v, > v; and v,, in the collisional term, this equation can be simplified
to give:
v, 1
Me—— = @e[E 4+ Ve A Bl = — VDo — meVe(Ven + Vei) » (3.170)
ot T
where we set Vey, + Vei ~ V (Vej K Vep). Assuming that p. = nekpTe, with
T. independent of position, (3.170) reduces to:
O0v,

Vne
e =q.|FE e NB| —EkgT,
mn ot Ge[E+v ] B Te

— MV, . (3.171)

The gradient Vp, expresses the spatial evolution of the thermal pressure due
to the electrons (isothermal assumption, Sect. 3.6): it is not related to a fluid
compression.

A particular case of the Lorentz plasma

Cold electron plasma (T, = 0) subjected to a periodic field E = Ege!“.
We will consider such a plasma, in one dimension and without a magnetic
field. Then, relation (3.171) becomes:

d%z
Me——n
dt?

dx

— 172
= (3.172)

= —eEye“t — mev

which is an equation we have proposed earlier, without proof (see Sect. 1.7.9,
Eq. (1.147)) and we are now in a position to better understand its physical
content. Recall that in a cold plasma, the movement of particles is uniquely
created by the field Epe®?, so v(t) = vgel*?, then from (3.172):

Melwvge™t = —eEpe!™t — mevvge™? (3.173)

and finally:

118 We consider that v < vy.
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—ekE
vo = — 0 (3.174)
me(v + iw)
so that the expression for the electron current density is:
J e’ g (3.175)
=nquy= ———— .
1o me(v +iw) 7
from which we obtain the expression for the scalar conductivity:
2
o=—C (3.176)
me (v + iw)

This result has been obtained previously, by integrating the velocity dis-
tribution function, assuming that v(w) = constant. This expression for o
was then termed the Lorentz conductivity (3.68): we now see the origin of
this name.

3.8 Diffusion and mobility of charged particles

3.8.1 The concepts of diffusion and mobility

The mobility and diffusion of charged particles are two hydrodynamic quan-
tities, intrinsically linked to the presence of collisions in a plasma.

Diffusion

Diffusion stems from the kinetic pressure gradient in the Langevin equation
(3.134). In the case where Vp = V(nkpT), diffusion results from either a
gradient in particle density, or a gradient in their mean energy (temperature),
or both. We will consider the two cases successively:

The case of a particle density gradient

Collisions between particles at any given point are random, and in the absence
of strong fields, isotropic: there is then an equal probability for the directions
of the scattered particles, after a sufficient number of collisions. We will con-
sider, in one dimension, two points A and B in space, such that the density
n of the gas at A is greater than that at B. Due to the equi-partition of colli-
sions at each point in space, the flux in both possible directions at the point
A is greater than that in both directions at point B. This means that the
gas flux from A towards B is greater than that moving from B to A. There
is therefore a net flux nv from A to B, where the mean velocity v is that of
the fluid circulating from A to B.
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The case of a temperature gradient

In this case, there is a flux of energy from the region of high temperature to
that at low temperature, the energy transported by the high energy particles
being larger! This energy flux is associated with the flux of particles.

Mobility

This parameter characterises the mean progression, or drift, of charged par-
ticles of a given type subjected to an electric field E, when the motion is
retarded by collisions.

Combined diffusion and mobility

In the case of a plasma that is both inhomogeneous and subjected to an (ex-
ternal or induced) field E, there will be a combined diffusion and drift of the
charged particles of type «, characterised by a total directed (mean) veloc-
ity vo. We will study these two phenomena, with the help of the Langevin
equation (3.134), considering a stationary state and neglecting the convec-
tive term v, - Vv,. In the case where there is no temperature gradient, this
equation reduces to:

1 (e}
vy = {qa(E +on A B) — kpTy } . (3.177)

MmaVaps «

3.8.2 Solution of the Langevin equation
with zero total derivative (dv/dt = 0)

We can rewrite (3.177) in a form such that the LHS is homogeneous in v:

Vng

Ng

MaVapVa — a(Va A B) = qo E — kT, (3.178)
In the following, to simplify the notation, we will suppress the indices «
and S.

The general solution to this equation without the RHS is v = 0, because v
and v A B are orthogonal. The particular solution of the equation including
the RHS will be the sum of two solutions obtained separately:

1. that with Vn = 0 (drift velocity only),
2. that with ¢F = 0 for Vn # 0 (diffusion velocity only).
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The proposed method of solution implies that the two following conditions
are satisfied:

1. The convective term (v - V)v appearing in the Langevin equation (3.135)
can be assumed negligible, which is the case if the total directed velocity
v has a small absolute value. This condition ensures that the sum of the
drift velocity and the diffusion velocity is equal to the combined velocity
of these two phenomena.

2. In order for the scalar pressure approximation in the Langevin equation
to be valid, the velocity distribution must be isotropic, which implies that
the diffusion and drift velocities are small compared to vyy,.

Expression for the drift velocity

Setting Vn = 0 in (3.177) in order to eliminate the contribution due to
diffusion, and choosing €, to be along B, we have:

q
Tz — E:E Bz bl .].
va = ~L[E, +v,B.] (3.179)
q
vy = [E, —v:B.], (3.180)
v,=-Lp,. (3.181)
mv

We will first define the mobility in the absence of B:

p=-1 (3.182)
my
which is the mobility of a charged particle in a constant field E (note that u
is completely determined, if we know v). This mobility enables us to rewrite
(3.181) in the form:
v, = ukE, , (3.183)

which defines the mean velocity or drift velocity of one type of particle subject
to an electric field F in a collisional plasma (remember that, by convention,
and in contrast to ions, the electrons will drift in the opposite direction to
that of the field E: the value of p. is negative). The mobility thus defined is
called the linear mobility, to signify that p does not depend upon E.,. In the
presence of a magnetic field B, we find, for v, and v, respectively:

2
vt e
V24 w2 2 2

(3.184)

Vy =

2
_ e ki
=~ Bt By, (3.185)
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where w. = —¢B/m is the cyclotron frequency (Sect. 2.2.2). We can conclude
that the drift velocities along &, and €, becomes weaker as the magnetic field
increases (v < we).

The mobility tensor

The previous results can be expressed in tensor notation, by writing:

v’ _ e

AreE MTae (3.186)

H1L =

where p; and pug are the mobility perpendicular to the magnetic field and
the Hall mobility respectively. These two coefficients allow us to define the
274 order mobility tensor, p, by the general relation:

v=wu-E, or v = ZMijEj (3.187)

with, as its representative matrix:

p1 pg 0
p=| —pupr 0 | . (3.188)
0 0 p

We can also relate it to the electrical conductivity tensor. Knowing that

J = nqu, where v is the drift velocity of the particles in the field E, we can
write from (3.187):

J=nqu-E (3.189)

and since J = @ - E (Sect. 2.2.2), the relation between the conductivity and
mobility tensors is then given by:

o =nqp . (3.190)

Remarks:

1. The expressions for the mobility and conductivity of electrons parallel to
a magnetic field B (or in the absence of a magnetic field) are:

fle = ——— |, (3.191)
meV
2
o, = % (3.192)
meV

where v is the average electron-neutral collision frequency for momentum
transfer. If the assumptions in the Lorentz model are valid, this electri-
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cal conductivity describes the electrical conductivity of the ensemble of
particles in the plasma.

2. Ion mobility. We can define the ion mobility analogously to that for
electrons: .

[ = , (3.193)

m;Vin

where v;;, is the ion-neutral collision frequency. Note that the mobility of
a positive ion is positive, whilst the mobility of an electron is negative;
note also that some authors define mobility to be always positive.

3. Note that if w, — 0, the mobility tensor reduces to the scalar mobility
coefficient, as expected.

4. Reduced mobility. For a given type of particle, y varies only with v. Then,
for a given electron (ion) temperature (mean energy), the value of v de-
pends only on N, the number of atomic targets per unit volume, the neu-
tral atoms, in the present case. Therefore, it is practical to record the
values of p at one reference pressure and one reference temperature of
the neutral atoms: these references have been fixed at py = 760 torr and
0°Celsius. The corresponding mobility is referred to as the reduced mobility,
leo: the neutral density in this case refers to the Lochsmidt number,
Ny =2.69 x 10" atoms cm 3. The mobility at any particular pressure p
(torr) and temperature T (degrees Celsius) with respect to the reference
pressure p4 and temperature 0°C, can be written:

NL  peo pa teo (273 + T¢)
e = He0 7 = 23+4+1.) = ——5—7, 3.194
Pe = H N, T 2713p (213 +1T) 273 ' ( )

where N, is the density of neutrals at the (dimensionless) “pressure”
P’ = p/pa and at the temperature T, (°C).
5. Mobility in a periodic electric field. Recalling that the Lorentz conductivity
in a periodic electric field is given by:
nee?

(3.176)

e = me(v + iw)
(see (3.176)), we can define the corresponding electron mobility, knowing
that o = ngu (3.190), such that:

(&

ol (3.195)

He = —

Setting w = 0, we obtain the expression for the mobility in a continuous
electric field E (3.182).
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Expression for the diffusion velocity

By setting the field E to zero in (3.177), we obtain the diffusion velocity in
the direction of the magnetic field:

. kBTa i 8na

3.196
MaVag Na 0z ( )

Vy =

which enables us to define the diffusion coefficient parallel to the direction of
B (or in the absence of a magnetic field) for particles of type «:

kBTa

MmaVap

(3.197)

Dy =

For the components of v in the plane perpendicular to B, we obtain, from
(3.177) (where the subscript « is retained solely for the temperature):

q kT, 10n
— 4 (y,B,)— Bl 20N 1
Vg my (Uy z) my nox’ (3 98)
q kT, 1 0n
o my (vzB:) mv ndy’ (3.199)

and, as in the case of mobility, we introduce the two coefficients of diffusion
relative to the plane perpendicular to B:
DHI/2 DHI/L«)C

= 2

D, =

which enables us to rewrite the three components of the diffusion velocity as:

10n 10n
e =—-D,—— —Dg——, 201
Y 0 ox Hn@y (3.201)
10n 10n
- py-2 _p -2 202
Yy Ao 0z thoy (3:202)
10n
Z:_D -, .2
v. =D 3 (3.203)

whence finally the representative matrix of the diffusion tensor:

DHZ/2 D”I/wc

V2 4+w? v24w?

D, Dy 0 ,
D=|-Dy D, 0 |= _2":“32 fj‘ry 5 0 (3.204)
1% 1%

0 0 D e e -
Bla

0 0

mvag



3.8 Diffusion and mobility of charged particles 251

and the diffusion velocity vector:
v 0j
v=-D " vi=-Y Dy 2" (3.205)
resulting from the plasma density gradient.

Remarks:

1. We have just defined in (3.205) the free diffusion tensor D, so named
because the electron (ion) diffusion occurs completely independently of
all (collective) interactions with ions (electrons): in this case (low plasma
density), the space charge field between the different species of charged
particles is not large enough for any important coupling of the two different
species to occur.

2. Note that as w. — 0, we recover the scalar diffusion coefficient, as expected.

3. We can associate a particle flux to the density gradient, by noting that:

I'=nv=-D-Vn. (3.206)

I is also called the particle current because, when multiplied by the charge
e, it becomes a current density.

4. In the general case, where D depends on position and given any mi-
croscopic velocity distribution function, it can be shown that (Delcroix,
Sect. 13.2):

1
r= —§V [n{w?/v(w))] , (3.207)
where the brackets denote an average taken over the distribution function.
From this expression, we extract the most general form of the diffusion co-

efficient in the absence of a magnetic field B and for a velocity distribution
function that is independent of position:

D= %(wQ/V(w» . (3.208)

Moreover, if v is independent of w, and the distribution function f(r,w)
is Maxwellian, then:

1 (1 2 1 2 kgTy,
D—_{-m<w2>}———{§k3n}—— slo = (3.909)
mv 3

2 mv mv

in agreement with (3.197).
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Total particle current and total current density
(complete solution)

If the above mentioned assumptions on the vector v are valid (velocity v
sufficiently weak for the convective term to be neglected, absence of temper-
ature gradient, stationary state) and provided that the electron density is
sufficiently small, such that there is no coupling with the ions through the
space charge field, the solutions obtained from (3.187) and (3.205) can be
added to obtain the total flux of charged particles of one given species, and
the corresponding current density:

I'=-D-Vn+nu-E, (3.210)
J=—qD -Vn+o-FE. (3.211)

Remark: The ratio of the coefficients D, and pu, leads to:

& _ ( kBTa ) <mal/a,3> _ kBTa 7 (3212>

Ha MaVap o qa

referred to as the Einstein relation. It is usual to set D, /|ue| = ug, where uy,
is the characteristic electron energy (expressed in eV).

The effect of a magnetic field on the diffusion coefficient:
confinement of charged particles

- Spatial orientation of the confinement with respect to B
The field B = é,Bj only affects the mobility and diffusion in the plane
perpendicular to it (B does not appear in the expressions for y and D)).
This effect depends on the ratio v/w.. For the simple case where E = 0,
with dn/0y = 0 in the equation for v, (3.201); the expression for I, takes
the form:
on  —Dy?* on —Dy on

I“z:_D_: —_— = —, .21
Loz V2 +w? ox 1+(wc/y)2 or (3:213)

which clearly shows that, when v < w,, the particle flux in the direction
perpendicular to B is smaller than the flux I, in the direction of B; in the
case where v < w,, the components D ~ (v/w.)?D) and Dy =~ (v/w.) D)
are even more strongly reduced.

Remark: The reduction in the motion perpendicular to B in the case of
individual trajectories (v =0, F; =0, B = &,By, p. 117, remark 1) is due
to the fact that the gyration radius of the particle becomes smaller as By
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increases. When there is particle diffusion, the cyclotron gyration can be
seen as retarding the diffusion perpendicular to B.

- Diffusion losses in a long plasma column, subjected to a stationary, axially
directed magnetic field B
In a plasma column, with radius small compared to its length, the diffu-
sion losses of the charged particles (by recombination at the walls) takes
place mainly in the radial direction. A magnetic field, directed axially, can
however greatly reduce this diffusion.

Consider the vector:
on 10n On
Vn = a. .9 .49 v a_
or’ r oy’ 0z
in cylindrical coordinates. The plasma column being cylindrically sym-

metric, In/dp = 0; in addition In/0z ~ 0 if the column is very long with
respect to its radius''”. The radial flux then reduces to2°:

on on DHl/2 on
Ié,=-D(Vn),=-Dé& — =—-&D — =—&—1_“" (3214
€ D-(Vn) =€ or ¢ Lor ¢ V2 4+ w2 or (3 )
and for v < w,,
kT, v? 5 On kgTomyv\ On 1
'~ — — = /=) — x — 21
my q2B2 o q? B2 or < B2 (3.215)

which shows that the magnetic field strongly reduces diffusion losses.

Remark: The diffusion of charged particles perpendicular to B often gives
rise to a much larger transport of particles than that predicted by the hy-
drodynamic model: this type of diffusion is referred to as anomalous diffu-
sion (with respect to the hydrodynamic model). See further in Sect. 3.11.

3.9 Normal modes of diffusion and spatial density
distribution of charged particles

The ultimate goal of the present section is to show how the diffusion of
charged particles to the walls (where the ions recombine with the electrons)
determines n(r), the spatial distribution of charged particles.

119 The axial density profile n(z)/n(0) for a direct current (DC) discharge has only a weak
dependence on the length of the column, such that, in this case On/Jz is small.

120 Since only one of the three components of Vn is non zero, in this case 9n/dr, we can
conclude that only the coefficient D plays a role in the radial flux causing diffusion losses;
the azimuthal diffusion flux within the plasma, Iy, = Dy9on/0r, does not contribute to
these losses. Note that the (Hall) diffusion coefficient in this relation is —Dp (see (3.204)).
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This being obviously a problem of particle transport, it is natural to try
solving it by considering the continuity equation, written this time with a
non zero source term S'2!:

L. () =8, (3.216)
ot
where On/0t describes the particle density variation as a function of time and
V - (nv) represents the variation of the particle flux as a function of position.
This flux results from the diffusion and drift of the charged particles. The term
S takes account of the variations in particle density as a result of volume
collisions, principally ionisation and recombination.

In the absence of an electric field (applied or from space charge)'??, the
particle flux can be written I' = nv = —DVn. Equation (3.216), in steady
state, is then simply:

V.-(-DVn)=S. (3.217)

In the case where the diffusion losses are greater than those due to volume
recombination, the collisional interaction term (see Sect. 1.8, and Eq. (3.96) in
Sect. 3.5) reduces to that for volume ionisation. If, in addition, the coefficient
D is independent of position (isothermal approximation), we finally obtain
the relation:

~DV?n=vmn, (3.218)

where v; is the mean ionisation frequency for the gas considered (Sect. 1.8.3).
This equation expresses the fact that the particles, created in the volume, are
dragged towards the walls under the influence of their gradient density. We
can rewrite (3.218) in the form of an eigen-value equation:

Vin = — (%) n. (3.219)
The results that we will now obtain are of major importance in the establish-
ment of the maintenance conditions of the discharge, particularly as to the
value of the F field intensity within the discharge as opposed to the exter-
nally applied field. In Chap. 4 (Sect. 4.2) we will establish the fact that this
intensity, in the case of a plasma subject to diffusion, is independent of that
of the externally applied electric field.

To completely understand the solution to (3.218), we need to introduce
the concept of normal modes of diffusion, which is more readily demonstrated
in the case of a time varying post-discharge (also called time-afterglow): it
refers to a plasma in which, at ¢ = 0, we delete the source term, for example
the HF field.

121 The term S results from the integration of the collision operator S(f) over wa.

122 If there is no coupling between the electrons and ions through the space charge electric
field Ep, D is the free diffusion coefficient. If coupling is important, the particle flux, which
includes a contribution from the drift of the particles in the field E, takes an identical form,
but the value of the diffusion coefficient must be modified (Sect. 3.10).
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3.9.1 Concept of normal modes of diffusion:
study of a time varying post-discharge

We will examine the evolution of the spatial electron density distribution,
as a function of time, in a post-discharge in the diffusion regime. Equation
(3.216) then reduces to:

on
o +V.(nv)=0. (3.220)

Assuming that the mean particle energy is spatially uniform (isothermal ap-
proximation) and setting I' = nv = —DVn, (3.220) becomes:

on

— —DV?n=0. 3.221
5 ( )
To solve this equation, we need to know how the plasma density decreases as
a function of time in the diffusion regime: it can be shown that, with certain
exceptions, the density at any given point decreases exponentially, i.e.:

n(r,t) =n(r,t = 0)exp(—vpt) fort >0, (3.222)

where vp is the characteristic frequency for diffusion loss (tp = 1/51 is the
characteristic time for the decrease of plasma density by diffusion). Equation
(3.221) then becomes:
v

Vin = — (ED) n, (3.223)
where n = n(r,t), and D is the diffusion coefficient for the particles con-
sidered!?3. The second order differential equation (3.223) has eigenvalues of
the form VZn = —\,n (characteristic equation). In the case of a cylindrical
column of internal radius R, the boundary conditions are (dn/dr),._, = 0
and n(r = R) = 0, where this latter condition must be considered as an

approximation'?4.

123 Note that (3.223) is not limited to charged particles, but can be applied to all the
species in the plasma created in the volume and lost to the walls, such as excited neutral
species, as well as atoms (O, N, H...), molecules or radicals.

124 The value n(r = R) is always much smaller than n(r = 0), because in the diffusion
regime, the walls constitute a region where the charged particles as well as the neutral
species (some excited) are lost: by neutralisation for charged particles and through de-
excitation, recombination or absorption for neutral species. However, if there is a “reflec-
tion” of part of the particle flux at the walls, the condition n(r = R) = 0 is not valid. This
is the case for rare gases atoms and gaseous molecules (O2, No, Ha...) in their ground
state, for which the coefficient of reflection is 100% (no losses at the wall, n(R) = n(0)).
For excited or dissociated neutral species, the de-excitation or recombination may not be
complete at the walls, and one part of the species flux is thus reflected. In this case, it is
necessary to think of the loss of species in terms of flux rather than density.
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To simplify the solution of the characteristic equation, set:

VD

1
A2 D

(3.224)

We will show later that A, the characteristic diffusion length, depends only
on the geometric configuration and plasma dimensions. Consequently, an in-
crease in D translates into a proportional increase in vp.

Planar configuration

This situation corresponds to the case of a plasma confined between two
parallel plates (conductors or dielectrics), separated by a distance L (z axis),
but extending to infinity in the other dimensions (y and z axes), as illustrated
in Fig. 3.1.

Fig. 3.1 One dimensional
representation of a plasma
confined between two par-

allel plates, extending to 0 T
infinity and separated by a L =
distance L. .

The solution of (3.223) is then:

n(z,t) = an(t = 0) exp(—vpit) cos(x/Ag) , (3.225)
k=1
where: )
VD
=2 (3.226)
A2 D

and including the general condition that the density is zero at the wall:

L T

i = k=135, (3.227)

[\

where k is always positive.
Remarks:

1. The solution sin(z/Ay) is not acceptable, because it is not symmetric with
respect to the axis (z = 0), as is required by the diffusion process.

2. Considered one by one, only the fundamental mode (k = 1) in (3.225) has a
physical significance, because the higher modes result in negative densities
along . However, their sum according to (3.225) constitutes a physical
solution (without negative values).



3.9 Normal modes of diffusion and spatial density distribution of charged particles 257

Characteristic frequency vp; of the different modes:
relative values compared to that of the fundamental mode

We wish to evaluate the relative contributions to electron density of the
various diffusion modes appearing in the sum (3.225); to do this, we ex-
tract from Eqs. (3.226) and (3.227) for k = 1, vp; = Dn?/L?; for k = 2,
vpe = 9 Dn?/L?; for k = 3, vp3 = 25 Dn?/L? such that vps/vp1 = 9,
vp3/vp1 = 25, etc. Then, it is clear that the fundamental mode decays the
least rapidly in (3.225): no matter what the initial spatial density distribution
was (obtained, for example, as a result of a laser pulse focussed at a point
inside the discharge vessel), after a certain time, it will take the shape of
the fundamental mode, with the other terms in (3.225) making no significant
contribution, as is illustrated in Fig. 3.2.

Ne to ®
t1
to
t3

Fig. 3.2 Approximate 27
time evolution of the elec- |
tron density, in the diffusion —L/2 0 +L/2 x
regime, of a plasma created
locally (®) at time tg. to <t1 <t2 <tz <ty

Diffusion length

L
For the fundamental mode (k = 1), we have A= g, from which:

A=L/m, (3.228)
where A appears as a characteristic diffusion length in the planar confi-
guration.

Cylindrical configuration

We will consider a cylindrical vessel, closed at each end by planar surfaces
(Fig. 3.3).
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Fig. 3.3 Two dimensional A

representation of a cylin-

drical plasma vessel, with R ¢
its axis z, radius R and
length h.

3>
>
z

h/2

For the fundamental mode, the eigenvalue solution to (3.223) gives the par-
ticle density at the point r, z:

n(r, z) = ng cos(az)Jo(br) , (3.229)

where Jy is the zero order Bessel function of the first kind (Fig. 3.4): the
coefficients a and b obey the relation:

2 2 _ Vb1
b= —. 2
a” + D (3.230)

— T —T—— T
Jo(br) = 0 roots 7
2.405, 5.52, 8.65, 11.79 . ...

S

2
Fig. 3.4 Plot of the zero o5l
order Bessel function of the 0 5 10 15
first kind. br

Diffusion length

By requiring that the density of the particles be zero at the walls (at r = R
and z = £h/2), we find a = 7/h and b = 2.405/R, from which:

1, o (m\% . (24057

In a long cylindrical column, by definition h > R, from which:

A=——. (3.232)
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The diffusion is thus principally in the radial direction, such that:

n(r,z) ~n(r) =ngJo(2.4057/R) . (3.233)

3.9.2 Spatial distribution of charged particle density in
the stationary diffusion regime

The source term (ionisation)

In the case of a weakly ionised plasma (n. < N, where N is the density of
neutrals), the electron-neutral collisions dominate, but they are not sufficient
to equalise the mean energy of the different particles; the mean energy of
electrons in electric discharges is, in fact, greater than that of the ions and
neutrals (Sect. 1.4.3). Moreover, the mean energies of the heavy particles, in
this case, remain well below the ionisation threshold: only electrons are able
to ionise through impact collisions with atoms. In the following, we assume
that the atoms are initially in their ground state, before being ionised by a
single electron collision: we will neglect multi-step ionisation, where atoms
in excited states serve as a relay to ionisation (Appendix VI). This assumes
that the intermediate states are not highly populated.

The “source” term S of the continuity equation (3.216) represents a num-
ber of particles per unit volume per second. Since we assume the plasma is in
the diffusion regime, the source term includes ionisation only. Because ionisa-
tion occurs through a single electron impact on a neutral atom in the ground
state, we can simply write the “source” term of the continuity equation as
S = 8; = vin where v; = No(64i(we)we) (1.152).

The charged particle balance equation

We know, from the conditions just described, that the conservation equation
for particles in a diffusion plasma can be written:

—~DV?n =y, (3.218)

where the diffusion losses of charged particles are exactly balanced by the
volume ionisation.

Very often, we can assume that the frequency v; is independent of position.
However, in plasmas produced by HF fields, v; is a function of the spatial
variation of the field E, but in most cases where diffusion clearly dominates
volume recombination, the effect of this dependence on the particle distribu-
tion function is minimal due to the global nature (leveling effect), as opposed
to the local nature, of the diffusion mechanism.



260 3 Hydrodynamic description of a plasma

Note that (3.218) has the same form as (3.223), describing the spatial
electron density distribution subject to diffusion in a time dependent post-
discharge: it is therefore an eigenvalue equation (the boundary conditions are
the same as in Sect. 3.9.1). Thus, by analogy with Sect. 3.9.1, for a long
cylindrical column (3.232), we have:

n;(r) & ne(r) = n(0)Jy(2.405r/R) , (3.234)

which describes the radial density distribution corresponding to the funda-
mental diffusion mode!?®. Following the solution to (3.223), we set this time:

V; 1
which can be rewritten in the form:
D
v; = T (3.236)
or again, from (3.132):
VvV, =Vp , (3237)

and we obtain the equilibrium equation, in a steady-state discharge, between
the number of charged particles created and the number of those escaping
by diffusion. This equation is also referred to as the charged particle balance
equation.

Remarks:

1. In the case where the charged particles disappear (in part or in total) by
volume recombination, we must add a term to the ionisation term S;. For
example, in the case of atomic ions of the same charge, this would be:

S, = —agn®, (3.238)

where ag, is the three-body volume-recombination coeflicient.
A more general form of the particle equilibrium equation can thus be
written:

— DV?n = vin — agen?® (3.239)

where oy, and v; can be spatially dependent.

In a time dependent post-discharge, where volume recombination exceeds
the loss of charged particles by diffusion (see (3.222)), in the specific case
of a three-body recombination (3.238), the decrease in n is given by:

125 This solution once again assumes that the contribution from higher modes is not im-
portant: they disappear once the transitory breakdown regime of the discharge terminates,
analogous to what happens in a post-discharge.
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1 1
—— = —5— + 20t . 3.240
w2 ) (3240
It is then straightforward, in principle, to distinguish a volume recombi-
nation regime from a diffusion regime by examining the time evolution of
the post-discharge, unless the charged particle losses for both mechanisms
are comparable in importance.

2. Density conditions at the walls

As we have already indicated'?*, the simplifying condition n(r = R) = 0
at the walls is not always valid. In fact, at low-pressures (typically below
100 mtorr (13.3 Pa) in argon), there is a plasma-wall interface in the form
of a narrow ion sheath, corresponding to a few Ap. (Sect. 3.14). In this
case, the losses at the walls are expressed in terms of the flux traversing
this ion sheath. At higher pressures, the plasma can often be considered as
extending completely to the walls (negligible sheath), and the assumption
n(r = R) = 0 is then acceptable.

3.10 The ambipolar diffusion regime

The assumption of a free diffusion of electrons, i.e. independent of ions, im-
plied in Sect. 3.8, is only valid if the charged particle density is low. In reality,
the electrons have a diffusion coefficient which is much larger than that of
the ions (compare D, o T,/m, with D; o T;/m;), which implies that their
escape to the walls is more rapid'26. This leads to a departure from neutrality
(charge separation) and therefore to the creation of an electric field Ep (the
space charge field). This electric field acts to slow the diffusion of electrons
and accelerate the diffusion of ions. Above a certain plasma density (of order
108 cm™—?), the space-charge field intensity becomes important to the point
that the ions and electrons diffuse with a common velocity, the charge sepa-
ration and, thus, the actual electric field intensity adjusting accordingly: this
is ambipolar diffusion (in its pure or perfect form), characterised by a single
diffusion coefficient D, for the two species of particle, for which we will now
derive the expression.

126 To see this, write the diffusion flux of the two types of particles (not accounting for
the space charge), in the x direction:

Tez = nevez = —DeOne/0x  and Iy = niviy = —D;0n;/0x .

Since me < M and Te > T;, although ven 2 vin, one has D > D;. Knowing that

ne ™~ n;, we obtain One /0 = On;/Ox, and, finally ves > v;q, hence there is a much larger
electron flux.
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3.10.1 Assumptions required for a completely analytic
description of the ambipolar diffusion regime

1. We set the flux of electrons and ions to be equal:
r.=I;,=r. (3.241)

This is only a first order approximation because, rigorously, we should

rather write:
v.-r.,=v.r;. (3.242)

In fact, the equation of continuity in the stationary state gives, for all
regimes:
v.-r.=38., (3.243)

vV-Ir,=35,, (3.244)

where S, = §;, because the charged particles appear and disappear as
electron-ion pairs'?”.
Equation (3.241) is therefore only an approximation (except in one dimen-
sion); it is called the congruence approzimation.

2. We assume spatial independence of the diffusion coefficient:

Dy(r) = constant, (3.245)

where k = e, i or a (a standing for ambipolar).
3. We assume that in general:

—-C, (3.246)

where C' is a spatially independent parameter, whose value depends on
the space charge. In the presence of a particle flux, in the stationary state,
the intensity of the space-charge electric field Ep grows, starting from
zero for free diffusion, gradually increasing into the ambipolar regime then
decreasing again, without ever being completely zero at the perfect am-
bipolar diffusion limit (see below (3.270)). The proportionality condition
(3.246) will enable us to treat the transition between free diffusion and
perfect ambipolar diffusion. We can verify the validity of this relation in
two extreme cases of the transition regime:

- Low plasma density: free diffusion regime (Ep = 0)
The two species of particle diffuse freely, thus a priori C' # 1. To
determine the value of C, we use the exact relation (3.242), where
I, =-D,Vn,, and D, is spatially independent. Since S, = §;, this

127 Assuming that there are only positive ions in the discharge, and that each of them
carries only a single positive charge.
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leads to:
— DEV . Vne = —D,V . an 5 (3247)

or equivalently:
D;
V2n, = +D—v2ni : (3.248)

(&

such that, from (3.246):
C=D,./D;, (3.249)

which quantifies (3.246) by giving the parameter C' a precise value.
In the free diffusion regime, the ion and electron diffusion fluxes are
therefore equal provided that n;/n. = D./D;.

- High plasma density (perfect ambipolar diffusion regime: no charge sep-
aration)
In this case, C = 1 (n.(r) = n;(r) = n(r)) and from the congruence
approximation (3.241):

ve(r) =v(r) =v(r), (3.250)

which requires that the diffusion is governed by a single diffusion coef-
ficient D,, common to both species, as will be shown in the following
section.

3.10.2 Equations governing the ambipolar diffusion
regime and the transition from the free
diffusion to the ambipolar regime

In the absence of external fields, the fluxes resulting from diffusion, as well
as that from the drift due to the space charge electric field Ep, are given by
(3.210):

I'c=—-D.Vne+ puen.Ep , (3.252)

where the field Ep is related to the departure from neutrality through Pois-
son’s equation (1.1):

V- -Ep=—(n.—n;e/e . (3.253)

Perfect ambipolar regime (n.(r) = n;(r))

If we multiply (3.252) by pin; and (3.251) by pene and take the dif-
ference (3.252) - (3.251), including the congruence approximation (3.241)
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(I' =TI, =T), we obtain:
(ping — prene) I' = — Depini Ve + pepiineni Ep
4+ DipeneVn; — pepiinen; Ep . (3.254)
In the present case, n. = n; = n, so:

*(Deﬂi - Di,ue)vn
Hi — He

Ir= , (3.255)

which leads to the definition of the ambipolar diffusion coefficient D, '28:

De,ui - Dl,ue
Hi — He

D, , (3.256)

so the electron and ion fluxes ((3.251) and (3.252)) can both be represented
by the same single expression:

I'=-D,Vn. (3.257)

Note, in (3.256), that D, is positive because the value of . is negative.

By analogy with the expression obtained for free diffusion (3.235), in the
stationary state, the creation-loss equilibrium condition for particles in the
ambipolar diffusion regime is:

D,

=5 (3.258)

1)

For a long, cylindrical column, the expression for the radial distribution of
the electron and ion densities following the development of (3.233) is thus:

n(r) = n(0)Jo(2.4057/R) . (3.259)

The transition region between the ambipolar (n. = n;)
and free diffusion (n; = Cn.) regimes

We start from (3.254), where the congruence approximation (I'e = I';) is
used, but this time we consider that n. # n; and v, # v;. The proportionality
condition (3.246) can be expressed in the form:

n;Vne =n.Vn; , (3.260)

and then, from (3.254), we can extract:

128 The expression for D, remains the same if an external electric field Eext is added to
Ep (even if their orientation is different): Eext can be eliminated in equation (3.254) in
the same way as Ep.
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(De/fti - Diue>ni

WMy — eNle

I'=—

Vne=-D,Vn, , (3.261)

where Dy is the effective diffusion coefficient. Although the expression for
D, contains n. and n;, which are functions of position, D, is not, because
we have assumed that the constant C' is spatially independent.
We require an expression for Dy as a function of D, in which the difference
n; —ne (determining the intensity of the field Ep coupling the particles with
each other) appears explicitly. Recall the expressions for the total electrical
conductivity:
o= (uin; — tene)e (3.262)

(because p. is negative, o > 0, as it should be) and the total charge density:
p=(n; —nee. (3.263)

We can then write:

HepP 1— Ne(ni - ne)e — HiMg — fheNe — ey + [LeTle

1-— = =
o (Hini — Hene)e HiT — eMe
_ (i = pe)ns (3.264)
Ml — ﬂene
and, further, that:
D.u: — D _ .
D, (1 B M) _ ( eli zﬂe) (i — pe)ni
o i — e il — HeTle
D.u: — D: ’
_ (Depts = Dipe)ni _ - (3.265)
HiTg — Helle
The expression:
D, = D, (1 - “€p> (3.266)
(2

shows that D, depends explicitly on the electrical conductivity and the de-
viation from charge neutrality. Since the coefficient . is negative, D, is the
minimum value of D¢(p ~ 0).

3.10.3 The value of the space-charge electric

field intensity

From (3.210), we know that the expression for the electron particle flux is:

I'.=-D.,Vn,+ pen.Ep . (3.267)
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Moreover, the effective diffusion coefficient D enables us to write the ion
and electron fluxes (3.251) and (3.252) in the same form I' = —D;Vn,.
From (3.267) and (3.261), we then have:

(D. — Dy) Vn.

He Ne

Ep =

(3.268)

We can study this equation in two interesting limits:

- Ep =0 (strictly zero)
This case corresponds to free diffusion, as shown in (3.268), because then
D, = D, (we can find the same result by comparing (3.267) with Ep =0
and (3.261))

- Perfect ambipolar diffusion field Ep,
Setting Ds = D, in (3.268) gives:

1 De 7 Dz e Vne
EDa——[De( 1 u)}
He Hi — Me Ne
_ i |:De,ui - De/ie - Deﬂi + Di;ufe:| Vne (3 269)
,U/e /’[’1 - lu(i Te
and finally:
D, — D;)Vn,
Ep, = D= D)Vn (3.270)
Hi — Me Ne

This field can become very weak, but never exactly zero, in the ambipo-
lar diffusion regime. More exactly, this means that we can set the strict
equality n. = n; in order to calculate the ambipolar diffusion coefficient,
but not in Poisson’s equation. In the latter case, p must be different from
zero, even if only slightly, for the space charge to exist. Note also that the
space charge electric field on the axis of a plasma column must be zero,
because of cylindrical symmetry'?” and thus the charge density po on the
axis must also be zero.

Since, in general, D, > D; and |pe| > p;, a commonly used approximation
for the expression (3.270) for Ep, is:

D, Vn, A
Ep, ~ 2e Yl — ), YT (3.271)
He MNe e

where uj, is the characteristic energy of the electrons (3.212).

129 There is no reason for the field Ep on the axis to be pointing in any specific radial
direction. As a matter of fact, we use the condition Vn. = 0 as a boundary condition on
the axis.
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3.10.4 The expression for the charge density pg
on the axis: limits to the validity
of the analytic calculation

The charge density p can be obtained explicitly from Poisson’s equation
V -Ep = p/ey, where the expression for Ep is from its general relation
(3.268):

p:_eo(Dste)V' [Vne}
e Te
D'_De e 2 2 e
_ o(Ds — De) KV” ) _ Vi ] . (3.272)
Lhe ne ne

The value pg of p on the axis is obtained by noting that the plasma density is
symmetric with respect to this axis, so that Vn. = 0'3%; furthermore, since
V2ne/ne = —1/A% (Sect. 3.9.2), one gets from (3.272):

6O(Ds - De)

In the case of free diffusion (D; = D.), we do have py = 0 (negligible
space charge). Knowing that D, > D, > D, ! (and p. < 0, according to
our convention), py increases from 0 to pomax as Dy decreases from D, to D,
while we should have pg = 0 on the axis, whatever the diffusion regime: the
field E on the axis is always zero due to cylindrical symmetry. The analytic
calculation is therefore only approximate, which is not surprising, given the
rather restrictive assumptions (notably n; = Cn.) that we have used.

The more exact description of the regime is better treated numerically.
In order to compare analytic and numerical calculations, we will express the
effective diffusion coeflicient as a function of the conductivity on the axis, oy.
To do so, we substitute (3.273) into (3.266), which gives:

(3.274)

D, =D, {De + AQUO/EO]

D, + /120'0/60

Assuming that the conductivity og is primarily due to the electrons, and
introducing the electron Debye length (1.42), we obtain:

130 Note that we set Vne = 0 in (3.272) only in the RHS, i.e. once the divergence has
been expanded: the fact that the first derivative of n. is zero at a point does not require
that the second derivative also be zero at this point (consider y = z2 at = = 0). In the
present case V2ne < 0 and ne passes through a maximum on the axis.

131 And D; < D, because in the ambipolar diffusion regime, the space charge field
accelerates the flux of ions. To see this, use (3.256) for example, with |pe| > |p].
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Fig. 3.5 Comparison of the analytic solution (dashed line) with that obtained by a nu-
merical calculation (solid line) from the diffusion equations, for the case T. = T; (after [1],
American Physical Society, all rights reserved).

D, =D, | L+ A" -, (3.275)
(Da/D.) + (A/Ape)

where (A/Ap.)? is a parameter characterising the transition from free dif-
fusion (Ds = D.) to ambipolar diffusion (D,/D. < 1). Figure 3.5 shows
that the analytic solution (3.275) underestimates the value of Dy obtained
by the numerical solution of the diffusion equations, which does not require
the aforementioned approximations. In particular, the value of Dy obtained
analytically only tends to that of the numerical calculation for large values
of (A/Ape)?.

Figure 3.6 shows that, for a planar discharge configuration, the plasma
situated in the neighbourhood of the axis can be in the ambipolar regime,
but tends to the free diffusion regime near the walls.

3.10.5 Necessary conditions for a discharge
to be in the ambipolar regime

Provided the discharge is effectively governed by diffusion, to determine
whether the regime is ambipolar or not we can use either one of the following
two criteria:
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ambipolar diffusion

Ie o (Do () = const.)
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Fe = Da Z sin Z
X
—Vne
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Fig. 3.6 Numerically calculated values of I'. and n. as functions of spatial position
z in planar geometry, compared to those obtained when assuming a constant ambipolar
diffusion coefficient: the calculated diffusion coefficient changes from truly ambipolar on
the axis (z = 0) to that of the transition regime as density decreases towards the wall
(after Brown).

Density — diffusion length criterion

We can generally say that the field intensity Ep required for ambipolar dif-
fusion is reached when A%0y is sufficiently large (see (3.274)), or more specif-
ically when:

nepA% > 107 em™ (3.276)

where n.g, the electron density on the axis, is expressed in cm™ and A in
cm. For values of n.oA2 less than 10° cm ™!, the plasma is in the free diffusion
regime, provided that the conditions are actually those of a diffusion regime
(collision mean free path < R) and not that of free fall (the definition of free
fall will be discussed later, in Sect. 3.12).

Remarks:

1. The average electron density (over the cross-section) of a classical fluo-
rescent lamp tube, maintained by an alternating current, varies between
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1019 and 10'* ecm ™3 in the course of a period of 60 Hz; its radius is 12 mm.
This discharge is manifestly in the ambipolar diffusion regime, except near
the walls, where it can be in the free diffusion regime, as we have already
underlined (Fig. 3.6).

2. For values of n A% > 10" cm™!, the plasma density can be sufficiently
large for volume recombination to be significant, or even dominant. It
is then necessary to compare the losses of charged particles by volume
recombination and by diffusion, in order to know which loss mechanism is
the most important.

Debye length — diffusion length criterion

Recalling that \%,, = eokpTe./nce? and from the Einstein relation (3.212)
D./pe = —kpT./e, we can write:
EoDe

2\ = e (3.277)
e e

The departure from charge neutrality on the axis as a function of A%, can be
obtained from (3.273), by substituting therein u. from (3.277), which gives:

(Ds — D,) (Ds — D¢) A%, neoe

po = (Mo —neo)e = 0™ T = 0T~ p

and finally:
nio —neo _ (De — Ds) Abe

Neo De A2

We can then distinguish two cases depending on the ratio Ap./A:

(3.278)

- Ape > A: free diffusion
A Debye length longer than A implies a departure from macroscopic neu-
trality over the distance A. This means that the intensity of the space-
charge field is manifestly insufficient to couple the ions and electrons. In
other words, there is free diffusion, ions and electrons moving indepen-
dently of each other. Moreover, Ap, > A implies, from (3.278), that the
density n.o should be small!32,

- Ape < A: ambipolar diffusion
This condition corresponds to high electron density (1/meo is small in
(3.278)) and the space charge field will have an intensity such that the
motion of the ions and electrons are coupled. These conditions correspond
precisely to the ambipolar diffusion regime (Ds = D, in (3.275)).

132 This condition is similar to the first condition of remark 10 of Sect. 1.6 to the extent
that L ~ A.
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Remarks:

1. A commonly used approximate value for the coefficient D,. It is easy to

see that: D o, T
ilbe _ BL; MelVen —€  Myilip _ i ) (3279)
Delii miVin kBTe MeVen € Te

Since, as a rule, |pe| > w4, the general expression (3.256) for D, can be
written:

Do~ D; — D.(2)
[he

and equivalently

Substituting (3.279), this becomes:

T
D, ~ D; [1 + T} . (3.280)

Finally, since generally T, > T; (non LTE electric discharges):

Te kBTz Te kBTe
Da ~ Dz_ = — = i .
T, mivin T; ( e ) s

(3.281)

D, can thus be expressed as the product of the electron temperature
(in V) and the ion mobility.

2. The initial regime (or breakdown) of a discharge is necessarily governed by
free diffusion, due to the fact that the densities at the beginning are small
(nepA? — 0, on condition that it is not in free fall regime, Sect. 3.12), but
the resulting stationary regime can be governed by ambipolar diffusion. In
practice, the breakdown of the discharge requires a much greater electric
field E than that required to maintain the discharge, as is shown in Fig. 3.7.

3.11 Ambipolar diffusion in a static magnetic field

We would like to study the effect of an axial magnetic field on the ambipolar
diffusion regime in a long plasma column'?? in the absence of an external
electric field.

As in the case for free diffusion, a field B cannot produce an effect in its
own direction. On the other hand, the influence in the perpendicular direction
can be significant.

133 1f R/h is not much less than 1, see Chen, Sect. 5.5.1.
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Fig. 3.7 Field intensity E (normalised to the pressure p) as a function of the parameter

pA in a microwave discharge in Ha (after [32]). The values of the product neoA? are

expressed in cm™1.

Coefficient D, |

In a long cylindrical column, diffusion is principally radial. The corresponding
ion and electron fluxes in the presence of a magnetic field can be obtained by
analogy with the I'. and I'; fluxes in the absence of a magnetic field, using
(3.251) and (3.252):

on;
I = *Dilaiz + piiniEpy (3.282)
and:
one
Iy = 7DeLW + perneEpy (3.283)

where Ep, is the radial component of the space-charge field (designated as the
ambipolar field). The expressions for D, and D, follow the definition of D
in (3.200), and those of p.y and p;; those of u) in (3.186). Supposing that
the diffusion is ambipolar (I, = I}, = I3.), then by analogy with (3.257),
we can write a common expression for electrons and ions, in the form:

I',=-D, V., (3.284)

where D, is given by:

Deypiin — Dig ped
Mil — Hel

D.. = (3.285)
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Analysis of the relative values of D.;, and D,

The calculation of the ratio of the two values leads to:

(3.286)

2 2 2 2 2 2

DEJ— _ DGHVETL wci—’_yin _Emi Vin Ven <wci+l/in>
= 2 2

D;, wge + Vgn DiHVin T; me Ven Vin wge + Vgn

Consider the particular case of a field By, which is sufficiently large such that

Wei > Vip. Since a fortiori wee > vep (because wee > we; and Vep, 2 Vin),

(3.286) can be simplified: -

2
Del _ m; We; Te Ven o Me Te Ven

= = ) (3.287)

Dy mew? T;vip,  my; T; viy,
Although T,v,, is in general greater than T;v;,, '3*, the mass ratio dominates
to the extent that D.; < D;,. The ions diffuse faster, and the electrons
retard the ions in the ambipolar process, in contrast to the situation without
a magnetic field.

Remarks:

1. If we assume v, = v;,, in the case where the field B is sufficiently large
(Vin <€ we;), we find a useful approximate form for D, :

DaL ~ DeL[l + Tz/Te] y (3288)

a result worthy of comparison with the diffusion coefficient without mag-
netic field (3.280), for which D, = D;[1 + T, /T;]: the role of electrons and
ions in the diffusion process is thus reversed.

2. The congruence approximation for the derivation of D, , the ambipolar
diffusion coefficient in the presence of a magnetic field B, is in general not
valid if the vessel walls are conductors [39]. In the direction perpendicular
to B, the electrons diffuse more slowly than the ions when B is sufficiently
large (Do) < Dy, (3.287)), while the electrons diffuse much more rapidly
than the ions along the lines of B (D, > D;). Thus the walls (at the
ends) which cut the field lines mainly receive electrons, while the walls
parallel to B will mainly collect the ions. There is therefore no ambipolar
diffusion, because I'. # I';. On the other hand, if the walls of the vessel
are insulated, they do impose the ambipolar diffusion regime (I'e = I';).

134 1n fact, ven 2 Vin and Te /Ty > 1.

~
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3.12 Diffusion regime or free fall regime

Free fall: definition

When the dominant collision frequency between particles is sufficiently small,
such that the corresponding mean free path is longer than the diffusion length,
i.e, £ > A, the plasma is in the free fall regime.

These conditions are opposite to those for diffusion because collisions
mainly occur at the walls of the vessel, rather than in the volume: the phe-
nomenon of directed velocity resulting in a density gradient cannot occur,
because this requires a very large number of collisions between charged par-
ticles over their diffusion length.

Diffusion criterion

Consequently, there is diffusion if the time 7p to move a charged particle to
the walls is much greater than the time between two collisions in the volume
(mostly electron-neutral collisions in a weakly ionised gas), i.e. Tp > 1/Ven.
We wish to express this condition as a function of the mean free path ¢ of
electrons, and the radius R, for the case of a long cylindrical vessel.

Recall that vp = D/A?, such that 7p = 1/vp = A%/D ~ R?/D. Further-
more, we know (Sect. 1.7.7) that ¢ & vy, /Ver,. We can then write:

TDVen & %2 (%h) . (3.289)

Since D = kpT,/McVen & V3, [Ven = vin £, we obtain from (3.289):

R2 Vth R2
TDVen &3 o (3.290)
The condition Tpve, > 1 leads to R/¢ > 1 as a diffusion criterion.

In conclusion, before using any particular set of diffusion equations, it is
imperative to verify that the characteristic dimensions for diffusion are much
larger than the predominant mean free path. If this is the case, it is then
necessary to determine if this is a free diffusion regime or an ambipolar dif-
fusion regime, or a transition between the two, which can be determined, for
instance, by examining the ratio between the Debye length and the diffusion
length (Sect. 3.10.5).

Remarks:
1. In the free fall regime, the radial distribution of the electron density in a

cylindrical column is parabolic: n(r) = n(0)(1 — ar?/R?): the parameter
@ depends on Ape, as illustrated in Fig. 3.8.
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Fig. 3.8 Radial profile of electron density in the free fall regime: R is the internal radius of
the discharge tube and ng the value of the electron density on the tube axis. /\%e represents
the average value of )\QD . over the radius of the plasma (adapted with permission from [28],
all rights reserved, American Physical Society).

2. Summary of conditions for ambipolar diffusion (B = 0)

- { < R: we have diffusion and not free fall
- Ape < A: the diffusion is ambipolar, if volume recombination is small
with respect to recombination at the walls (Sect. 1.8).

3.13 Electron temperature of a long plasma column
governed by ambipolar diffusion:
scaling law T.(pR)

In this section, we will derive the relation for the electron temperature T,
as a function of the product ¢pR, where p is the gas pressure, R the plasma
radius, and ¢, a specific constant for a given gas. This dependence as a func-
tion of pR is called a scaling law: such a law is one that regroups the product
(or quotient) of two (or more) variables. The present scaling law, formulated
by Von Engel and Steenbeck for the positive column (Sect. 4.2.1), has been
largely confirmed experimentally, particularly in rare gases for both the pos-
itive column of a DC discharge and HF discharges.

The equation we are seeking is based on the equation for particle charge
balance (3.236) in the ambipolar diffusion regime:

(vi) = Do/ A%, (3.291)
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where the mean ionisation frequency'®® (v;) depends on the electron velocity

distribution function, as indicated by the () symbols. In the following, we will
assume that this function is Maxwellian. In such a case, the diffusion coeffi-
cient D, can be written explicitly as a function of T, (see (3.281)); however,
T. only appears implicitly in the expression defining the mean frequency (v;),
50 (3.291) cannot be used to express T, explicitly.

From (3.291), we will derive an analytic expression, as a first approxima-
tion, for the dependence of T, as a function of N, the neutral atom den-
sity, and A, the characteristic diffusion length. For a more practical applica-
tion, we will obtain a function T, (poR), where py is the reduced gas pressure
(Sect. 1.7.5) and R, the internal radius of the discharge vessel, assumed to
be long and cylindrical.

3.13.1 Assumptions of the model

To obtain an analytic solution, the following assumptions are required:

- The plasma is stationary (sufficient time has elapsed since the breakdown
of the discharge).

- The discharge tube is a long cylinder: the charged particles escape by radial
ambipolar diffusion to the walls, where they fully recombine (n(R) = 0).

- The intensity of the electric field sustaining the discharge is weak enough
for the velocity distribution to be isotropic, and it does not vary radially.

- The electron velocity distribution function is Maxwellian.

- The plasma is far from LTE (T, > T;).

- Ionisation results from electron-neutral collisions (degree of ionisation
<107%).

- The ionisation of each atom occurs as a result of a single electron collision
with an atom in the ground state, such that (v;) = Ny{Gyw).

Remark: The assumption that the charged particles are lost solely by am-
bipolar diffusion, together with the assumption of ionisation exclusively due
to electron impact with atoms in the ground state, are referred to as Schottky
conditions (see also Sect. 4.2.4).

3.13.2 Derivation of the relation T.(poR)

We will calculate successively the LHS and the RHS of (3.291) for the balance
of particles, which will finally lead to the T,.(poR) scaling law.

135 We have returned to our initial notation (Sect 1.7.8) for the mean collision frequencies,
writing (v;) explicitly rather than v;.
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Expression for the ionisation frequency as a function
of the mean electron energy

In general, the number of ionising collisions is small compared to the num-
ber of elastic collisions, because the energy threshold &; for ionisation is high
compared to the mean electron energy 3kp/2T,: this implies that most elec-
trons have energy smaller than the corresponding threshold energy and do
not contribute to ionisation of the plasma. The calculation of the ionisation
frequency (v;) will be undertaken in stages.

1. The expression for the mean ionisation frequency
For a separable and isotropic velocity distribution function (Sect. 3.3)
we obtain:

136
)

(vi) = /Vl(w)f(w) 4rw? dw , (3.292)
where:
vi(w) = Nobyi(w)w . (1.152)

Note that (v;) is the average number of ionising collisions experienced by
one electron.
2. The expression for (v;) in terms of the electron energy expressed in eV

- The velocity distribution function, assumed to be Maxwellian, can be
written (Appendix I):

me \*? w?
flw) = (m> exp (—E> . (3.293)

To translate the electron kinetic energy into eV, U,y , we set:

U = 2 (3.294)
from which:
. \/@ . (3.295)
Me
Since: o — 3kpT. (3.296)
V=G '

where we have used U,y = (Uev) to simplify the notation, and since

%mevfh = kgT,, then:

£ Oy (3.297)

Me

Uth =

W >

136 We can use the modulus of the velocity because we have made the assumption that
the electron energy is only weakly anisotropic, despite the presence of the field E.
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and after some calculation (Appendix XVII):

2eU.y 3 m\? 1 30Uy
L _2Z . 3.298
/ Me (47T e > >/ P 2 U,y ( )
eV

- Conversion of (v;(w)) to (v;(Uey))
Substituting (3.294) and (3.298) in (3.292), and noting that P;(w) =
Néy;(w), where P;(w) is the total macroscopic (Sect. 1.7.5) ionisation
cross-section (Sect. 1.7.9), (v;) can be expressed as a function of the
energy Uy, i.e.:

3U.v
(Vi) / 3/2 ) exp ( 3 UeV) dU.v , (3.299)

where the lower limit of integration is the ionisation threshold &;.

3. Analytic approximation for P;(u)
Experimentally, P;(U.y ) is observed to be linear in the domain U,y < 2&;,

and since P;(U.y) = 0 for Uy < &;, to a very good approximation
(Sect. 1.7.9), P;(Uev) can be written as:
P,(Uey) = a;(Uey — &) for Uy > &; (1.142)

where a; is the jonisation coefficient, a specific constant for each gas con-
sidered.
Substituting (1.142) in (3.299), we obtain:

1 o0
(vi) =3 2/% v — &) eVeXp< 25 >dUev (3.300)
Ei

eV

1

Recalling that in Sect. 1.7.5 we introduced the reduced “pressure” py such
that P; = pgP;o, where Pjg is the total macroscopic ionisation cross-section
at 0°C and 1torr, we proceed in similar fashion by setting a; = pga,, a
parameter which is expressed with respect to the reference conditions of
the cross-sections; the units are cm™! V~!. We then obtain:

(1) = 3,25 Do /( o — &) eVexp( zgv) AU,y . (3.301)

40
mem U3/2 eV

i

4. Normalisation of the energy with respect to the mean energy U,y , which
simplifies the integration of (3.301)
Setting:

3U.y

U ——
2UeV

U,

, (3.302)

Il
| w
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then (3.301) can be replaced by (Appendix XVII):

4 3/2 c . o0
(v;) = (g) —— aiopo Ujf/(u — U U exp(—U) dU . (3.303)
L{.

1

Integration by parts of (3.303) is easily achieved and, when returning to
the initial quantities, it yields:

AN e 3 [3 & 3 &
(v;) =2 <§> - 7TCliopon"//z {ZU > + 1} exp <_§U V) . (3.304)

We can therefore conclude that (v;) is highly sensitive to the value
of the mean energy U.y, because it appears in the argument of the
exponential term.

Charged particle balance in the discharge

We will now evaluate the RHS of equation (3.291), which describes the bal-
ance of charged particles. In a long cylindrical discharge, we know, from
(3.226), that A =~ R/2.405. In addition, because p; < |pe|, and assuming
that T, > T; (valid for plasmas at reduced pressure, which is the case in the
present model), we can write (from (3.281)):

_ksT. 2

D, D= U 3.305
o 1= gUevp (3.305)
such that: )
D, 2_- 2.405
D 20 (R ) (3.306)
and from (3.291):
2 2405\
D= 20 [ 222 3.307
(vi) 3 vu( I > ( )

Equating expressions (3.304) and (3.307) for (v;), we can obtain a com-
pletely analytic equation for the loss-creation balance of charged particles in
the plasma.

An expression for T,y /€; as a function of poR

The von Engel and Steenbeck approrimation

The need to find an expression which is easier to evaluate (at the time, there
were no computers) led von Engel and Steenbeck to make the approximation:
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&
4 U,y

| o

>1 (3.308)

in (3.304) (it is a fact that U,y < &;, except when the pressure becomes so
low that the plasma is in the free fall regime where, in any case, the present
model is not valid). In the context of this approximation, the RHS of (3.304)
and (3.307) may be equated to give:

2 (2.405)2
2 eVMiT =

3
4 3/2 € ~3/2 3 gl 3 51
2( = opo U2 (22 o . (3.309
(3) men (0 POYev (4Uev>eXp( 2U6V> (3-309)

and, returning to the variable I; from (3.302), this becomes (Appendix X VII):

-1/2 2 2¢ 5 2 o
: . | : 31
U, expU, 2.40572 meﬂco v R (3.310)

where the coefficient ¢, specific for each gas, is defined by:

aioVE;
HiPo

c : (3.311)
Note that the product u;pg, because of py, appears as a reduced mobility
relative to 0°C and 1 torr; remember, however, that the reference values for
mobility are usually given at 0°C and 760 torr (3.194).

Finally, we can extract the numerical value of T,y /&; from (3.310) as a
function of copgR, where pg is the dimensionless reduced “pressure” with
respect to 0°C and 1 torr, and &; the ionization energy threshold. The units

of ¢ are (kg/coulomb)/2m=2 or V/2sm~3, while the units of copoR are
(V1/2 Sm_1)1/2.

FEzact expression

Expanding (3.304) and (3.307) in terms of the reduced ionization energy U;
leads to an exact expression in a useful form:

expU; 2 € 9 9.9
— = 51/ copy R . (3.312)

The numerical evaluation of (3.312) with (3.302) defining U; = e&;/kpT.
enables us to plot Tey /&; as a function of copoR (Fig. 3.9).
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Fig. 3.9 Variation of electron temperature (normalised to the ionisation energy threshold
of the gas considered) as a function of the operating conditions (type of gas (through the
coefficient c) and its (reduced) pressure po, and radius R of the (long) cylindrical plasma
column, assumed to be in the ambipolar regime). The dashes indicate the range where
the application of (3.312) is no longer valid. R is in metres, and the value of ¢ is that of
Tab. 3.1, with appropriate units.

Consequences

Figure 3.9 demonstrates that the electron temperature T, of a discharge,
in the ambipolar diffusion regime, depends only on the dimensions of the
vessel (radius R for a long plasma column), the type of gas (ionisation energy
threshold &; and coefficient ¢g) and the pressure (expressed as a reduced
pressure po).

Value of the coefficient ¢y

The value of a;9 appearing in the expression for ¢y can be obtained from the
published ionisation cross-sections Pyo(Uey ) as the slope of the linear section
near the threshold. The value of the ion mobility u; in (3.307) corresponds
to the actual pressure and temperature of the gas considered; because it is
multiplied by pp in (3.311), it takes the form of a reduced mobility at 0°C,
1 torr, although the reference values are given at 0°C and 1 atmosphere: it is
necessary to make the appropriate conversion. Moreover, the published values
of p;o depend on the ratio of E/p (another scaling law); usually, the value of
tio used in the calculation of ¢ is that extrapolated for E/p — 0.

Table 3.1 gives the values of ¢y obtained for rare gases by different authors,
the most recent (1980) being that of Zakrzewski, which are our recommended
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values. The units of ¢y allow us to use the graph of T,y /&; as a function of
copoR in Fig. 3.9 directly, where the internal radius of the discharge R is in
metres; &;, the ionisation threshold energy, is given in Tab. 3.2.

Table 3.1 Values of ¢g obtained (chronologically from left to right) for different rare gases
(to be used with Fig. 3.9 where R is expressed in m). The units of c2 are in vi/2cl/2m—3s,

Von Engel Brown® Moisan Zakrzewski

Helium 4 3.93 5.3 4.68
Neon 6 5.9 9.0 7.94
Argon 40 53 48 50.1
Krypton 68 68.2
Xenon 111 113

@ Brown, Chap. 14, Sect. 2.2.

Table 3.2 Energy threshold &; (eV) of the first ionisation state of rare gas atoms.

Helium 24.58
Neon 21.56
Argon 15.756
Krypton 13.996
Xenon 12.127

Example of the calculation of T,y : for R = 2cm and pg = 1, we have
copoR = 1 for argon. From Fig. 3.9, T,y /& = 7.54 x 1072 (dimensionless).
Since & = 15.76 eV, we obtain T,y = 1.2eV.

Remark: The parameters of the discharge, fixed by the operator, are the
type of gas and its pressure, the dimensions of the discharge vessel and, when
applicable, the frequency of the HF field maintaining the discharge. These
constitute the operating conditions of the plasma.

3.14 Formation and nature of sheaths at the
plasma-wall interface: particle flux to the walls
and the Bohm criterion

In a non-ionised gas, the flux of particles incident on a wall, per unit area of
the surface, is equal to the random flux (Appendix I):

I'=-nv, (3.313)
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where v = (w) is the mean velocity of the Maxwell-Boltzmann distribution
function. In an ionised gas, the situation is different in the vicinity of a wall
(or a probe) because the surface can be brought to a given potential by the
operator, but it can also become charged electrically due to the sole presence
of the plasma particles: in addition, these charged particles can recombine on
it (Sect. 1.8). A transition zone then forms between the plasma and the wall,
called a sheath, which we will now study. In the following, we will consider
a plasma far from LTE, such that 7. > T; ~ 0 (with a background of
stationary ions) and we will assume that there are no collisions in the sheath
that develops at the plasma-wall interface.

3.14.1 Positive wall-potential with respect to the
plasma potential: electron sheath

This case is simple, compared to that of a wall at a negative potential. The
variation of the potential is illustrated in Fig. 3.10.
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Fig. 3.10 Variation of the potential ¢(x), the ion density n;(x) and the electron density
ne(x) at the plasma-wall interface in the case of an electron sheath (z is the distance to the
wall, les the thickness of the electron sheath, ¢, the plasma potential and ¢o the potential
applied on the wall).

We can distinguish two regions: on the right part of the figure, the plasma,
characterised by its macroscopic neutrality (n. = n;), a zero space-charge
electric field and a plasma potential ¢,, and on the left side, a pure electron
sheath where ions, with low energy (kgT; ~ 0), are completely reflected
towards the plasma by the repulsive field which develops naturally at the
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plasma-wall interface. The boundary separating the macroscopically neutral
plasma and the electron sheath, completely free of ions, is called the sheath
boundary: departure from charge neutrality starts at this location. In the
case of a planar surface, the electron flux at the wall is equal to the flux
reaching the sheath edge (conservation of flux in the collisionless sheath), i.e
from (3.313):

1
Fes = Zneve (3314)
or, explicitly:
1
kBTe 2
Fes = Te . 3.315
" (27rme> ( )

An approximate value for the sheath thickness l.s can be deduced from
the Child-Langmuir law'37, which stipulates that the current density that a
planar diode can provide is limited by the space charge due to the electrons
and varies as gbg/ 2, where ¢ is the potential difference between the two plates.
In the case of a plasma, the sheath thickness adjusts to the current density j
carried by the plasma, and to the potential difference ¢¢ — ¢,. For an electron
sheath, the Child-Langmuir law leads to:

e (2 * (g — )
L et TPl 3.316

J 9 <m6 ) lgs ( )
i.e. an electron sheath thickness:

227 e(do — dp)] 1
les - )\De .
3 kT,

(3.317)

Remark: In (3.315), the electron flux to the wall is fixed by the plasma (T,
and n.): it is independent of the potential applied to the wall (planar wall).

3.14.2 Negative wall-potential with respect to the
plasma potential: 1on sheath

The second case is much more complicated because, unlike the ions, electrons
have a much higher mean energy (kpT. > kpT; ~ 0). It follows, therefore,
that if the wall has a potential which attracts ions from the plasma, this

137 For a planar diode, the electron current density je that can be extracted from the

emitting surface (for example a tungsten ribbon) is given by:
je = 2.34 x 107563/ /d? (A/m?)

where d is the distance between the two plates and ¢g the corresponding potential
difference.
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potential is only partially repulsive for the electrons. However, the higher the
potential barrier to be crossed by the electrons, the less important the electron
flux collected by the walls. In the case of a Maxwell-Boltzmann distribution,
the effective electron current collected by the wall (¢o < ¢,) can be written:

I, = ineve exp % . (3.318)

It is clear, therefore, that in the case of an ion sheath, a considerable

number of electrons, depending on their energy, penetrate the ion sheath

that forms at the plasma-wall interface. This time, the boundary where the

departure from neutrality between the plasma and the wall occurs is less well

defined and extends over quite a large thickness, as is shown in Figure 3.11.

To overcome this difficulty, the transition zone can be divided in two sections,

the true ion sheath, where departure from charge neutrality occurs, and the

pre-sheath which, as the name indicates, precedes the sheath, and begins at

the point where the ions start to be accelerated by the space charge electric

field. This purely artificial division enables us to define the sheath boundary,

as the location between a region of quasi-neutrality (the pre-sheath) in which

only a small number of electrons are reflected, and a non neutral region (the

ion sheath), where the ions are in the majority.
The evolution of the potential ¢(x) is governed by Poisson’s equation:
2

% - %(ne —n). (3.319)

We denote by ng, v;, and ¢4 the plasma density, the velocity of the ions and

the potential at the sheath edge, respectively. The electron density in the
sheath is given by the Boltzmann equation (I.14):

<6le) 20)]

32
T (3.320)

ne(x) = ngexp {

The velocity of the ions v;(x) as a function of vy, the velocity with which
they enter the sheath, can be deduced from the conservation of total energy
over the distance travelled in the sheath:

(vf(x) - ’ug) =e(¢pg — o(2)) . (3.321)

m;
2
The conservation of flux in the sheath can be written:
ni(x)vi(x) = ngvg . (3.322)
From (3.321), we obtain the ion density in the sheath:

2e(9(z) = 9,)]*

2
mivg

(3.323)

ni(x) =ng |1 —
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Fig. 3.11 Variation of the potential ¢(x), the ion density n;(x) and the electron density
ne(z) at the plasma-wall interface in the case of an ion sheath (x is the distance to the
wall, l;s the thickness of the ion sheath, ¢, the plasma potential and ¢g the potential
applied on the wall while ¢4 and ng are the potential and plasma density at the sheath
edge, respectively).

At each point of the ion sheath, we require:
ni(x) > ne(x) , (3.324)

and this condition must be fulfilled, in particular, in the region near the
sheath edge, i.e for small values of ¢(x) — ¢4. A second order Taylor series
expansion of (3.323) and (3.320) yields:

(¢>(x)—¢g)+§62(¢(9”)_¢9)2+...} . (3.325)

mvZ 2 (miv2)?

ni(z) = n, {1+ <

(6@) = ¢y) , (0(x) = 6,)° +] . (3.326)

e
() =n, |1
ne () ”g{ T el 2(kpT.)2

Since ¢(z) — ¢4 is negative, condition (3.324) implies, to first order of the
expansion:

1
kpT.\ 2
vy > vp = ( B ) . (3.327)

m;
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This criterion is known as the Bohm criterion. It means that the border
between the macroscopically neutral zone (pre-sheath) and the zone where
there is departure from neutrality (sheath) is situated at the point where
the velocity of the ions, accelerated in the pre-sheath, is equal'®® to the ion
acoustic velocity vg, also called the Bohm velocity. Assuming a collisionless
pre-sheath'? and applying equation (3.321) between the plasma (v;(¢,) = 0)

and the sheath edge, the potential ¢, then becomes'4°:
1 kpT,
ey — bg) = 5milvd) = "<, (3.328)
from which: nT
b =dp— 2. (3.329)

From (3.320) and (3.328), we can extract the ion density at the sheath edge:

1
ng = Nexp <—§) (3.330)

and the value of the ion flux, nyv, = I}, collected at the wall:

1
ksT.\ ® 1
Fn( E ) exp () . (3.331)
m; 2

In applying the Child-Langmuir law (3.316) to the ion current, we can
calculate the thickness of the ion sheath (assuming the space charge due to
the electrons to be negligible), i.e.:

2 Abe {e(%_%)]% .

= 3.332
3exp(7i) kgT. ( )

gt

Remark: In most texts, the Bohm criterion is deduced from a mathematical
condition resulting from the integration of the Poisson equation (3.319), an
operation that calls for simplified boundary conditions (0¢,/0x = 0). In the
development presented here, the Bohm criterion is defined uniquely from the
conditions at which departure from neutrality occurs.

138 For vg = vp, it is easy to verify, from the second order expansion of (3.325) and (3.326),
that the condition (3.324) is fulfilled.

139 In reality, the pre-sheath is collisional because its thickness corresponds to a fraction
of the ion mean free path in the presence of neutrals.

140 Note that the potential at the sheath edge is sufficient to repel all electrons having an
energy %mewg < kpTe/2.
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3.14.3 Floating potential

The floating potential corresponds to the equality of ion and electron currents
collected on a surface. This is the potential taken by an isolated surface
(dielectric or conductor) in contact with the plasma. In fact, if these surfaces
were to receive more charges of one sign or another, their potential would
increase indefinitely. In the stable regime, this potential adjusts such that
the surface collects an equal number of positive and negative charges. This
potential ¢, called the floating potential, is obtained by equating (3.318) and
(3.331), i.e.:

k‘BTe m;
G, = — 141 . 3.333
o= oy =00 (1 m ) (3.33)

The floating potential adjusts to a negative value with respect to the
plasma potential, such that a sufficient number of electrons are repelled, to
equilibrate the ion and electron currents.

Remarks:

1. The directed energy acquired by the ions in the sheath is used in many
surface treatment processes (etching, deposition, chemical modification).
The ion bombardment energy can be increased by applying a voltage ¢,
referred to as the bias voltage, at the surface in contact with the plasma. If
¢o = ¢y (ion sheath without an applied bias or natural sheath), ;s >~ Ape.
On the other hand, if ¢, — ¢9 > kT, then l;s > Ape.

2. From the point of view of a wave, the sheath can appear as a region of
vacuum if the electron density is sufficiently weak, such that wp < w, for
then €, ~ 1 (3.69).

Problems

3.1. There are two main methods for depicting a plasma: the kinetic model
and the hydrodynamic model. Indicate the origin of these two models, their
relationship and their respective domain of interest. Pose the problem of
closure of the system of hydrodynamic equations and suggest how this can
be resolved; give a concrete example of closure.



Problems 289

Answer
Kinetic model

This model treats, within a statistical framework, the individual motion of
particles, the micro-fields induced by the motion of the charged particles and
the collisions of particles.

The model is based on the Boltzmann equation (itself the result of integrat-
ing the Liouville equation), which describes the evolution of the single-point
velocity distribution function f; for particles of a given species. This differ-
ential equation, which includes binary collisions between particles that are
expressed through a two-point function, fi2, can be solved (assuming only
weak correlations between particles) by replacing fi2 by the product of the
single-point functions fiand fs, for particles of species 1 and 2 respectively.

The Boltzmann differential equation is the basis for describing the physics
of low-density plasmas (binary interactions).

Hydrodynamic model

The continuous fluid model makes use of the average values of molecular
properties, induced fields and collisional interactions. These average values
are obtained from the velocity distribution function, the evolution of which
is described by the Boltzmann equation of the kinetic model. The hydrody-
namic model provides a good approximation for describing most of the plasma
properties, notably those concerned with the motion of charged particles, and
the characteristics of the great majority of propagating waves.

The kinetic description is more exact and more complete (although there
are only few phenomena which cannot be treated using the hydrodynamic
model), but much more mathematically demanding and more complicated to
interpret than the hydrodynamic model.

Structure of the hydrodynamic equations and need for their
closure

The hydrodynamic equations are, in principle, infinite in number, as shown
in Sect. 3.5. This series of equations, ordered according to the increasing mo-
ment of order m in w™, lead to a set of equations of increasing tensor order
m: thus the continuity equation (moment of order zero in w®) is a zeroth
order tensor, or scalar equation; the momentum transport equation (moment
w?) is a first order tensor equation, while the kinetic pressure equation (mo-
ment w?) is a second order tensor equation (see Appendix VII for more on
tensors). Each of these equations contains a variable, whose variation is de-
scribed by the hydrodynamic equation of the next order moment, and thus
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this variable is a tensor of one order higher than that of the equation being
considered. However, since this higher order tensor appears under a diver-
gence operator in the equation under consideration, the tensor order of the
equation itself is preserved. This is the case of the velocity v (a vector, i.e. a
first-order tensor) that appears in the continuity equation, which is a zeroth
order tensor equation: the quantity v actually appears in the term V - nv,
which is of zeroth order. In terms of tensor formalism, this corresponds to a
two-index contraction (generalized scalar product) between the components
of the gradient operator (a vector) and the corresponding ones of the velocity
vector, yielding a scalar (more details are given in Appendix VII).

Taking account of the underlying elements of the physical problem we are
treating, we generally retain only the first two or three hydrodynamic equa-
tions. We must make sure, therefore, that the last equation considered does
not include a variable depending on the next order moment equation. This
process, referred to as closure of the system, is particularly well illustrated
in the limit cases of the warm plasma and cold plasma approximations. Con-
sider the hydrodynamic equation for the second order moment (of tensor
order unity), which contains the term V - &, where ¥ is the kinetic pressure
tensor, a 2™4 order tensor. This term, representing the contraction of ¥ with
the divergence operator, is of order 1. In the warm plasma approximation,
V - W is replaced by Vp,, where p,, is the (scalar) kinetic pressure of particles
of species a:: Vp, is a first order tensor, and the link with the moment w?
describing the variation of ¥ is cut. We can also neglect all thermal motion
T.. = 0 by setting either ¥ = 0 directly, or p, = 0; this is the cold plasma ap-
proximation. In both these approximations, we only need to retain the first
two hydrodynamic equations, the continuity equation and the momentum
transport equation.

3.2. Consider the two following hydrodynamic equations:

Mmee = —eE — mev(ve. — v;) , (3.334)
m;v; = eE —mev(v; —v,) (3.335)

where m, and m; are the mass of the electrons and ions respectively, v, and
v; their respective velocities and v, the collision frequency for momentum
transfer, assumed constant.

a) For the case of a cold plasma, show that, for a periodic electric field
E = Ege !, the total current density, can be written in the form:

ne’E 1+ me/m;
J= mev (1+me/m;) —i(w/v)’ (3-336)

where n = n, = n; = n represents the density of the charged particles and
of the plasma.
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b) Calculate the relative permittivity of the medium and obtain approxi-
mations corresponding to the cases where m./m; < 1, and then for
me/m; < 1 with the particular case v/w < 1; draw conclusions.

c¢) Can you justify the origin and the form of the collision term in (3.334)
and (3.335)?

Answer

a) In a cold plasma subjected to a periodic electric field, we assume that the
particle fluid velocity is purely periodic such that (2.28) v, = vg.e ™! and
v; = vo; e~ !, Taking this into account, and adding (3.334) and (3.335),
we obtain:

—iw(meve + miv;) =0, (3.337)
so that, for w # 0O:
Vo= — Ty, . (3.338)
me

Substituting (3.338) in (3.334), we can eliminate one of the two charged
particle velocities, which, in this case, leads to:

msiwv; = —eE + v;(mv + mev) , (3.339)
from which:
E E
v = = ¢ — (3.340)
miiw — miv — mev me  iw
e
m; v

(3.341)

The total current density can therefore be written:

°E w] 11
J = —nev, + nev; = ney {1 4 le E} (— + —) (3.342)

m; 14 me m;

and: )
E 1 i
g +me/mi (3.343)
mev 1+ me/m; —iw/v
b) From (3.343), by identification from J = oE, we can extract the total
conductivity:
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B ne? 1+ me/m;

= . 3.344
mev 14+ me/m; —iw/v ( )

Knowing that the expression for the relative permittivity in vacuum of a
fluid of charged particles in a field Ey e ** is given by:
o
=14+ —, 2.40
K 1WeEQ ( )
we obtain from (3.344):
W;%e 1+ me/mi

—1- : 3.345
r wr (1 +me/m; —iw/v) ( )

where we have set ne?/meeg = w?,. Moreover, since w2, /w2, = m;/me,
this becomes: ) 5y
Wae 14wy, / Wee
6 =1- _ e (3.346)
wv w/v+i(l +wp,; /wp,)

which can be decomposed into its real and imaginary parts, i.e. €, = €,+ie;.
Interesting approximations:
1. For me/m; < 1 (wp;/w?, ~0), from (3.346):

w? 1 w?

S —1- e 34
» wr w/v+i ww +iv)’ (3.347)

which is equivalent to (2.41) for the case where the field E varies
as et
2. For me/m; < 1 and v/w < 1, from (3.347):

wze
6 =1—-2 (3.348)

)
UJ2

i.e. (2.42), which is purely real, in contrast to (3.347)

In (3.334) and (3.335), only the relative velocity of the fluids of electrons
and ions, v, —v;, appears. This means that only electron-ion collisions are
taken into account: there are no collisions with neutral atoms, which are
in effect neglected.

Consider the collisional term (3.121) from the momentum transport equa-

tion:
P, =— Z VapNallos(Va — vg) = — Z Pos - (3.349)
B#o B#a

In the case where the particles « are electrons and the particles 8 are
ions, the reduced mass p,g is approximately mq (me/m; < 1). Setting
n; = me = n, then ve; = v = v and we can then write (3.349), for
electron-ion collisions:
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Pei = —vnme(ve — v;) (3.350)

Since Pe; = —Pie (3.127):
Pic = —vnme(v; — v.) , (3.351)

which are the collisional terms of (3.334) and (3.335) respectively. Equa-
tions (3.334) and (3.335) are, in fact, the momentum transport equations
for electrons and ions, respectively, in which the convective term and the
term containing Vp, have been neglected. The density n, which appears
explicitly in these equations (for example (3.118)), is a common factor that
can be cancelled out.

3.3. Consider an electron fluid, subject to a static magnetic field B and in
which there is a pressure gradient Vp.

a) Show that this results in a current density J, perpendicular to the field
B, given by:

BAVp
B2

b) Consider the case of a cylindrical plasma subjected to a magnetic field
directed along the axis of the cylinder (the z axis), which is uniform in this
direction and axially symmetric. For a pressure gradient directed radially
towards the axis of the cylinder, show that:

J= (3.352)

1 dp .,

B(r)—B(a):uo/B——dr

T (3.353)

r

where a is the plasma radius. To do this, make use of the Maxwell equation
V A B = pod + ppeg0E/0t, where 0E /0t = 0 in the present case.
c¢) Show that (3.353) is equivalent to:

B2(r)
2410

+p(r) =C1, (3.354)

where (1 is a constant with respect to r.

Answer

a) The Lorentz model for plasma electrons (Sect. 3.7) leads to the momentum
transport equations for the fluid of electrons, with velocity v, and density
ne, of the form:



294 3 Hydrodynamic description of a plasma

me% =F=¢qJ|E+v.AB]— Ve
ot T

This equation shows that the term —Vp./n. is a component of the total
force F' acting on the fluid, thus it has the nature of a force.
Furthermore, we have seen, in the context of the study of particle tra-
jectories, that the expression for the drift velocity wp due to the ac-
tion of a force F'p, acting on a charged particle subjected to a field B is
(Appendix XII):

— MV, . (3.170)

FpANB
Using this equation to describe the drift velocity vp of the electron fluid
subject to a force F'p = —Vp,/n., we obtain:
. ANB BAVp,
S _BrVpe (3.355)

neQeB2 B neQeB2

The drift current density, J = nqup, is then given by the equation:

B A Vp,
B2 ’
where the drift velocity responsible for J is perpendicular to B and Vp,.

b) The non uniformity of the field B in the direction perpendicular to it is
such that the B, component depends on the different components perpen-
dicular to the axis, as was shown in Sect. 2.2.3. This leads us to consider
the following Maxwell equation:

J =n.q.vp = (3.352)

E
V/\H=J+eoa(9—t7 (3.356)

which, written in terms of B instead of H, gives (upeo = 1/c?):

1 OFE

VAB=puod + 25 (3.357)
Since we are not in the framework of individual trajectories, the RHS of
this equation is, in general, non zero. In the present case, since we are
dealing with a constant field B, (3.352) implies that J is constant and, so
is E since J = oE. Therefore, 0E /0t = 0 and only poJ remains on the
RHS of (3.357).
Expanding the different components of V A B in cylindrical coordinates
(Appendix XX):

1 (0B, 0(rBy)) . 0B, 0B\ . 1 (/0(rB,) 0B\ .
- - T 5. e”‘ + - eLP - - eZ bl
r \ Oy 0z 0z ar r or dp
(3.358)
since B is directed along €., the B, and B, components are zero (Sect.
2.2.3). Furthermore, from axial symmetry, 0B,/0¢ = 0, so that finally
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there remains only:

VAB=8&, (—%) . (3.359)

Then, multiplying (3.352) by o, we obtain:

BAVp
Bz
From (3.357), with OE/Jt = 0, and (3.360):

MoJ = Mo (3360)

woB A Vp

VAB="g

(3.361)

and, after the scalar multiplication of (3.359) by é,, we find:

0B, (mwBAVp\ . _ poB.dp
_ o, = P 3.362
ar ( B2 % ="B2 ar’ (3:362)

since Vp = —&,dp/dr in this b) section.
Integrating (3.362) over 7’ from a to r indeed reproduces (3.353):

_ [ B0 dp
B, dr!

a

c¢) Equation (3.354) can be validated by differentiating it, which leads to:

[B.(r) — B.(a)] dr’ . (3.353)

BB _
po dr — dr’

(3.363)

which after rearrangement leads to (3.362) and to (3.353) by integration
from a to r.

3.4. Assume a Maxwell-Boltzmann velocity distribution function for the elec-
trons, modified in the following way:

m m 1/2 m
f(w) = Ne (Qﬂ'kBTL) (27T]<IBT|> exp{_QkB
(3.364)

where w = (wy,wy,w,) is the velocity vector for individual electrons of
density n. and of mass m., and kp is Boltzmann’s constant.

z

T, T

w%—i—wi w?
=¥

a) Verify that, in this equation, n. represents the electron density, which in
the present case, is assumed independent of time and position.
b) Calculate the components of the kinetic pressure tensor:

¥ = neme{uu) (3.365)



296 3 Hydrodynamic description of a plasma

in the case of a separable distribution function, where u = w —v with v(7)
is the mean electron velocity, and uu represents the tensor product of the
individual velocities of the electrons, which are strictly thermal (random)
in nature.

¢) Give a physical significance to (3.364) by suggesting how such a distribu-
tion might be reproduced in the laboratory.

Answer

a) Recall firstly the equations defining the hydrodynamic parameters, also
called the macroscopic parameters (7(r,t)):

/T(r,w,t)f(r,w,t) dBw (3.39)

w

X(r,t)) =

ne(r,t)

where the brackets ( ) represent the mean value of the microscopic property
Y (7r,w,t) taken over the distribution function f(w,r,t). By setting 7" = 1,
we therefore obtain the expression for the density:

no (7, 1) = /f(r,'w,t) P | (3.38)

Remember that the function f(r,w,t) is separable if we can express it in
the following form (Sect. 3.3):

flr,w,t) =n(r,t)g(w) . (3.366)

The form of (3.364) indicates that the function f has been separated and
we know, in addition, from our assumption in the present case, that n,
is independent of 7. Therefore, we need to verify that the function g(w),
defined by f(w)/n., integrated over all velocities, i.e.:

} d3w

/ Me Me 3 o _ Me
QW]CBTL 27TI€BTH *P 2]€B

2 2 2
wr +wy - w

_z

i T
(3.367)
is really equal to 1 (normalisation condition: (3.45)).
We can evaluate the term:
7 exp = [ T g (3.368)
PU | 2ks 1o - '
by setting:
2
MW 5
= 3.369
2%hpTy (3:369)

such that:
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2mewdw,,

ST, xdx (3.370)
and:
T 1 dx
dw, = 1 T
(me/2kBTL)5 (me/QkBTl)E Wy
o wde (3.371)
(me/QkBTJ_)5,’E

The term (3.368) can then be rewritten:

(257" F st =2 (257)} Tooatav. smy
0

Me Me

— 00

Knowing that (Appendix XX):
/exp(—xQ) dz = 5\/E, (3.373)

then (3.372) becomes:

(M)é 7exp(—x2) dz = 2 <M> VT (3.374)

M Me 2
—0o0

In a similar fashion, we find that:

o] 2 1
Me Wy . 2kgT | \ 2
/ exp{ 6T TL} dw, = ﬁ( . ) , (3.375)
—00
T mew? 2T\
/ eXp{szj_‘l} dwz = \/7_r<'rne> , (3376)

such that the expression (3.367) is indeed unity.

b) In the presence of a directed electron velocity v, it is necessary to con-
sider a Maxwell-Boltzmann distribution centred about this velocity v
(Appendix I). In this case, the distribution function can be written:

Me Me :
flw) = ne <27T]€BTJ_ > <27rka|| )

X exp {—2’”73 {(w”” - ””)2;;(“)” —w)” | (w 5”2)2] } . (3.377)
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By introducing the change of variable u = w — v, we can write for the
component ¢ = x,y, 2:
U; = W; — V5, (3378)

and since the fluid velocity is constant:

from which:
m m 3 m uZ +uZ g2
_ e e e x y Yz
f(w) = ne <2kaTL) (27rka|> eXp{ ke | T. T } '
(3.380)

Firstly consider the off diagonal components of ¥, for example ¥,,. Fol-
lowing (3.365), this term can be written:

WUpy = Me /umuyf(r,w,t)d?’w , (3.381)

then, taking account of the fact that the function f(r,w,t) is separable
(3.364):

Uy = MM /uzuyf('w)dgw . (3.382)
After the change of variable w = u + v:
Wy = NeMe / uguy, f(u)du (3.383)
%
Me Me
gjx = Nellle 3.384
y = Ml (27rkBTL> (27rkBT||) (3:384)

oo o0 o0

JT ]

—00 —00 —O0

2 2 2
Uz + uy uz

T, T

} UgUy dugzduy,du, .

This integral is zero, because the integrand is odd in u, and u,, and that
these velocity values extend from —oo to +o00. Similarly, this is true of all
the other off diagonal elements.

For the diagonal elements of the matrix representing the tensor ¥, con-
sider, for example:

1

M M 2
v, — 3.385
@ ”me<2kaTL) <2kaT|> (3:385)

oo o XX

T ]l

—00 —00 —0O0

u2 —|—u§ N ﬂg
Ty T

} ui du,du,du, .
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The calculation of the term:

Ji me |

can be performed in an analogous fashion to that of (3.368) by setting
meui/QkBTJ_ = 22, such that this term can be rewritten:

1 OQ
2kgT| \ 2 2kpT
2(&) /(A) exp(—22)2? dz
Me Me
0
%pTL\? [
2< nﬁ;l> /exp(facz):z2 dz . (3.387)
¢ 0

From Appendix XX:
oo
/exp(—a:Q)x2 dz = g
0

such that the expression (3.386) becomes:

oo 3
Me QkBTL 2 \/7_'(
/exp |:2kBTJ_ug26} u? dum2< - ) T (3.388)

and finally, from (3.385) and taking account of (3.375) and (3.376):

1 3
2 2 2
O, = num. Me Me 5 kT VT
QWICBTL 27T]€BTH me 4

3 (%B_ﬂyﬁ 3 (%)m (3.350)

me me
after integration after integration
over Uy over u

and: kT
sz _ TeMe BL1

=n.kpT . 3.390
2 Me MeFBEL ( )

We then find for the other two diagonal terms:
(Wyy) = nekpTL (3.391)

and:
<!pzz> = nek’BTH (3392)
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such that we can write (Appendix VII):
@ = nkpT) (6,6, +&,8,) + nkpT)(e.¢.) . (3.393)

c) We know that, for electrons satisfying a Maxwell-Boltzmann distribution,
characterised by a temperature T,, the scalar pressure along each axis of
the coordinate system is given by:

Pz =Py =DPz=DpP= nekple . (3394)

In the present case, the velocity distribution is anisotropic, since the mean
energy along the z axis is described by a temperature 7 that is different
from T';, along = and y. Such anisotropy can be obtained with the aid of
a magnetic field.

In a long cylindrical vessel (L > R), the radial diffusion is less important
if we apply a homogeneous, axial magnetic field (along z) (Sect. 3.8). The
radial diffusion then depends on the temperature 7', rather than 7)), the
temperature that prevails in the absence of a magnetic field. Let us show
that T < TH'

The diffusion coefficients, in the presence of a magnetic field, are given by
(3.197) and (3.200) respectively:

kpT,
Dy = nf V” : (3.395)
D, = D’ 3.396
1 = V2 +wg . ( * )

Then, in analogy with (3.395), we only need to set D, = kT /mev,
hence:

v
T, =T s (3.397)
such that T < T}, provided that we. 2 v.

3.5. Consider a plasma immersed in a uniform magnetic field directed along
the z axis (Cartesian coordinates), B = é,B, and subject to a uniform HF
electric field Ege*t, in an arbitrary direction. The plasma, is cold and colli-
sionless, and the field B is off cyclotron-resonance conditions.

a) Calculate the dielectric permittivity tensor €, (relative to vacuum) of the
electron fluid, by introducing the electron plasma and cyclotron frequencies
Wpe and Wee.

b) Calculate the tensor €, describing both the electron and ion (singly ionised)
fluids introducing explicitly the ion plasma and cyclotron frequencies w;
and wy;.



Problems 301

Answer

a) We know that the permittivity tensor €, is related to the conductivity
tensor o by the 2°d order tensor relation:
o
e, =1+—, 3.398
P - + iWEO ( )
where I is the unit tensor (unit matrix). The conductivity o can be ob-
tained from the current density J = nqwv, since J = o - E.
We can describe the motion of the electron fluid by assuming that its
motion is that of an individual electron (see (2.6)—(2.8)), thereby merely
using the velocity components of an individual electron, i.e.:

Wvy = —— By — weevy (3.399)

i, = —miEy + Weely | (3.400)

iwv, = ——F, . (3.401)
Me

Eliminating v, from (3.399) by substituting into it its value taken from
(3.400), then successively:

iwu, = fmiEz - wa {miEy + wcevm} : (3.402)
2
e Wee € wZ,
Ve = = B = Ty Byt e (3.40)
e {—EE Wee 1 ] e {inx - wceEy}
2T 2 Y 2
vy = —ne L &7 = el 2 . (3.404)
1 Zee W™ — Wee
w? w?

e |wk; —wekly
= — 3.405
e e 3409
Similarly, we would find:
e |iwEy + wekE
’Uy = E@ |: w2 — wge :| (3406)
and: )
v, =~ B, . (3.407)
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The component J, of the electron current (2.122) can now be expressed as:

nee?
Jp = —Neely, = —
Me

iwEy — weely

} = Opa iy + OpyBoy + 03 F, .

(3.408)
The component o,, of the tensor o is the one which, in the expansion
of J, = —n.ev,, comprises the F, component of the electric field, hence,
from (3.405) and (3.408):

2 _ 2
w Wee

2 .

me |w? — w2,
then the corresponding component of the permittivity (3.398) is given by:

2 2

Oz - Ne€ 1 1 Whe

iweg Me€o W2 — w2 w?
0 e€0 ce

2
Wee

For the o,, component (the term in the expansion of J, containing E,),
we obtain, from (3.405) and (3.408):

2 W2 Wee
gy = 25 [w} = ¢ [”] (3.411)

me |w? — w2,

and from (3.398), remembering that the off-diagonal elements of I are
ZET0:

.| Wee wjz)e
Cpry = 1| T T2 2 2| (3.412)
Similarly we would find that €,,y = €pze and €pys = —€pgy. For €., since
from (3.407):
T,
Ozz = — e 5 (3413)
WMe
then:
w2
€pze =1 — wp; . (3.414)

The matrix representing €, has the form:

€pzz €pry O
—€pzy €pzz 0 . (3.415)
0 0 €pz

I

This symmetry is quite general ( Onsager relations) for a plasma subjected
to a uniform field B, directed axially (along z). By substituting the values
of the components of €, in (3.415), we obtain:
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2 2
1— wpe ] Wee wpe 0
w? — w2 w w? — w?
ce ce
| [ wee  whe Whe (3.416)
ST\ H|l—mr | mme 0 ’ '

w w 7(4}(4.6 w 7(.(.)(4.6

2

w,
pe
0 0 -5

where we have introduced the electron and cyclotron frequencies wy. and
Wee, respectively.

b) To calculate the combined electrical conductivity from both electrons and
ions, @ .ia, We simply need to remember that the ion and electron currents
are additive. In the equations for the components of the current density,
the charge appears in the form e? (see (3.408), for example) so that the
two currents actually add. Then, with n, =n; = n:

ne? iw ne? iw
= — — | - —_ 1, 3.417
7 me Lﬂ - WZJ m; [wz - wz] (3417)
where w.; = —eB/m;, so that finally:
w? w2,
Epxax = 1- b - & 3 - (3418)

2 _ 2 2 _
w? —w?2, wr—w

3.6. From the equation for conservation of particles, for a stationary plasma
containing only one kind of ions, we have V - I'. = V - I';, where I', and
I'; denote the flux of electrons and ions respectively. Consider the case of a
discharge in the ambipolar regime with no applied magnetic field:

a) Show that:
VAL, =pu. Vo AVn (3.419)

and:
V A 1—‘7; = ,udiS AVn s (3420)

where p. and p; denote the electron and ion mobilities, n, and n; the
electron and ion densities (n. = n; = n) and ¢ is the potential induced by
the space charge.
b) Assuming that
VpAVn=0, (3.421)

show that the flux difference I'. — I'; is independent of position.
c¢) Consider the particular case in which the particle density satisfies a Boltz-
mann distribution: o)
qo(r
= — , 3.422
n(r) = ngexp { T } ( )
where the temperature is assumed to be independent of r. Show that the
assumption in (3.421) is then valid.
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Answer

a) For ambipolar diffusion, we know that the electron particle flux can be

written as (3.267):
I'c=upn.Ep—D.Vng .

Taking the curl of this equation, we obtain:

VAT, =uVAmnEp)—DVAVng,

(3.423)

(3.424)

where we have taken account of the assumption, implicit in (3.423), that
D, is independent of position. The term D,V AVn is, in fact, zero, because
the curl of a gradient is always zero (Appendix XX). The term VA(n.Ep),

with Ep = —V¢(r), can be expanded to:
VAT =pue(n.VAEp+Vn.ANEp)
= —1e(neVAVO+Vn, AVe) .
Finally, since the term V A V¢ is also zero, this becomes:
VAL =—p.Vn.ANVo,
and since n. = n; = n, we obtain:
VAL'c=u.VoAVn.

Similarly for the ions, we have:

V/\Fi:udib/\Vn.

b) Returning to assumption (3.421), Egs. (3.419) and (3.420) give:

VAL.=VAL; =0
from which:
VAT.—-T;)=0
therefore, I, — I'; = constant (spatially).

¢) From (3.422):

Va(r) = Vo (,%LT) n(r) |

so that:

_[(_4q _
VoA Vn = Km) n(r)] VoAVo=0,

from the definition of the vector product.

(3.425)

(3.426)

(3.419)

(3.420)

(3.427)

(3.428)

(3.429)

(3.430)

3.7. Consider a cold plasma, represented by an electron fluid, subjected to a
periodic electric field E = Ege!*!. The momentum equation for the fluid is
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given by:
d
medit’ = —¢E —mev (3.431)

where m, is the mass of the electron, e its charge in absolute units and v its
mean velocity, and v is the mean collision frequency for momentum transfer;
the quantities v and E are expressed as complex quantities, but FEj, the
amplitude of the field, is real.

a) Show that the mean velocity of this fluid, and its displacement in the
periodic field, are given respectively (within a constant) by:

E, 1 |
v= 0 gt (3.432)
Me V + 1w
E, 1
P L S— (3.433)

me w(w —iv)

b) Find the expression for the complex electrical conductivity of this fluid.
¢) Show that the real part of (3.432) can be written in the form:

6E0 1
t)=———+ t 3.434
olt) = = st +) (3.434)
where: N
» = arctan (—;) . (3.435)

d) Calculate iy, the mean kinetic energy over a period of the field E.
e) Finally, show that 6,, the average power absorbed per electron from the
field E, is given by:

_1e*E; v

9 — 7
T2 me v+ w?

= 2En - (3.436)

Answer

a) The cold plasma approximation (Sect. 3.6) assumes that the electrons only
move under the influence of the field E = Eyel**, such that:

v = et . (3.437)
The solution to (3.431) is trivial, since (3.437) substituted into (3.431)

gives: _ _
(mewvgiw)e! = —eEge™" —m.vv , (3.438)
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eEO 1
Me V+ iw

v= et (3.432)

Integrating (3.432), we have, to within a constant:

E 1 E 1 .
S0 = 20 D gt (3.433)
1WMe V + 1w MewW W — 1V

elwt

rTr =

b) By definition, the current density is J = nqv = oE where ¢ = —e for
electrons. From (3.432), we find directly:

ne’Ey, 1

J = ;
Me UV + 1w

et (3.439)

where the expression for the complex conductivity is:

ne? 1

(3.440)

o= — .
Me V + 1w

¢) Multiplying the numerator and denominator of (3.432) by (v — iw), we
obtain:

Bo v=iw ot (3.441)

v=— —_
me V2 4+ w?

Since a complex number z can be written in the form:
z = |z[e"¥ = |z|(cos p +isin ) , (3.442)

this suggests that, in order to demonstrate the validity of (3.434), we
1
should write the term (v —iw)/(v? 4+ w?)? in the form:
1 v iw

. _— - (3.443)
P +u?)i (124w (12 +w?)

where, by identification from (3.442), cos = v/(V2 + w?)z and sing =
—w/(v? +w?)2, so that v can be re-written:

E 1 .
v=-0 0 iletut) (3.444)
m (V2 4 w?)z
where: w
= arctan (——) . (3.445)
v
The expression for the real part of v is then:
E
R(v) = ——— % cos(ip + wt) . (3.446)

me(V? + w?)2
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Remark: Egs. (3.445) and (3.446) show that, in the absence of collisions
(v =0), v and E are w/2 out of phase. This de-phasing tends to zero when
v is large with respect to w, i.e. w/v — 0.

d) The mean kinetic energy i, in the case where the velocity is varying
periodically in time (3.437), can be calculated, using complex algebra, in
the form:

= 1 - m 1
Exin = 5 eV 1 R(vv*) 1 Mev” - (3.447)

From (3.432), this then becomes:

- me [€2E5 1 1e’Ef 1
bin=—7 |—5—=5|=71—2 || - 3.448
: 4 {mg 1/2+w2] 4 m, [V2+w2] ( )

e) Since the instant power is F - v, the average power transferred from the
field E to an electron is (2.33):

1 1, [e?Ef 1 1e’Ef v
0, = —R(—eE -v*) = - R 0 = -0 3.449
2 (—eE-v7) 2 {me V—iw} 2 me V2+w?’ ( )
and comparing (3.449) with (3.448), we thus have:
00 = 2Eein . (3.436)

Remark: Equation (3.436) is only valid for v = constant with respect to v.

3.8. Consider the conductivity tensor o of the plasma electrons. Show, for the
case where F is a periodic electric field, that this field transfers an energy per
unit volume to the electrons, averaged over a period of oscillation, given by:

W= [%?R(g) . EO} . Eq, (3.450)

where (o) denotes the real part of o and Ej is the amplitude of the field.

Answer
The work per unit time and per electron in the field E is F' - v, where
F = —eE. The average value of the work over a period of the alternating
field E = Egel“? is (2.33):
R
0o = —E[eE “v*] . (3.451)

The average energy transferred to the electrons per unit volume is then:
- R i
W = —§[€E -v¥ne (3.452)

where n. is the electron density.
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Remembering that, by definition:
J = —neev (3.453)
we can express (3.452) in the form:
W= %?R[E g = %[E T E ] (3.454)

since the sum of two conjugated complex quantities is real. Then:

1 1

W:Z[E.g*.E*+E*.g.E]:Z[E.g*.E*+E.£.E*]
= i[E'(gWQ)-E*] :i[E-QS?(g)'E*} : (3.455)

Since E = Egel“t, E* = Ege !, then:
- 1

Note in (3.450) that there are two scalar products in a row: starting from
a 2" order tensor, this leads to W, a scalar. This operation is known as a
double contraction (see Appendix VII).

3.9. Consider a long, stationary, cylindrical plasma column in the perfect
ambipolar diffusion regime, containing positive (singly ionised) and negative
ions, with local densities n;(r) and n_(r) respectively, and electrons with
density n.(r).

a) Show that the diffusion fluxes of the three charged species are linked by
the relation:
NeVe +N_V_ = N;V; . (3.456)

b) Show the physical significance of the assumption of proportionality which
is, in the present case:

Vn; Vn_  Vn,

(3.457)
n; n_ Ne
Is there a link between this relationship and particle charge neutrality?
Draw the radial profiles for the case of a long plasma column with zero
species densities at the wall. This assumes that there is no ion sheath at
the wall.
¢) Show that the positive ion ambipolar diffusion coefficient is given by:

Ne [Di,ue - Deﬂi] +n_ [Di/f(‘— - D—Mi]
BeNe + p—n— — [Ny

Dyi = , (3.458)
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where Dy is the free diffusion coefficient and gy is the mobility of the
various particles (k = e, i, —).

Answer

a) In the stationary state, the continuity equation for each type of particle is
written ((3.243)—(3.234)):

V- (neve) = Se (3.459)
V- (ni'vi) = Si ) (3460)
A\ (n_v_) =5_, (3.461)

where the Sy are source terms representing the net number of charged
particles of species k (k = e,i,—) created per second, per unit volume.
The ions and electrons are generally created by electron-neutral collisions
with atoms (molecules) and negative ions are created by attachment of
an electron to a neutral particle (Sect. 1.7.1). Whatever the mechanisms
for creation (and for volume losses, if they occur), the source terms are
related such that there is an equal number of negative and positive charges
created, i.e. that S, +S_ = 5;, so from (3.459) and (3.461):

NeVe +N_V_ = N;v; . (3.456)

b) The assumption of proportionality (Sect. 3.10) in the present case implies:

n; = C’lne s (3462)
n; = CQTL, (3463)

at each point r, the constants C; being independent of r. It then follows

that: v v v
i MMe V- (3.457)

n; Ne n_

The radial density profile is the same for the three charged species: in fact,
each of the terms Vny/ng in (3.457) is equal to the same constant C, and
we thus have three equations in the form Vnjg = Cny, with the same eigen
value C (Sect. 3.9).

In a long cylindrical column with zero densities at the wall, the density
profiles can be approximated by the following curves:

In addition, macroscopic charge neutrality requires:

Ny =MNe +N_, (3.464)

and from (3.462), (3.463) and (3.464) we have:

n; n;
i = =+ = 4
n oG (3.465)
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n(r) n;

Ne

Fig. 3.12 Approximate
profile of the density of
charged species in the

presence of positive and

negative ions, assuming

Nk (R) =0. 0 R T

from which:
. Cy +Cy

==
CoC
which shows that the assumption of proportionality is not sufficient to
calculate the distribution of negative charges into electrons and negative
ions. At each point r, the absolute values of the three densities, which are
indeterminate in the present problem, must satisfy macroscopic neutrality.

(3.466)

Remark: Remember that the previous results have been obtained for the
case of perfect ambipolar diffusion and the assumption that the density of
each species at the wall is zero (no ion sheath). In the case where an ion
sheath is established, only the most energetic electrons can escape from the
plasma to the walls. In contrast, under these conditions (kpT— = kgT; <
kgT.), the negative ions are confined in the plasma.

c¢) From (3.456), we know that the positive ion flux must be equal to the
total electron and negative ion flux, from which, if the common value is
designated I' (3.252):

I = n;,v; = —DZan + umiED s (3467)

I'=-D.Vne+peneEp —D_Vn_+pu_n_Ep, (3.468)

where FE p is the space-charge ambipolar field.
After multiplying (3.467) by pene + p—n_ and (3.468) by —u;n; and then
adding these two expressions, we obtain:

I'(pene + p—n— — pin;) =
—DipeneVn; — Dip_n_Vn; + Depin;Vne + D_pun;Vn_ . (3.469)

Then, making use of (3.457), we obtain from (3.469):

I(pene + p-n— — pin;) =
—{ne [Dipte — Depr;] +n— [Dipi— — D_p;]} Vn;  (3.470)
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from which, by setting:
I'=—-D,,Vn,, (3.471)
we find the expression for D:
Dipre — Depi] +n_[Dip— — D_ )
HeMe + p—n_ — ji;n; '

D, = "l (3.458)

3.10. Consider a plasma composed of electrons, neutral atoms and ions (with
a single positive charge). The electrons and ions are in the perfect ambipolar
diffusion regime and move, therefore, under the influence of the space charge
field as two fluids, each described by the corresponding Langevin equation.

a) In the framework of this description, which assumes that the collision
frequencies are independent of the particle velocities, the collisional term
for particles of type a and density n,, is given by (3.134):

ch Paﬁ
E = Z ‘na = — Z ,uozﬁl/ozﬁ(’va - ’Uﬁ) ) (3472)
B#a BF#a

where 1,5 is the reduced mass of the particles of species a and 3, vug
is the collision frequency, «, 8 = e,i,n, for electrons, ions and neutral
atoms). Show that, to a first approximation, this term can be reduced to:

P = —lenVenVe (3.473)
Ne
& = —MUinVinU; , (3474)
n;

for the electron and ion fluids respectively.

b) In the stationary regime, in the absence of a magnetic field, but with a
(macroscopic) electric field E, show that the existence of spatial gradients
in the density n, and temperature T, of species a introduces a directed
velocity of the particles, that can be written in the form:

D DY

a = aE__aV a__aVTa s 3.475
Vo =11 o Vi = o (3.475)
where the particle mobility is pe = go/ltanVan, their diffusion coeffi-
cient Dy = kpTw/panVan and their thermal diffusion coefficientD? =

kpTa/tianVan (the equality D, = D assumes that v,z is independent of
the particle velocities), and kp is Boltzmann’s constant.

¢) For the case of perfect ambipolar diffusion, calculate the value of the space
charge field Ep as a function of the coefficients in (3.475).
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Answer

a) For the fluid of electrons, the collision term (3.472) can be expanded
to give:

P.

= —lenVen(Ve — V) — Leilei(Ve — v;) . (3.476)

In the perfect ambipolar diffusion regime, ions and electrons diffuse with
exactly the same velocity, such that the second term in the RHS of (3.476)
is zero. Moreover, the neutral atom fluid is not influenced by the space
charge field, and has no directed velocity (v,, = 0). It follows that (3.476)
actually reduces to:

P
— = —MenVenUe - (3473)
Ne
For the fluid of ions, the expression for the collision term is:
Pi
- = _MinVin('Ui - vn) - Nieyie(vi - ve) . (3477)
n;
For reasons already mentioned, v, — v; = 0, and v,, = 0, such that the
collisional term for the ion fluid leads to:
P

g

= —WUinVinU; . (3474)
We can then write the collision terms for the electron and ion fluids as a

common term for the two fluids:

PQTL

Mo

= _ﬂanl/anva 5 (3.478)

where o = e or 1.
b) The stationary Langevin equation for particles of species « (3.134), taking
account of (3.478) and neglecting the convective term (!), can be written:

1
an = _Vpa + UanVanVa (3479>
Na
where p, = nokpT,. Substituting p, explicitly in (3.479), with n, and

T, both depending on position, and after rearrangement of the terms, we
obtain:

kT,
GoE — kpVT, — -2

HanVan Ny

Vna| . (3.480)

Vo =
In Sect. 3.8, we treated the case of mobility and diffusion of charged par-
ticles when VT, = 0. We then found two particular solutions. All that

is needed now is to find the particular contribution to be added to this
solution (3.210) by the term VT,, which, from (3.480) (with E = 0 and
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Vns =0, can be written:

Var = — = _Z2v7T, . (3.481)

D, DT
Vo = ,U/aE — n—Vna — T—aVTa . (3475)

To calculate the value of the space charge electric field (E = Ep), we
follow the same procedure as in Sect. 3.8. From (3.475), the respective
electron and ion fluxes are given by:

DT

r.=-D,Vn,— TeneVTe + peneEp (3.482)
e
DT

I'y=—-D;Vn; — TlnzVTz + wn;Ep . (3483)

The congruence approximation enables us to set I'. = I'; = I'; and the
assumption of proportionality, in the perfect ambipolar regime, leads to
ne = n; = n. Subtracting (3.483) from (3.482) and dividing by n gives:

v VT, VT;
—(De — D)~ DT Y2 Ly DT Y20 4 (e — p)Ep =0 (3.484)
n T, T;
such that:
_D. T T ‘
Ep = De = D; @ + D, VT — D VT . (3.485)

Pe =i N pre — i Te pe—pi T

3.11. To describe a long, cylindrical plasma column in the ambipolar diffusion
regime, we have used the following hydrodynamic equations:

V. (nw,)=vn, (3.486)
1
vy, = —peEp — —V(Den) , (3.487)
n
kgT; V
(v VI, +v0, = —Ep — 20X w, (3.488)
m; m; n

where the indices e,i and n represent the electrons, ions and neutral atoms
respectively; n = n. = n;, v, is the radially directed velocity, v; is the
ionisation frequency, pu. is the absolute value of the electron mobility and
D, is the electron free diffusion coefficient; v;, is the ion-neutral collision
frequency for momentum transfer, m; is the mass of the ions and 7; is their
temperature. kp is Boltzmann’s constant and E p is the space charge electric
field associated with the ambipolar diffusion.
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a) Indicate what each of these equation represents and which species of par-
ticle they refer to.

b) Obtain equation (3.488) by judiciously using the hydrodynamic transport
equations.

Answer

a) From the fact that the plasma is cylindrical and assumed to be infinitely
long, the system is described in cylindrical coordinates (reduced to &,) and
the drift and diffusion phenomena in the axial direction are neglected.
Equation (3.486) is the stationary continuity equation ((3.95) and (3.96)),
describing both electrons and ions: indeed, under ambipolar diffusion,
there is macroscopic charge neutrality (n = n. = n;), such that the radial
diffusion velocity v, is the same for the electron and ion fluids, conforming
with perfect ambipolar diffusion. The term v;n represents the ionisation
frequency per unit volume, for electron-neutral collisions with atoms in
the ground state (Sect 1.8).

The first term of the RHS of (3.487) describes the radial drift of the elec-
tron fluid in the ambipolar field Ep. The second term comprises of the
radial diffusion of electrons, due to the gradient in n(r) and the radial
transport of energy, because the electron temperature T, (r) appears in
the expression for the coefficient D, under the gradient operator. Equa-
tion (3.487) allows us to calculate v,.. Note that here, p. is positive, in
contrast to our usual convention (compare with (3.210) for the sign before
e in (3.487)).

Equation (3.488) is the stationary momentum transport equation for singly
charged ions, where the convective term ((v, - V)v, (3.134)) has been re-
tained. We will explain the reason for the presence of the volume ionisation
term in b) below. There are no external fields (E or B) to act on the par-
ticles, but only the ambipolar field Ep.

b) To recover (3.488), return to Sect. 3.5, where the momentum transport
equation for particles of species a (3.134) can be written:

Mo —Va = G| E +vo A B] — —Vpa > tapvaslva —vg] . (3.489)

dt BFa

In the absence of external fields £ and B, but including the ambipolar
electric field Ep, assuming that the ion mass m; is equal to that of the
neutrals, we obtain:

o
[c’%“””v] o=

1
eEp — =V (nkgT;) — mevie(v, — v,.) —
n
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where, if there is no time dependence (as can be seen from (3.486)), we

can set:
ov,

ot
Assuming that T; is independent of position and that v,, = 0 (the fluid of

neutrals is not influenced by the field Ep, therefore it is stationary), we
obtain from (3.490), after dividing by m;:

=0. (3.491)

kgT; V in
(W Vv, = —Ep — 2B Y Ving, o (3.492)
m; m; n 2
where the term v;v, in (3.488) is missing.
The absence of this term comes from the fact that, in the derivation of
(3.489) in Sect. 3.5, the continuity equation was written in the form:

M v () =0, (3.493)
ot
i.e. without any RHS. In contrast, (3.486), which is the stationary conti-
nuity equation, includes a term for volume ionisation, and this is the only
term in the RHS because there is no volume recombination.
To obtain (3.488), we must thus return to the 15° order moment equation
in w (3.109) which, assuming that V - ¥ reduces to Vp, can be written:

mag(nava) + MaVa(V - navs) + noma(ve - Vv, + Vpo, —nF, =

ot
- Z VagNaltas (Vo —vg) . (3.494)
B#a

Applying this equation to ions, assuming m; = m,,, we have p;, = m;/2,

and making the same assumptions as for (3.492), we obtain, after dividing

by m;:

kpT; ;
B —Vn — ni_ED = —%mn . (3.495)

(2 ml

v,(V -nv,.) + n(v, - V)v, +

Then, this time taking account of the continuity equation (3.486), we ob-
tain from (3.495), after dividing by n:

vivy + ;- Vo, = —Ep UL A (3.488")

which is the same as (3.488), except for the factor 1/2, associated with v, .

Remark: The difference in the factor associated with v;, comes from the
fact that the value of this frequency in (3.488) is not defined by (3.124), but
rather by:
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/ 276 (60)(1 — cos @) sinf df , (3.496)
0

Vap = MpWap ma
(6%

the effective collision frequency, which allows us to write the collisional term
P s in the form:

Pagzma//(wﬂ—wa)%fa(wa)fﬁ(wﬁ)dwadwﬂ, (3.123)

Wo Wg
or alternatively (making the same assumptions as for (3.124)):
Pap = —MaNaVas(Va —vp) - (3.497)
Within this formalism, the collision term in (3.488) may effectively be written:

Pin = —7717;712'1/?|< v; . (3498)

wm
where the mass of the neutrals does not appear explicitly.

3.12. Using the spherical harmonics expansion in velocity space for the un-
separated distribution function f(r,w), show that the electron diffusion coef-
ficient D, and the mobility p., in a continuous current discharge, are given by:

1 [ w? .
0
— ]_ ©0 ew afo(’]’7w) 9
e ™ ne(r) / 3mev(w) Ow drwdw (3.500)
0

where n.(r) is the electron density, w the velocity of individual electrons,
v(w) the microscopic electron-neutral collision frequency for momentum
transfer, fo(r,w) the zero order (isotropic) term of the distribution func-
tion in spherical harmonics, e and m., the charge and mass of the electron.
Describe the approximations used in developing this calculation. Limit the
expansion to second order.

Answer

1. The general expression for D,, the electron diffusion coefficient, is (3.208):

D, = % <%> , (3.501)
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where the brackets () represent the average over the distribution function
in velocity space. Remembering that the mean value of a molecular variable
represented by the function Y'(r,w,t) is defined, in the hydrodynamic
description, by:

(1)) = —

n(r,t)

/T(r,w,t)f(r,w,t) dw (3.39)

in which we use the complete function f(r,w,t) (rather than the separated
function f(w,t)). In the present case, D. which is an average parameter,
is given by:
Jryp— w d 3.502
=5 | s -
w

where w? = w - w is a scalar.
We use an expansion in spherical harmonics, in a spherical coordinate
system in velocity space, with the z axis along the direction of anisotropy
resulting either from the diffusion gradient of the particles or from the field
E inducing the particle drift. We set dw = 27w? sin # dfdw, which implies
that we have already integrated over the angle ¢ (assuming of isotropy
about the z axis). Limiting the expansion to second order, the expression
for f(r,w) is:

3cos?6 —1

5 (3.503)

f(r,w) = fo(’l”‘,’LU) +f1(r,w)cost9—|—f2(r,w)

Substituting (3.503) in (3.502) gives:

/ w? [fo r,w) + fi(r,w)cosé
0

3ne v(w)

2rw?sin@ dfdw . (3.504)

3cos?h —1
+ f2(7°,w)7}

Of the different terms in the expansion of f(r,w), only that containing
the function fy contributes to the integral for D., because the 1%t order
term in @ vanishes since:

s

1 s
- /cosﬂ d(cosf) = — 3 sin?f| =0, (3.505)
) 0
and similarly for the 2"d order terms, because:
[ 3cos0— 1 1 .
- / 3008# d(cosf) = 3 [cos® 6 — cos 9]0 =0, (3.506)

0
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from which, finally:

D, = (L/S:Zw fo(r,w) 4rw? dw . (3.499)
0

2. The mobility is related to the electrical conductivity o by (3.190):

o=nqu, (3.507)

where ¢ = —e for electrons.

We have already calculated o for electrons in a HF electric field, but for
the case of a separable distribution function f(r,w), i.e. one which can be
written as the product of a function in r and a function in w (3.43):

flr,w) =n(r)f(w) . (3.508)
We then obtained (Sect 3.4)1:
_ Amnge? T 1 Ofo(w) 4
Oe = — . / (0 T ow w” dw . (3.63)
0

To obtain the expression for o, that depends on the complete distribution
function f(r,w), we use the inverse of (3.508) to replace fo(w) by f(7,w).
Then, setting w = 0 for the case of a continuous current discharge, we find:

2 % 3
g, — — dme /;(” IG (3.500)

3m. w) Ow

To obtain p. from o, from (3.507), we only need to divide (3.509) by
—ne(r)e, ie.:

T3
pe =3 /“’ af”“’) dw (3.510)
mene

v(w)
0

such that, after rearrangement:

1 7 we  Ofo(r,w)

ne(r) ) 3mev(w) Ow
0

4rw? dw . (3.500)

He =

Remark: The electrical conductivity, for either electrons or ions, is always
positive. The fact that (3.509) is preceded by a minus sign comes from the

141 fo(w) is the zeroth order (isotropic) term in the spherical harmonics expansion of the
separated function f(w).
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fact that the mobility p. defined by (3.510) is negative, in accord with our
usual convention.

3.13. Consider a long column of helium plasma, with radius R = 1c¢m and
pressure p = 0.4torr. The electron temperature 7, is 1eV, while the tem-
perature of the gas, T, and that of the ions, T;, are both about 300 K. The
plasma is weakly ionised and, for these values of T, and p, the mean electron-
neutral collision frequency v, is 10°s~! and the reduced ion mobility g0,
i.e. at 760 torr and T, = 273K, is 10.4 cm? V~1s71. The plasma density on
axis is 1010 particlesm™2. At ¢t = 0, the source driving the discharge is cut
off.

a) Derive the temporal development of the plasma for ¢ > 0, assuming that
T, is constant, and estimate the characteristic time 7p for the decay of
the plasma density.

b) Extend your calculations to the case where a stationary axial magnetic
field of 0.1T is applied.

¢) Continue with the same data and operating conditions as in a), except for
a pressure of 0.1 mtorr, assuming that the collision frequency v is simply
proportional to pressure.

Answer

a) In Sect. 3.9, we examined the mechanism for the decay of the post-

discharge. If this occurs in the diffusion regime, the decay of the density is
exponential, and it is eventually controlled by the fundamental diffusion
mode, which for a long plasma column, corresponds to the characteristic
diffusion length A = R/2.405. The characteristic exponential decay time
7 is related to A and the diffusion coefficient D (3.224). Therefore, we
only need to determine whether the coefficient D is that of free or am-
bipolar diffusion. Note that when the mean free path is small compared
to A, the volume recombination regime is equally possible but, since the
plasma density is relatively small, we will see that this possibility has to
be eliminated in the present case. On the other hand, if the mean free path
of electrons, ¢, is larger than A, the decay will be that of a plasma in free
fall, a situation not considered in Sect. 3.9 and that needs to be verified.
The plasma at 0.4torr is not in the free fall regime. Recalling that
0= vy, /v (1.134) and, numerically for the present case, vy, /v = 5.9 X
10°ms™? (for 1eV)/109s71, we find £ = 6 x 10~* m, which is much smaller
than R (1072 m), and therefore the free fall regime is excluded.
The plasma is actually in the ambipolar diffusion regime by verifying that
the criterion n.9A% > 107 ecm™! is satisfied. From the input parameters of
the problem, n. = 10'°cm=3, A = R/2.405 such that n.A? = 1.7 x 10°.
The diffusion remains in the ambipolar regime, even after the density has
decreased to 1/e (37%) of the initial density.
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We will now calculate the characteristic decay time of the plasma, 7p,
which appears in the expression for the decay:

n(r,t) = n(r,0) exp —(vp1t) (3.222)

with 7p = 1/5}, where vp; is the diffusion-loss frequency in the fundamen-
tal mode: D

vp1 = A—; . (3.511)
We must now calculate D,: since T, > T;, we will use the simplified
expression:

kgTe
Da = Be i s (3281)
and, numerically:
t T, (K
_ 760 (torr) Ty (K) o = 2.2m2 Vs (3.512)

fi= p (torr) 273 (K)
138 x 1078 (m’ kgs 2K 1) x 11600 (K) x 2.2 (C kg™ 's)

D
“ 1.6 x 10~19 (C)
(3.513)
=22m?s7!,
such that (3.511) becomes:
A (W 2(m2) L 9w (3.514)
=D, = \ 2405 2.2(m?s-1) M '

b) We are still in the ambipolar diffusion regime. This time, we need to cal-
culate D, :
Deipin — Digper
Hil = Hel
We have wee = 27 f.e, where fe.(Hz) = 2.8 x 10°B, (gauss) = 2.8 GHz,

fei = Weeme/m; = 3.8 x 10° Hz = 0.38 MHz, from which w., = 1.76 x
1019571 and w,; = 2.4x10% s, so, taking (3.186) and (3.200) into account:

D, = (3.285)

]ﬂBTe 1/2
Do ~ .01
e @519
1.38 x 10723 x 11600 x 10°
= =0.58m?s ™!
9.11 x 10-31 x (1.76 x 1010)2 s
kpT,
Dy ~ =2y, (3.516)

~ 1.38x1072% x 300 x 2.2

6 < 10-19 =57x10?m?s™ !,
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e v?

~———— 3.517
fel MeV w2, ( )
—1.6 x 10712 x 10° g1 —1
= 011 % 109 x (176 x 1010y2 = 0-57TmV s
pin = pi =22m*> Vs (3.518)
from which:
0.58 x 2.2+ 5.7 x 1072 x 0.57
Dol = 3.519
+ 2.2+ 0.57 (3:519)
1.28 + 0.
~ w ~047m?s7 .

2.77

We can conclude that the inclusion of the magnetic field results in a value
of D, , smaller than D, by a factor 4. This result is consistent with the
fact that wee > 1.

c¢) The particles are in the free fall regime at 0.1 mtorr. To show this, we must
recalculate the mean free path ¢ for electrons by determining the value for
v at 0.1 mtorr. Since:

v=N{G(w)w), (1.132)

where N is proportional to the pressure, the collision frequency will be
reduced by the same factor as the pressure, i.e. a factor of 4000. We then
obtain v(0.1mtorr) = 2.5 x 10°s71, and £ = 6 x 10~*m x 4000 = 2.4m,
i.e. indeed ¢ > A.

3.14. Consider an argon plasma with an electron density 10¥ m~3, an elec-

tron temperature 10eV, a temperature of the ions and neutrals of 300 K and
a 10~* torr gas pressure. The cylindrical plasma column (along the z axis) is
contained in a machine limited at both ends by magnetic mirrors.

The plasma (already created by other means) is to be heated by applying
electron cyclotron resonance (ECR) in the uniform region of the magnetic
field. To do this, an electromagnetic field with frequency w/27 is applied,
such that w/2m = 10fp., where fpe is the electron plasma frequency. Assume
that the individual trajectory description can be applied to the electron fluid.

a) Calculate the magnetic field intensity required to enable plasma heating
by ECR in the region where the field is uniform.

b) Calculate the initial Larmor radius of electrons in the same region, before
the application of the HF field.

¢) Calculate the mirror ratio R for which the loss of particles is less than
20%, assuming that the velocity distribution is initially isotropic.

d) Draw an approximate schematic of B(z), taking c) into account.

e) A non-linear effect (parametric instability), due to the action of the HF
electric field, can occur if z g, the amplitude of oscillation of the electrons in
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the HF field (also called the ezcursion parameter), exceeds one tenth of the
electron Debye length. Calculate the threshold of the electric field intensity
for this non linearity to occur (neglect collisions in this calculation).

f) Make an approximate calculation of the initial electron-neutral collision
frequency in the plasma. Does this type of collision hinder the cyclotron
heating?

Answer

a) From (1.27), fpe(Hz) ~ 90004/n.(cm=3), so that, in the present case,
fpe = 9000 x 10 Hz = 9 GHz, from which f.. = 90GHz. From (2.69),
fee(Hz) = 2.8 x 105B(gauss), so that B = 9 x 1019/2.8 x 10° = 32.1kG
(3.2 tesla).

b) Recall that rg = v g/w. (see (2.66)). In the present case Ty = kpT./e =
10eV, and since the velocity v, of the electron fluid is the same along
both axes perpendicular to B, we have:

1
§meuio =kpT, . (3.520)
We obtain:
2% 1
v = /20 gy 108 ms (3.521)
Me
Finally:
1. 108
P 87> 107 _ 3.3%x 10 % mm . (3.522)

Woe 9% 1010 x 21

c¢) The reflection coefficient of a magnetic mirror is given by (2.196):

C,=1-R71'. (3.523)

Since we require C, > 0.8:
R = 1 5 (3.524)

02 7 '
Knowing that:
B

R= "2 2.188
BO ? ( )

we need to have Bpa: = 5 x 32(kG) = 160kG (16 T); superconducting
coils will be required.
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d)
B(tesla)
Bmax = 16
By =3.2 : T
mirror; constant B region

z

Fig. 3.13 Approximate distribution of the magnetic field intensity for confinement in
a linear machine (Sect. 2.2.3).

e) The excursion parameter, in the absence of collisions (w > v), is given
by (2.31):
_ lelEo

3.525
= (3.525)
and the Debye length, from (1.55), is:
T(eV) 1% 10 1%
(&

ADe =740 | ————| =740 |—

pe(cm) = 740 {ne(cm_?’)} 740 {1012]
=23%x103%ecm=23x10"°m. (3.526)

Since the threshold for the appearance of instabilities is assumed to be:
TE Z 0-1>\De 5 (3527)
the threshold intensity of the HF electric field (in V/m) is found to be:

mew?(2.3 x 1075) x 0.1
e

Eo > =42MV/m . (3.528)

f) The (microscopic) electron-neutral collision frequency for momentum trans-
fer is given by (1.132):

Vg = Nob(10eV)w = po Prow . (3.529)

We will use this approximation, instead of calculating the mean value
(v). From Fig. 1.14, at 10eV, P,o = 53cm L. The value of the reduced
pressure pg is:

p(torr)273 1074273
2713+ T~ 300

Po =

=9.1x 107" (no units) . (3.530)
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We will take vy, which defines the plasma energy as kT, as the value
for v (Sect. 1.4.3). In the present case, vy, = v, (3.521) and:

v=9.1x107° x 53 x 1.87 x 10® = 0.64 x 10°s7" . (3.531)

Given that w = 90 x 10° x 27 (Hz), we obtain:

v

—=11x107°. (3.532)
w

A large number of periods of the HF field will occur before there is a
collision, so they will not significantly hinder the ECR heating.

3.15. Consider a continuous-current electric discharge in helium at a pres-
sure of 1 torr. The plasma parameters of the (long) positive column, with a
discharge current density of 200 mA /cm?, are the following:

- temperatures: T,y = 2eV, T; =T, = 300K,
- densities (uniform): n, = 3.2 x 10 cm=3, n, = n; = 101%cm=3,

where the indices n, e and ¢ denote the neutral atoms, electrons and ions
respectively. The internal radius R of the discharge tube is 12 cm.

The total microscopic cross-sections for momentum transfer by collisions
between electrons and neutrals and between ions and neutrals, under the
present conditions, have average values respectively given by:

(Gen(W))(Toy =2eV, T, = 300K) =5 x 10 *%cm? |
(6in(W))(T; =Ty, = 300K) =1 x 107" cm? .

a) Calculate the electric field intensity along the positive column.
b) Calculate the value of the diffusion coefficient.

Explain your reasoning and clearly indicate the underlying assumptions. It
is unnecessary to develop the equations shown in the book, but you must
justify their use.

Remark: Two significant figures are adequate for the present calculations.

Answer

a) The electric field E in a discharge is related to the total current density J
through the electrical conductivity o, which, in the absence of a magnetic
field imposed on the discharge, is a scalar: we then have the well-known
expression (2.38):

J=0oFE. (3.533)

Since T, > T,, = T; and the degree of ionisation is small and given by:
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Ne

—° ~2x1077, 3.534
(o 1) ( )

we can apply the “Lorentz plasma” model (Sect. 3.7), i.e. a single fluid,
that of electrons, can be used to describe all the plasma properties. For
these conditions, we only need to calculate the (real part of the) electron
conductivity (2.39):

nee?

(3.535)

O- =
meV

to determine |E|.
In order to calculate (3.521), it is necessary to evaluate v. We can do this
by setting:

VN {Gen) (W) , (3.536)

where (w) is the mean electron velocity. Equation (3.536) is then an ap-
proximation for the exact relation (1.140):

V= Np{(Gen(w)w) , (3.537)

where the brackets () denote the average over the velocity distribution
function. Since we are using temperatures to characterise the energy of
the particles, this implies a Maxwell-Boltzmann velocity distribution.

The value of (w) is then:
8 kT,
=4/—— 1.9
() = /372 (19)

where kp is Boltzmann’s constant, and m. is the electron mass; (w) =
1.13vp, where vy, is the most probable value of the velocity for a Maxwell-
Boltzmann velocity distribution (Appendix I):

We know from (1.127) that, numerically:

vin(2eV) = V2 x 5.93 x 10°ms ™! (3.538)
from which:
(w) = 1.13v, = 9.5 x 10°ms™! . (3.539)
Then from (3.536), expressing everything in cm:

v ~32x10"%(cm™3) x5x 1070 (cm?) x 9.5 x 10" (cms™!) = 1.5x 10%s 7! .
(3.540)
Finally, from (3.533) and (3.535), we obtain (this time in MKS units):

o 1016 (m=3) x (1.6 x 10-19)2 (C?)
=11kVm™'. (3.541)

J 200 x 1073 x 10* (A/m?) x 9.1 x 103" (kg) x 1.5 x 107 (s7")
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Remarks:

1. Units: the volt V = m?kg s >A~! and the coulomb C = A s, hence from
(3.541):
3 200 =3 A —1\A2.2
A kg m _ (m?kg sT°A7)A%s V!
m?2 s C? m A? s2 '
which is the usual unit for an electric field.
2. We can verify that the ion conductivity is effectively very much smaller

than the electron conductivity (o; < o) because, even if v;, is much
smaller than v in (3.535) (compare (3.540) and (3.548)), me < Mige.

b) Diffusion regime

We need to verify that the charged particle losses are governed by diffusion,
i.e. that the plasma is sufficiently collisional that it is not in the free fall
regime.
The mean free path £ is given by:
(w)
{=-— 1.141
- (1.141)

because the electron-neutral collisions dominate (compare (3.540) and
(3.548)) and from (3.538) and (3.540):

95 x 107 cm/s

which demonstrates that ¢ < R: thus the plasma is indeed in the diffusion
regime.

Ambipolar diffusion

To determine whether the plasma is in the free or ambipolar regime, we
need to examine the product n,(0)A? (3.276): if it is greater than 107 cm ™!,
the diffusion is ambipolar. We find:

12cm
2.405

2
ne(0)A? = 10" cm ™3 ( ) >10"em ™, (3.543)

confirming that the diffusion is ambipolar.
Remark: We could use another equivalent criterion, A\p. < A, to verify
that the diffusion is ambipolar. Evaluating (1.55) numerically, we obtain:
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Te(eV) z

2
Ape = 740 { } ~0.01cm , (3.544)

ne(cm=3)

such that Ap. < A, and the diffusion is ambipolar.
Calculation of the value of the coefficient D,

Since T, > T;, we can use the approximate expression (3.281):

kpT.
D, ~ ~B-¢ (3.545)

miVin

To evaluate v;,,, we can set, as for v in (3.536):

From (1.12) modified to describe the ions, we have:

=12x10°ms™! (3.547)

(wy) = \/8 x 1.38 x 1023 x 300
YN T a1 x 1077

and, expressing everything in cm:
Vin =32x 100 x1x 107 x1.2x10° =38 x 107s7 !, (3.548)

so that, from (3.545):

1.38 x 10723 x 2 x 11600 JK'K
o =124 |——7—| , 3.549
4 x1.7%x 10727 x 3.8 x 107 [ kg s ! } ( )

and knowing that .J is expressed in m? kg s~!, we obtain:
D,~12m?s71, (3.550)

which are the usual units for a diffusion coefficient.

3.16. Consider a long, cylindrical plasma column of helium with a diameter

of 20mm and gas pressure 0.9 torr. The temperature of the ions and neutral

atoms, obtained from Doppler broadening of emission spectral lines, is 500 K.

The electron density, measured on the axis, is 10!7 electrons m~3.

a) Assuming that the electron velocity distribution function is Maxwellian
and the diffusion is ambipolar, estimate the electron temperature Tp.

b) To what extent is the assumption of ambipolar diffusion, implicit in the
calculation of part a), justified?

¢) Calculate the approximate values for the electron free diffusion coefficient
(D.) and that of ambipolar diffusion (D,) (don’t forget their units), then
compare them and discuss.
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d) At time ¢ = 0, the electric field maintaining the discharge is suppressed.
Describe the evolution of the plasma for time ¢ > 0. Calculate the charac-
teristic decay time for the electron density on the axis (assuming that T,
does not decay significantly during this period of time).

Data:

1. The approximate mean electron-neutral collision frequency for momentum
transfer in helium, at the reduced pressure pg, is:

Y 94x10°s7!. (3.551)
Po

2. The reduced ion mobility, i.e. referring to the standard conditions of
760 torr and 273K, namely for 2.69 x 10%° atomsm 3, of He™ in He is:

pio =104 x 1074m? vVts71 | (3.552)

Answer

a) To calculate T, we will make use of the results developed for this pur-
pose in Sect. 3.13, for a long cylindrical plasma column, assumed to be in
the ambipolar diffusion regime: we will verify in b) that this condition is
satisfied.

Let us first determine pg, the “reduced pressure” associated with the pres-
sure and temperature of the gas T, through the relation (1.122):

273
po = p(torr) (3.553)
T,(K)
from which, in the present case:
273
=—0.9=0.49. .554
Do 50009 0.49 (3.554)

For helium, the constant ¢g of the model (Tab. 3.1) is 4.68, and hence the
product copoR gives:

copoR = 4.68 x 0.49 x 1072 =23 x 107 2. (3.555)
This value of ¢opg R, from Fig. 3.9, corresponds to:
Tov /& ~ 0.2 (no units) (3.556)

and, since &; = 24.9 €V for helium (Tab. 3.2), T,y = 4.9¢eV, or alternatively
T. (K) = Tove/kp = 56500 K.
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b) Diffusion regime

We will first verify that the plasma is in this regime and not in free fall,
i.e. that the mean free path, ¢, is smaller than the radius of the discharge
R. We know that £ ~ v, /v (Sect. 1.7.8) where vy, = (2kBTe/me)% (1.9).
The collision frequency v is given by (3.551). We can then calculate ¢:

o JPEETEL \/2 x 1.38 x 10-23 x 4.9 x 11600 1
- me v 9.1 x 10-31 2.4 x 10° x 0.49
=11x10"2m, (3.557)

such that ¢ < R: the plasma is indeed in the diffusion regime.

Ambipolar diffusion

To find whether the diffusion is ambipolar rather than free diffusion, we will
use one of the two criteria given in Sect. 3.10. We will use the requirement
that n(0)A? should be greater than 107 (cm™!) for the diffusion to be
ambipolar. Since the electron density on the axis is n.o = 10! cm ™ and
A= R/2.405 ~ 0.42 cm:

neA? =1.7x101%em™ > 107 ecm ™!, (3.558)

and the criterion is verified (except possibly very close to the wall, where
n is much smaller than on the axis).

Remark: It can be shown that volume recombination in helium is no
longer negligible if the pressure is greater than 5torr and neo > 102 cm ™3,
Calculation of the coefficient D,

The expression for D, is given by (3.197):

D — kpT. 1.38 x 1023 x 56500
" mer 9.1 x10731 x 2.4 x 109 x 0.49
=728.6 ~730m?s ! . (3.559)

Calculation of the coefficient D,

We know from a) that T, > T;, the ion temperature, because T, = 56500 K
and T; = 500 K. For these conditions, a simple, approximate expression
for D, is:

kpT,
D, ~ Beu (3.281)

The ion mobility, u;, for an atom density NV, is obtained from the reduced
mobility 0, i.e. for the reference conditions (760 torr, 0°C) according to:

N
Hi = MOWL ) (3.185)
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where N, the Lochsmidt number, is equal to 2.69 x 10?° at m~3, for the
reference conditions. In addition, the perfect gas law:

p

= 3.560
L (3.560)

allows us to calculate N for the operating conditions (p,Ty), from Np =
pa/kp 273 (pa = 760torr, T = 273K). Finally, from (3.194) and (3.560),
we obtain:

pa ksl
.= pig—a 2B 3.561
22 ,uokB273 D ( )
which is, numerically:
10.4 x 10™* x 760 x 500
= X XX gm2sm V! (3.562)

0.9 x 273
from which:

keTe 1.38 x 10723 x 56500
D, = M =

i = 6 % 10-19 x1.6=78m?s"!,  (3.563)

and thus D, < D., as expected: the free diffusion of electrons is faster
than when the ions and electrons diffuse together.

d) This situation corresponds to the case of a time-dependent post discharge
in the diffusion regime (Sect. 3.9). Then, the charged particle density at a
given point decays exponentially with time, according to the relation:

n(r,t) =n(r,t = 0) exp(—vpt) , (3.222)

where 7p = ugl is the characteristic decay time of the plasma density due
to diffusion (ambipolar in the present case). This regime persists roughly
until the density has decayed to 1/e of its initial value (the required time
for our present analysis), since the initial density is sufficiently high. We
must first calculate vp,. We know, from (3.236), that:

D,
and since:
VDa = V’i 5 (3565)
then: D 8
Vpe = -2 = — "2 =451 x103s7!, (3.566)

A2 7 (10-2/2.405)°

from which VB; = 7p =~ 2.2us. We can conclude that over a period of 10
to 20 times 7p, i.e. 20 to 40 s, the charged particle density has become
negligible.
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3.17. In general, the characteristic diffusion length A of a plasma is related
to plasma dimensions by coefficients that depend on the plasma geometry,
(see Sect. 3.9.1), but also on the boundary conditions chosen. Therefore,
we would like to calculate the characteristic diffusion length in a plasma for
different geometrical configurations (planar and cylindrical) in the case where
the assumption n(r = R) = 0 is no longer valid, i.e. when the losses to the
walls of the experiment are through a flux across an ion sheath. Assume
that the plasma is in the ambipolar diffusion regime and that the neutrality
condition (n; = n.) is applicable up to the edge of the collisionless ion sheath,
whose thickness can be neglected when compared to the plasma dimensions.

a) Calculate the characteristic diffusion length A = L/a (where a is a dimen-
sionless coefficient) of a planar configuration that is infinite along y and
z, and with a width along = of L = 2 cm, for the two following cases:

1. Argon plasma, p = 0.5 torr, T,y = 1.7eV, T, = 300 K, mobility of Ar*
ions in Ar: pjp = 1.52cm? V-1s71 at 760 torr and 273 K.

2. Helium plasma, p = 0.5 torr, T,y = 5.8eV, Ty, = 700 K, mobility of Het
ions in He: p;0 = 10.4cm? V~1s~! at 760 torr and 273 K.

To calculate a, use the graph atana = f(a).
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a

Fig. 3.14 Variation of the function f(a) = atana with a.

b) Calculate the characteristic diffusion length A = L/b (where b is a di-
mensionless coefficient) of an infinite cylindrical plasma column of radius
R = 1cm for the two sets of plasma conditions defined above.
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To calculate b, use the graph bJi(b)/Jo(b) = f(b). The derivative of the
zeroth order Bessel function of the first kind is:

Jo(2) = =N (2) , (3.567)

where Jj is the first order Bessel function of the first kind.
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Fig. 3.15 Variation of the function f(b) = bJ1(b)/Jo(b) with b.

Answer

In the ambipolar diffusion regime, the plasma is described by the equations
of continuity (3.216):

8—;’“ +V v =ym (3.568)

and of the diffusion flux (3.257):
I'=nv=-D,Vn, (3.569)

such that in the stationary state:
Vin = — (g—) n (3.570)

or, alternatively:
1

Vin=——n. (3.571)
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a) In the case of an infinite plane-plasma configuration along y and z, the
solution of (3.570) in Cartesian coordinates:

9’n 1
is given by: . .
n(z) = n(0) cos (Z) = n(0) cos (f) . (3.573)

The boundary conditions at the wall suppose, for x = +L/2, that the
electron and ion fluxes are equal and that the ion velocity at the sheath
edge is:

v=vp, (3.574)

where vp is the Bohm velocity of scalar value (3.328):

kpT.
vp =] 2=< . (3.575)

m;

Taking account of (3.569), the conservation of ion flux at the sheath edge
can then be written:

- D, (8_n) =n (az = ﬂ:£> Vg - (3.576)
813 :I:% 2

vp = +vp (3.577)
so that, from (3.573), (3.576) can be written:

For x = +L/2,

on a . /a VB a
(%>+% = —Zn(O) sin (5) = —D—an(O) cos (5) (3.578)
from which: I
vy _ a2
2D, ~ 2 tan 5 (3.579)
where an approximate value for D, is given by (3.281):
kgT.
D, ~ Be © i (3.580)

where p; depends on the pressure.

Remark: In contrast to the usual boundary conditions n(x = £L/2) = 0,
where the characteristic length is independent of the geometric configura-
tion and dimensions of the plasma, the diffusion length also depends, in
the present case, on the operating conditions of the plasma, namely the
type of gas and the pressure.
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Numerically, we obtain:

1. For argon:

( 1.7 (V) x 1.6 x 10712 (C)
v =

2
- =203 x 10°ms™!
9.1 x 1031 (kg) x 1836 x 40) TS

760 T, (K)  1.52 x 760 x 300

Hi = i o) 273~ 0.5 x 273
=254x10%0em?V 1s7! =254 x 10 2m? Vit
T.
D, = k5 Cui=1.7(V)x254x 1072 (m* Vs
e
=432x10%m?s7!,
a Lvg 2x1072 x2.03 x 103
Ztan— = = =47.
2 27 2D, 2 x 43.2 x 102

We can find a from the graph of atan a, i.e.:

a
—~1.54
2 )
from which: A ~ L/3.08.
The numerical value thus obtained is close to the value of A = L/7
resulting from the boundary conditions n(x = £L/2) = 0.
2. For helium:

< 5.8 (V) x 1.6 x 1071 (Q)
v =

2
=118 x 10°ms™!
9.1 x 10-3! (kg) x 1836 x 4) 8 x 107ms ™,

760 T, (K)  10.4 x 760 x 300
p (torr) 273 0.5 x 273

=174x10° em?V ls™! =1.74m? Vst

Hi = Hio

kpT. _
D=2, =58 (V) x 1.74 (m*V's™1) =10.1m?s ",
a a Lvg 2x107%2x11.8x10°
Ztan < = — =11.7.
2 M5 T 9D, 2% 10.1

We can find a from the atan a graph, i.e.:

a
— ~1.45,
2

from which: A ~ L/2.9, which is a slightly different value compared to
A=1L/m.
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b) In the case of an infinitely long cylindrical configuration, the solution to
(3.570) in cylindrical coordinates:

10 1

ror T T (3.581)
is given by: , by
n(r) = n(0)J (Z) = n(0)Jo (R) , (3.582)
where Jj is the zeroth order Bessel function of the first kind. Since:
ajgibr) = —bJi(br), (3.583)

where J; is the first order Bessel function of the first kind, the boundary
conditions at 7 = R can this time be written, taking account of (3.582):

(%)R = —}%n(o)h(b) = —g—in(O)Jo(b) : (3.584)
from which: " e
UB 1
D, bJO(b) . (3.585)

Numerically, we obtain:

1. For argon:

le(b) . RUB

We can find b from the graph bJ;(b)/Jo(b), i.e.:

=47.

b~ 2236,

from which:

~ B

T 2360
The value obtained is close to the value A = R/2.405 resulting from the
boundary condition n(R) = 0.

2. For helium:
le(b) - R’UB

Jo(b) D,
We can find b from the graph bJ;(b)/Jo(b), i.e.:

=11.7.

b~2.21,

from which:
R

T 221
which is a slightly different value compared to A = R/2.405.



Chapter 4

Introduction to the Physics
of HF Discharges

4.1 Preamble

This chapter discusses plasmas produced by a high frequency (HF) periodic
electric field, at both radio (& 1-300MHz) and microwave (0.3-300 GHz)
frequencies. These discharges, originally used mainly in research laborato-
ries, have only comparatively recently found a very important place in in-
dustrial applications (e.g., micro-electronics, destruction of greenhouse gases
Sect. 1.2). Thus, an understanding of the mechanisms that sustain them and
a knowledge of the physico-chemical phenomena that are specific to these
discharges (for example, the influence of the HF frequency on the plasma
properties), can lead to improved designs for HF devices and more efficient
processes.

For a number of reasons, the most commonly used HF plasmas operate at
low-pressure (< 10-20 torr):

- the implementation of a plasma source is, in this case, much simpler than
at atmospheric pressure, due to much lower gas temperatures;

- the modelling of HF plasmas has now attained maturity, which is not yet
the case for plasmas at atmospheric pressure [22,26].

Our discussion will distinguish between low-pressure plasmas and high
(essentially atmospheric) pressure plasmas, the latter being characterised, as
we shall see, by specific phenomena such as the contraction and filamentation
of the discharge.

In order to better understand the physics of HF discharges, where the
electric field varies periodically in time, we will also consider direct current
discharges (DC), in which the electric field intensity is constant in time. This
entire group of discharges is designated by the term electric discharges.

Compared to DC discharges, HF discharges present a number of advan-
tages. This is particularly true if the discharge vessel is made from a dielectric
material, because its transparency to electromagnetic (EM) waves allows the
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electric field to penetrate from the exterior and to ionise the gas it contains.
In such cases, in contrast to DC discharges, there are no electrodes in contact
with the gas: electrodes constitute a source of gas contamination and lead to
deposits on the walls of the discharge tube and, more generally, they limit
the life of the discharge tube. The device used to impose the EM field on the
discharge vessel is called an HF field applicator. Another advantage of HF
discharges, with respect to DC discharges, is the possibility of modifying the
plasma parameters by tuning the frequency of the EM field: varying the field
frequency, in certain cases, modifies the electron energy distribution function
(EEDF), which can be used to optimise the kinetics of a process. With re-
gard to the cost of apparatus, DC discharges are, in general, less expensive,
although now the reduced cost of magnetron microwave generators operating
at 2450 MHz'%? has made them competitive. In addition, the advance of HF
generators based on power transistors encourages us to believe that, in the
near future, more compact designs, with improved security (no high voltage
in the circuit) and improved reliability, will become available.

In the preceding chapters, we have developed the basic rudiments of plasma
physics, with a view to their application to HF discharges. In the follow-
ing sections, we will make abundant use of these fundamentals, to describe
and model HF plasmas. This chapter contains three sections that consider
successively:

1. the power transfer from the electric field E to the discharge. To this end,
we will use the power 6, absorbed per electron as the characteristic param-
eter, for both collisional and non collisional (electron cyclotron resonance,
Sect. 4.2) energy transfer.

2. the influence of the frequency of the F field on the properties of the plasma,
with some examples of the application of this effect (Sect. 4.3). This study
will be principally applied to low-pressure plasmas.

3. the phenomena of contraction and filamentation encountered in high-
pressure plasmas (Sect. 4.4). To take account of the contraction effect, we
need to examine the ionisation-recombination kinetics of molecular ions.

142 A certain number of frequencies from the EM spectrum are reserved for industrial,
medical and scientific applications (ISM frequencies). To this effect, the earth is subdi-
vided in three regions: region 1 (Europe, Africa, the Middle-East, the former USSR and
Mongolia), region 2 (The Americas, Greenland), region 3 (Asia, outside the former USSR,
Oceania). In all regions, the frequencies 13.56, 27.12 and 40.68 MHz, as well as 2.45 and
5.8 GHz, are authorised [26]. The frequency 433 MHz is only authorised in region 1, and
915 MHz only in region 2. In addition to these ISM frequencies, the 2.65 MHz frequency is
a standard for RF lighting devices.
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4.2 Power transfer from the electric field
to the discharge

Traditionally, the transfer of power in a DC discharge is characterised by the
ratio E//p where F is the field intensity and p the gas pressure. In the follow-
ing, we will use the parameter 0, (or 6,/p)'*3, the average power absorbed
per electron (2.39), instead. On one hand, this enables us to unify the DC
and HF descriptions of the plasma and, on the other hand, it emphasises a
fundamental aspect, which is generally ignored, namely that the intensity of
the electric field sustaining the electric discharge is not set by the operator,
but depends on the loss mechanisms for the charged particles (the parameter
0;, defined by (4.1)).

4.2.1 Direct current discharges

Figure 4.1 is a schematic of a discharge referred to as a cold cathode discharge
(without a thermo-electric emitting filament). The constant voltage U, ap-
plied to the leads of the two electrodes, creates an electric field of intensity
E, which acts on the electrons initially present in the gas, either from cosmic
rays or natural radiation, or from external excitation, for example, produced
by a spark from a Tesla coil, or a piezo-electric gas lighter directed against
the dielectric walls of the vessel. These initial electrons are accelerated by a
force F' = —eE, where e is the absolute value of the electronic charge, and
they continue to gain energy until they experience a collision with another
electron, or with an atom (molecule). At the instant of impact, the “incident”
electron either gains or loses energy (Sect. 1.7.2). The collision can always be
elastic (conservation of energy), but can only lead to an excitation or ioni-
sation if the energy of the electron is equal to or greater than the threshold
energy V; for excitation of the atom into the state j, or the threshold ionisa-
tion energy V; of the atom (Sect. 1.7.9); following an inelastic collision, the
internal energy of the atom is increased, depending on the case, by an energy
Vj or V; released by the electron. The energy transferred to the ions from the
electric field is negligible compared to that of the electrons, due to the mass
ratio of these two types of particles (Sect. 2.2).

After a transition stage, in which the density of the charged particles
increases, the stationary state is reached. As shown in Fig. 4.2, we can observe
different luminous and dark zones along the discharge tube; the intensity E
now varies axially, in contrast to the situation before ignition (the horizontal
dashed line in the figure). Macroscopic electron-ion neutrality is found only
in the zone referred to as the positive column, which thus corresponds to the
definition of a plasma.

143 In discharges, the ratio E/p is a fundamental parameter, entering into the scaling laws
governing the plasma. Its relation to 64 /p will be elaborated in Sect. 4.3.3.
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Fig. 4.1 Schematic of an electric discharge maintained at constant current, usually re-
ferred to as a direct current (DC) discharge. The resistance R (ballast) ensures the stability
of the discharge.
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Fig. 4.2 a Representation of the different dark and luminous zones in a direct current
discharge, together with b the qualitative variation of the electric field intensity E in the
stationary state, along the length of the discharge. The horizontal dashed line indicates
the electric field intensity E before ignition.

To characterise the transfer of power from the field E to the positive col-
umn plasma by means of the electrons, we will establish the balance between
the power taken (on average) by an electron from the electric field, referred
to as the absorbed power 6, (Sect. 2.2.1), and the power that the electron
(on average) transfers to the heavy particles as a result of collisions, referred
to as the power lost 6;.

The average power ; lost per electron, and transferred to the plasma
following the various types of collision of electrons with heavy particles 44
can be written [26]:

144 Equation (4.1) can be obtained from the homogeneous Boltzmann equation by consid-
ering the isotropic part Fo(U) of the EEDF. This equation is then multiplied by U and
integrated over all values of U. The integral of F(U) is described in Appendix XVII (see
note at the bottom of the page).
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e U )Uer) + S s Ua Vi + (U)W, (A1)

ol(<Ue >) =

where m. /M is the mass ratio of the electron to that of the atom (molecule),
v(U.y ) represents the microscopic collision frequency for an electron of en-
ergy Uy, which results in a transfer of momentum (Sect. 1.7.7), v; and v;
are the collision frequencies (also microscopic) for the excitation to the level
j (threshold energy V;) or ionisation (threshold energy V;) respectively; fi-
nally, the symbol () represents the average taken over the EEDF. In the case
where the EEDF is Maxwellian, the average values in (4.1) are completely
determined by the electron temperature T, and the gas pressure.

In general, 6;((U.y)) is an increasing function of (U.y), as is shown in
Fig. 4.3, for the case of argon and a Maxwellian EEDF (2(U.y) = T.v).
We observe that, if T,y > 1eV, the value of 0; is essentially determined by
inelastic collisions for excitation and ionisation, while if T,y < 1eV, the value
of 0; is due to elastic collisions. Furthermore, we know that the value of T,y is
less than 1€V in an argon plasma at atmospheric pressure, whilst it is equal
or greater than 1eV at low-pressure!?®. Clearly, collisions at atmospheric
pressure are much more numerous than at low-pressure, and it is necessary
to take multi-step ionisation processes into account in order to calculate 6;
(which is not the case in Fig. 4.3), as we will see in Sect. 4.2.4.

The charged particles, which are thus created in the volume, tend to dis-
appear from the discharge by two main mechanisms (Sect. 1.8):

- by diffusion towards the walls of the vessel, on which ions and electrons
readily recombine to form neutral atoms;
- by electron-ion recombination in the volume of the plasma.

In the following treatment, for simplification, we will assume that only diffu-
sion is responsible for the loss of charged particles (Sect. 3.10-3.12), which is
generally the case for low-pressure rare-gas discharges (0.5-10 torr).

The average power 0, absorbed per electron, taken from the field E, is
related to the work effected by the electron in the field. In the absence
of collisions, the energy of the electron will increase during its entire path
from the cathode to the anode, its velocity evolving with time according to
(Sect. 2.2.1):

w=—t. (4.2)
Of course, if there are no collisions, then there is no transfer of energy to the
plasma, hence no discharge. In the presence of collisions, the motion of the

electrons is hindered by electron-neutral collisions: this results in an average
velocity for progression in the field E, called the electric drift (Sect. 3.8.2):

vg = pe (4.3)

145 The value of T above which elastic collisions dominate depends on the discharge gas
and the threshold energy Vj for excitation of the first excited level.
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Fig. 4.3 Value of the power per electron 6;, normalised to the density N of neutral atoms,
as a function of Ty, calculated for a Maxwellian distribution in the case of an argon
discharge. We assume direct excitation from the ground state (no stepwise excitation or
ionisation).

where, as we have seen, p. = —e/mev is the electron mobility and v the
electron-neutral mean collision frequency for momentum transfer. The power
P, taken from the field E by the electrons, per unit volume, in the case of a
plasma with a uniform electron density n., is given by (Sect. 2.2.1):

P,=nb,=J-FE, (4.4)

which constitutes a generalisation of Ohm’s Law. We know that the expres-
sion for J, the current density vector of the electron fluid, is given by:

J = —neevy . (4.5)

Thus, combining (4.3), (4.4) and (4.5), we obtain:

0,(E) = E?. 4.6
W(B) = (46)
In the stationary state, the power absorbed 6, adjusts to compensate for the

power lost 6; and:
0.(E) =0,((Uev)) . (4.7)

In fact, if the power 6, was less than 6;, the discharge would extinguish.
If, on the contrary, 6, was greater than 6;, the plasma density would in-
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crease, contradicting the assumption of a stationary state. Equation (4.7)
thus constitutes the equation of the electron power balance in the plasma.
Their common value will be designated from now on by 6. It is important
to note that (4.7) implies that the electric field intensity E in the plasmal4°
(connected to 8, by (4.6)) adapts to exactly compensate for the power lost 6;.

In the particular case where the charged particles disappear from the
plasma by diffusion to the walls where they recombine, these losses increase
with the average energy of the electrons, hence, in the case of a Maxwellian
EEDF, with the electron temperature: the diffusion coefficients (given by
(3.284) or (3.308)) increase with T,. The value of 6;({(U.y)), which increases
with the average electron energy (Fig. 4.3), will therefore increase when the
charged particle losses increase.

In the ambipolar diffusion regime, the electron temperature of the dis-
charge is only a function of the vessel dimensions, the type of gas and the
pressure (Sect. 3.13), i.e. it entirely depends on the operating conditions (4.7).
As a result, 6;, relative to ,, is the dominant quantity in the electron power
balance, 6, adjusting to the value of 6;. Therefore, once the stationary state
is reached the field intensity E present in the positive column is not related
to the potential difference applied between the two electrodes, an observa-
tion confirmed by experiment. The “surplus” from this potential difference is
found in the cathode and anode falls and other zones bordering the positive
column (Fig. 4.2).

4.2.2 HF discharges

To set the scene, we will consider an HF discharge that is simple to imple-
ment. An HF power generator feeds an EM field applicator consisting of a
conducting coil wound around a discharge tube'”, as is shown in Fig. 4.4.
In the case of an HF discharge, the question of energy transfer must be
posed differently than in DC discharges, because the electric field is periodic.
At the beginning of the cycle, the electron is accelerated in one direction under
the influence of the field for the first half of the cycle, then in the opposite

146 This field is called the maintenance field (meaning that of the discharge) in contrast to
the applied field set by the operator (for example, that applied between the two electrodes
in a DC discharge just before ignition).

147 The material of the discharge tube is chosen such that it absorbs the least possible of the
HF power. From this point of view, fused silica (incorrectly called quartz) is particularly
advantageous if the gas temperature is not too high (< 900°C) and in the absence of
reactions with by-products from the discharge, such as fluorine. Ceramics, such as Al2O3
and AIN, are more resistant to temperature but absorb more of the HF power than silica.
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x HF
generator

Fig. 4.4 Schematic of an HF discharge, referred to as an inductively coupled plasma (ICP).
The excitation frequencies are generally much lower than 100 MHz, the most commonly
used being the ISM frequencies of 13.56 MHz and 27.12 MHz'42.

direction'*®: on average over a cycle, the work effected by an electron in an

HF field is zero (Sect. 2.2.1). Only collisions can interrupt the periodic motion
and allow the electron to take energy from the HF electric field, as we have
seen in considering a cold plasma (Sect. 2.2.1). We then obtain (2.37):

2 v o

_ € 2

0, = Y w2E , (4.8)
where E2, the average quadratic value of the electric field intensity, is equal
to E3/2, Ey being the maximum amplitude of the field in the course of a
period of oscillation, and w the angular frequency of the field. Equation (4.8)
reduces to (4.6) for w = 0.

The loss of charged particles is influenced by the same mechanisms as
in the positive column. On the other hand, in contrast to a DC discharge,
the electric field intensity E in an HF plasma is not radially constant, but
decreases from the tube walls to the axis: this phenomenon is analogous to
the attenuation of an EM wave entering a conductive material (skin effect).
Under these conditions, the integration of 6, (4.8) across a transverse section
of the discharge should lead to an average value of ,, such that 6, = ;.

Since it is easier to measure 6, than E in an HF discharge'*?, the pa-
rameter 6 appears as the natural reference parameter for comparing electric
discharges. This consideration reinforces the preeminence, mentioned earlier,
of 6 over E (Sect. 4.2.1): the electric field intensity F adjusts to satisfy the

148 We make the implicit assumption that the amplitude of oscillation (or excursion) of
the electron in an HF field (2.34) is smaller than the discharge vessel dimensions (for
example, the radius R in a long cylindrical column). This is generally the case for fields
with frequencies above 1 MHz.

149 The measurement of the electric field in an HF discharge is generally very imprecise
because of the perturbations caused by the measurement antenna. On the other hand, the
value of 6 can be simply deduced from the power absorbed per unit volume, knowing the
value of the average electron density in the plasma (4.4).
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value of 6;. This dominance of 6; over 6, and hence, on F, will be confirmed
in the later treatment of HF magnetised plasmas.

Remark: The characteristic penetration depth d. of an HF field in a con-
ductive medium is defined as the distance over which the field intensity of
a plane EM wave reduces to 1/e of its initial value (e is used, exceptionally
here, to denote the base of the natural logarithm). This value is given by (see
Appendix XVIII):

(¢/w)

S(a)
where ¢ is the speed of light in vacuum, $(A) denotes the imaginary part
of a complex quantity A and €, the permittivity of the plasma relative to
vacuum (2.41). In the case of a non-collisional plasma (w > v and wpe > w),
the skin depth . takes the value ¢/wpe. On the other hand, for a collisional
plasma (¥ > w and wpe > w), it can be shown (Appendix XVIII) that

0c = (c/wpe)(Qy/w)%.

5. = (4.9)

4.2.3 HF discharges in the presence of a static
magnetic field

For certain kinds of plasma applications, it can be advantageous to operate at
the lowest possible gas pressure, in order to minimise the collision frequency
in the discharge. This is the case for anisotropic etching, where the goal is
to use ion bombardment to “excavate” perfectly vertical trenches in a given
material (Fig. 1.4). The acceleration of the ions, obtained by polarisation
of the substrate holder or the material itself, leads to an ion flux directed
perpendicular to the surface being treated: the less the trajectory is modified
by collisions, the more perfectly anisotropic (vertical) the etching. However,
how can we create an HF plasma with a sufficiently low collision frequency
when, as we have noted in the previous section, the existence of collisions
is essential for sustaining the HF discharge? In this case, it is necessary to
subject the plasma to a static magnetic field By, as we will now demonstrate.

Two principal phenomena characterise the action of a static field By on
an HF discharge: reduction of the diffusion losses of the charged particles to
the walls and, when applicable, resonant transfer of the energy of the HF
field to the electrons at wee = w.

Reduction of charged particle diffusion losses to the walls

In the case of a field By directed axially in a cylindrical vessel, the charged
particles are trapped in either a purely cyclotron motion, or a helicoidal
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motion, about the field lines of By, depending on whether the axial velocity
is zero or non zero (Sect. 2.2.2). The radial diffusion of charged particles,
hence their loss to the walls, is found to be the more reduced the smaller is the
cyclotron gyration radius imposed upon them is small (much smaller than the
vessel radius), i.e., as the magnetic field intensity is increased sufficiently. For
the magnetic confinement of the electrons to be efficient, it is necessary that
there be several cyclotron gyrations between two collisions, which imposes
v < wee (Sect. 3.11)1Y. Note that the reduction of charged particle losses
means that 7. and, hence, 6;"®' decrease such that, for the same value of
absorbed power P, (cf. to (4.4)), a larger value of electron density is obtained.

Furthermore, for constant By, #; increases as the pressure decreases, be-
cause as diffusion losses increase, the mean electron energy increases (Fig. 3.9)
and, as a result, the value of 6; also increases. There is a maximum value of
0, after which the power 6, becomes less than 6; (see further, in Fig. 4.5, the
non-resonant regime). This maximum value of §; corresponds to a minimum
pressure, below which it is impossible to maintain the discharge.

In the following, in order to examine the influence of electron cyclotron
resonance (ECR) on the maintenance of the discharge, we will consider two
cases in succession: a discharge in an infinite medium in which a planar
EM wave propagates in the same direction as the magnetic field By, then a
discharge in a bounded medium, in this case a plasma column maintained by
an EM surface wave, which also propagates in the direction of By.

The case of a planar wave in an infinite medium

Comparison of the regime of power absorption by collisions with that of elec-
tron cyclotron resonance (ECR): variation of the value of 0, as a function of
pressure, for an assumed constant field Eq

The method of calculating 8, in HF plasmas in the ECR regime is analo-
gous to that used in the purely collisional regime. It is sufficient to introduce
the term By in the hydrodynamic equation for momentum transfer (Sect.
3.7), which can be written, in the cold plasma approximation (T, = 0):

13}
mea—': =¢[E 4+ v A Bo] — mevv (4.10)

where the electron velocity, in this context, is purely periodic, i.e.:

Uy = Vog exp(iwt) | (4.11)
vy = Ugy exp(iwt) . (4.12)

150 To put this in context, in argon at 1 torr, for T,y = 2eV, v ~ 2 x 109 s~ 1. Also, recall
that wee/2m(Hz) = 2.8 x 10198y (tesla).

151 Remember that Fig. 4.3 shows that 6; grows monotonically with Te.
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The static magnetic field By and the planar wave are directed along z while
the HF electric field of the wave E = E(e'“? is taken along y. Following the
coordinates x and y in the Cartesian frame, we then have:

B
iwvgg = fn—voy — Vg (4.13)
e
B
iwvgy = miEo — q—vow — YUy - (4.14)

Eliminating vg, between (4.13) and (4.14), we obtain:

eEy (v + iw) w2, — w? + 1% — 2iwy|

— 7 4.15
voy me (W2 —w? 4+ 12)2 + 4w?v? (4.15)
which gives, after factorising the real and imaginary terms:
Ey v (1 +w? +w2) —iw (v? + w? — w?
voy = — 2 ( ) —i ‘) (4.16)

MMe {(W — wee)? + VQ} {(w +wee) + 1/2}

The average power (over a period) per unit volume, P,, absorbed by the
electrons, is given, in general (Egs. (2.37) and (2.40)), by:

P, = %%R(J B, (4.17)

where R represents the real part of the product in parenthesis and the asterisk
indicates the complex conjugate of a given quantity. This expression can also
be written in terms of the conductivity tensor o (Egs. (2.124) to (2.126)), i.e.:

P.=le-B)- B, (4.18)

Since FE, is the only non-zero component of the electric field, and the com-
ponent ¢, of o is zero (see (3.189) and (3.191)), the expression developed
for the current density (2.126) reduces to:

J =0,y Eyé, + oy, E 8, . (4.19)

However, only the component of J along y contributes to the contracted
(scalar) product with E = é,E, in (4.17). Resorting to complex algebra, we
can represent the absorbed power per unit volume, averaged over a period of
the HF field, in the form:

1 *
Py = 5R(J,Ey) - (4.20)

Since J, = —n.evgye @t and E, = Ege !, the average power absorbed
per electron can be expressed as:
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Ne
2E2 1 2 1 2
_ |2 - i - (4.21)
2wme |2 (w—wee)” 12 2 (W0 wee)” + 12
From (4.20) and (4.21), we can also write that:

P, 1

0, = = z—nea% (oyyE3) (4.22)
or equivalently:

2

9,1 = 2—TLE§R(O'yy) . (423)

The result expressed in (4.21) can be interpreted in a relatively simple fashion
if we allow, on the one hand, that the oscillating field E decomposes into a
field E, of a right circular wave and a field E; of a left circular wave, with
equal and constant amplitude, rotating about the magnetic field lines, and,
on the other hand, that the electrons, under the influence of the magnetic
field, revolve around the same magnetic field lines with a rotating motion
to the right (with respect to the direction of the magnetic field). The right
circular component of the electric field then turns in the same direction as
the electrons in their cyclotron motion. The result is that an electron, in its
own frame of reference, “sees” the electric field E, oscillating at a reduced
frequency w, = w—w,., whereas it “sees” the electric field E; oscillating at an
increased frequency w; = w+we.. Equation (4.21) includes both contributions:
the first term of the RHS corresponds to the right circular wave and the
second to that of the left circular wave. It should be noted that the presence
of collisions prevents the occurrence of a singularity at w = wee.

In the case w.. = 0, we recover the expression given by (4.8). On the other
hand, if we adjust the magnetic field intensity such that w = wee, we then
obtain the condition of electron cyclotron resonance, and the electrons, in
their own frame of reference, “see” a constant electric field intensity which
accelerates them continuously. The energy thus acquired by the electrons is
transferred by elastic and inelastic collisions to the heavy particles in the
discharge (4.1).

The mechanism of electron heating by ECR is fundamentally different
from the mechanism of collisional transfer (4.8). In the case of collisional
transfer, the energy imparted at the instant of collision is that acquired during
only a fraction of the HF period, because the work done by the electron in
the electric field over one or more complete periods is zero. In other words,
for collisional transfer, the longer the time between two collisions (i.e. the
smaller the collision frequency v), the less efficient the transfer of energy to
the discharge: for v < w, the term v/(v? + w?), appearing in the definition
of 6, (4.8) reduces to v/w?, which decreases as v decreases. In contrast, for
resonant transfer by ECR, the energy taken from the electric field increases
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continuously between two collisions, such that the mechanism becomes more
effective as the time between collisions increases, which requires v < w.
Resonant transfer, in fact, reduces to collisional transfer for a static electric
field (w = 0). Indeed, at ECR (w = wc.), the expression for 6, (4.21), when
w > v > 0, reduces to the form obtained in the case of a static electric field
(4.6), within a factor 1/2 152,

The interest in ECR and the disappearance of this effect when the plasma
becomes more and more collisional are illustrated in Fig. 4.5, which shows
the variation, for a constant amplitude field Ej, of the power absorbed per
electron, successively, from w.. = 0, to the resonance condition w.. = w and
above at w.. = 1.5w, as a function of v/w (we can assume, to put things in
context, that v, and hence the ratio v/w, is proportional to pressure). We also
observe that, with respect to the case w.. = 0, confining the plasma even with
a strong field By (wee = 1.5w) does not result in a significant increase in the
power which can be taken by an electron from the HF field. We also see that,
for ECR at low-pressure, the power 8, absorbed per electron is many orders of
magnitude greater than that obtained by simple collisional transfer, which is
the reason for the interest in ECR for plasma applications at low and very low-
pressures (typically below 20 mtorr) because only ECR leads to a sufficiently
large value of 6, to attain 6, = ;. Such a scheme is implemented, for example,
in multi-charged ion sources, where the pressures are even less than 107°
torr, permitting the heating of the electrons to average energies of a few keV.
Figure 4.6 illustrates the variation of 6, as a function of we./w, still for a
constant amplitude field Ey, for different values of the parameter v/w (to put
this in context, in argon at 1 torr and for a Maxwellian electron distribution
function with temperature T = 2 eV, we have v = 2x 10% s~ 1). Here again, we
can verify that resonance is strongly damped for higher collision frequencies,
or when moving away from the resonance condition.

Variation of the electric field intensity Eqg around the resonance condition
Wee = W

All the preceding calculations and reasoning have been done under the as-
sumption of a constant amplitude electric field. In fact, as was indicated at
the beginning of this chapter (Sect. 4.2.1), the electric field intensity consti-
tutes an adjustable parameter, allowing the power balance per electron in
the plasma, 6, = 6; to be satisfied. It is thus important to understand how
this adjustable parameter varies in passing from ECR to non-resonance.

152 The factor 2 results from the decomposition (in the magnetic field) of the planar wave

into a right and a left circular wave, only the right circular wave contributing (significantly)
to the transfer of power to electrons. In the opposite approximation to that of ECR, namely
that v > w (collisional power transfer), each circular wave contributes equally to the power
transfer and the result is exactly (4.6).
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In extending the reasoning developed above to a stationary discharge in
the diffusion regime (Sect. 4.3.3), to which is added a field By, we claim,
for the same reasons, that the parameter #; cannot depend on the E field
intensity, nor a fortiori on the characteristics of the wave generating the field,
but solely on the mechanism for the loss of charged particles. In other words,
the value of 0; does not pass through an extremum at we../w = 1, which is
confirmed by experiment: 6,, which is equal to 6;, decreases progressively
and slowly when the magnetic field increases, as is shown in Fig. 4.14 below.
On the other hand, we demonstrate in the next paragraph that the electric
field intensity F in the discharge, as a function of wc./w, both in the ignition
stage and stationary state, shows a minimum at w.. = w, precisely because
the efficiency of the resonant transfer of energy, in contrast to collisional
transfer, is a maximum in these conditions.

Considering first (4.21), we see that the expression within brackets for
0, passes through a maximum at w = w,., the corresponding variation of
the electron density n., as observed experimentally, being small. The terms
within the brackets are, within a constant factor, equal to oy, in (4.22)-
(4.23). As already mentioned, 6, decreases experimentally very slowly and
monotonically with increasing By, including at ECR it must be concluded
that EZ goes through a minimum at ECR. This is contrary to the accepted
idea that the intensity E passes through a maximum, which naturally comes
to mind when dealing with a “resonance”!%3.

In addition, Fig. 4.5 suggests that, at low-pressure, since the value of v/w
is smaller at 2.45 GHz than at 100 MHz, it might not be possible to ignite the
plasma away from resonance for 2.45 GHz, while it is possible at 100 MHz,
due to collisional absorption: this is confirmed by experiment. The preceding
discussion shows that, when the power lost per electron is very large and
v/w is small, only ECR enables us to reach a sufficiently high value of 8, to
establish the equilibrium 6, = ;.

The case of a plasma column maintained by an EM surface wave

Conductivity of a plasma in a bounded medium

The preceding development considered a wave propagating in an infinite,
uniform medium. The same type of calculation can be performed in a finite
medium for a guided wave, in this case an EM surface wave said to be “gener-
alised” [19]. Fig. 4.7 shows that the effective conductivity'®* passes through a

153 Some authors, such as W. P. Allis [2], claimed that at ECR, the value of the electric
field intensity in the plasma should be amplified, although in fact, it passes through a
minimum.

154 Due to the presence of By, the plasma is an anisotropic medium, and the conductivity
is therefore a second-order tensor and no longer a scalar (2.124) to (2.126). The concept of
effective electrical conductivity [19] allows this difficulty to be overcome, for a given wave
mode, by a scalar representation.
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maximum at ECR, such that the electric field intensity E then passes through
a minimum.
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Fig. 4.7 Effective electrical conductivity (taking account of the wave polarisation) due to
electrons, calculated for the fundamental mode HEg, for different values of the frequency
of the surface wave field [19].

4.2.4 Variation of the value of 0 as a function of n.
for different plasma conditions

In the preceding discussion of the power § we have adopted, for reasons of
simplicity, the approximation that ionisation of the atom is due to a single
electron impact on it in the ground state (direct ionisation), although we
know that stepwise ionisation (using, for example, the metastable states as
relays (Sect. 1.8)) cannot be neglected, if the plasma density is sufficiently
high. In addition, we have assumed that the loss of particles is effected solely
by diffusion (ambipolar), an assumption that is not necessarily valid when
the density of charged species is sufficiently large for the recombination of
charged species to take place in the plasma volume (Sect. 1.8) (rather than
by diffusion to the walls). These two initial assumptions impose the Schottky
condition.

Equation (4.24) represents the balance of losses and gains of charged par-
ticles in a more general form than the Schottky condition, which only retains
the two first terms (the notation is that of Sect. 1.8) [16]:

2
Pielg

V'Dave idlle
( ne) + Vian +1+7me

— Qpgn® =0 (4.24)
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The first term represents the loss of charged particles by ambipolar dif-
fusion and the second, that of their creation through direct ionisation of an
atom from its ground state. The third term takes account of two-step ionisa-
tion (numerator), but also of the possibility of saturation of the corresponding
relay states (denominator), while the fourth term, in the absence of molec-
ular and negative ions, represents the volume recombination of atomic ions
(a three-body recombination, Sect. 1.8.1). With regard to the third term, we
can conclude that when the value of n. is sufficiently high, the number of
available relay states per second decreases (characterised by the term 7 in the
denominator) such that, finally, the frequency of two-step ionisation reaches
a maximum, constant value, independent of n, (1 < nn.), since in this case:
Pielle _ Pie

Vie = {3 = (1.159)

In (4.24), we have represented the volume recombination by a three-body
recombination. However, it should be noted that, in order for three-body
recombination to manifest itself (dependence on n?), very high electron den-
sities are required and, from this fact, is less probable than the dissociative
recombination of molecular ions (Sect. 1.8.1) formed in the discharge (depen-
dence on n2?)'5°. Thus, although the density of molecular ions'%, for example
in a rare gas discharge, might be less than that of atomic ions, their recom-
bination frequency is many orders of magnitude larger than that for atomic
ions, such that for n. < 10'*cecm™3, it is more correct to write the charged

particle balance equation in the form:
Pienz 2
V - (DoVne) + vigne + ——— — apmns =0. (4.25)

By taking account of the losses both by ambipolar diffusion and by disso-
ciative recombination, the calculation of the power 6 as a function of 7., the
average density across a radial section of the discharge tube, leads to Fig. 4.8
[16,17,36]. For low electron density (region I), the Schottky condition applies,
and the value of # is that determined from the horizontal dotted line in Fig.
4.8: the loss of charged particles and their creation are, in effect, both linear
in 7., such that their corresponding frequencies are independent of 7.

For values of 7, that are slightly larger (region II), the charged particles
continue to be lost by ambipolar diffusion, but multi-step ionisation supple-
ments the direct ionisation, thus reducing the power taken from the field to
produce an electron-ion pair, hence the decrease in 6. For even larger values
of n. (region III), the loss regime is still ambipolar diffusion, but multi-step

155 In general, a three-body recombination is always less probable than a two body re-
combination, hence the importance of the dissociative recombination of molecular ions
according to the reaction (1.152).

156 The kinetics of molecular ions is only considered in the high-pressure section of this
chapter (Sect. 4.4).
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section of the discharge tube, according to (4.25), calculated for p = 0.5torr and R =
1.4 cm, in argon [16,17,36].

ionisation no longer allows the electron density to grow faster than 7., be-
cause the saturation regime (1.159) has been reached, so that the value of ¢
remains constant as a function of 7.

Finally, for even larger electron densities (region IV), the loss of charged
particles results from both ambipolar diffusion and volume recombination, the
latter progressively taking over from the former as 7. increases. Regarding
the creation of these particles, it occurs in the saturated regime of multi-
step ionisation, and the frequency v;. is independent of n.. In total, the
frequency of charged particle loss increases with n., and 6 increases, as can
be demonstrated, as the square root of 71, [17].

4.3 Influence of the frequency of the HF field on some
plasma properties and on particular processes

One of the specific advantages of HF plasmas compared to DC discharges is
the ability to vary the plasma properties considerably (notably the EEDF)
by adjusting the frequency of the applied EM field. We will make use of
a theoretical approach to describe this frequency effect, confirmed by some
experimental examples.
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4.3.1 Posing of the problem

Generally speaking, plasmas at reduced pressure are not in thermal equilib-
rium. In practical terms, the average electron energy is much greater than
that of the ions and neutrals (Sect. 1.4.3). From this, we conclude that the
electron collisions, and not those due to the heavy particles, are primar-
ily responsible for the ionisation of atoms and molecules, so that the form
of the electron energy distribution function Fo(U) (EEDF)!7 determines!®®
the relative repartition of the densities IN; of the different excited states of
the atoms and molecules in the discharge. To see this, we will consider a
simple but common case, where the excited or ionised species are produced
by a single electron impact on an atom (molecule) in the ground state. The
density of species thus formed, per second, in the state j (excited or ionised)
is then given by:
dN;

dt

where N is the density of the neutral atoms in the ground state. The ex-
pression for the ezcitation coefficient ko; is:

= Nj = (vj)ne = kojNone , (4.26)

9\ ! /2 %

koj = (—) /&j(U)FO(U)U% au , (4.27)

Me
J

where &; is the total microscopic excitation cross-section (Sect. 1.7.4), which
is a function of the electron energy U, above the energy threshold V;. Equa-
tion (4.27) shows that, depending on the shape of Fy(U), the value of the
coefficient ky; changes, which leads to the different coefficients varying rela-
tive to each other. For certain applications (see Sect. 4.3.7 for examples), this
permits an increase in the population of a specific excited or ionised level,
thus optimising a process.

The reader should note that we are particularly interested in HF discharges
where the angular frequency w = 27 f is sufficiently large that the ions cannot
respond to the periodic variation of the HF field, so only the electrons can take
energy from the field (see Sect. 4.2.1). The ions effectively remain stationary
if w > wp;, where wp; is the ion plasma frequency (Sect. 1.5); for example, in

157 See Appendix XVII for the distinction between Fy(U) and fo(U). The normalisation
condition for Fy(U) is:

oo

/FO(U)\/ﬁdU =1.
0

The zero-subscript implies an isotropic distribution (which, in the present case, is the first
term of the development of the distribution function in spherical harmonics (Sect. 3.1)).

158 Electron collisions completely determine the population of an excited state only if the

population and depopulation of these levels by (electric dipole) radiative transitions are
negligible.
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low-pressure argon discharges (n. ~ 10'° cm~3), this occurs when the applied
frequency f is greater than a few MHz.

In the following, the effect of the frequency of the field on the EEDF will
lead us to distinguish between two typical cases, one in which the EEDF
is stationary and the other where, on the contrary, it oscillates, totally or
partially, as a function of the period of the HF field. For the EEDF to vary
with the period of the field, it is necessary for the frequency of transfer of
energy from an electron (of energy U) to the heavy particles®:

V() = 2]\”;6 W)+ 3 v(U) (4.28)

to be such that v, (U) > w. In this case, the total number of elastic'% and
inelastic collisions is so large during an HF period that the transfer of energy
from the electric field to the heavy particles via the electrons takes place
at each instant of the period of the HF field: the EEDF is thus subject to
the instantaneous value of the amplitude of the HF field and therefore
varies as a function of time over the period duration 7 = €m/w (this effect
typically manifests itself for frequencies below 100 MHz). On the contrary,
for v, (U) < w, the EEDF is stationary because the collisions, one or none
during a period, occur at different times during the period, from one period
to the next.

In the case of discharges in atomic gases, the value of 1, (U) increases
abruptly above the energy of the first excitation level, while for molecular
gases, 1, (U) reaches a high value already at low energies as a result of the
transfer of energy through ro-vibrational states, as shown in Fig. 4.9.

4.3.2 The EEDF in the non-stationary regime

The transition from the non-stationary regime to the stationary regime is
achieved, at constant pressure, by increasing w. The EEDF becomes pro-
gressively more stationary, starting with the lowest energy electrons, be-
cause the condition 1, (U) <« w is first satisfied for low values of U, as
can be seen in Fig. 4.9. When the angular frequency w is sufficiently large,
such that v, (U) < w for all values of U, the EEDF becomes stationary.
To put this in context, in order to determine the value of w for which

159 The total power transferred from an electron of energy U to heavy particles can be
obtained by multiplying the first term on the RHS of (4.28) by U and the second term
by Vj (excitation and ionisation). The corresponding mean total power value (v, (U)U)
transferred to heavy particles is then, according to (4.1), equal to ;.

160 In the expression for v, (U), the number of elastic collisions is weighted by the factor
2me /M, the maximum fraction of kinetic energy which an electron can transfer to a heavy
particle as the result of an elastic collision (1.100).
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Fig. 4.9 Frequency v, (U) for the transfer of energy from electrons to heavy particles in
the case of neon and of molecular hydrogen (following [42]). The gas pressure p is expressed
at 0°C.

the EEDF becomes stationary, we can take max[v,(U)] = w as a practi-
cal criterion for the lower bound of the stationary regime, such that from
Fig. 4.9 for neon'®! 162 o /p = 108 s~ torr—!. According to this criterion, at
p = 0.2torr, the EEDF in neon would be stationary for f > 3 MHz, while for
Hy (w/p = 1.5 x 107 s~ torr—1) this requires f > 48 MHz [12]: the stationary
state is attained for a much lower value of w in the case of an atomic gas.
Fig. 4.10 corresponds to an intermediate case of the ratio v, (U)/w, such
that the bulk of the EEDF, comprising the low energy electrons, is stationary
while the tail of the EEDF, comprising the electrons with energies above the
first excitation threshold (V; = 16.6 eV for neon) is not; the tail of the EEDF
varies significantly as a function of time within the period of the HF field.
It can, however, be demonstrated [34] that the density of the electrons is, in
practice, stationary because, as is suggested by Fig. 4.10, there are relatively

161 Detailed calculations show that, for w/p =7 x 10° s~ torr—!, the EEDF is already
stationary (see [41]).

162 The pressure p is expressed relative to 0°C.
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few (rapid) electrons affected by the periodic motion of the tail when the

angular frequency w is not too low: for argon, n. is already stationary when
f > 100kHz!
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Fig. 4.10 Isotropic part of the energy distribution function of electrons calculated in the
case of neon for w/p = 2w10% s~ torr~! at different fractions of the period duration 7 of
the HF field; ¢ = pt is the reduced time and p the gas pressure expressed at 0°C (from [41]).

4.3.3 EEDF in the stationary regime

In order to understand the essential features of this problem, we will assume
the EEDF is stationary, and also homogeneous. This EEDF can be obtained

from the stationary, homogeneous Boltzmann equation, which can be written
in the form [2]:

2 d
- 3dU

U AU)U) S | = So(Fy) (4.29)

where the collision operator So(Fp) represents the influence of the collisions
between electrons and other particles in the plasma; the quantity:
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v(U)UL(U) = ;—%E? : (4.30)

which has the units of energy per second (see (4.8)), represents the power
transferred (on average over a period) from the HF electric field to an elec-
tron of energy U'%3. This transfer is a function both of U and w: it is a
maximum for the energy U of an electron such that v(U) = w (from the
derivative of (4.30) with respect to U). Thus, when the frequency maintain-
ing the discharge is varied, the maximum power transfer occurs at an energy
U which varies with the value of w, so that it influences the LHS of (4.29),
and modifies the form of the EEDF, unless it is Maxwellian and remains so
for all values of v(U)/w. For a fixed value of w (non-Maxwellian case), the
EEDF depends on v(U), which depends, in turn, on the collision cross-section
for momentum transfer, a property specific to each gas. Some of these cross
sections vary strongly as functions of the energy of electrons: this is the case,
for example, for argon, and much less so for neon (Fig. 1.14). The case of
helium is particularly interesting because the product wP,,(w) = v(w), i.e.
v(U), is almost constant!®*. Therefore, for any frequency value w, the power
transferred from the HF electric field to an electron (4.30) is independent of
its energy U and, consequently, the power density transferred to the electrons
is independent of the EEDF: the effect of frequency on the EEDF of helium
plasmas is expected to be negligible.

In the following sections, we will illustrate the influence of w on the EEDF,
for the case of an argon discharge. We will see that we can distinguish three
limit cases, giving rise to three completely different EEDFs.

Remark: Since both the collision operator S(Fp) and v(U) are proportional
to N [11], both sides of (4.29) can be divided by N, and if v > w, the LHS
of (4.29) depends on the ratio E?/N?, thereby defining a microscopic scaling
law. Varying E and N such that E/N is constant will lead to the same
solution of the Boltzmann equation. As v is also proportional to p (1.130),
E/N and E/p thus constitute two variants of this scaling law.

Peforming an integration of (4.29) over the EEDF leads to the expres-
sion for 6 (4.8), so that 6/p also constitutes a scaling law, this time in the
macroscopic domain. Note that 6 /p is proportional to (E/v)?, or equivalently
(E/N)?, in the case where v > w (see, for example, Fig. 4.13).

163 Unlike (4.8), where the value of v is an average value taken over the EEDF, v(U) is
here a microscopic frequency, as indicated by its explicit dependence on U.

164 This allows us to write in addition, for the case of helium, that v/pg ~ 2.4 x 109 s~ 1.
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4.3.4 Three limit cases of the influence of w
on a stationary FEEDF

As was shown in equations (4.29) and (4.30), the influence of w on the EEDF
occurs more exactly through the ratio v(U)/w. For this effect to be man-
ifested, however, it is necessary that the number of electron-electron colli-
sions be sufficiently small, such that the EEDF is non Maxwellian. Excluding
therefore the case of a Maxwellian EEDF, there are two possible limit cases:
v/w = 0, referred to as the microwave (MW) regime, and v/w — oo, referred
to as the direct current (DC) regime, which corresponds effectively to the DC
discharge condition (w = 0), but also to an HF discharge at sufficiently low
frequency that v/w — oo (recall that if the angular frequency w is too low,
the EEDF is not stationary)'.

Figure 4.11 shows a comparison, for the same value of the product pR,
of the EEDFs calculated in the two limits (DC and MW), together with a
Maxwellian EEDF (M). We can see that the three EEDFs are completely
different from each other. In particular, we can distinguish the electrons in
the bulk of the distribution from those in the tail. Figure 4.11 shows that the
section of the tail between V7, the energy threshold for the first excited state,
and V;, the energy threshold for ionisation, i.e. the region bounded by the
vertical lines in Fig. 4.11, is more populated in a discharge in the DC regime
than when the EEDF is Maxwellian (M) or when it is in the MW regime. This
signifies that the excitation coefficient ko; (4.25) and hence N;, the density of
atoms in excited state j, at constant electron density'%®, are larger in the
DC regime; in consequence, there are relatively fewer low-energy electrons
in a DC discharge. This translates into a higher average electron energy in
the DC limit, which is supported by calculations which, in the present case,
yield (Uey) = 6.8, 2.35 and 3.15¢€V, for the DC and MW cases, and for the
Maxwellian EEDF, respectively [24].

Figure 4.12 shows the behaviour of the EEDF in the DC and MW cases
of Fig. 4.11 if account is taken of electron-electron collisions: as one might
expect, the difference between the DC and MW regimes is reduced when the
electron density increases (because the electron-electron collisions increase).
The difference vanishes for sufficiently high values of n.. Once again, for the
frequency to have a significant effect on an HF discharge, the electron density

165 In the following, since this concerns limit cases v/w — 0 or v/w — 0o, we can simply
consider the average value of v rather than the microscopic value v(U).

166 The EEDFs in Fig. 4.11 are normalised (the same area under each curve), the normal-
isation condition (see note 188 at the bottom of the page of Appendix XVII) being:

o0

1
/F(U)Ui U =1.
0
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Fig. 4.11 Electron energy distribution function for an argon plasma in a long cylindrical
tube of radius R, resulting from calculations using a self-consistent model assuming an
ambipolar diffusion regime and direct ionisation from the ground state only (pR = 0.15 torr-
cm) [24]. The curve M is for a Maxwellian EEDF (sufficiently numerous electron-electron
collisions), while the curves DC and MW correspond to the limits v/w >> 1 (direct current
regime) and v/w < 1 (microwave regime) described in the text.

should not be too large. From a practical point of view, these calculations
show that this is the case in most gases for'6” n,/N < 1074.

Remark: In the case of a Maxwellian distribution, the average energy (in
this case related to Ti.) depends on the configuration and the dimensions of
the discharge vessel, and the type and pressure of gas (Sect. 3.13). However,
in the more general case, from Fig. 4.11, it is necessary to add the angular
frequency w of the field'® to the set of operating conditions. More generally,
we can say that the form and the mean energy of the EEDF are fixed by these
operating conditions, but also by the absorbed power density in the discharge:
although the power density is not included in the operating conditions, raising

167 Thus, at ne/N = 1073, in an argon discharge, the electron-electron collisions are such
that the EEDF is almost Maxwellian, although the number of these collisions is often less
than that of the electron-neutral collisions. This is because the electron-neutral collisions
are less efficient in transferring energy, limited to a factor of me/M on each collision,
while electron-electron collisions can transfer all of the energy of one electron to another
(Sect. 1.7.2).

168 This explains why the values of (U), for a given value of pR, can be different.
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Fig. 4.12 Electron energy distribution functions calculated in argon, in the DC (v/w = c0)
and MW (v/w ~ 0.1) limit cases for ne/N = 0 (full curves) and n./N = 10~* (dashed
curves) with direct ionisation from the ground state [33].

it increases the plasma density (see (4.4)), hence the electron-electron collision
frequency [43].

4.3.5 Influence of w on the power 0

We have seen that the values of (U) and 6 in a low-pressure discharge depend
only on the operating conditions and the absorbed HF power density, but we
have not yet discussed the role of the power density. Increasing the power
density, and hence the electron density n., not only increases the number of
electron-electron collisions, but also the importance of multi-step ionisation
with respect to direct ionisation from the ground state of the atom: this
increase in n, thus corresponds to a reduction in the average energy of the
electrons, and hence of 6 (Sect. 4.2.4). We will not consider this effect in the
following sections, but only the effect of w on the EEDF.

Figure 4.13 shows the theoretical dependence of 6 (in fact 6;) on pR for
decreasing values of the v/w ratio, going from v/w = co (DC case, curve A)
to v/w =0 (MW case, curve H) in the absence of electron-electron collisions,
in argon: we can observe that, for a given pressure, the value of 6 decreases
when w increases [24]. The curve M corresponds to the case when the electron-
electron collisions are sufficiently numerous for the EEDF to be Maxwellian.
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Fig. 4.13 Calculated values of 8/p as a function of pR for decreasing values of v/w, going
from v/w = oo (DC case, curve A) to v/w = 0 (MW case, curve H) and for a Maxwellian
EEDF (M) in the ambipolar diffusion regime and with direct ionisation from the ground
state only [24].

4.3.6 Density of species produced per second
for a constant absorbed power density:
energy efficency of the discharge

In Sect. 4.3.4, we have seen that the excitation coefficient ky; is the high-
est in the case of the DC discharge regime, and hence the density N; of
atoms (molecules) in the state j, produced per second, is also the largest,
for discharges with a given electron density. Of the three limit cases exam-
ined, which is the one that, for a given power density P,, leads to the
largest value of N;? To answer this question on the energy efficiency of the
discharge, recall that j\/j = (kojNy) ne, where n, is given by P, = n.0 ((4.26)
and (4.4) respectively) and consider the group of curves in Fig. 4.13. We
can see that the smallest value of € is attained for a Maxwellian EEDF,
provided pR > 0.1torr-cm. Thus, for a given absorbed power density P, in
the plasma, a greater number of electron-ion pairs (assuming the atoms and
molecules are ionised only once) is obtained in the MW case than in the DC
case, and even a little more with a Maxwellian EEDF, when the product pR
is sufficiently large. This signifies, among other things, that one should not
use a DC discharge to operate an ion source in which one expects the best
possible energy efficiency (highest ion density at a given P,), at least when
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the electron density in this discharge is not sufficiently large for the EEDF
to be Maxwellian.

The calculation of 6/p in Fig. 4.13 has been made for argon as the main
(carrier) gas in the discharge. If we add another gas, assuming that this is at
the trace level, such that the properties of the gas remain that of the carrier
gas [24], we can use a perturbative approach to calculate kg;/, the direct
excitation coefficient for the state j' of the trace gas with energy threshold
Vjs, with V; the ionisation threshold energy of the main gas. We can draw
the following conclusions:

- the DC regime (v/w = o0) gives the lowest value of /\'/j/ for a given
power P,,

- the excitation to the state 7’ is generally more effective when the EEDF
is Maxwellian, with some exceptions in favour of the microwave case for
certain values of energy V;» < V; (for more details, see [24]).

The influence of w on the EEDF depends, as we have seen, on the gas con-
sidered. The example of argon treated above can thus be considered as a
particular case, but nevertheless it shows the general characteristics required
for understanding the influence of frequency (Sect. 4.3.3).

4.3.7 Experimental and modelling results

In the next section, we will report experimental measurements of the effect
of a magnetic field By on the value of 0, (recalling that 6, = 6;), which
has strongly inspired our modelling of the ECR (Sect. 4.2.1). In a second
part, we will firstly examine the influence of the frequency of the HF field on
the intensity of the UV light emitted from a hydrogen discharge, and then
on the coating and etching rates of polymers. We will endeavour to explain
these experimental results within the theoretical framework that we have
developed.

Influence of a stationary magnetic field on the value of 6

We consider an HF discharge in a cylindrical vessel subject to a magnetic
field By, directed axially'®?. Figure 4.14 shows that, for a given pressure, the
value of 0, decreases when w../w increases; this effect is however reduced
when the pressure increases, due to the corresponding increase in v (see
(4.8) and (4.21)), and disappears, in the present case, for pR > 1torr-cm.
In addition, we can see that the values of 6,/p as a function of pR in the
case where w./w = 1 (the ECR condition) are hardly distinguishable from

169 Tn the present case, this discharge is maintained by means of an electromagnetic surface
wave (see [25] or Appendix XIX), but the results obtained, for these values of plasma
density, are independent of the method used to create the discharge [23].
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those for wee/w # 1: the evolution of 4, /p as a function of w,,. is monotonic.
This result is in agreement with the model that we have developed above
(Sect. 4.2.3): the value of 6, is fixed by the loss of charged particles and is
independent of the method of introducing the HF power into the discharge,
which can be through resonant or collisional absorption [20].
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Fig. 4.14 Measured values of 0,/p, as a function of pR, for different values of the mag-
netic field B (argon discharge sustained by the HF field from an EM surface wave with
azimuthal symmetry (m = 0) [20], w/27 = 600 MHz, R = 13 mm).

Problems encountered when trying to show the influence of the
frequency of the field E on the properties of the HF plasma

The existence of an optimum frequency for the efficiency of a given process
has been observed experimentally, but in order to explain this in terms of
the basic mechanisms that we have described, it is necessary to know some
plasma parameters that are often difficult to measure (limits to plasma acces-
sibility by the diagnostics, perturbations in the HF field due to the measuring
probes). Furthermore, to conduct an experiment in which only the frequency
is varied and the other operating parameters remain constant is difficult [20].
For example, it is usually impossible to generate HF plasmas with the same
configuration of electric field E at radio and then at microwave frequencies.
Only plasmas produced by electromagnetic surface waves allow such a para-
metric study (Appendix XIX). A further difficulty in interpreting the results
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occurs when the EEDF oscillates (non-stationary EEDF) combined with the
variation in shape of the EEDF due to the effect of v/w (Sects. 4.3.2 and
4.3.3). The following experimental results show that it is possible to optimise
a process by tuning w.

Effect of the transition from a mon-stationary FEDF to a stationary EEDF
on the intensity of UV emission from a plasma

Figure 4.15 shows the influence of the field frequency on the intensity of
emission of the Lyman « (Ly, ) line and the Hg, H., and Hy lines of the Balmer
series in a pure Hy discharge [12]. The aim of this exercise is to maximise the
UV radiation intensity, for a given absorbed HF power, of the Ly,, transition
(N =1 — N = 2, N being the principal quantum number of the hydrogen
atom), for irradiation of polymers. Examination of the 3 Balmer transitions
as functions of the field frequency indicates that they behave similarly to
the Ly, line. The calculations in [12] show that the transition from the low
intensity regime to the high intensity regime takes place for f > 80 MHz,
in other words, when the EEDF reaches a stationary state. This increase in
intensity could be related to the increase in the number of electrons in the
tail of the distribution, which are the only electrons capable of dissociating
Hs molecules and exciting hydrogen atoms.
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Fig. 4.15 Frequency dependence of the intensities of atomic hydrogen lines from the hy-
drogen plasma (P; = 50 W, p = 0.5 torr, R = 13mm): O Ly, (121.5nm), ¢ Hs (410.2nm),
O H, (434.1nm), A Hg (486.1nm) [12].
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Effect of the transition from a non stationary EEDF to a stationary EEDF
on polymer deposition

Figure 4.16 shows the variation of the deposition rate of thin films on
polymers, normalised to P;, the total HF power absorbed!™, as a function
of the frequency of the applied HF field. These coatings have been obtained
from C4Hg (isobutylene) or C4Fs (perfluorocyclobutane) using argon as the
carrier gas, the supply of the monomer being (under standard temperature
and pressure conditions) 3 standard cubic centimeter/sec (sccm) and that
of argon 10sccm, with a total pressure of 0.2 torr [8]. The transition to the
upper plateau for f > 100 MHz corresponds to the transition, for a stationary
EEDF, from the DC case to that of a Maxwellian [24]. However, taking into
account the presence of molecules in the discharge (which cause the stationary
EEDF to be reached at a higher frequency than for atomic gases), one might
then think that this involves the transition from a non-stationary EEDF to
a stationary EEDF (DC case). Since we do not have such calculations on the
EEDF at our disposal, it appears difficult to answer this question.
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Fig. 4.16 Growth rate of polymer films, normalised to the total absorbed power P, as a
function of the frequency of the applied HF field, R = 30.5 mm (O C4Fg, ® and x C4Hg,
for two values of P;) [8].

170 Since we are unable to maintain a constant power density in the present case, we
normalise the deposition rate to P, the total power absorbed in the discharge.
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An increased deposition rate is an obvious industrial objective. In the
present case, the resulting optimisation allows not only a reduction in the
power density used, but of the gas temperature in the discharge, which in the
present case leads to a better quality of deposition.

Effect of frequency on etching rate

Figure 4.17 describes the etching rate of a polymer (polyamide), nor-
malised to the total absorbed power P;, as a function of the frequency f
of the HF field. The etching takes place without intentional biasing of the
substrate (that is, at the floating potential Sect. 3.14), in a plasma of Os-
CF, at 0.2torr and with a total gas flow of 0.1 sccm [35]. In contrast to
the preceding case (Figs. 4.15 and 4.16), the etching rate does not switch
from one plateau to another, but goes through a maximum. This suggests
that competitive phenomena take place simultaneously, making the interpre-
tation more complicated. These effects are related to the characteristics of
the EEDF. Thus, when f increases:

1. The EEDF becomes stationary, and a maximum number of electrons is
obtained in the tail of the aforesaid EEDF, leading to a corresponding
increase in the dissociation of the O-CF4 molecules.

2. The EEDF (v/w effect) tends towards the MW case, giving rise to a re-
duction in 6 (Fig. 4.13) and a correlated increase in the plasma density,
leading finally to a Maxwellian EEDF.

3. If @ decreases, (U) (T. in the case of a Maxwellian EEDF) also decreases
(see Fig. 4.3), then the potential difference V,, — V; of the substrate sheath
decreases (Sect. 3.14).

Consequently, when f increases, the energy of the ion bombardment on the
surface to be etched decreases (3), although the flux of ions (2) and reactive
species (1 and 2) increases, hence the possibility of finding a maximum in the
etching rate.

4.3.8 Summary of the properties of low-pressure
HF plasmas

The average power lost per electron through collisions with heavy particles is
seen to be an essential parameter in the description of low-pressure (< 15 torr
in argon) electric discharges (we could equally show that this is also true for
high-pressure discharges, including atmospheric). The operating parameters
of these discharges can be chosen such that the frequency of the HF field mod-
ifies the shape of the EEDF, or produces either a stationary or non-stationary
EEDF, allowing the optimisation of the kinetics of a given process. As a par-
ticular case of interest, we have seen that, under Schottky conditions, for a
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Fig. 4.17 Etching rate of a polyamide, normalised to the total absorbed power P, for two
series of values of P; [35]. Discharge in O2 containing 6% CF4 (total pressure 200 mtorr,
total gas flow of 0.1sccm, R = 26 mm).

given power density absorbed by the plasma, microwave discharges produce
a greater number of electron-ion pairs than DC discharges (if the electron
density is not sufficiently high for the EEDF to be Maxwellian). Finally, the
parameter 6 is also instrumental in explaining how the electron cyclotron
resonance favours the maintenance of HF discharges at gas pressures that
are notably smaller than in the absence of the magnetic field.

4.4 High-pressure HF sustained plasmas

High-pressure plasmas are distinguished from low-pressure plasmas, not by
their method of production'”, but by the mechanisms by which they lose
charged particles. These mechanisms involve two specific factors: the increase
in the gas temperature 7, due to the increase in elastic electron-neutral col-
lisions and the formation of molecular ions, which may dominate over the
atomic ions in determining the creation and loss of charged particles. This
results in phenomena such as contraction and filamentation of the plasma.

171 In both cases, ionisation results from electron collisions on the atom. At low pressure,
ionisation is mainly achieved through a single collision on the atom in the ground state
while at high pressure, it results from stepwise processes.
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High-pressure plasmas are produced by DC discharges, by inductively-
coupled discharges (ICP) in the radio-frequency domain, and by MW dis-
charges (for instance, by surface waves). Compared to low-pressure plasmas,
the modelling of high-pressure plasmas is more complex, taking account of
the more varied thermal and kinetic phenomena occurring in these discharges
and, for these reasons, is not so well established as at low pressures. In the
following, we will firstly illustrate experimentally the phenomena of contrac-
tion and filamentation, which are characteristic of high-pressure HF plasmas.
Then, we will establish the various hypotheses that are part of our model on
contraction, in which inhomogeneous gas heating and molecular ion kinetics
play key roles. Finally, we will show both experimentally and theoretically
how and why a contracted discharge expands when traces of a rare gas with
a lower ionisation potential is added to the carrier gas.

4.4.1 Experimental observation of contraction and
filamentation at atmospheric pressure

If the gas pressure exceeds a few tens of torr (~ 1kPa), the radial cross-
section of the plasma in a cylindrical discharge may contract as the pressure
increases, or the discharge may become filamentary. These phenomena, re-
ferred to as contraction and filamentation, affect all electric discharges in
most rare (noble) gases, namely neon, argon, krypton and xenon or certain
molecular gases, particularly those which are electronegative. In the case of
rare gases such as neon and argon, these phenomena begin at pressures as
low as a few torr.

Figure 4.18 shows the light emitted by discharges produced by an EM
surface wave in different gases, at atmospheric pressure, in a tube of 6 mm
inner diameter. In such discharges, the electron density decreases (almost
linearly) from the gap of the surface wave launcher (EM field applicator)
toward the end of the column (Appendix XIX). We observe that the diameter
of the discharges in helium and Ny does not vary, to a first approximation, as
a function of the distance from the launching gap. In contrast, the diameter
of the plasma column is clearly reduced in the case of krypton and argon, but
much less in neon. The contraction phenomenon is characterised by the fact
that the plasma column shrinks radially, producing a dense, bright filament,
oriented, generally speaking, along the direction of the electric field in the
discharge [30]. In surface-wave discharges, the main E-field component is
directed along the tube axis. Then, provided the tube is mounted vertically,
the filament is directed along the tube axis and centred on it, as can be seen
in Fig. 4.18'72. Comparing the observed degree of contraction with the value

172 When the discharge tube is oriented horizontally, natural convection pushes the filament
above the axis, towards the top.
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of the thermal conductivity x of the gas at the temperature of the gas in the
discharge (Tab. 4.1), we see that the weaker x, the more pronounced is the
contraction phenomenon.

Kr Ar Ne He Nz

launching
gap plane

Fig. 4.18 Photograph of the upper part (with respect to the plane of the microwave field
applicator, in this case a surfaguide) of a vertically oriented surface wave discharge in
different gases, for a tube of 6 mm inner diameter (the tube walls are represented by the
white lines) and a frequency of 2450 MHz. The black band, which cuts each of the three
longest discharges, is due to the structure of the Faraday cage shielding the MW radiation
coming from the discharge [15].

Table 4.1 Thermal conductivity & (in 1072 Wm ™ K1) of gases calculated at the ambient
temperature and at the discharge temperature, which is that measured on the axis of the
discharge.

Temperature (K) He N2'™ Ne Ar Kr Xe

300 20.67 262 34 1.72 1 0.55

T, (K) (2700) (5200) (2000) (2100) (1900) (1700)
82 887 11.5 6.45 2.5 227

173 The thermal conductivity of the discharge in Ny increases considerably when the tem-
perature of the gas is sufficiently high to dissociate N2 into atomic nitrogen, N atoms being
much lighter (hence more mobile) than the N2 molecule.
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Filamentation is the breaking up of a single filament into two or many
filaments. In Fig. 4.18, the plasma columns in krypton and argon, close to
the wave launcher where the HF power flow is the highest, are separated
into two filaments: this effect is observed to disappear when the intensity of
the electric field becomes radially more homogeneous, which occurs when n,
decreases and v/w increases (towards the end of the column: upper part of
the photograph)!7.

Variation of the apparent radius of the discharge as a function
of the tube radius

We define the apparent radius of the filament, which we will regard as the
plasma radius, as the radial position 7, at which the luminous intensity has
reduced to half of the maximum filament intensity (on the axis): the degree
of contraction can then be defined as the ratio R/r, , where R is the internal
radius of the discharge tube. Figure 4.19 shows the way r, increases when R
increases in an argon discharge. When contraction occurs, i.e. above a partic-
ular value of R, which is 3mm in the present case, the filament radius ceases
to increase. On the contrary, in the Ny discharge, not only R/r, remains con-
stant when R increases, but the radial profile of the emitted light intensity
remains the same, as can be seen in Fig. 4.20: this discharge is clearly not
contracted (at least for the small values of R considered). The contraction of
a discharge is accompanied by important changes in the radial profile of the
plasma parameters, such as electron density and gas temperature as shown
in Fig. 4.26 below [15].

Figure 4.21 shows that when the tube diameter is not too large and the
field frequency not too high, there is contraction while, otherwise, the dis-
charge is filamentary. The figure also indicates that both the contraction and
filamentation effects can be progressively reduced by the addition to the car-
rier gas of traces of a rare gas with a lower ionisation potential than that of
the carrier gas. Contraction and filamentation abruptly vanish when a spe-
cific percentage of the trace gas is reached [6], as shown for contraction in Fig.
4.22. At this optimum percentage value, the light emitted from the plasma
is that of the added gas, not of the carrier gas. For larger percentages of the
added gas, contraction/filamentation starts to reappear.

Remarks:

1. Electric (meaning DC and HF) discharges maintained at reduced pres-
sure (p <1-10torr) are relatively homogeneous and entirely fill the vessel
containing them. They are generally designated as luminous discharges or
diffuse discharges (to distinguish them from contracted discharges). In the

174 The phenomenon of filamentation is related to the weak penetration of the HF field in
the plasma. Its mechanism is not discussed further herein.
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Fig. 4.19 Variation of the apparent radius of the plasma filament (see text) in a
surface-wave argon discharge as a function of the internal radius R of the discharge
tube, at the same distance z from the end of the column, at atmospheric pressure and

915 MHz (after [15]).
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Fig. 4.20 Radial profile of the luminous intensity emitted as a function of the nor-
malised radial position, in No discharge for tubes of different radii (after [15]), showing
that this discharge is not contracted: the radial profile appears independent of R.
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Fig. 4.21 Photographs of the upper section (with respect to the plane of the microwave
field applicator, which is perpendicular to the tube axis) of a vertically oriented surface
wave discharge in different noble gases at atmospheric pressure under a 0.5slm gas
flow: a for a tube of 12mm inner diameter and a field frequency of 915 MHz, showing
contraction in pure Ne and pure Ar. As traces of Ar are added to Ne and traces of
Xe to Ar, there is a progressive expansion of the discharge; b for a tube of 20 mm
inner diameter and a field frequency of 2450 MHz, showing filamentation. Progressively
adding traces of Kr to Ne reduces filamentation, which ultimately vanishes [7].

case of a cylindrical discharge, the plasma, determined by its luminous
section, occupies the total radial cross-section of the tube. This is related
to the fact that the loss of charged particles (electrons and ions) takes place
through diffusion to the walls of the tube where they recombine. Under
these conditions, the radial distribution of electrons is determined only by
the pressure and the radius of the discharge tube (Sect. 3.13). In contrast
to the diffuse case, the electrons in a contracted discharge are confined to
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the filament region and the loss of charged particles occurs principally by
volume recombination, as we will see (Sect. 4.4.2).

2. The transition from the diffuse regime to the contracted regime, which
is particularly easy to observe in a DC discharge [15], leads to a large
increase in the electron density and gas temperature, while the electron
temperature decreases. However, the transition from the diffuse state to
the contracted state, which is much more dense, does not necessarily imply
a transition of the discharge towards a state of thermal equilibrium (Sect.
1.4.3): T, remains generally higher than T,. These contracted discharges
are, in fact, in an intermediate state, between the state far from thermal
equilibrium in a diffuse discharge and that of thermal equilibrium in a
thermal arc or an ICP discharge at high power density. Thus, the properties
of contracted discharges are neither those of cold luminous discharges nor
those of thermal arcs.
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Fig. 4.22 Experimental radial profiles of the emitted-light total intensity in a discharge of
pure Ne, and when adding to it traces of either Ar, Kr or Xe (R = 6 mm, f = 915 MHz at
a fixed axial position z = 70 mm from the column end). The displayed percentages of the
added rare gas correspond to the maximum radial expansion of the plasma. The recorded
intensities are normalised at unity at the axis [6].
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4.4.2 Modelling contraction at atmospheric pressure

The inhomogeneous heating of the discharge in the radial direction (resulting
from the finite thermal conductivity of the gas) and the control of the creation
and loss of charged particles by the molecular ions formed in high-pressure
discharges are the basis of the contraction effect [6].

Inhomogeneous gas heating

Figure 4.23 shows the radial variation of the gas temperature 7}, ob-
tained from optical emission spectroscopy,'”® in neon, helium and nitrogen
discharges. We can observe that the gradient in the gas temperature is rela-
tively steep in neon (contracted discharge), while it is relatively weak in Ng
discharges (not contracted). Nevertheless, although the helium discharge is
not contracted (see Fig. 4.18), there is a large gradient in 7. To understand
the influence of the gradient in 7, on the contraction, we must additionally
consider the influence of the molecular ion kinetics on the charged particle
balance. Thus, at this point, the results in Fig. 4.23 suggest that the inho-
mogeneous heating of the gas is a necessary, but not sufficient condition for
the contraction to occur.

Kinetics of molecular ions at atmospheric pressure

Charged-particle loss and creation through molecular ions
The loss of charged particles occurs by dissociative recombination of the
molecular ions Xj with electrons:

X$4+e—X"4+X, (4.31)

where X and X represent metastable! "%
gases, respectively.
The creation of charged particles occurs through stepwise ionisation of the

metastable state X™:

and ground state atoms of rare

X" +e—Xt+ete. (4.32)

175 From a ro-vibrational band of the OH molecule (from water vapour introduced as a
trace into the discharge), one can, with the help of a Boltzmann diagram (Appendix III),
determine the rotational temperature Trot from the recorded spectral intensity. In a dis-
charge at atmospheric pressure with a sufficiently high electron density, the ro-vibrational
energy of the thermometric molecule (OH) is in equilibrium with the translational energy
of the carrier gas, from which Tiot = Tj.

176 In the case of rare gas atoms, with Ty in the range 300-2000K, the dissociative re-
combination yields one atom in the np® atomic ground state and the second atom in the
np°(n + 1)s orbital configuration: two out of four of these energy levels are metastable
states. For example in argon, less than ~ 30% is in the Ar(4p) compared to the Ar(4s)
configuration [29].
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Fig. 4.23 Radial distribution of the gas temperature T, observed in neon, helium and
nitrogen discharges at 2450 MHz in a tube of inner radius R = 3mm (after [15]).

The metastable relay-state for ionisation can either follow directly from the
dissociative recombination (4.31) of the molecular ions, or result from an
electron collision on the ground state atom X:

e+ X —oe+X". (4.33)

However, in contracted discharges, this process contributes less to the forma-
tion of X" than dissociative recombination, as shown in Fig. 4.27a below for
He, Ne and Ar [37].

Creation and loss of molecular ions (without affecting the number
of charged particles)

The atomic ions XT created by stepwise ionisation (4.32) are converted
into molecular ions according to (atomic-ion association):

Xt +X+X = XJ+X, (4.34)

where the third body serves to absorb part of the excess kinetic energy pro-
duced by the formation of the molecular ion X3 .
The loss of molecular ions can also occur by spontaneous thermal dissoci-
ation:
X5 = XT+X, (4.35)
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by collisions with electrons (electron impact dissociation), yielding atomic
ions:

Xy+e—sXT+X+e (4.36)

and by collision with atoms (atomic impact dissociation):
Xy +X—=>X"+X+X. (4.37)

This process is also a thermal dissociation process, as its rate increases with
the gas temperature T.

In summary, the molecular ions clearly control the creation and loss of
charged particles in such discharges. The predominance of any one process
for the loss of molecular ions depends mainly on the gas temperature T, (see
Fig. 4.24).
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Fig. 4.24 Electron density n. (full curve), atomic-ion density Art (dashed curve), and
molecular-ion density Arg' (dotted curve) as functions of the gas temperature Ty, at a fixed
value of the electron temperature Te, at atmospheric pressure [4].

Discharge contraction: nonuniform gas heating and molecular ions

We have already mentioned that inhomogeneous gas heating plays an es-
sential role in the discharge radial contraction. To show this, the electron
density n. as well as the atomic and molecular ion densities are calculated
as functions of the gas temperature Ty in an argon discharge. This requires
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solving a balance equation for each type of charged particles as a function
of T, for a fixed value of T, (in contracted discharges, the radial variation of
T, is much less important than the radial variation of T, and T, can thus
be considered, to a first approximation, constant radially). The reactions in-
cluded in the balance equations are those given above, to which are added
less important reactions under our conditions: ionisation of the atom in the
ground state by electrons (X +e — X + e + e), three-body atomic-ion re-
combination (X' + e +e — X +e) and diffusion of all charged particles and
metastable-state atoms. The kinetics of the radiative states of the 4p orbital
configuration has been neglected, because at pressures higher than 1kPa,
their density is lower than that of the metastable and resonant (4s) states.

Figure 4.24 shows the dependence of the electron and atomic- and mole-
cular-ion densities on T}, for an argon plasma sustained at atmospheric pres-
sure, with T, = 10500 K [31]. Even though T is kept constant, as T, varies
between 1500 and 3000 K, the electron density n. increases by two orders of
magnitude, while the density of atomic ions increases by more than three or-
ders of magnitude. On the other hand, the molecular ion density decreases by
almost an order of magnitude over the 500-3000 K gas temperature interval.
The increase of atomic-ion density with T}, is due to the strong (exponential)
increase of molecular-ion dissociation ((4.35) and (4.37)). In such a case, since
the density of molecular ions decreases, the charged-particle loss through dis-
sociative recombination decreases (4.31) and, as a result, n. increases. The
increase of n. with increasing T} is further enhanced by the decrease of the
density of molecular ions through electron impact (4.36) and the increasing
contribution of step-wise ionisation (4.32). Due to the gas temperature gra-
dient from the discharge axis to the wall (for example, Ne in Fig. 4.23), there
is a significant decrease of electron density (Fig. 4.25) that leads to the radial
contraction of the discharge.

4.4.3 Validation of the basic assumptions of
contraction at atmospheric pressure,
using a self-consistent model

Using a self consistent model, described in [4], applied to different gases (He,
Ne, Ar), radial profiles of the parameters (T, T,, n.) in the plasma have been
obtained. The modelling results show the existence of an inhomogeneous gas
heating in the three gases studied (Fig. 4.26a). However, only discharges in
argon and neon show a contraction (Fig. 4.26b), in agreement with experi-
mental observations.

The model also enables us to compare: a) the frequency at which charged
particles are created (direct ionisation v;4, multi-step ionisation v;.1, where
the relay states are populated from the ground state (4.33), and multi-step
ionisation v;e2, where the metastable relay states are populated by disso-
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Fig. 4.25 Radial distribution of electron density (obtained through Stark broadening of
the Hg line) in a 915 MHz neon surface-wave discharge sustained at atmospheric pressure,
at axial position z = 110 mm from the plasma end, and in a 3 mm inner radius tube [5].
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Fig. 4.26 Radial profiles a of the gas temperature and b the electron density in surface-
wave discharges in helium, neon and argon at atmospheric pressure.

ciative recombination (4.32)): b) the frequency at which charged particles
are lost (ambipolar diffusion vp (Sect. 3.12), dissociative recombination vy,
(4.32) and three-body recombination v, (1.151) of the charged particles).
These results are shown in Fig. 4.27. Analysis of these various mechanisms of
charged-particle loss and creation indicates that contraction only manifests
itself in gases for which the kinetics of loss and gain of charged particles is
completely controlled by molecular ions. Figure 4.27 shows that in argon and
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neon, the frequency for multi-step ionisation ;.o (process (4.32) involving
molecular ions at the origin) and the frequency for dissociative recombina-
tion vy, (4.31) predominate for creation and loss repectively. In helium, the
kinetics of molecular ions is not as important as in Ar and Ne: neither the
creation nor the loss of charged particles are controlled by molecular ions
in helium. Consequently, there is no non-linear dependence of n. on Ty in
the He discharge, and the presence of a gradient in Tj; does not induce its
contraction (Fig. 4.26b).
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Fig. 4.27 Calculated frequencies a for the creation of charged particles (direct ionisation
v;q from the ground state, multi-step ionisation v4¢1, where the relay states are populated
from the ground state (4.33) and multi step ionisation v;e2, where the relay-states are
populated by dissociative recombination (4.31)); b for the loss of charged particles (am-
bipolar diffusion vp (Sect. 3.12), dissociative recombination v, (4.31) and three-body
recombination vyrq (1.151)).

Agreement between experiment and theory

Figure 4.28 compares experimental and theoretical results for the case of a
neon discharge at atmospheric pressure. We can see, in the first place, the
excellent fitting of the experimental n. profile to exp(—(r/r,)?). The theo-
retical profile is obtained from numerical calculations, also for neon, using a
self-consistent plasma model similar to that developed for the argon discharge
[4]. The theoretical curve shown is for T, (r = R) = 1200K, at the same axial
position z with respect to the end of the column, as in the experimental case.

In summary, we have seen that contraction manifests itself by a n, profile
that exponentially decreases towards the walls. This rapid decrease in n.
results from a strong radial reduction in 7}: it takes place because the kinetics
of the loss-creation of charged particles is dominated by the molecular ions.
On the other hand, when T} is sufficiently high for the atomic ions to govern
these kinetics, then n. hardly varies as a function of T, (Fig. 4.24), and
contraction is not possible. This seems to be the case in discharges with very
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Fig. 4.28 Radial distribution of the electron density obtained (e) experimentally,
from Stark broadening of the Hg line, smoothing by exp(—(r/rp)2) (—) and by
calculations (...)[4].

high electron densities (n, > 10*® cm™3) such as, for example, ICP discharges
(Fig. 4.4) at atmospheric pressure. The calculations show, in addition, that
the slope of rapid variation in n. as a function of T, in argon (Fig. 4.24) is
less pronounced in the neon discharge, but very abrupt in the case of xenon:
experimentally, the argon discharge is effectively more contracted than that
of neon but less contracted than that of xenon. The good agreement between
experiment and theory validates the model proposed for the contraction of
atmospheric pressure discharges.

4.4.4 Kinetics of expanded discharges at atmospheric
pressure as a result of adding traces of rare
gases with a lower ionisation potential

The kinetics of the expanded discharge is characterised by the fact that the
molecular ions of both the carrier gas and the added gas cease controlling the
charged-particle loss and creation mechanisms (in contrast to the contracted
discharge case, as we have just seen): their concentration is too low as we
will show further on. Instead, the charged-particle creation of the discharges
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is governed, as expansion progresses, by Penning ionisation'”” of the ground-

state atoms of the added gas colliding with metastable-state atoms of the
carrier gas. When the discharge has fully expanded, the creation of charged
particles is ensured by step-wise ionisation of the added gas atoms, through
the relay of metastable-state atoms of this gas (4.33). Losses are controlled
by ambipolar diffusion of the trace-added gas atomic ions and no longer by
volume (dissociative) recombination. Changing from a volume recombination
regime to one of diffusion causes the plasma to expand radially [6].

Molecular ion formation

Under expanded discharge conditions, the carrier and added gas molecular
ions are not controlling the discharge kinetics because their density is too
low. Recall that molecular ions are formed through a 3-body reaction (4.34).
In the case of the carrier gas, this reaction is no longer efficient, because the
density of its atomic ions, essential for creating molecular ions, has decreased
significantly (due to quenching of the X™ metastable-state atoms); as for the
added gas, the atomic-ion conversion into molecular ions is also inefficient
because there are too little additional neutral atoms.

Ion density calculations for a Ne/Ar mixture

The preceding explanations are supported by a global (0-D) calculation of
the atomic and molecular ion densities, reported below for Ne as the carrier
gas and Ar as the added gas, as an example. The kinetics considered for the
charged particles is that developed in [4], with further inclusion of Ar Penning
ionisation from the neon metastable atoms:

Ne™ 4+ Ar — Ne + At + e, (4.38)

where Ne™ indicates a metastable-state Ne atom [13], and charge transfer
from Nej to Ar™ is included. The ion densities are obtained by solving a
set of balance equations for Net, Ne;’ and Art, together with the charge
neutrality relation. The input parameters of the model are the electron den-
sity n. and gas temperature 7T,, taken from experiments (through the Hpg
line Stark broadening and a NJ ro-vibrational Boltzmann plot respectively)
at the discharge axis, and electron temperature T, calculated using the two-
temperature Saha equation. Figure 4.29 presents the calculated ion densities
as functions of the percentage of Ar added to Ne, when varied from 0 to
1%: experiments show that, over this interval, n. and T, can be considered

177 Penning ionisation can be obtained when the energy level E,, of the metastable state
atoms (e.g. B = 16.60eV for Ne) of the carrier gas is higher than the energy threshold
E; for ionisation of the atoms of the added gas (e.g. E; = 15.756 eV for Ar).
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constant at the discharge axis (ne = 5 x 10 em™3 and T, = 2300K at
w/2r = f =915MHz, R = 6mm, z = 110mm). As Ar is added to Ne, Ar™"
rapidly becomes the dominant ion: the concentration of Net and Nej de-
creases by more than three orders of magnitude, while that of Arj increases,
but nonetheless remains very low compared to that of Ar™.
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Fig. 4.29 Net, Neg', Art and Ar;' densities calculated for a Ne/Ar mixture discharge
at atmospheric pressure. The values of ne and Ty are those obtained experimentally at
the discharge axis of the Ne/Ar mixture (over the 0-1%Ar range) with f = 915 MHz,
R =6mm and z =110 mm [6].

In a pure Ne or Ar contracted discharge, the density of molecular ions
can be up to 100 times lower than that of atomic ions and still control the
discharge kinetics, because of the high coefficient rate of the dissociative
recombination. In the Ne/Ar expanded discharge (0.3 < %Ar < 1), the Nej
and Arjy molecular ion concentrations are much lower than in a pure rare
gas, at least four orders of magnitude lower than that of Art, i.e. much too
low for molecular ions to control the discharge charged-particle kinetics.

In the case of maximum expansion (Ne + 1%Ar), the reaction rate of
Ar* ambipolar diffusion is more than two orders of magnitude higher than
the reaction rates of dissociative and three-body recombinations, indicating
that the loss of charged particles is controlled by (ambipolar) diffusion. As a
result, the charged particles can diffuse to the discharge-tube wall, ensuring
the radial expansion of the plasma.
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The modelling of the atmospheric pressure expansion is a further proof of
the crucial role played by molecular ions in high-pressure plasmas, this time
by showing what happens when their formation is hindered.

4.4.5 Summary of the properties of high-pressure
HF plasmas

The fact that molecular ions control the creation and loss of charged particles
is certainly an essential characteristic of high-pressure plasmas. In atomic rare
gases, this feature remains valid even though the density of molecular ions can
be as low as two orders of magnitude below that of the atomic ions. The disso-
ciative recombination of rare-gas molecular ions provides a metastable-state
atom, that ensures an efficient step-wise (re)ionisation process, another dis-
tinctive feature of high-pressure plasmas compared to low-pressure plasmas,
where ionisation results from a single collision on the ground-state atom. In
further contrast to low-pressure discharges, the electron-neutral collisions in
high-pressure discharges are so numerous that they heat the gas to the point
that, in discharge columns, a radial gradient of the gas temperature Tj; ap-
pears: the lower the thermal conductivity x of the discharge gas, the steeper
is the radial gradient of 7T},. This inhomogeneous heating of the discharge gas,
combined with the dissociative recombination of molecular ions, have been
found to be the two features responsible for discharge contraction: these are
two necessary conditions for the occurrence of discharge contraction (and
filamentation). As a matter of fact, expansion of a contracted discharge is
obtained by breaking up the molecular-ion cycle of charged particle creation
and loss. The model presented for the expansion phenomenon provides strong
support to the explanations provided for the discharge contraction, empha-
sising the key role played by molecular ions in high-pressure discharges.
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Some Properties of the
Maxwell-Boltzman (M-B) Velocity

Distribution

This distribution is related to the stationary state of a system with tempera-
ture T, provided the interactions between particles are sufficiently numerous.
If the thermodynamic system is not in complete equilibrium, the minimum
requirement is that collisions between particles of the same type be numer-
ous enough for the Maxwell-Boltzmann distribution (in short a Maxwellian
distribution) to be established.

M-B distribution in the absence of external fields

In one dimension, using the electrons as an example, the distribution function
is given by the expression (Fig. 1.1):

Me 1/2 Mew?
Jw) = (27rkBT> P {_QkBT] ’ (1)

where m, is the electron mass, T their temperature, kg the Boltzmann con-
stant, and w, the microscopic (individual) electron velocity of thermal origin.

In three dimensions, for the case where the particles have a collective
motion with velocity v, the microscopic velocity distribution depends on the
orientation of w with respect to v:

f(w)<2:,z; )3/2exp [Q,Z;@va)? , (12)

where (w — v)? = w? +v? — 2w - v.

Unless otherwise stated, the normalisation condition used here is:
/ f(w) 3w =1 (1.3)

with d3 w = dw, dwy dw, in Cartesian coordinates.
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f(w)

Fig. I.1 Maxwell-
Boltzmann distribution
in one dimension. 0 w

We could also have chosen the normalisation in terms of the electron density:
/ fw) dw =n, . (1.4)

In this case, n. must be included as a factor in (1.2): this is discussed further
in Sect. 3.3.
If the group velocity v = 0, the distribution is isotropic:

Me 3/2 Mmew?
fw) = (2wk3T> xp {_szT] : (L.5)

i.e. it is independent of the direction of the velocity w. In this case, the
isotropy leads to d3w = 4mw? dw in spherical coordinates, and the distribu-
tion of particles, travelling with a scalar (positive) velocity in the interval w,
w + dw, is then given by:

g(w) = 4mw? f(w) (1.6)

\/5 Me 3/2 9 Mew?
g(w) = ;(kBT> w* exp [_kaBT}’ (L7)

which is illustrated in Fig. I.2. The normalisation condition under these con-
ditions is:

from which:

7g(w) dw = /Oozmw?f(w) dw=1. (1.8)
0 0

Characteristic velocities of the M-B distribution with zero group
velocity ((w) = v = 0)

- the most probable speed
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g(w)

Fig. 1.2 Isotropic
Maxwell-Boltzmann dis-

tribution, represented in 0 i
scalar form, showing char- ven 'V (w?) w
acteristic velocities. (w)

- the average speed

kT 1/2
(w) = (8 B ) =1.128 vy, , (L9)

TMe

- the mean square speed (related to the average energy):

1/2
Vi{w?) = <3kBT) =1.225 vy, , (1.10)

Me

- the average kinetic energy

1 3
5m<w?> = 5ksT, (I.11)

- the random fluz, defined as the flux of particles traversing a surface in a
single direction (in the positive z direction, for example, see exercise 1.2):

(nw,) = @ ) (1.12)

M-B distribution in a conservative force field

If a conservative force field F acts on the particles, a prerequisite for a
Maxwell-Boltzmann distribution is that this force obeys the relation:

F=-Vo(r) (1.13)

where @(r) is the potential energy. The distribution function f(r, w) can
then be written in the form:

firvw) = itr)exp |- 70 ) (L.14)

where 71(7) is the density of particles in the absence of applied or space-charge
field E.
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Writing:

n(r) = i) exp {—Q(r)} , (L15)

we obtain:
f(r,w) =n(r)f(w) , (1.16)

which shows that the function f(r,w) is separable (Sect. 3.3). Including the
normalisation (I.3) for the function f(w), this leads to the normalisation
condition for f(r,w):

/ Fr w) Pw = n(r) / F(w) d*w = n(r) . (117)

Note that we use the notation f for the velocity distribution function, whether
it is separated or not: if the argument of f does not contain the position
vector, we can conclude that it has been separated.

Druyvesteyn electron distribution

This distribution is often used in plasma physics, notably because it can be
expressed in analytic form. Used conjointly with the M-B distribution func-
tion, it allows us to determine the conditions for which certain hydrodynamic
parameters depend on the form of the electron energy distribution function
(EEDF).

The Druyvesteyn distribution can be considered as an adequate description
of the EEDF when the electrons satisfy the four following assumptions [10]:

1. Elastic electron-heavy particle collisions predominate: inelastic collisions
(excitation and ionisation) are thus negligible;

2. Electron-electron collisions are negligible;

3. The total microscopic cross-sections for electron-neutral collisions are in-
dependent of electron energy for all types of collision;

4. The average electron energy is higher than that of heavy particles (T, > T).

For an isotropic distribution, the Druyvesteyn EEDF may be written:

3 2
1.0473 Me 2 mew?
_ ~0.55
fo(w) 2 <27rkBTe> P l <2kBTe)

Figure 1.3 compares the Druyvesteyn distribution with that of Maxwell-
Boltzmann’s for the same average electron energy and the same electron den-
sity: the Druyvesteyn distribution contains much fewer high energy electrons
than the M-B distribution.

(L13)
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Fig. 1.3 Comparison of

isotropic Druyvesteyn’s

and Maxwell-Boltzmann’s

EEDFs with the same 0
average energy.

M-B electron energy distribution

In Appendix XVII, we show that the Maxwell-Boltzmann distribution func-
tion in electron energy U,y can be written:

2 eUev>
FU) = ———exp (- , 119
Vo) = s o (ot (L19)

_ 3 kgT,
where UeV:§ Ble

5 is the average energy.
e
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Fig. I.4 Distribution func-
tion for Maxwellian elec- 102
trons of energy U,y with an
average energy U,y = leV.




Appendix 11
The Complete Saha Equation

The complete Saha equation can be written in the form:

NitMe (27rmekBT)3/2 B'(T) [ eaﬁi] (IL.1)

= 2 J—
Tor e B(T) P | kpT

where ¢; is the first ionisation potential of the neutral atoms, ng; and n;; are
the total density of neutral atoms and the total density of ions respectively
(total density includes the ground state and all the respective excited states
of the neutral atoms and of the ions), n. is the electron density (n. = n;
because the ions are only singly ionised); B(T) and B'(T) are the partition
functions given by:

_ S geexp |- £
B(T)—kzzogk p{ kBT} (I11.2)

where the sum over k includes all of the excited states of the atom (k = 0
represents the ground state) and:

BT =3 e [— 0,
P kpT

} (11.3)

where the sum over j includes the excited states of the singly-ionised (posi-
tive) ion (j = 0 is the ion ground state), g, and g; represent the degeneracies
of the neutral atom and ion levels, respectively, and ¢, and ¢; are the po-
tentials (value at threshold, see Sect. 1.7.9) corresponding to the excitation
levels (measured with respect to the ground state of the neutral atom or that
of the ion, whence ¢;(k =0) =0 and ¢;(j =0) =0).
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394 II The complete Saha equation

Significance of the partition function

The density n,, of the excited level m with respect to the density of its ground
state (subscript zero) is given by (Boltzmann’s law):

o _ m s [(&n —50)]
ng  go kgT

One would like to express n,, as a function of the total density of the neutral
atoms ng¢ (or the ions n;). From the Boltzmann law, the cumulative density
no: becomes:

[eS)
Not = E ng
k=0

_ Mo (&1 — &) (Em — &)
_go (go + g1 exp [ ko T + + gm €XpP kT + .
(I1.4)

(1.10)

Substituting the definition of the partition function (I1.2), the ratio n,/no:

can be written:
n_m _ 9m _ (gm - €0>
P kpT |

nee  B(D)
Comparing (II.1), the exact form of the Saha law, with its simplified form
(1.12), we note that this approximation assumes that B(T') ~ go. It actually
takes no account of the excited neutral atoms in the assessment of the total
neutral atom density. This is possible in the case where T is sufficiently low;
in this case, the density of the ground state is very large compared to the
cumulative density of all the excited atoms.

(IL5)
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Partial Local Thermodynamic
Equilibrium

When introducing the concept of a two-temperature plasma (Sect. 1.4.3), we
have shown that the population of the different energy levels of the neutral
atoms are not, in this case, governed by the Boltzmann law (1.10): the neigh-
bouring levels to the ground state have radiative lifetimes sufficiently short
compared to the time between electron-neutral collisions, such that they de-
populate radiatively rather than by electron-neutral collisions, and therefore
fail to satisfy the electron kinetics (Saha’s law and Boltzmann’s law); on
the contrary, the higher levels, those situated beneath the first level of the
ionised atom, are in collisional equilibrium with the electrons, and satisfy the
Boltzmann law because they experience a much greater number of inelastic
collisions than the lower levels'™®; setting Tuy. = T., enables us to determine
their population concentrations. On the other hand, the gas temperature
(principally that of the atoms in the ground state, because they are more
numerous), denoted by Ty, is such that T, < Te.

This situation is illustrated in Fig. III.1, where we have reproduced the
diagram of the energy levels of the neutral argon atom; to simplify the dis-
cussion, these levels have been regrouped according to the orbital electronic
configuration to which they belong. In this notation, for the ground state
level we have 152 252 352 3p°, although in Fig. IT11.1 we have retained only the
last term, for simplicity. The first excited configuration, denoted 4s, contains
4 levels (see the inset) that will be treated as a block.

To verify the applicability of the Boltzmann law, we can draw the loga-
rithm of the population concentration of the neutral atom levels as a function
of their energy, with reference to the ground state (1.10), which is called a
Boltzmann curve. If the law is satisfied, a straight line is obtained, propor-
tional to T;!. Fig. III.2, obtained by optical emission spectroscopy in an

exc*

argon plasma sustained by a microwave discharge at atmospheric pressure,

178 The electron energy distribution (Sect. 1.4.2 and Appendix I) contains more low energy
electrons than high energy electrons, while the collisional excitation of the first levels of
the argon atom from the ground state, for example, requires very high energy electrons
(above 11.55eV).
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396 IIT Partial local thermodynamic equilibrium

shows that the orbital electronic configurations 5p and above are in Boltz-
mann equilibrium among themselves, while the concentrations of the 4p con-
figuration fall below this line: the Boltzmann equilibrium is thus only partial
with T, <« T, (Sect. 1.4.3).

€ (eV) Art
15.76

e [E20 5 L4 T
14.09 |1 15s 3 3d!

13ar b ﬁ _4-1’ ---------

11.65 4s 11.83 ----1p,
11.72 — 3P
11.62 ----3p;

11.55 —— 3P,

~

2 3
0L L

ground state

Fig. ITI.1 Energy diagram of the neutral argon atom, up to the first level of the ionised
atom. The energy states have been regrouped according to the orbital electronic configu-
ration to which they belong.

3 T v T : T T T v T T T T T T
Lo 8 ]
2 0 ° 1
< 2 F 4p ]
S |
= ]
= 5p ]
g r i
0 [ 1 1 X " 1 L L 1 X 1 1 L n n ]
13 14 15 Eion 16
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Fig. II1.2 Diagram, referred to as a Boltzmann diagram, observed in a microwave-
discharge in argon (surface wave plasma). The population concentration of the levels is
proportional to the intensity I of the radiation emitted at the energy of the levels, ex-
pressed in eV, and referenced to the ground state energy; the coefficient Ag;, represents
the frequency of the spontaneous electric-dipolar radiation transition, from the state g to
the state p [3].



Appendix IV

Representation of Binary Collisions
in the Centre of Mass
and Laboratory Frames

In the laboratory frame

wa
We gaL
Fig. IV.1 Schematic of S
a binary collision in the i
laboratory frame, with B 0L

impact parameter s: the
particle 8 is assumed to be
initially at rest.

In the center of mass frame

s
/
Wqo
Wao 0
binary collision in the cen- <
tre of mass frame, showing W30
the scattering angle 6. The
distance s between the two
pairs of asymptotes is the w'
impact parameter. 80
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398 IV Binary collisions in the CM and laboratory frames

The velocities before and after the collision are parallel and anti-parallel
respectively. The representation of the interaction in the centre of mass (CM)
frame greatly simplifies the description of the collisional interaction, since a
single angle 6 completely describes the scattering process.

Relationship between the two frames

From Fig. IV.3, we find:

I
Wi, sin 6

tanf,y = (IV.1)

—
wl,, cos B + wy

Fig. I'V.3 Description, in Wy = Wo
the most general case, of f
the velocity of the particle wl,
« before and after collision,

in the laboratory frame and

that of the centre of mass, (]
showing the relationship Our w
between the two frames. >

Q

The case where particle 3 is initially at rest:

- If mq < mg, the velocity of the CM in the laboratory frame is the same
as the velocity of the particle 8 (1.69). Since it is assumed at rest, then
from (1.67) wo ~ 0. In this case (IV.1):

Oor, =0 . (IV.2)

- If mq = mg and since wg = 0 in the present case, then from (1.72)
Wa3 = W,. The velocity of the CM in the laboratory frame is given by
(1.69) and can be written:

1 1
Wy = JWa = SWap - (IV.3)

Similarly, according to (1.73), the velocity wqq of the particle « in the CM

frame is given by:
1

Since wl,, = wao in the case of an elastic collision (1.98), (IV.3) and (IV.4)
give w) = wp and finally, from the trigonometric relation (IV.1):

bor = 3 - (IV.5)



Appendix V

Limiting the Range of the Coulomb
Collisional Interactions:
the Coulomb Logarithm

The ultimate objective of this Appendix is to calculate the collision fre-
quencies of the Coulomb interactions, knowing that weak interactions (small
scattering angles 6) prevent the corresponding integrals taken over 6 from
converging (Sect. 1.7.4). These weak interactions have, in fact, no physical
importance, when their radius of influence is greater than the Debye length,
Ap: there is electrostatic screening. Accounting for this allows us to reduce
the range of integration in 6 and thus ensure the convergence of the integrals
by introducing the concept of the Coulomb logarithm. To reach this goal, we
will first determine the value of 6 during a binary elastic collision due to an
unspecified central force F'.

General study of the trajectories of two particles
(binary interactions) subjected to a central force field

Here, we only consider binary, elastic, electromagnetic'™ interactions. This is
the case for Van Der Waals interactions between neutrals'®® (potential varies
as 79), between neutral and charged particles!®! (potential varies as r—*)
and the Coulomb interactions between charged particles!®? (potential varies

as 7~ 1). These electromagnetic interactions induce a conservative central field

179 The use of the term “electromagnetic interaction” is justified in the two following notes
at the foot of this page. On the other hand, the interactions are quantum in nature if the
particles approach within a minimum distance that is of the same order of magnitude as
the particle dimensions.

180 Interaction between the instantaneous electric dipole of one of the particles, and the
dipole that it induces in the second particle.

181 Interaction between the charge of one particle, and the electric dipole that it induces
in the neutral particle.

182 We assume that the velocities of the charged particles are sufficiently small, such that
the radiation due to the particle deceleration, when deflected by another charged particle
(braking radiotion: bremsstrahlung) can be neglected.
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400 V Coulomb collisional interactions

of force F' (see Appendix I), collinear with r, such that FF = —V&(r) (1.16),
where @(r) is the potential energy of the interaction between the particles
separated by a distance 7.

The geometry of the elastic interaction between two particles a and S is
described in Fig. V.la for a repulsive interaction and in Fig. V.1b for the
case of an attractive interaction. In the centre of mass frame (where the
centre of gravity G of a and f moves at a constant velocity in the laboratory
frame, Sect. 1.7.2), the trajectories of o and S approaching from infinity are
two similar curves with respect to G (hyperbola in the particular case of
a Coulomb interaction'®3), each having two asymptotes (trajectories a long
time before and a long time after the collision). The distance s between the
two pairs of asymptotes is the impact parameter (see Fig. V.1). This is also
the distance of closest approach in the abscence of interaction.

(a) we 2Xmax +0 =7
Xmax
Xmax
We0 X 0

r
G
’u)/jo
'
B0
2Xmax — 0=
’
wﬁo Xmax
X

S

Fig. V.1 Geometric representation of a binary interaction in the barycentric frame (cen-
tre of mass): a repulsive interaction; b attractive interaction. The polar coordinates r

and x describe the position of the particle a with respect to particle 5. The value xmax
corresponds to the minimum value of the distance r.

183 In the case of 1/r2 interaction forces (gravitation and Coulomb forces), the trajectories
are either elliptic or hyperbolic.
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The study of the motion of the particles is conducted in the centre of mass
frame in polar coordinates, with r the distance between the particles a and
B (one of the particles taken to be at the origin) and y the angle between the
vector r and the relative velocity wag = wao — wgao of the particles o and
B before the interaction: the velocities woo and wgg of the particles a and
B before collision are collinear with wag (1.71) and the velocities w!,, and
'w;io of the particles o and /8 after collision are collinear with w/, 5- In this
system of coordinates, the components of the relative velocity w during the
interaction (before the interaction w = wag, after the interaction w = wy,5)
are expressed respectively by:

dr dy

a wX:rE, w, =0, (V.1)

Wy =

where the z axis is perpendicular to the plane (r,x) containing the trajectories.
In the centre of mass frame, the total kinetic energy related to the sole
relative motion of the particles o and 8 is simply expressed by:

g — /j'a,Bw2
C 2 ’
or as a function of the different components of the relative velocity:

£ = ‘%’3 [(%)2 + 2 (%)21 . (V.2)

We can easily verify that the kinetic moment of the relative motion, defined by:

(1.79)

L =7 A popw (V.3)

is an invariant of the motion. In fact:

oL dw

—— =wA g A o —— V.4

57 = WA HapW AT A flap (V.4)

0
or again:

oL
_— = FE .
il A 0, (V.5)

since r and F are collinear. The calculation of the vector product of the
relative kinetic moment L shows that the sole non-zero component is L,:

dx
L, = uogr’—2 .
Pap?™ g (V.6)

which, from (V.5), is therefore constant during the motion (first invariant of
the motion). The value of L,:

L. = (1 A o), (V.7)
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is then easily obtained from the initial conditions at infinity in (V.3),
such that:

L. = spiapWap = stas(Wao — Wpo) , (V.8)

where wq is the modulus of the relative velocity w at infinity and, following
(V.7), where s, the impact parameter, is the projection of r perpendicularly
to wqg in the plane containing the trajectories.

A second invariant of the motion is the total energy & (kinetic energy plus
potential energy) which is conserved during the course of the interaction, i.e.:

E =E&.(r) + P(r) = constant . (V.9)

The value of £ is given by the initial conditions before the interaction, when
the potential energy is zero, thus:

Hap
The equation for the trajectory x = x(r), which we will now calculate, can
be simply deduced from the two invariants. From (V.2) and (V.6), we can
write:

2 2
Hap (dr L7
=— | — ) 11
£ 2 <dt) +2,ua57“2 + (), (V.11)
from which:
2
%:i¢:LF_¢m}_(Lz). v
de Hap HapT
Since: d dr d
r r dy
A 1
dt  dydt’ (V.13)

the differential equation for the trajectory can be directly deduced from (V.6)
and (V.12), such that:

L;
2

de_ BapT (V.14)
dr 9 L. \2

o )

Hap HapT

or, by replacing £ and L, by their values ((V.8) and (V.10)):
de_ | i (V.15)

dr ) 52 20(r) .
s
r :U’Oéﬁwaﬂ
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The equation of the trajectory can be obtained by a simple integration over
r, provided that the form of the potential energy @(r) of the interaction is
known.

The domain of possible values for r is defined by the quantity under the
square root, which must remain positive. In particular, the minimum dis-
tance rnin between the particles during their interaction is obtained when
dr/dyx = 0, i.e., when the quantity under the square root in (V.15) is zero:

apW? 2
@(Tmin) - K ﬂz ap <1 — rj > . (V16)

min

The minimum value 7, corresponds to the maximum angle x, Xmax. In
fact, during the motion, while r decreases from infinity to the minimum
value rnin, the angle x increases from 0 to Xmax. The angle ymax is half the
angle between the asymptotes before and after the collision. In the case of a
repulsive interaction (Fig. V.1a), the angle xmax is linked to 6 by the relation:

0 =7 — 2Xmax (V.17)

where the scattering angle 6, together with the impact parameter s, is one of
the important characteristics of a binary collision. The angle xax is obtained
by integration of (V.15) along r from infinity to rmin:

Tmin

N _ sdr
E 1,(5)2,&
r HapWq g

We have now established the general relations describing the trajectories
(repulsive and attractive) of the interaction in the case of any central force.
To apply these results to specific cases, we need to know the expression for
the central force, or &(r), which will allow us to calculate xmax (S, Wag), then
finally the scattering angle 6.

(V.18)

Remark: All the preceding calculations have been performed in the centre
of mass frame. However, the trajectory in the laboratory frame is almost the
same as that calculated in the centre of mass frame if m, < mg. In this case,
the centre of mass is practically indistinguishable from the case in which the
particle § is assumed to be stationary and the scattering angle # remains
unchanged from one frame to the other. On the other hand, if the masses m,,
and mg are similar, the scattering angle approaches 6/2 in the laboratory
frame (see Appendix IV).

We will now calculate the angle 6 explicitly for the case of a Coulomb
interaction.
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Scattering angle 0 for the specific case of a Coulomb interaction

The electrostatic interaction potential created by the particle 8 of charge
Zg is:

1 ez

o(r) = :

=——F= 1
dmeg T (V.19)

and the potential energy for the interaction of particle a of charge Z, with
the particle § has the value:

b(r) = eZy,o(r) (V.20)
hence: 7 702
B(r) = ZTif . (V.21)

We can then define the critical impact parameter sq (the significance of which
will become apparent later) such that:

s B) _9()
ro 28 papwily

(V.22)

For Z, = Zz = 1, the repulsive case resulting from two positive charges, we

have:
2

e
=——. V.23
%0 47reoua5wiﬁ ( )
Substituting (V.22), (V.18) can be written explicitly:
Tmin d
Xmax = / 5 2r 5 . (V24)
LG
s r s
By a change of variable:
s, %
f=— L5 (V.25)
S0 2
1+ (%2)
s
Eq. (V.24) takes the form:
—d¢
max — —, V.26
X a m ( )
§oo
where £, is the value of £ when r tends to infinity, such that:
g _S0/s (V.27)

V1+ (so/s)?
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It should be noted that the upper limit of integration 7, in (V.24) corre-
sponds to dr/dt = 0, i.e. when the quantity under the square root in (V.12)
ia zero, corresponding to & = 1 in (V.26). The integration of (V.26) thus
leads to:

Xmax = arc cos __sofs , (V.28)
1+ (so/s)?
hence:
COS Xmax = L . (V.29)
1+ (s0/s)?

Substituting (V.17), we obtain:

sin(f/2) = cos Xmax - (V.30)
Finally, knowing that:
. 1 (s0/5)°
sin?(0/2) = = , V.31
6/2) =17 cot?(0/2) 1+ (so/s)? (V.31
we arrive at the formula:
cot(0/2) = s/s¢ , (V.32)

which gives the expression for the scattering angle 6 for a Coulomb collision.
This deflection value is a function of the impact parameter s, of sg (V.23),
of the relative velocity wqg of the particles a and /5 before their interaction.
Note that § = w/2 if s = s¢, while § = 7 if s = 0, and the collision is head-
on. It follows that if s < sg, the deflection, i.e. the interaction, is important
(0 > 7/2), and weak if s > sg (0 < 7/2). We now begin to see the importance
of the parameter sy for Coulomb interactions.

Total microscopic cross-section for a Coulomb interaction

The differential relation between the total microscopic collision cross-section
6t and the microscopic differential scattering cross-section 6(6) can be de-
duced from (1.110), i.e.:

6. = 276:(0) sin 6 do (V.33)

where ddy. is the microscopic cross-section element. From Fig. V.2, this can
be expressed as a function of the impact parameter, to give:

déie =2msds . (V.34)

In order to make use of 5(6), we can express the microscopic cross-section
element 27sds as a function of the solid angle element 27 sin 6d6 from (V.32).
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Fig. V.2 Schematic description of the geometric relation between the impact parameter
s and the scattering angle 6 for a Coulomb binary interaction, where the shaded surface
represents the microscopic cross-section element dé¢. = 27s ds.

After squaring of (V.32), and differentiating, we find:

2sds [cos(0/2) sin®(6/2) + cos®(6/2) sin(6/2)] db

2 sin*(0/2) ’ (v-35)
hence: 2sds 1 sinfdf
= =-3 W . (V.36)
By comparing (V.36) with (V.33) and (V.34), we deduce that:
R s3
5(0) = ‘LWW‘ . (V.37)

The negative sign in (V.37) simply implies that the scattering angle 6 de-
creases as the impact parameter s increases, (V.32), but we shall use the
absolute value of the RHS as an expression for the microscopic differential
cross-section. Substituting (V.23) into (V.27), for Coulomb collisions, leads
to the expression:

2
(62/871'60“&51035)
sin(0/2) ’

50, weo) = (V.38)

which allows us, a priori, to calculate the effective total microscopic collision
cross-section: .
2 .
. TS sin 6 do
Ote = — | ———= V.39
T2 / sin®(0/2) (v-39)

and the momentum transfer cross-section (1.111):

K

783 [ (1 —cosf)sinf df
2 sin®(0/2)
0

Otm =

(V.40)
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Unfortunately, it is easy to verify that the integral in (V.39) diverges at
# = 0. This is due to the fact that Coulomb forces are very long range, and
in consequence, the distant particles, whose scattering angles approach 6 = 0
(un-deviated particles) all contribute to this integral, hence its divergence.
The same is true for the integral in (V.40) which, as will be shown in the
following calculation, also diverges for 6 = 0.

Total microscopic momentum cross-section for Coulomb’s
interactions

Concept of the Coulomb logarithm

The total cross-section for transfer of momentum (V.40) can also be written
as a function of 6/2, in the form:

T

Gim = 4msd / % , (V.41)

such that, after integration:
Gim = 4mst In [sin(@/?)] ‘ . (V.42)
0

We can verify that, as in the case of 64, the cross-section 6, diverges since
the innumerable long-range collisions for which 6 ~ 0, are taken into account.
However, in a plasma, the range of the electric field created by a charged par-
ticle is reduced by the screening effect of the neighbouring charged particles
and is, in fact, limited by the Debye sphere (Sect. 1.6). Consequently, any
two charged particles in a plasma, separated by a distance r > Ap, neither
“sees” the field of the other particle, and therefore should not be included in
the Coulomb interaction. The integration must therefore be limited to par-
ticles having an impact parameter s that is smaller than the Debye length
(s < Ap), i.e. to scattering angles 0 greater than the minimum value 6,
(6 < Omin) defined by:

emin )\D
t == .43
cot =3 ol (V.43)
that is, since 6, is small:
emin S0
~ — V.44
5 Py (V.44)
Applying this new limit of integration to (V.42), and setting:
A
Ac=22, (V.45)

50
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we obtain the well known expression for the total microscopic momentum
transfer cross-section:
Gem = 4msiin A, (V.46)

where the parameter In A, is referred to as the Coulomb logarithm.

Remark: Using the same integration limits as for 64, the total microscopic
collision cross-section can be written:

Gre =T, . (V.47)

This result reflects the fact that all Coulomb interactions should be taken
into account, provided they are within the Debye sphere (s < Ap).

Coulomb logarithms for particles satisfying a Mazwellian distribution

The expression for the total microscopic momentum transfer cross-section
in (V.46) requires the values of Ap and sg, which can be obtained by as-
suming that the population of charged particles a and [ satisfy Maxwellian
distributions, with temperatures T, and Tj.

The Debye length Ap is, in principle, the global Debye length defined
by (1.41). In fact, following Delcroix (1959), the duration of a collision is too
short for the screening action of the ions to have an effect, and it is preferable
to use Ap = Ape, the electronic Debye length, in the expression for A, i.e.:

1
eokpTe \?
ADe = . 1.41
e < ne? ) (141)

This expression is also consistent with the assumption that the ions constitute
a neutralizing background for the electrons (see remark 8, Sect. 1.6).

For the critical impact parameter sg, we need to calculate (sg), its mean
averaged value /iaﬁwi,@, ie.:

<,Uaﬁ'wig> = Noz6<(woz0 - w60)2> , (V.48)
knowing that:
Wao — WP = Wag - (1.69)
It follows that:
(Hapwhg) = pap(wio + Wiy = 2Wao - Wpo) (V.49)

where the average of wqo - wgo is zero since all the initial relative directions
of the particles in the laboratory frame are equally probable. For Maxwellian
distributions, we find, following (I.11):

mameg (Sk}BTa + 3kBT5>

(V.50)
Mmq + Mg Mg mg

<Nan(21ﬁ> =
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T, =T, =T, (so) takes a unique value, independent of the nature of the
collisions, electron-electron, ion-ion or ion-electron:

62

=—. .01
<50> 127T6()kBT (V g )

On the other hand, if T, # T;, we can distinguish three mean critical impact
parameters:

- for electron-electron collisions:

o2
S — V.52
S0ce = TomekpTy | (V.52)
- for ion-ion collisions: )
e
= — V.53
50ii 12megkpT; ( )
- and, for ion-electron collisions:
1 1
e? ( — + —)
Me m;
50, = 80,, = keTe  keTl\ - (V.54)
127eg ( 4+ l)
me m;
There are three corresponding Coulomb logarithms, InA. ., InA., and

In A.,,. These can be written as functions of A.,, from the expressions for
5005 (Me K My):

T
InA.,, =lnA.,_ +1n Tl , (V.55)
and since:
S0.; = S0ce > (V56)
then:
InA., ~InA,.,, . (V.57)

Coulomb collision frequencies and mean free paths
Collision frequencies for particles satisfying a Mazwellian distribution

Rigorously speaking, the average collision frequency of the species o with the
(target) species f is defined by (1.140):

(Vap(wap)) = ng(Gap(Wap)was) (V.58)

where 6, is the total microscopic momentum transfer cross-section. How-
ever, in the present case of Coulomb collisions, the cross sections calculated
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above are already the result of an average taken over the relative velocities,
and thus cannot be used to determine the exact expression for (V.58). To do
this, it would be necessary to integrate (V.58) over the ensemble of velocities
of the populations o and § (in the same way as in exercise 1.9), which leads
to a very complex calculation. On the other hand, the collision frequency can
be obtained, within an order of magnitude, from the approximate expression:

(GapWap) = (Gap)(Wap) , (V.59)

where (wqg) is the mean velocity.

In fact, it is preferable to define what is called the individual average
collision frequency, which corresponds to the most probable relative velocity
vag (distinet from the mean relative velocity). The expression for v, is given

by (exercise 1.9):
T, T

The collision frequency is then written:

Vas(Vap) = Np0as(Vap) Vag (V.61)
where 6,4 is calculated from (V.46), substituting v.g for wag in so (V.23):

62

S0pg = ———5— - (V.62)
s 47reouagv(2w,
Assuming T, > T;, the collision frequencies can then be written:
4kpT, ADe
Vee = 4mns] B2C In (i> , (V.63)
- Me Soee
2kpT, ADe
Vei = Vje ™ 47m5(2)M B¢y (i> , (V.64)
- Me Soee
4kpT; ADe
Vi = dmnsg B2 (i) . (V.65)
mg 5045

It is possible to extract a number of simple relations from (V.63), (V.64) and
(V.65). Thus, a first obvious relation:

Voo 2 V2 Vei (V.66)

shows that the electron-electron and electron-ion collision frequencies are of
the same order of magnitude. The second relation, obtained from (V.63):

InA
A

(V.67)

Cee

Vee = Wpe
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allows us to relate the electron-electron collision frequency to the plasma
electron angular frequency wp..

Mean free paths for particles satisfying a Mazxwellian distribution

Generally speaking, the mean free path of a particle « colliding with particles
B can be defined by (1.39):

1 w
bpg=— ( ———2 )| .
’ ng <&aﬂ (Wap)Wap > (V.68)

We define the average mean free path for Coulomb collisions, for the most
probable velocities, in the same way as previously used for the collision fre-
quency, i.e:
lop(va) = ——2 (V.69)
T Mpapas '

The different mean free paths can then be written (T, > T;):

QkBTe QkBJ—”L

(o = L+ Te V.70 fio = T V.72
» (V.70) » (V.72)
QkBTe 2kB,T¢

o = Vim . (VD) i = V—m . (V.73)

The mean free path for electrons colliding with all charged particles (electrons

and ions) can be written:
[2kBT,
g, =+ Me (V.74)

Vee + Vei

Remark: It is important to note that the Coulomb collision frequencies and
the corresponding average mean free paths are independent of the density of
the gas.



Appendix VI
Stepwise lonisation

Two-step, and more generally, multi-step ionisation constitute mechanisms
for creating charged particles, which become important whenever the gas
pressure exceeds a few torr (a few hundred pascal). Such stepwise processes
increase with increasing pressure and electron density to such an extent that
they can supersede direct ionisation.

Stepwise ionisation starts with the excitation by an electron collision with
the atom in its ground state:

e+A = A(j) +e. (VI.1)

A second electron collision with this atom, which is now excited in the state
J, can ionise the atom:

e+A(j) > AT +e+e. (V1.2)

The excited atom thus serves as an intermediate stage, allowing ionisation
with electrons of lower energy than that required for direct ionisation.

Population balance of intermediate (relay) state(s)

The ionisation frequency from the excited state is, by definition:
Vie = N (6;(w)w) , (VL3)

where N is the density of atoms in the excited state (the targets for the
electrons), 6;; is the total microscopic cross-section for ionisation from the
excited state 7, and the square brackets refer to an integration conducted over
the velocity distribution function of the particles. To calculate the stepwise
ionisation frequency, one needs the density of the atoms excited in state j,
which can be determined from the balance of the processes of creation and
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Fig. VI.1 Three-level energy diagram of the argon atom to characterise, in the present
case, the two-step ionisation process: these levels are the ground state of the neutral atom,
the intermediate state j (the 4 energy states 3p® 4s orbital configuration are effectively
considered as a single level) and the first level of the ionised atom. The 3P0 and 3P
levels are metastable states, i.e. they have a comparatively lower probability of de-exciting
through a (dipolar electric) radiative transition than the 1Py and 3P; levels, which are
termed resonance radiation states (also referred to as quasi-metastable states).

loss of atoms in the intermediate state j. This can be established with the
help of the three-level energy diagram shown in Fig. VI.1.
In the stationary state, the balance of creation and loss obviously requires

that: AN
=1 =90 VL4
0, (VL4)
where dN;/dt, in the present case, can be written in the following form:
dN; . .
5 = MNol6o; (wyw)ne — Nj(6j0(w)w)ne

D.
= Nj(Gjs(wyw)ne — —5Nj . (VL5)

The first term on the RHS represents the way the intermediate state is popu-
lated by electron collisions on the atom in the ground state (reaction (VI.1)).
The other terms correspond to the depopulation of the intermediate states,
successively, as a result of their de-excitation by electron collision to the
ground state (the inverse process to reaction (VI.1), by ionisation described
by (VI.2), and by diffusion of the atoms to the walls. In equation (VL.5), Ny
is the density of the atoms in the ground state; ko; = (60;(w)w) is the elec-
tron excitation coefficient from ground state to the state j; kjo = (6j0(w)w)
is the electron de-excitation coefficient from the state j to the ground state
and k;; = (6,;(w)w) is the ionisation coefficient from the excited state j. D;
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is the diffusion coefficient for excited atoms in the plasma and A is the char-
acteristic diffusion length (A = R/2.405 in cylindrical geometry, where R is
the tube radius; this is described in more detail in Sect. 3.8). The processes
included in (VI.5) are represented in Fig. VI.1, where the notation j defines
the intermediate state. The diffusion of the atoms in the intermediate stage
is represented in the same diagram by their characteristic diffusion time 7

where (Sect. 3.8):

D; 1

—_— = VI.6

i (VL)

Two-step ionisation generally occurs from atoms in metastable states as

the intermediate stage, because their radiative de-excitation time is very long,
such that the depopulation is governed by electron collisions and by diffusion.
We obtain the density of the intermediate states in a stationary plasma from

equation (VL.5):

No(6o; (w)w)me (VLT)

T (g0 (w)w) + (Gga(w)w)) ne

The rate of depopulation of the intermediate stages by diffusion is principally
determined by the gas pressure: as gas density increases, the diffusion time
7; for these atoms also increases, reducing the loss by this mechanism (the
two metastable states in Fig. VI.1 are considered as forming one single inter-
mediate stage). When the depopulation of these states by diffusion is much
smaller than that due to collisions (i.e. Tj_l < ((Gj0(w)w) + (Gji(w)w)) ne),
Eq. (VL.7) shows that the value of N is independent of the electron density:
this effect also manifests itself when the electron density is extremely high.

Ionisation frequency

Equation (VI.3), defining the two-step ionisation frequency, with the substi-
tution of N from (VL.7), leads to:

_ NofGu(w)) u(whudrine Vis)
T+ ((Gjo(ww) + (i (w)w)) Time '
Setting:
pie = No(60;(w)w)(6;(w)w)r; ,  units: cm®s™* (VL.9)
which we call the two-step ionisation coefficient, and:
n = ((6j0(w)w) + (6j;(w)w)) 7;,  units: cm® (VI.10)

which we refer to as the saturation coefficient of intermediate states. The
two-step ionisation frequency can then be written in the form (1.159):
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_ Piele
Vie

= e | VI.11
T (VL11)

The case where the value of v;, remains constant when n. increases is referred
to as saturation; two-step ionisation then clearly exceeds direct ionisation.
This situation occurs when the diffusion time 7; is very large (large value of
n) or when the value of n. is very large. In these conditions, Eq. (VI.11) no
longer depends on n., since:

Vie ™ — . (1.160)



Appendix VII
Basic Notions of Tensors

A tensor is characterised by the transformation required to express it in
another frame.

- A scalar s is an invariant quantity with respect to a change of frame. It is
a tensor of rank (or order) zero.
- A vector w can be written as:

W = Wy€; + wy€y + w,€, (VIL.1)

where &;, €, and €, are the basis vectors in a given frame, which we will
refer to as the old frame. Following a change of frame, the components
(wg, wy, w,) of w are related to the components in a new frame by a
transformation matrix A with elements aé. Writing W7 for the components

of w in the new coordinate system, we then have!®4:

W = alw;, + adwy + adws = ol w' (VIL.2)

where, in order to apply the Einstein summation convention (to avoid us-
ing the summation sign), we have written the indices for the components
of w on the RHS of the equation as superscripts. This rule is such that
the same index, repeated as subscript and superscript, implies a summa-
tion over all its values: the index is said to be dummy because its name
can be arbitrarily changed. Following this notation, the vector w can be
represented in compact fashion by w = w'e;.

The inverse transformation (from the new frame into the old) is made
using the matrix B with elements ﬁ;, which is the inverse of matrix A of
elements (a}); this implies that (A)(B) = (I), where (I) is the identity
matrix. Hence, the components of w in the old coordinate system can be
written:

184 If we designate the basis vectors in the new frame by EI, Ey, Ez, these can be obtained

from the basis vectors in the old frame through the relation E; = a’fék.
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w' = g, (VIL3)

The vector w is a first-rank tensor.
A second-rank tensor T can be expressed in a given frame as:

T = t00€,6, + Loy€s€y + 1,26,8, + - (VIL4)

i.e. it requires two basis vectors for each component (written as such, T
is also termed a dyadic tensor): there are 9 components in total. In conse-
quence, during a change of frame, it is necessary to use the transformation
matrix twice. Thus the components of T in the new frame are given by:

T = afaftV . (VIL5)

We can generalise the definition of T' to any particular rank by noting
that the number of indices in a tensor, i.e. the number of transformation
matrices required during a change of frame, defines the rank of the tensor.

Tensor products

The tensor product of two vectors A and B, written as A ® B, is defined
by its elements:
T; = AiB; (VIL6)

where the indices ¢ and j can take the values 1, 2 or 3. This creates
a second-rank tensor. The tensor product can be generally applied to a
product of two tensors of any order: the rank of the resulting tensor is the
sum of the ranks of the tensors which form the product.

The scalar product or internal product is, in tensor formalism, a contrac-
tion, reducing the order of the initial tensors by two units'®®. Thus, for
two vectors A and B, this gives (using the implicit summation rule):

A-B=(A'¢) (B'é;) = AIB'é; - ;= AB/5,; =y A'B' (VILT)

where ¢;; is the Kronecker delta (6;; =1if i = j and d;; = 0 if ¢ # j). To
continue to use the implicit summation rule, we must write (VIL.7) in the
form:

A-B=A'B;. (VILS)

The result is a scalar, i.e. a zero order tensor.
The vector product of two vectors A and B is considered as a vector, but
in fact it is a pseudovector. When we move from a right-handed triad to

185 The scalar product of two vectors can be seen as a tensor product followed by a
contraction.
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a left-handed one, the pseudovector changes its direction in space, which
is contrary to the notion of a true vector (also called a polar vector). In
reality, the vector product should be represented by an antisymmetric,
second-order tensor, i.e T;; = —1T};, which implies that the diagonal ele-
ments on the matrix T should be zero. This tensor comprises only three
independent elements, allowing the vector product to be represented by a
vector in 3-dimension space.

Operators

The gradient is an operator that produces a tensor one order higher than
that on which it operates. Thus, starting with a scalar s:

Os . Os, 0O0s, .
Vs = o-& + % + o 8. = Zi:&zs é; (VIL9)

we obtain a vector.
The convention of dummy indices cannot be applied here, since the op-
erator “spatial derivative” is, strictly speaking, covariant!® (yielding a
subscript index), hence the necessity of writing explicitly the summation
sign.
The divergence is the result of the action of a gradient operator followed
by a contraction. Thus, the divergence of a vector w, V - w, is a scalar
(see note 74, p. 138): the result is a tensor of one rank lower than the one
that is operated on.
The curl acts on a covariant vector with components a; and produces a
covariant, antisymmetric, second-rank tensor with elements b;;:

o 8(1]‘ 8ai

bij= 5%~ 55 - (VIL.10)

This creates a tensor of one order higher than the initial tensor, due to
the action of the spatial operator 9/0x".

Example of the proof of a tensor identity

We wish to show that:

V., (wwf)=w(w- -V,f). (VIL.11)

Developing the LHS:

186 The concept of a covariant derivative is beyond the scope of the present plasma treatise.
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Ve wwf =0 (& (wwée,) f) (VIL12)

where f is a scalar and 0; a derivative operator in position space (which
therefore does not act on the microscopic velocities). Note that there is no
implicit summation over index i because the two elements carrying this index
are covariant. Expanding the product &;-&, = d;, in (VIL.12), which imposes
i =p (VIL.7), we have:

0; (& - (wPwieéyéy) f) = 0; (wiwqéqf) = 0; (fwz) wié, , (VIL.13)
where there is a summation (contraction) over the index 4, such that:
O (fu)w=(V,.f ww. (VIL.14)
Finally, because V. f - w is a scalar, we can write:
(Vof - wyw=w(V,f w), (VIL.15)

which is the RHS of (VIIL.11), as required: QED.



Appendix VIII
Operations on Tensors

The fundamental properties of tensors were presented in Appendix VII. We
will now give the rules for tensor operations, without recourse to the implicit
summation (dummy indices) defined in Appendix VII.

Product of two vectors

Consider two vectors A and B, with components A; and B;, with i =z, y, 2
ort=1, 2 3.

Scalar product of two vectors: A - B

The result is a scalar C":

3
A-B:ZAiBi:B-A:C. (VIIL1)

i=1

The scalar product of two vectors is commutative.

Vector product of two vectors: A A B

The result is a vector C (in reality, a pseudovector, Appendix VII) with
components:
Ci=A4;+1Bi-1 — Ai—1Bi+1 (VIIL.2)

where, if i = x, then z + 1 =y and x — 1 = z. It follows that:
AANB=-BANA=C, (VIIL3)
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The vector product is not commutative.
Note the important rule for the double vector product:

AA(BAC)=(A-C)B-(A-B)C. (VIIL4)

Tensor product of two vectors: A ® B

The result is a second-order tensor T', with its components 7;; being the
algebraic product of the components A; and B;:

T,; = A;B; . (VIIL5)

It follows that:
A®B=(Bo A)T. (VIIL6)

The product is not commutative, unless the vectors are parallel. The super-
script symbol T' indicates that the tensor is transposed (T;; becomes T};).

Remark: In the main text, for simplicity, we have represented the tensor
product of two vectors A and B in the form AB rather than A ® B.
Product of two tensors

Consider two second-order tensors S and T'.

Tensor product: S® T

The result is a 4t order tensor:

Sl = g (VIIL.7)
whose components are:
Uijki = SijTh - (VIIL.8)
Singly-contracted product: S - T
The result is a 2" order tensor:
S T=U (VIIL9)

whose components are:
Uij = g SikTk; (VIIL.10)
k
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and if both tensors are symmetric:

S T=(T -8 =U"=U.

Doubly-contracted product: S : T

The result is a scalar:
§:I: ZZS”TJL =U
i g

with:

[

T =T:85.

Product between a vector and a tensor

Consider A, a vector, and T, a second-order tensor.

Tensor product of a vector with a 2”9 order tensor

The result is a 34 order tensor:

ART =

1

whose components are:
Qijr = ATy, .

Contracted product of a vector with a 2™ order tensor

The result is a vector:
T -A=D

D; = ZTUA]- )
J

Similarly, the product A - T is a vector:

whose components are:

A-T=D

whose components are:
D; = g ATy
J

423

(VIIL.11)

(VIIL.12)

(VIIL.13)

(VIIL14)

(VIIL15)

(VIIL16)

(VIIL.17)

(VIIL18)

(VIIL19)
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Thus, if T is a symmetric tensor (T;; = T};), the product is commutative:
T -A=A-T. (VIII.20)

If T is obtained from the tensor product of two vectors:

T=BxC (VIIL.21)
then:
A- (BC)=D, (VIIL.22)
with components:
D; = Z A;B;C; = (A-B)C; , (VIIL23)
J
from which:
D=A-(BaC)=(A -B)C (VIIL.24)

and since the product is commutative:

D=(A®B)-C=A(B.-C). (VIIL.25)

Contracted product of a vector with a 3'¥ order tensor

Consider Q, a 3'4 order tensor. The result is a 2"? order tensor T

A-Q-=T (VIIL26)
whose components are:
Tij = AxQuij - (VIIL.27)
k
Similarly:
Q- A=T (VIIL.28)

is a 2™ order tensor whose components are:

T, = QijnAk . (VIII.29)
k

Vector product of a vector with a 2°d order tensor

The result is a 2°4 order tensor:
ANT =U (VIIL.30)

whose components are:
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Uij = AigaTic1j — AicaTigaj - (VIIL31)

The vector column j of the tensor U is the vector product of the vector A
by the column vector j of the tensor T'.

Operations involving the differential operator
(Cartesian coordinates)

The differential operator V (or 9/0r) can be considered as a vector, whose
components in Cartesian coordinates are:

0
i = . VIII.32
oz, ( )
Divergence of a vector
The result is a scalar:
294,
V-A= L=C. VIIIL.33
2 o )
Divergence of a 2"? order tensor
The result is a vector:
V- T=A (VIIL.34)
whose components are:
oTy;
A; = - VIIL.35

The divergence is the contracted product of the differential operator V with
a vector or a tensor.

Gradient of a scalar

The result is a vector:
VC=A (VIIL.36)

whose components are:

aC
Ai=g. (VIIL37)
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Gradient of a vector or a tensor

In general, the gradient is the tensor product of the differential operator V
with a scalar, a vector or a tensor.
Thus, operating on a vector A, the result is a 2" order tensor:

VA=V®A=T (VIIL.38)
whose components are:
T = % (VIIL.39)
R vl .

Note that VB is a vector while VB is a 2™ order tensor.

Curl of a vector

The curl is the vector product of the differential operator V with a vector.
We obtain a (pseudo) vector:

VANA=C (VIIIL.40)
with the components:
C; = g’i: - gij . (VIILA41)
Laplacian of a scalar
This is a scalar: 92
AC = i 87:522 . (VIIL.42)
Sinee: 02C o [oC
e Z e ( 8xi) =V - (VC), (VIIL43)
thus:
AC =V - (VC)=V?C. (VIII1.44)
Laplacian of a vector
This is a vector:
AA=C (VIIL.45)

with the components:
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9?4,
Ci = Z oa? (VIIL46)
J
Since:
AA*; a2 ;a(axJV'(V@A), (VIILAT)
thus:
AA=V (VoA =V4A. (VIIL48)

Remark: One should not forget that V is a differential operator, and that,
as a consequence, when it is applied to a product, it is applied on each of the
terms. For instance: V- (B® C)=(V-B)C + (B-V)C.



Appendix IX

Orientation of w,; in the Reference
Triad with Cartesian Axes
(EoL N B, Ey,, B)

We will make use of the reference triad shown in Fig. 2.8 and of the represen-
tation of the velocity wy) in Fig. 2.9. From (2.137), for an electron (¢ = —e
and w, = we,), we then have:

(& Wee

{Z’(UEOJ_ — B

Wyl — — (EoL A B)} et (IX.1)

Me (ch’e - w2)

1. The case w > w,.: major axis along Eq
From (IX.1), we have:

R(wy, ) = )3‘%{ iw(coswt + isinwt)Eq |

- C%(coswt +isinwt)(EoL A B)}

= —Aww(sinwt)Eg; — Aswee(coswt)(EgL A B) (IX.2)
where A; and A, are constants.
Att=0,wehave E| = Eq,, ws) = —Aswee(EoL AB) FoLnB
andat t =T/2, E; = —Ey), wa, = Aswee.(EoL A B),
as shown in Fig. 2.9.
B Eo.
2. The case w < wee: major axis along Ey; A B

From (IX.1), we have:

R(way) = Ajw(sinwt)Ey) + Aswee(coswt)(EgyL A B) . (IX.3)

At t =0, we have E| = Ej), woy = Aswee(EoL A B) and at t = T /2,
E, = —-Ey, wy = _AQOJCE(EOJ_ A\ B) (Flg 29) Note that, in the
present case, the velocity is out of phase by a factor m with respect to the
case w > Wee-
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Appendix X

Force Acting on a Charged Particle in
the Direction of a Magnetic Field B
Weakly Non-uniform Axially:

Variant of (2.177)

The Lorentz force due to B along the z axis can be written F, = g(wAB)-é,.
In cylindrical coordinates, due to the helical motion (components along €&,
and &), we have:

é &, &,
wAB=|0 w, wy| . (X.1)
B, 0 B,
This leads to:
F,=—quw,B,. (X.2)

However, we also know that close enough to the axis of symmetry of the field
B, we can write:

[ (0B 1., /0B
~ _ / zZ I 2 z
rB, ~ /r < P )T/_O dr 5" ( P )T_O . (2.161)
0

Assuming that the particle moves about the guiding centre, defined by the
axis of symmetry of the field B, with a Larmor radius rp, we can then set
r = rp in the expression for B,., from which:

rB 8Bz
F, = — X.
qu 2 02 (X.3)
and
w, 0B, wi Mg 0B,
FZ = _ = —
7oL 2w, 0z 4 2 \—¢B, /) 0z
2
_ _Llmawi 98, (9B (2.177)
2 B, 0z 0z

since p = Exiny /B, (2.148).
The axial non uniformity of the field B gives rise to a force proportional
to the gradient of the field.
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Appendix XI

The Magnetic Moment, an Invariant
in the Guiding Centre Approximation

We will consider the case where there is no applied electric field E. We will
also neglect the field F induced by the inhomogeneity of B in the frame of the
particle: this is consistent with the zero-order guiding centre approximation.
Under these conditions, the total particle kinetic energy, Wr = W, + W) is
constant (2.179). It follows that:

G0 = 5 (gmont) = =G ov) (XL1)

and, furthermore:

d d (W.B W, dB d (W,
— (W)= — = ——— — = XI.2
ALY dt(B) Bdt+dt<B> (X1.2)
Knowing that:
0B,
F=— , 2.177
L (2.177)
o . . W,
by multiplying each side of (2.177) by w., and since p = 5
dw, d (/1 9 W, 0B, dz W, dB,
My ——2 = — [ =my, == Z=__= , XI.
We g = <2m w|> B 0z dt B dt (X1.3)
then, applying (XI.1), the LHS of (XI.3) can be written:
d /1 2\ WiodB.

Taking account of (XI.2) and replacing the LHS of equation (XI.4) leads to:

W, dB, d (W, W, dB,
B—|—)="= XL
Bdtert(B) B dt ’ (X1.5)
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434 XI The magnetic moment

which clearly imposes that:

d (W, du
— (L) =22 = XI.
dt ( B > dt 0, (XL.6)
i.e. the magnetic moment p is independent of t. We obtained the same result
in the introduction of Sect. 2.2.3 (p. 137).



Appendix XII

Drift Velocity w,; of a Charged Particle
Subjected to an Arbitrary Force F,
in a Field B: the Magnetic Field Drift

Generalisation of the expression for the drift velocity in
a field B from the expression for the electric field drift
For the electric field drift, we found (2.114):

E, NB
Wie = B2 ’

(XIL1)

which is an expression that can be generalised by setting ¢FE | = F'4., where
the meaning of F'y. can be extended to include an arbitrary force F'4, which
leads us to the general expression:

FsANB
wg =
d q32

(XIL2)

Application to the case of the magnetic field drift
(rectilinear field lines) in a weakly inhomogeneous
field B

Since the field B is weakly inhomogeneous, to zeroth order p is a constant
of the motion and, following (2.177), which we generalise in three dimensions
by writing:

Fin=pn-VB. (XII.3)

In the case of rectilinear magnetic field lines, let B be directed along €, and
the inhomogeneity along y; then p, which is connected to the diamagnetic
field, is directed along —eé,:

u=—pu.e, and B=DB,(ye., (XII.4)
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436 XII Drift velocity of a charged particle subjected to F g A B

we then have:

. 0B, . . 0B, .
Fapm = —pze, - (a—yeyez> = —uza—yey . (XIL.5)

Substituting the expression for the force generating the magnetic-field drift
(XIL5) in (XII.2), we obtain:

(XIL6)

0B, é, N Be, BAVB

oy B2 B2

which is exactly the same equation we obtained in (2.217): this result supports
our hypothesis that (XII.2) is valid for an arbitrary force Fg.



Appendix XIII

Magnetic-Field Drift Velocity wy,,

in the Frenet Frame Associated with
the Lines of Force of a Magnetic Field
with Weak Curvature

To first order, the particle follows a cyclotron motion around a line of force,
which constitutes the axis of its helical motion.

Frenet-(Serret) frame

At each point on a magnetic field line of force (Fig. XIII.1), we can construct
a Cartesian frame such that:

1. The unit vector €, is directed along the tangent to the magnetic field line
of B at each point,

2. é, is normal to this tangent, and directed along the radius of curvature
P87, this second vector pointing towards the field line, i.e. in the opposite
direction to &,, and

3. é, is along the binormal, i.e. in the direction perpendicular to the two
other unit vectors, such as to form a right-handed triad.

The Frenet frame is also, to a first approximation, the natural frame of
the particle in the present case.

Frenet relations

Classical mechanics teaches us that on a trajectory s connected to a Frenet
frame: . .
de, e, p
ds — p  p*’

(XIIL.1)

187 The radius of curvature at a point A on a curve is the distance between that point

and the intersection of two normals to the curve, situated immediately on either side of
the point A.
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438 XIIT Magnetic-field drift velocity in the Frenet frame

Fig. XIII.1 A Frenet
frame, constructed on a
magnetic field line with
radius of curvature p. The
unit vector &, is directed
into the page. The unit
vector €, + dé;, at point Q
is transported, in parallel,
to the point P in order to
show the direction of dé,.

where the radius of curvature p is obtained from the derivative of the local
tangents, as suggested in Fig. XIIL.1. In the case where y(z) describes the
line of force, one can show that, provided dy/dz is not too large:

d?y 1

— =—. XIII.2
dZ2 p ( )

Further, the components of the vector p can be written (Jancel and Kahan):

Pa 1 0B,

1 9B
% - _E% , (XIIL4)
% =0. (XIIL5)

Components of VB

The Maxwell equation V A B = 0 (without the RHS, in the framework of
individual particle trajectories®) leads to:

. (0B, 0B, . (0B 0B, . (0B, 0B,\
er(ay - 82>+ey(82 - 8x)+ez<8x - 8y>0' (XIIL.6)

Further, from the assumption that the inhomogeneity in B is independent of

B, .
y, we have aa— # 0, such that (XIII.6) requires:
Y
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0B. B,

Ay 9z

(XIIL7)

The other terms in (XII1.6) are zero. Equations (XIII.3) and (XIII.4) then

become:

pr =0, (XIIL.8)
Py 1 0B,

—_ = —— XIII.9
p? B, 0y 7 ( )

such that p, = p.

Parameterisation of a curved field line

In our case, B = B.é, + Byé,, where |By| < |B.| is a first order correction
to B,, provided the curvature of the field is not too large. We are seeking a
relation y(z) to characterise this line of force.

We can perform a limited Taylor series development of the component B,
with By (0) = 0, since this quantity is of order one, and:

0B 0B 0B
B, ~ —*d Y d Yd XIIL.10
where, according to (XII1.6) and (XIIL.7), only the component 8;’ is non
zero, so that:
0B
B, ~ 50 dz (XIIL11)
which, from (XIIL.7), becomes:
0B,
By =~ "5z, (XIIL12)
hence, for z small, from (2.221):
B, ~ Bofz . (XIIL13)
Further, by definition, locally (see Fig. 2.17):
B, dy
— = — XII1.14
B, dz’ ( )
where: B B
By BBz 4, (XIIL15)

B.  Bo(1+By)
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hence: q
Yy _
dz pz
Integrating (XII1.2), we have (since y = 0 at z = 0):

dy =z

dz  p’
so we can deduce that:

Br1/p.

The equation for wg,, in the Frenet frame

We have already shown that:

2
wi 1
W = eyt —— (B AVB).
d m 2an?)( )

If we now set w. = —goB/m,, this can be written explicitly:

1 wi 0B,
m = — — | BA ———é .
wy w.B2 2 < A a2y ey)

From (2.221) and (XIII.18), we obtain:
0B. B,

ody  p’

and from (XIII.15):

1 wi B,
= Yl (226, AB) .
W w.B? 2 ( p ©y )

By introducing p, directed opposite to &,, we finally arrive at:

L wifp
m = — — (=< AB .
Wi weB 2 <p2

(XIIL.16)

(XIIL.17)

(XII1.18)

(2.216)

(XIIL.19)

(XII1.20)

(XII1.21)

(XII1.22)

This expression, in contrast to (2.216), includes the (weak) curvature of the

field lines.



Appendix XIV
Spherical Harmonics

Wz

Wy

Fig. XIV.1 Spherical co-
ordinate system in velocity
space. T

If the velocity w is expressed in spherical coordinates, the electron distribu-
tion function can be developed in spherical harmonics:

Cim = wlle(cos 0) cosmyp , (XIV.1)
Sim = wlle(cos 0)sinmep , (X1V.2)

where Py, (cosf) is the m*™ order Legendre function, defined for [ > 1 and
0<m <1 by:

m
m
2

P (1) = (1 = ) Pi(p) (XIV.3)

dpm
and P is the Legendre polynomial of degree l. Note that for m = 0,
Pon(p) = (1) - (XIV.4)

The first Legendre polynomials Py, (p) are:
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XIV Spherical harmonics
Po(u) =1, Pi(p)=p,

1

Piy(p) = (1—p?)?

Po(p) =5 (36 =1) . Pulp) =3u(1 = ") . Poa(p) =3(1—ps%)
P3(p) = %(5u3-3u)--~ (XIV.5)

The first spherical functions, for p = cos, are therefore:

Co=1, Cipp=wcosf=w,, C;3=wsinfcosp=w,;,

3cos”f — 1
S11 = wsinfsing = w, , Co = w? (L) )

5 (XIV.6)

Assuming that the system is symmetrical in ¢, the distribution function
f(r, w, t) can be expanded in terms of C;o yielding:

f(r,w,t) =
fo(r,w,t) + fi(r,w,t) cosd + fo(r,w,?) (%) +...
(3.18)



Appendix XV

Expressions for the Terms M and R,
in the Kinetic Pressure Transport
Equation (3.155)

Relationship between M and the magnetic force

To calculate M from (3.155) when the particles « are subjected to a magnetic
field B (Laplace force?), it is sufficient to write (VIIL.31):

M;; = noqo((wis1Bi—1 — wi—1Biy1)uj + (w1 Bj—1 — wj—1Bjp1)u;)

(XV.1)
Reordering the terms, we obtain:
Mij = naqa (i1 + vig1)Bi—quj — (ui—1 4+ vi—1) Big1uy)
+ aga((ujr1 +vip) Bjaui = (wj1 +0,-1)Bjw) ,  (XV.2)
hence: o
M;j = =—[Bi-1V¥it1, j — Bit1¥%i—1, 4]
+ TZL—Q [Bi-1¥jt1, i = Bita¥j-1, 4] (XV.3)
which can be written in tensor form (VIILG6):
M=-1Brw+ (BrD)T] . (XV.4)
Ma
Expression for the collision tensor R,
Recall that:
R,=> Raup (3.141)
Bra
where:
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444 XV Kinetic pressure transport equation
Ros = /ma(wa — Vo) (W — V0)S(fa)p dwq - (XV.5)
The tensor R,z can be written, after expansion:
R.s= /ma(wawa —VaWq — WeVq +Va0a)S(fa)sgdw,,  (XV.6)
hence:

T
— {va/mawaS(fa)g dwa] —l—vava/maS(fa)g dw, . (XV.7)

If the number of particles is conserved during collisions, the last term in
(XV.7) is zero. Including (3.120), which defines P, (XV.7), we obtain the
final form:

Eaﬂ = /mawawas(fa)ﬁ dwa - vapaﬂ - [vapa,@]T . (XV8)



Appendix XVI

Closure of the Hydrodynamic
Transport Equation for Kinetic
Pressure in the Case of Adiabatic
Compression

We will consider the transport equation for kinetic pressure ¥ (3.160), with
the assumption of adiabatic compression (see main text): V- Q@ = 0 and
R = 0. The equation then simplifies to give: o

n% <%>+(£-V)v+[(£-V)v}T—M:Q. (XVL1)

The structure of the tensor M (XV.2) is such that the off-diagonal terms are
zero.

The equation (XVI.1), comprising second-order tensors, can lead to a
scalar solution if we apply a contraction (Appendix VII) on the two indices
of the various 2" order tensors in the equation. Since a tensor A can be
expressed as A = €;6;4;;, contracting the two indices (i = j) is equivalent
to calculating the trace of A. The result of such a contraction on indices of
the same variance (subscripts here) leads to a scalar, provided the coordinate
systems considered are Cartesian.

Taking account of (3.115), the value of the trace Tr of the first term of
(XVL1) is:

d 3p

dw
while the traces of the second and third terms give:
Te[(- Vo] +Tr (& - V)o]" =2pV -0, (XVL3)

where we have set ¥ = nkgT(I) (as in the warm plasma approximation).
Finally, the complete trace of (XVI.1) is given by:

d3p
Il v=0. 14
ndth—i—pV v=0 (XVI1.4)

This scalar equation thus replaces a 2"d order tensor equation, for which
closure has been achieved by setting V - Q = 0.
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Appendix XVII

Complementary Calculations to the
Expression for T,(pR) (Sect. 3.13)

Maxwellian velocity distribution function expressed in
terms of energy (eV)'™

The following expression for the distribution function:

3

Me 2 w?
= — —— 3.293
Jtw) <2ﬂkBTe> eXp( vfh> ’ (8.262)
by its scalar velocity dependence, emphasises that we have neglected the

anisotropy induced by the external field F.

Introducing U,y , the microscopic electron energy, expressed in eV:
2

MmeWw

2

20,
w= ]2V (3.295)
Me

188 Substitution of the energy Uy for w in f(w) (isotropic) leads to the function f(Uey ),
which is referred to as the wvelocity distribution function expressed in terms of energy. By
the same token, we define an energy distribution function F(U.y ), by setting:

Uy = (3.294)

we obtain:

1
F(Uey)UZ2, dUey = f(w)drw? dw .

Thus, we have F(Ugy) = 4v/27(e/me)3/2 f(w), hence:

2 eUcy
F(UeV) = 1 3 €XP (7 £ ) s
ﬂ?(kBTe)f kBTe

the normalisation condition being:

oo

1
/F(UeV)Ugv AUy = 1.
0
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448 XVII Calculations of the Expression for T.(pR)

and since:

1 2 (3 2
§mevt2h = kpTe = 3 <§kBTe> = 3¢Uev (XVIL1)

where Uy = 3kpT./2e is the electron mean energy, we finally have:

4 e —
=4/=—VU.y . 3.297
Uth 3 e \% ( )

After substitution in (3.293), we obtain:

3 _
2 1 2 2 4
f< eU@V) = ( 3me ) exp <_ﬂ ﬂ) . (XVIL2)

Me (QW)% 2eU,y Me 3me

where:

3
26U€V 3 Me 21 3UeV
_ (3 oYV 2
f( me ) <4w e) o exp( 2Uev> (3.298)

eV

The ionisation frequency in terms of the reduced
energies U and U;

As a starting point, we have equation (3.301)

(oo}
3e  po 3 Uev
<Vi> =3 —3 a;o /(UeV — 51) UeV exp <—— —P
MeT Ue2V 2 Uev
Introducing the change of vai"iable required for the energies to be normalised
to the average energy (so-called reduced energies):

) AU,y . (3.301)

30U,y 3 &
SV g 28y 3.302
20, 20 (3.302)
it follows that:
3 3 002 — 2 - 2
() = 3, 5 Podio /— v (U—U) =Ty U exp (—U) = Uy did , (XVIL3)
mer g3, ) 3 3 3

from which:

(o}

8 3e _3
) = 55 poain U, / U —UNexp (—U)dU . (3.303)

U;
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Equation (3.309) expressed as a function of the reduced
energies U and U;

This equation reads:

3
2 2.405\ 2 4\ [ e s (3 & 3 &
SUpp [222) =2 = opo U2, [ 22 2 .
3 e”“( R ) (3) \/ mer “0P0 Pev (4Uev)eXp( 2Uev>

(3.309)
Since 3&;/2U.v = U;, we can write:
_ 2.405\? 2¢ a; 11
Uev (—) =9/ =5 U002 5t exp (XVIL4)
R MeT Do
and then:
1
-1 2 2e aiogé 2 152
Uu. * U;) = 1/ C R XVIL5
i (eXP Z) (2405)2 mer ( L4iPo )pO ’ ( )
—_————
<3

where u;po is the reduced ion mobility at 0°C, 1torr (note the reference
pressure here is 1 torr, rather than 760 torr).



Appendix XVIII

Propagation of an Electromagnetic
Plane Wave in a Plasma

and the Skin Depth

The propagation conditions of an electromagnetic (EM) wave in a plasma are
governed by the four Maxwell equations, namely:

1. The Maxwell-Faraday equation:

0B
VANE=—— 2.2
2, (22)
2. The Maxwell-Ampere equation:
OFE
V AB = pod + MQGOE R (23)
3. The Poisson (or Maxwell-Gauss) equation:
v.E=" (1.1)
€0
4. The Maxwell-Thomson equation:
V-B=0. (2.144)

Assuming that the plasma is neutral on the macroscopic scale (p = 0),
and for the case of a dielectric description of the plasma (Sect. 2.2.1), (2.3)
and (1.1) can be written, respectively:

V-E=0 (XVIIL1)

and: SE
VAB= /,LOGOEPE 5 (245)

where €, represents the complex permittivity of the plasma relative to vac-
uum. The equation for the propagation of the EM wave is obtained by con-
sidering the rotational of (2.2):

B
VAVAE:V(V-E)—AE:—WT?, (XVIIL2)
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452 XVIII Propagation of an EM plane wave and the skin depth
and then by taking account of (XVIIIL.1) and (2.45):

2
E
AE = MOE()Gp%? . (XVIII?))

In the simple case of a plane EM wave (in the z,y plane) with angular
frequency w and propagating along the Oz axis, the electric field E can be
written in the form:

E = Egel@t=F=2) | (XVIIL4)

where k., the complex component along Oz of k, the propagation vector
(wavenumber??), can be written:

k. =8 +ia. (XVIIL5)

Then from (XVIIIL.3) in Cartesian coordinates, we obtain the dispersion equa-
tion of a plane wave in an infinite homogeneous medium:

2
k2 = poeow?e, = €, (%) ) (XVIIL.6)

where c is the speed of light in vacuum. In the general case, the permittivity
€p of the plasma relative to vacuum can be written:

o

=14 — 2.40

€p + iWEO ’ ( )

or, taking account of the electric conductivity o of electrons (2.39):

2
w

=1-—F— 2.41

r w(w —iv) (241)

From (XVIIT.4) and (XVIIL5)), the electric field can be expressed as:
E = Eyel@t=F2)eaz (XVIIL7)

which shows that the propagation of the wave is governed by 3, the real part
of k., while its attenuation is governed by «, the imaginary part of k,. If
k. is strictly real (a = 0), the wave propagates without any attenuation; if
k. includes a negative imaginary part (o < 0), the wave is attenuated (a
positive « value (o > 0) would correspond to an amplification of the wave,
which cannot be considered here as an acceptable physical solution). In the
case of wave attenuation (a < 0), the characteristic penetration depth J. of
the HF field in the plasma is defined as the distance over which the field
intensity of the plane EM wave reduces to 1/e (e is used exceptionally here
for the base of the natural logarithm) of its initial value, i.e.:

I S S ()
= 5h) = a %< 1/2) : (XVIIL8)

—€p
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The calculation of the skin depth can then be performed in a simple way for
two particular cases:

Non-collisional plasmas: v < w

In this case (v < w), the value of the plasma permittivity (2.41), to a first
approximation, is purely real:

w2

6=1- "1 (XVIIL9)

If the value of the permittivity is positive (wpe < w), the wavenumber k,
is purely real (k, = ) and the wave propagates without attenuation. If
the value of the permittivity is negative (wpe > w), the wavenumber k, is
totally imaginary (k. = ia) and the wave cannot propagate in the plasma.
In this latter case, the EM wave is reflected by the plasma (the plasma can
be considered as a highly conductive medium) at the same time that there
is attenuation of the HF field in the plasma along the z axis, related to the
skin depth obtained from (XVIIL.8):
c c

—_—~ XVIIL.10
= e VIO

0c =
Remark: The transition from the condition of propagation to that of no
propagation of the EM plane wave (wave propagation cut-off) in a non-
collisional plasma is obtained for the singular value ¢, = 0 (or k, = 0)
resulting from the equality wp. = w. The corresponding electron density n.,
the so-called critical density above which there is no propagation of a plane
wave in a non-collisional plasma, is given by:

2
ne = % . (XVIIL11)

Collisional plasmas: v > w

In this opposite case (v > w), the plasma permittivity of a high density
plasma (wpe > w) can be obtained from (2.41) as:

iw? iw?
e =1— e o e (XVIIL12)
vw vw

The complex square root of €, that corresponds to a physical solution for &,
can be written as:
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5 \ 1/2
w
1/2 : e
e/? ~ (1-1) (ﬁ) : (XVIIIL.13)
From (XVIIL.8), the skin depth then takes the form:
9\ 1/2
f R (—”) , (XVIIL14)
Wpe \ W

which, this time, depends on the collision frequency v of the electrons and the
angular frequency w of the HF field. The wavenumber, derived from (XVIIL.6)
and (XVIIL.14), can be expressed in the form:

1
=5
which implies that, in a high density collisional plasma (wp. and v > w), the

EM wave can propagate over a distance equal to the skin depth even though
Wpe > W.

k.

Remark: The electric conductivity of electrons:

2
Pe (2.39)

B me(v + iw)
in a collisional plasma (v > w), takes the purely real value:
2
<. (XVIII.15)

meV

o =

In this case, the skin depth (XVIIL.14) can be written in the form:

9 1/2
5, = ( ) , (XVIIL16)
owio

which is an expression that exactly corresponds to the well-known penetration
depth formula of a plane wave in metallic conductors.



Appendix XIX
Surface-Wave Plasmas (SWP)

This class of HF plasma has played a determining role in the understanding
and modelling of the plasmas generated by RF and microwave fields, and
even for the positive column of DC discharges. This is due, on one hand, to
the great flexibility of the operating conditions for SWP and, on the other
hand, to their intrinsic properties. The following brief overview of SWP will
aid the reader to better comprehend how some of the results presented in
Chap. 4 have been obtained.

Figure XIX.1 shows schematically the way in which an SWP is generated
in a cylindrical dielectric tube (planar or flat SWPs can also be created).
Note that the HF field applicator, in this case a wave launcher, covers only
a small length of the plasma column which is produced. This is because the
discharge is sustained, at each point along the column, by the propagation
of an electromagnetic (EM) wave, which is excited from the launching gap
(typically a few mm wide) of the field applicator. The propagating medium
of the wave consists of the plasma, the dielectric tube containing it, the
air surrounding the tube and, in some cases, a hollow cylindrical conductor
enclosing the whole system and coaxial to it. The EM wave is referred to as
a surface wave, because the intensity of its field E is a maximum, radially, at
the plasma-tube interface of the discharge, such that the wave seems to cling
to the discharge tube and, in fact should the case arise, follows the variations
in its diameter and curvature, if they are not too abrupt.

A surface wave is excited in both the forward and backward directions
from the launching gap, as shown in Fig. XIX.1. With some types of launchers
(for example, a surfaguide), the forward column is symmetric to the back-
ward column, with respect to the gap, while in contrast, with some other
launchers (for example, a surfatron), the plasma is almost exclusively that of
the forward column. The power flow P(z) emerging from the launching gap
attenuates along the discharge vessel as the wave transfers its energy to the
gas in the discharge that it creates.

One particular property of SWP is that the power lost by the wave
dP(z)/dz between z and z + dz is absorbed by the discharge over the same
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Fig. XIX.1 Schematic of the principle of formation of a plasma column generated by
an electromagnetic surface wave in a dielectric tube, from the launching gap of a field
applicator.

axial range z and z + dz (this is not true of HF plasmas in general), which
simplifies the modelling.

The result of the progressive reduction in power flow P(z) from the launch-
ing gap is a decrease, usually linear, in the electron density, as shown in Fig.
XIX.2. In this figure, we further note that the slope of the curves becomes
steeper as the wave frequency increases. In the low pressure case (v/w < 1),
the wave ceases to propagate, and hence does not maintain a discharge, when
n. is below a certain value'®”, while in the high pressure case, the wave ceases
to propagate when the power flow is no longer sufficient to maintain the dis-
charge, which determines, in both cases, the end of the plasma column.

Another remarkable property of SWPs, at least at pressures much below
atmospheric pressure, is that an increase in the HF power delivered to the field
applicator produces an increase in the length of the plasma column, without
modifying the pre-existing segment of plasma with respect to the end of the
column, this plasma segment being simply pushed away as a whole from
the launching gap. Figure XIX.2 at 100 MHz is a good illustration of this
behaviour of SWPs. The arrow indicating 36 W represents the axial position
occupied by the applicator with respect to the end of the column (z ~ 0)
and we can see, as noted above, that the segment of the plasma column is
not modified when the HF power is increased to 58 W. The average electron
density n. across a radial section of the plasma:

R
1
Me(2) = ) /ne(r, z) 2mrdr (XIX.1)
0

189 The minimum value of fie in this case is fie ~ 1.2 x 10*(1 + €,) f? (cm™3) where €,is
the relative permittivity of the discharge tube (for example, 3.78 for fused silica) and f is
the wave frequency, expressed in MHz.
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of the additional segment is higher, but its gradient d7n./dz remains the same.
Note that, for a frequency of 27 MHz and a pressure of 30 mtorr (4 Pa), the
plasma column in argon extends to 4.5 m with less than 40 W transmitted to
the surfatron.

T T T T T T T T T
1.5 j 58 W t
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g 1.0 B
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Fig. XIX.2 Axial distribution of the electron density observed along a plasma column,
produced by a surface wave, at different excitation frequencies (tube radius R = 6.4 cm in
free air, surfatron, argon 30 mtorr).

Figure XIX.3 shows that the value of n, and its gradient dn./dz increase
as the tube diameter is increased. This property is true for plasmas from
atmospheric pressure (Fig. XIX.3) down to a few mtorr, and is related to
the axial variation of the attenuation coefficient a of the surface wave [25].
This emphasises the fact that, given a plasma column along which 7. and
P(z) vary, we are able to perform a self-consistent study of the wave and
plasma properties at each axial position z, without the need to modify the
operating conditions. Having access to such a tremendous amount of data
(from experiment and model) is another important and unique feature of
SWP.

The range of possible operating conditions is the largest of all HF plas-
mas, and this makes it an instrument of choice for modelling, allowing ready
comparison between experiment and theory, during which only one operating
parameter can be modified at a time. As a matter of fact, it is possible to
create these plasmas at frequencies from as low as 150kHz to at least 2.45
GHz'°, producing a surface wave with the same azimuthal symmetry, i.e. the
same EM configuration; we believe that this is not possible with any other

190 SWPs have been achieved at 40 GHz. However, it is not clear whether the discharge
was sustained on the m = 0 (azimuthally symmetric) surface wave mode [40].
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type of HF discharges, since it would require changing the tube diameter or
the type of field applicator, i.e. the EM field configuration, to cover such a
large frequency domain. The range of pressures can extend from a few mtorr
(much less even, in the presence of a confining magnetic field at ECR) up to
at least 7 times atmospheric pressure, which we have been able to achieve,
with the same EM field configuration. The diameter of the discharge tubes
can range from less than 1 mm, up to 300 mm, for frequencies that are not
too high (some restrictions apply, in effect, to the maximum discharge diam-
eter, to avoid higher EM modes of the surface wave when the wave frequency
is increased [18]. Due to this extreme adaptability of the operating condi-
tions, we can say that the main application of SWPs is the modelling of HF
plasmas, although there are now numerous industrial applications of SWPs.
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Fig. XIX.3 Axial distribution of the average electron density across a section of the
discharge tube, for two values of internal radius (3 and 6 mm) in a neon plasma at 915 MHz,
at atmospheric pressure.
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Useful Integrals and Expressions for
the Differential Operators in Various

Coordinate Systems

Useful integrals

I' Function

I'(z) = /tz_le_t dt, R(z)>0
0

For z = n, where n is an integer:
I'n)=Mn-1)!, I'h+1)=nl(n).

Noteworthy values for the I" function:

P e r(2) (D)=L e,

Other integrals

/ eV dy = /7
¥ 2
E(n) = /e_‘” 2" dz a>0,
—0o0
E(n)=0 for n odd,
7 I (nfl
En)=2 [ e ™ a"de = () for n even.
(*5%)
a 2
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460 XX Useful integrals and expressions for the differential operators

Noteworthy values

E(n) = %I’ (n—2&— 1) a T,

E(0) = %F (%) a = ?a_% ., E)=:I'(l)a'= %a‘l :
E(2) = %F (g) a ? = gcf% , E(R3)==-I'(2)a?= la*Q,
E(4) = %F (;) a3 = 3‘?53 ., EG)==I'(3)a’=a""?

Expression for the differential operators in an arbitrary
coordinate system (orthogonal, rectilinear and
curvilinear coordinates)

If 2%, 22 and 2® are the system coordinates and eg, e, and ez are the (lo-
cal) scale factors, we can express the differential operators in the following
manner:

- The gradient
1 1 1
V = (—31, — 0y, —83) , (XX.4)
() €:
where 9; = §/0x".

- The curl of a vector

1 1
VANA= (—(8263143 — (9362142), —(8361141 — 8163143),
€2€3 €3€1
1
—(0162/12 - 8261A1)> . (XX5)
€1€2

- The divergence of a vector

V- A= (6162€3A1 + Oge3e1 Ay + 838162A3) . (XX6)

€1€2€3
- The Laplacian of a scalar

1
Aj = (81%81¢+a2@32¢+83@53¢) XX
ei1eses el €2 €3
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The Laplacian of a vector in Cartesian coordinates

AA = AAé + Adoéy + AAyey . (XX.8)

Quite generally:
AA=V(V-A)—VAVAA. (XX.9)

These operators have the following properties:

- The curl of a gradient is zero

(0205 — 0502) =0,
(XX.10)

1 1 1
(V A V¢)1 = — <8263—33(]5 — 6362—82¢> =
(43 €9

1
€2€3 €2€3

and similarly for the two other components.
- The divergence of the curl of a vector is zero

(V-VANA)=

1
(316262 ——(0ze3A43 — O3e2A5)
€2€3

€1€2€3

1 1
+ 326361—(8361141 — 8163143) + 836162—(8162A2 — 8261141)) = 0 .
€3eq €1€2
(XX.11)

- The divergence of the gradient of a scalar is equal to the Laplacian

1
V.V = (81626381¢+32636162¢+33616233>¢A¢.
e1€2€3 e €2 €3
(XX.12)
Curvilinear, orthogonal, coordinate systems
and scale factors
Cartesian coordinates
The variables are z! = z, 22 = y and 2> = 2 and the scale factors are
ep =ey =e3=1. 5 5 5
¢ ¢ N
vo=26, + L + L. XX.13
©= e Tyt aC (XX.13)
v.oa- + 04, + 04, (XX.14)

or dy 0z

A A (6/12 - aAy>ém+ <8Az - aAz)éer <%_ 8Az)éz

dy 0z 0z ox or oy
(XX.15)
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0%¢ 82¢ 0%¢
A0=oztor T o

(XX.16)

0?A,  O*A,  0%AL) . 9?A, 0?4,
AA_<8x2 +(“)y2 +Bz2>ex+<ax2 +8y2
n 0?A, N 0?A, N 9?4
ox? Oy? 9.2 ) &

(A-V)B =

Cylindrical coordinates

The variables are z!

es =71, e3=1. 5 5

¢ 199,
or ety
19(r4,)
r Or

V¢: 0+_ez

r 80 0z
104y O0A,
_|_

VA= r 00 | 0z

V/\A:<18AZ_%>A (aA,. DA,

r 90 0z 9z or
1 (6‘(rA3) B 0AT> ..

r or 00

10 ¢
A = r@r( 6r> +

10 o
r2 002  0z2

%A\ .
+ 022 ©

(XX.17)

(XX.18)

=r, 22 = 0 and 23 = z and the scale factors are e; = 1,

(XX.19)

(XX.20)

)er

(XX.21)

(XX.22)

(XX.23)
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(A-V)B = (AT% + #83% + Azaair AGTBQ) &
+ <Ar% + %8;;9 +A28£" + A‘QTBT> &9
LT SR I P

Spherical coordinates

The variables are z!

=7, 22 = 0 and 2> = ¢ and scale factors are e; = 1,
ex =71, e3 =rsinb.

V¢:8¢T+18¢ n 1 0¢.

or r 00 rsin @ %e@ (XX.25)
1 0(r?A,) 1 9(Apsinb) 1 0A
A- L 2 XX.2
v r2  Or + 7 sin 6 00 + rsinf dp ( 6)

rsin @

VAA— 1 (8(Ag,sm9) B %) 5 % (L@AT B 8(7&4@)) &

00 Op sinf Oy or
+ % <8(ng) - aaér) &, (XX.27)
A¢_7}2§< gf>+rgslln989<i gﬁ%@?jﬁ (XX.28)
+ (AA«; -3 iﬁg rRi fm 088—?; j 2?5209%> 6, (XX.29)
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0B, Ay 0B, A, 0B, AygBy + A,B R
A-V)B=|A,—+ — £ T = ¥@
(4-V) < " or + r 06  rsinf Oy )er

r

or r 00  rsin@ Op T

+ <A,.@ + Ag0By A, 0By  A¢B, AyB, cot@) &
r

0B, Ay 0B A, 0B, A,B, A,Bjcotf) .
4,880 L 2608 ¢ @ ® ¢
N < or i r 00  rsinf Oy T r * ) ?

r

(XX.30)
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Anisotropic etching, 345 diagram, 396
Anomalous diffusion, 253 equation, 207
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Approximation Cartesian coordinates, 461
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cold plasma, 63, 110 frame, 45
congruence, 262 Characteristic equation, 255
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guiding centre, 135 Chemical erosion, 10
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effective diffusion, 265 logarithm, 407
energy transfer, 43 Critical density, 453
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saturation of intermediate states, 415 collision, 58
two-step ionisation, 67, 415 macroscopic
Cold cathode total, 50
discharge, 339 microscopic, 405
Cold plasma, 4, 24, 26, 204, 241 differential, 44
approximation, 63, 110 scattering, 44
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binary, 397 Curl, 460
cross-section, 58 vector, 426
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frequency, 55, 221, 222 radius, 437
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mean free path, 56 frequency, 114, 115, 117
of the second kind, 18 resonance, 117, 134, 165, 169, 321
operator, 207 Cylindrical coordinates, 462
superelastic, 18, 33
Collisional Debye
drift velocity, 122 length, 2, 27, 29
plasma, 453 Degree of ionisation, 4
recombination, 19 Density
Column critical, 453
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Complete thermal equilibrium, 19 probability, 211
Compression Deposition, 10
adiabatic, 445 Depth
Conduction current, 111 skin, 451
Conductivity Description
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kinetic, 221 dielectric, 112
Lorentz, 221, 245 Detachment
thermal, 235 electron, 35
Confinement Detoxification, 9
inertial, 5 Diamagnetic field, 117
magnetic, 5 Diamond
Congruence approximation, 262 polycrystalline, 11
Conservation equation, 37, 67 Dielectric description, 112
Conservation of particles Diffuse
equation, 226 discharge, 372
Continuity equation, 226 Diffusion, 245
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discharge, 374, 378 coefficient, 64
Contraction, 370, 372, 376 effective, 265
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force, 34 Direct
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Direct current
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Direct current regime, 360
Discharge
afterglow, 11
cold cathode, 339
contracted, 374, 378
diffuse, 372
direct current, 337
electric, 3, 337
flowing, 11
high frequency, 16
low frequency, 15
luminous, 372
Displacement current, 113
Display panel
plasma, 13
Dissociative
recombination, 35, 65
Dissociative recombination, 353
Distribution
Druyvesteyn, 390
Maxwell-Boltzmann, 19, 387
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Distribution function
relaxation operator, 208
separable, 216
single-point, 211, 212
two-point, 213
velocity, 206, 222, 387
Divergence, 460
vector, 425
Drift
collisional velocity, 122
electric, 341
electric motion, 120
electric velocity, 121
magnetic, 148, 435
magnetic curvature, 153
magnetic velocity, 151
velocity, 247
Druyvesteyn distribution, 390

Effective conductivity, 351
Einstein
relation, 252
Elastic collision, 33, 39, 42
integral, 207
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discharge, 3, 337
drift, 341
drift motion, 120
drift velocity, 121
Electrical conductivity, 111

Electron
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density, 17
detachment, 35
plasma frequency, 23

Electrostatic approximation, 219
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photon, 19
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balance equation, 234
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ionisation, 4
transfer, 36
transfer coefficient, 43
transfer frequency, 356
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Boltzmann, 207
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Poisson, 2, 25, 29, 451
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scalar approximation, 243
Excitation coefficient, 355
Excursion parameter, 322
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Field
ambipolar, 272
applicator, 16, 338
applied, 343
diamagnetic, 117
maintenance, 343
space charge, 23, 25
Fields
parallel, 125
perpendicular, 123
Filamentation, 370
Floating potential, 288
Flowing discharge, 11
Flux
random, 389
Fokker-Planck
equation, 208
Force
Coulomb, 34
kinetic pressure, 229
Lorentz, 103
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centre of mass, 45
Frenet, 437
laboratory, 44
Free fall, 274
Frenet
frame, 437
relation, 437
Frequency
characteristic, for diffusion loss, 255
collision, 55, 221, 222
cyclotron, 114
electron plasma, 23
ionisation, 415
microscopic collision, 222
Function
Legendre, 441
partition, 393

Glow regime, 13
Gradient, 460
scalar, 425
Group velocity, 26
Guiding centre, 116
approximation, 135
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Harmonics
spherical, 441

HF discharge
approximation, 111

High frequency
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High-pressure

HF sustained plasma, 369
Hydrodynamic equation

closure, 241
Hydrodynamic model, 101, 203
Hydrodynamic quantity, 215

Impact parameter, 40, 397, 404
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Independent variables, 37
Inductively coupled plasma, 344
Inelastic
collision, 33
Inertial confinement, 5
Integral
elastic collision, 207
Interaction
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plane, 40
strong, 205
weak, 205
Invariant
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population, 8
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negative source, 14
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propulsion thrusters, 14
sheath, 285
sources, 14
Tonisation
coefficient, 278
degree of, 4
direct, 66
energy, 4
equilibrium, 84
frequency, 415
multi-step, 259
Penning, 383
potential, 59
steps, 66
threshold, 59
two steps, 353
two-step
coefficient, 415
Tonised
gas, 4
Ionospheric layers, 7
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Isothermal
approximation, 241

Joule
heating effect, 204

Kinetic
conductivity, 221
energy

average, 389
equation, 104
mean, 216
model, 102
pressure
force, 229
tensor, 216
transport equation, 443

Laboratory frame, 44
Lagrange

description, 233
Langevin

equation, 234, 311
Laplacian, 460

scalar, 426

vector, 426
Larmor

radius, 116
Laser pumping, 8
Law

Boltzmann, 20

Planck, 20
Legendre

function, 441

polynomial, 441
Lenard-Balescu

equation, 208
Length

Debye, 2, 27, 29
Lighting, 13
Linear mobility, 247
Lithography, 10
Local partial equilibrium, 22
Local thermal equilibrium, 21
Local uniformity

approximation, 135
Lochsmidt

number, 249
Long range

interaction, 1
Lorentz

conductivity, 221, 245

force, 103

plasma model, 205

Loss mechanism, 64, 341
Low-frequency discharge
approximation, 111

Luminous
discharge, 372

Magnetic

confinement, 5

mirror, 142

moment, 433

pressure, 159
Magnetic drift, 148, 435

curvature, 153

velocity, 151
Maintenance field, 343
Maxwell equation, 2, 138

curl, 102
Maxwell-Ampere

equation, 451
Maxwell-Boltzmann

distribution, 19, 387
Maxwell-Faraday

equation, 451
Maxwell-Gauss

equation, 451
Maxwell-Thomson

equation, 451
Mean free path, 58, 58

average, 411

collision, 56
Mean kinetic energy, 216
Mean velocity, 216
Micro-reversibility, 18
Microscopic model, 102
Microscopic scaling law, 359
Microwave regime, 360
Mirror

magnetic, 142

ratio, 145
Mobility, 246

linear, 247

reduced, 249

tensor, 248
Model

hydrodynamic, 203

self-consistent, 101
Moment

magnetic, 433
Momentum exchange, 36
Multi-photonic effect, 16
Multi-step ionisation, 259
Mutual

neutralisation, 35

recombination, 65

475
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Natural oscillation frequency
of electrons, 23
Navier-Stokes
equation, 234
Negative ion
source, 14
Neutralisation
mutual, 35
Non-collisional
plasma, 453
Non-ideal plasma, 32
Normalisation condition, 216, 387, 390

Onsager

relation, 302
Operating condition, 282, 361
Orbital

magnetic moment, 136

Parallel fields, 125
Particle transport, 226
Partition function, 393
Penetration depth, 345
Penning
ionisation, 383
Permittivity, 112
Perpendicular fields, 123
Photon
absorption, 19
emission, 19
Physico-chemical
transformation, 10
Planck
law, 20
Plane wave, 451
Plasma, 4
applications, 5
atmospheric pressure, 376
chemistry, 9
cold, 4, 204, 241
collisional, 453
display panel, 13
high-pressure HF sustained, 369
inductively coupled, 344
Lorentz, 205
non-collisional, 453
non-ideal, 32
operating condition, 282
potential, 283
remote, 11
surface-wave, 455
two-temperature, 22
warm, 205, 241

Index

Poisson

equation, 2, 25, 29, 79, 451
Polarisation current, 162
Polycrystalline diamond, 11
Polynomial

Legendre, 441
Population inversion, 8
Positive column, 339
Positive ion

source, 14
Potential

floating, 288

ionisation, 59
Power

absorbed per electron, 341

lost per electron, 340
Pre-sheath, 285
Pressure

reduced, 52
Probability density

of presence, 211
Proportionality

condition, 262

Radiation

black body, 20
Radiative recombination, 35
Radius

of curvature, 153, 437
Ramsauer

minimum, 56
Reaction coefficient, 36, 63
Recombination

collisional, 19

dissociative, 35, 65, 353

mutual, 65

radiative, 35

three-body, 64
Reduced mass, 39
Reduced pressure, 52
Relation

adiabatic, 243
Relaxation operator

distribution function, 208
Remote plasma, 11
Reversible processes, 18

Saha

equation, 20, 393
Saturation

of relay states, 353
Scalar

gradient, 425
Laplacian, 426
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Scaling law, 275
Scattering

angle, 40, 397, 399

centre, 44

microscopic cross-section, 44
Schottky

condition, 276
Screening effect, 27
Self-consistent model, 101
Sheath, 27, 283

boundary, 284

ion, 285

thickness, 284
Single trajectory model, 101
Single-point

distribution function, 211, 212
Skin depth, 451
Skin effect, 344
Solar wind, 7
Space-charge field, 23, 25, 78
Specific heat ratio, 26
Speed

average, 389

mean square, 389

most probable, 388
Spherical

coordinates, 463

harmonics, 441
Sputtering, 10
State

intermediate, 413

saturation coefficient, 415

Steenbeck

approximation, 279
Sterilisation, 11
Strong interaction, 205
Superelastic

collision, 18, 33
Surface

cleaning, 10

treatment, 10
Surface-wave plasma, 455

Temperature, 17, 53
Tensor, 417, 421
operator, 419, 421

477

product, 418, 422
Termonuclear fusion, 5
Thermal conductivity, 235
Thermal energy

flux tensor, 238
Thermodynamic

equilibrium, 18, 21

system, 4
Three-body

recombination, 64
Threshold

ionisation, 59
Total derivative, 233
Transfer of charge, 60

resonant, 61
Transport

particle, 226
Transport equation

closure, 240

kinetic pressure tensor, 237
Two steps ionisation, 353
Two-point

distribution function, 213
Two-temperature plasma, 22

Vector
curl, 426
divergence, 425
flux, 235
Laplacian, 426
product, 421
Velocity
Bohm, 287
distribution, 19, 387
distribution function, 206, 222
drift, 247
ion acoustic, 287
mean, 216
von Engel
approximation, 279

Warm plasma
approximation, 205, 241

Wavenumber, 26, 452

Weak interaction, 205
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