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Preface

Electric glow discharges (glows) can be found almost everywhere, from atmospheric
electricity to modern plasma technologies, and have long been the object of research.
They are described in a number of monographs written by the leading scientists.
Although those books have a well-deserved popularity, the fundamental founda-
tions are mainly described on the basis of a fluid (hydrodynamic) approximation. In
that approach the electron distribution function (EDF) depends on the local plasma
parameters at a given point of space in a given time. However, under conditions of a
gas-discharge plasma, the EDF is usually strongly non-equilibrium and the fluid
approximation often cannot describe some important phenomena and processes
even qualitatively.

The appropriate approach for describing such highly non-equilibrium systems
and phenomena is physical kinetics. In recent years, work in this area has progressed
rapidly and a self-consistent kinetic description of the simplest glow discharges has
become possible. The information about that approach is scattered across many
articles and reviews. The main purpose of this book is to provide simple illustrations
of the basic physical mechanisms and principles that determine the properties of
those categories of discharges and to enable readers to explore modern literature and
successfully participate in scientific and technical progress.
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Symbols and abbreviations

a the first Townsend coefficient

% secondary electron yield

Ya apparent secondary electron yield

7a secondary electron yield from atoms

Yot the effective secondary electron yield
double ratio of electron and atom masses

O small perturbation of a certain value

£ total electron energy

&) ionization degradation energy

€1 the first excitation potential of an atom

& ionization efficiency

& fast electron energy

£ the first ionization potential of an atom

Em energy of maximum F

Egt Stoletov constant

n ionization energy parameter

In A Coulomb logarithm

A diffusion length

A¢ CF fast electrons range

A electron mean-free path

Acs characteristic scale of decay of fast electrons

A ion mean-free path

Ae elastic electron energy relaxation path

Ad inelastic electron energy relaxation path

AE electron energy relaxation length in electric field

A% microwave wave length

Aid ionization length

u electron multiplication coefficient

v electron collision frequency

v* inelastic electron-atomic frequency

Y direct ionization
electron-atomic frequency

Via ion—atom collision frequency

o; ionization cross-section

T, energy relaxation characteristic time

Taf electron diffusion time

Te electron loss time

T ion drift time to anode

(™ time for instability evolution in Townsend discharge

D electron energy differential flux

D, voltage drop across plasma

Dy, voltage drop over sheath

Dy, voltage drop between plasma axis and wall

@ plasma space potential

o anode potential

Q solid angle

Q frequency of perturbation
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electron mobility
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electron free diffusion coefficient

electron ambipolar diffusion coefficient
electron energy diffusion coefficient
cathode sheath thickness (also dj, d)
electric field

electric field along discharge axis

radial electric field

electromotive force, EMF

direct current (dc) electric field

amplitude of ac electric field

effective electric field

critical electric field for runaway electrons
Stoletov constant corresponding electric field
electron charge

local EDF

electron retarding force

isotropic part of EDF

directed part of EDF

=je() /jemit (0)

function connecting a/p and E/p (see equations (2.4) and (2.5))
radiation intensity

discharge current

ionization rate

electron current to and from cathode
density of electron current

current density on the cathode

normal current density

current emitted from cathode

primary electron current density in the near-cathode region
density of ion current

density flux of fast electrons

total current density, j, + j;

discharge gap length

length of FDS

length of NG

length of PC

loss function

electron multiplication coefficient in discharge gap
electron mass

density of atoms

plasma density

density of electrons
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electron temperature

gas temperature
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electron speed

average electron speed

ion drift speed

electron drift speed
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sheath voltage

potential drop across cathode
breakdown voltage

cathode potential drop
kinetic electron energy

axis along discharge

plasma density point of maximum
ion charge number
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Chapter 1

Introduction

Electric discharges with a relatively low contribution of power and weak current are
usually referred to as glow discharges or glows. The glows have different forms, are
characterized by the frequency of the supply voltage, the size and the shape of the
electrodes and discharge volumes, and the composition and pressure of gas fillings.
The golden age of physics of gas discharges has been associated with the names of J J
Thomson, Townsend, Langmuir, von Engel, Steinbeck, Druyvesteyn and others and
has been marked by such fundamental achievements as discoveries of electrons and
x-rays, development of spectral analysis, etc. Those achievements have established
the foundation of modern physics. At present, in order to study the fundamental
laws of nature, other methods are used. But the applied importance of processes in
gas discharges has immeasurably increased. In this regard, there is an important
need to be able to create gas-discharge devices with predefined properties and
parameters. To do that, we need to have a deep understanding of the physical
processes in the discharges.

Up to now considerable progress has been made in understanding the kinetics of
discharges. It is now possible to obtain characteristics of the simplest types of
discharges from ‘first principles’. The most clearly kinetic phenomena have
manifested in weak-current discharges of low and medium pressure. In such
discharges, plasma is very far from thermodynamical equilibrium. The external
energy in the discharge mainly goes primarily to electrons. Transferring it from
electrons to heavy plasma particles is usually, for some reason, difficult and the
removal of energy from heavy particles, especially at low pressures, occurs relatively
quickly. As a result, in the discharges, the most non-equilibrium part is the electron
component, so for its description the kinetic analysis is really necessary. Logical
development of this area of physics inevitably leads to the fact that the description of
the discharges becomes the kinetic one.

To understand physics and technology at the modern level, it is necessary to be
well versed in this field. Recently, work in this direction has been developing

doi:10.1088/978-1-64327-060-9ch1 1-1 © Morgan & Claypool Publishers 2018
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intensively, and although, in our opinion, only the first steps have been taken, a self-
consistent kinetic description of the simplest glow discharges has became possible.
However, this information has been scattered across numerous articles and reviews.

The purpose of this book is to illustrate the basic physical mechanisms and
principles of the glows, enabling readers to study the modern literature and
successfully participate in scientific and technical progress. There are a number of
excellent textbooks and monographs on the physics and phenomenological descrip-
tion of gas discharges of various types. Among them are the book by Lieberman and
Lichtenberg [1], a series of books by Raizer and co-workers [2-4], Biberman’s book
[5], the books of Chen [6], Smirnov [7] and others. We can also mention a recent
review [8]. The nature of the present book (as well as books [9, 10], which are
published in Russian only) and its main difference from the above publications are,
first of all, in its deeper kinetic level of description of the glow discharges. That
allows us to describe glows in a single and much more precise manner of the basic
properties of the discharges. All of the the development of modern physics of
discharges contributes to the deepening and development of a more accurate
primarily kinetic description. This gives the possibility to adequately describe these
objects quantitatively, which is extremely important for numerous technical
applications. Reading this book assumes acquaintance with one of the above
monographs, as well as some knowledge of charge particle kinetics in gas-discharge
plasmas (for example, book [11] and reviews about non-local electron kinetics
[12-14]) and mathematics at the level of a standard university course.

This book is structured as follows. The second chapter of the book discusses
ionization in the electric fields. The electrons and ions may be generated in the gas
volume by ionization, whose intensity strongly depends on the field. In the weak field
there is no, or not enough, generation of charged particles to have self-sustained
discharge. Townsend established experimentally the ionization relationships and
introduced the key ionization characteristic (the first Townsend coefficient). The
chapter concludes with a brief discussion of the differences of ionization in low and
high electric fields, including the influence of runaway electrons. The ionization in
the strong field may be essentially non-local and the concept of the first Townsend
coefficient may not be applicable.

The third chapter is devoted to the description of the microwave breakdown,
which is a more simple case with respect to the dc breakdown. In this case diffusion
of electrons to the volume walls may be important. The breakdown behavior may
depend on the wave frequency w. Application to the discharge gap of even a small dc
electric field may also change the breakdown properties.

In chapter 4 the description of the dc breakdown is provided, the second
Townsend coefficient is introduced and the Paschen curve is discussed. It is
demonstrated that the breakdown on the right-hand side of the Paschen curve is
in good agreement with the local theory. At the same time, the left-hand side of the
Paschen curve can occur due to essentially non-local processes, since in this case the
breakdown occurs in strong electric fields. This chapter discusses the relationship
and the difference between the breakdown of Townsend [15], formulated for the
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breakdown of a direct current, and the Brown’s criterion [16] for the breakdown in
microwave fields.

The general structure of a discharge between cold electrodes is described in
chapter 5. Most discharge laboratory experiments have been conducted in long
cylindrical tubes. In this section the /V-traces and axial structures are discussed. A
typical discharge has a number of areas like the Faraday dark space (FDS), negative
glow (NGQG), and positive column (PC). Some of them may be absent (like PC).

In chapter 6 we consider the Townsend discharge, in which the effect of the space
charge is negligible, and conditions for the applicability of the traditional hydro-
dynamic approximation are discussed. It turns out that for the discharge on the right
branch of the Paschen curve we apply a local approach in which ionization is
approximated using the first Townsend coefficient @, which depends on the local
value of the electric field, while the effective coefficient for ion—electron emission y.¢r
is substantially reduced due to kinetic effects. As the discharge current rises, the
electric field distortion by the space charge begins to play a role and the Townsend
discharge on the right branch of the Paschen curve becomes unstable. The develop-
ment of this instability leads to the establishment of a mode of normal current
density. In this mode, ionization becomes non-local. The situation on the left branch
of the Paschen curve is different, The field is rather high and at mean free path an
electron acquires considerable energy. As a result, the phenomenon of runaway
electrons begins to play a substantial role. For its description a sequential Kinetic
analysis is required [17].

Chapter 7 is devoted to a description of a short (without positive column) dc
discharge. Since the positive column is not an obligatory discharge structure, this
allows us to consider only the most significant discharge phenomena (without which
the discharge cannot exist), that is, those phenomena that occur at the electrodes.
The cathode region of the discharge is essentially non-local. Attempts to describe it
in the hydrodynamic approximation are not allowed to simulate all phenomena
occurring in this region. Therefore, its description must be essentially kinetic. The
anode region still does not have a comprehensive and detailed explanation.

The positive column of a glow dc discharge is the most studied plasma object. Its
kinetic analysis is described in chapter 8. It turns out that the traditional hydro-
dynamic approach cannot adequately describe many important characteristics of
even this simplest object; only kinetic analysis allows us to explain these character-
istics consistently. At low and medium pressure, the EDF in the PC is non-local, i.e.
it does not factorize as a product of the electron density and a function of the
velocity, the form of which is determined by the local value of the axial electric field.
In the limiting case of low pressures there is a complete non-locality of the EDF and
it depends only on the total energy ¢ (the sum of the kinetic energy w and the
potential energy in the electric field —eg).

Sections 4.3, 7.3, 7.4 and 7.5 have been written by V Demidov and A Kudryavtsev.
The rest of the text has been written by A Kudryavtsev and C Yuan. Some important
issues connected to glows have not been considered in this book. These are detailed
electron kinetics, striations, discharges with hollow cathodes and some others which
the authors intend to discuss in separate publications.
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Chapter 2

Ionization in the electric field and the first
Townsend coefficient

When a neutral gas is ionized by an electric field, it becomes conductive. The
breakdown in the gas may ignite a stationary self-sustained discharge operating
independently of the presence or strength of the external ionizer [1]. The electrons
(and ions) are generated in the gas by ionization, whose intensity strongly depends
on the field. Charged particles escape the discharge volume via diffusion and drift to
the boundaries and electrodes, as well as via recombination and attachment in its
bulk. These escape mechanisms, however, are not so much dependent on the field.
The breakdown occurs only in the electric field exceeding a certain threshold value
specific to the particular conditions. The criterion for a breakdown (see chapter 4)
was formulated by Townsend as the rate equality of electron multiplication
by impact ionization and their loss, which must hold true at any point of the
discharge volume [2]. Since a gas breakdown may occur in an electromagnetic
field of any frequency w, the respective criterion is defined by the effective field
Eerr = (E()v)/(v2 + a)z)” 2 Ata given field E.g, the breakdown is usually identified
by comparing three characteristic lengths: the gap length L, the electron free path
A (or pressure p), and the electron oscillation amplitude A = (eEy)/[mo(? + o*)"?].
A change in the relationship among these parameters may modify the breakdown
pattern radically [1, 3, 4]. Various scenarios of the breakdown behavior have been
discussed in [1, 3, 5].

A breakdown is a very complex physical phenomenon. Its most important
component is the initial electron avalanche developing in the gas due to the ionization
by seed electrons under the action of an electric field. It is of little importance to the
ionization whether electrons are generated during a regular avalanche drift in a dc field
or they ‘tramp about’, oscillating at a high rate in an alternating field.

The key process in the production of charged particles is a direct ionization by
electron impact, whose rate is characterized by frequency v; = N(Vo;) [6], where () is

doi:10.1088/978-1-64327-060-9ch2 2-1 © Morgan & Claypool Publishers 2018
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the averaging over EDF, N is the density of atoms, V is the electron speed and o; is
the electron impact ionization cross-section.

Townsend carried out experiments for determining the ionization characteristics
and their interpretation [2]. In a sufficiently high field, every seed electron initiates an
avalanche; this is illustrated schematically in figure 2.1 for a dc field. If the electrons
drift at an average speed u, = b.F, their current density is j. = en.u., and a convenient
characteristic to describe the ionization evolution along the coordinate is the first
Townsend coefficient, « = v;/u. = v;/(b.E), equal to the number of ionization events
per electron per unit path length in the field E. The stationary electron balance
equations can be written as

0j./0x = aj., 0ng/ox = ane. 2.1

The ionization in a dc field grows exponentially (in an avalanche-like manner)
Je () (x = 0) = ne(x)/ne(x = 0) = exp(ax) = M(x), (2.2)

where M(x) is the electron multiplication coefficient in the gap.

In Townsend’s experiments, a chamber with plane-parallel electrodes with a
variable gap length L could be filled with different gases under controllable pressure
p. The current density j was uniform over the cross-section. A constant voltage U,
which could also be varied, was applied between the cathode and the anode. The
cathode was uniformly irradiated by ultraviolet light to knock out seed electrons
from its surface, which induced the primary electron current j.o in the near-cathode
region. When the voltage was raised gradually from a very small value, the circuit
current first rose and reached saturation when all emitted electrons hit the anode
(figure 2.2).

The fast current rise was due to the onset of avalanche multiplication of electrons.
A exponentially enhanced electron current was supplied to the anode, jo(L) = joo €xp
(aL) = jooM with M = M(x = L). Since the ion current at the anode is zero, the same

~~~~~ -_——
. e L N
_—gFH + + + - T == -
Q. ++ + + + _+ + _+__+—__—l—>
< o+ o+ - = -7 .5
S~k + o+ - -5
~t_ t 7 + T T
-3+ f 4+ 44 =7 b)

Figure 2.1. Schematic development of electron avalanche in the discharge gap between a negative cathode and
positive anode: avalanche multiplication of electrons (a) and diffusive divergence of the avalanche from one
electron (b). Electrons and ions are marked by pluses (+) and minuses (—), respectively.
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Figure 2.2. [V-trace (i — u) of non-self-sustained discharge. uy, is the breakdown voltage and i, is the
saturation current.

current goes through the entire circuit under stationary conditions and is the sum of
the electron and ion currents. Every electron emitted by the cathode produces in the
gap the [exp(aL) — 1] number of positive ions which all reach the cathode. So the
total cathode current is

j =je +‘]1 =jeO +je0(exp(aL) - 1) =je() exp(al‘) =je0M=j (23)

This current is not self-sustained: the discharge quenches when the external ionizer is
turned off (joo = 0). By measuring the current at different gap lengths L but at
constant U and p, one can find « as a function of E/p = Ul(pL) from the slope of the
curve Inj/j, = aL. Up to the breakdown (pL), value, the experimental relationships
In i(pL) at different E/p go along straight lines, as illustrated in figure 2.3. This fact
was interpreted by Townsend as a check of the ionization relationship (2.2).

A similar approach was employed to find the ionization coefficients for many gases
in various E/p ranges. The typical dependences are presented in figures 2.4 and 2.5 [5].
Reliable ways have also been suggested for finding the electron drift velocity [1, 7, 8].
Therefore, dc field experiments allow the measurement of a and u,, values, from which
the ionization frequency v; = a u, can be found. These values can also be used when the
ionization characteristics cannot be measured directly. For example, the a(E/p)
values for an effective field E = (Eo)/(v” + »?))""? can be used for an alternating field
of frequency w. Note that the EDF directly defines the ionization frequency v;, which is
the primary characteristic of the ionization process.

Semi-empirical formulas are widely used for approximation of a/p, which is a
function of Elp, alp = Z(Elp)

alp = Aexp(—Bp/E), (2.4

alp = C exp(—D(p/E)"?), 2.5)

The constants 4, B, C, and D for various gases are given in table 2.1.
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Figure 2.4. Ionization coefficient a/p in molecular gases.

By analogy with the spatial ionization parameter a = vi/b.E, we can introduce the
energy parameter 7(E/p) = alE = v;/(b.E”) to describe the ionization efficiency in a
uniform field. It is equal to the ratio of the ionization frequency to the Joule power
per electron (eb.E?) and gives the average number of ionization events performed by
an electron which has passed the potential difference of one volt in its drift motion.
From equation (2.2), we have M = exp(nU). It is sometimes more convenient to
describe the ionization in a dc field by using #, not a. Traditionally, the coefficient a
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Figure 2.5. Ionization coefficient a/p in noble gases.
Table 2.1. The constants 4, B, C, and D for various gases. From [1, 5].
Gas A, (cm Torr)™ B, V (cm Torr)™! Elp, V (cm Torr)™
He 3 34 20-100
Ne 4 100 100400
Ar 12 180 100-600
Kr 17 240 100-1000
Xe 26 350 200-800
Hg 20 370 200-600
H, 5 130 150-600
N> 8.8 375 27-200
Air 15 365 100-800
CO, 20 466 500-1000
H,0 13 290 150-1000
Gas C, (cm Torr)™! D, V%3 (cm Torr)™%° Elp, V (cm Torr)™
He 4.4 14 < 100
Ne 8.2 17 < 250
Ar 29.2 26.6 < 700
Kr 35.7 28.2 < 900
Xe 65.3 36.1 < 1200

is considered to be preferable because it can be easily measured in a dc field. The a
value, however, is defined by the product of pressure and a function of E/p, so it
varies with p at the same E/p values. In contrast, the coefficient #, or the ionization
efficiency

e(E/p) = eln, (2.6)

varies only with the E/p ratio and that may be more convenient.
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It is clear from the above experimental data (figures 2.4 and 2.5) and from
approximations (2.4) and (2.5) that the dependence of a/p (or n) on E/p consists of
two very different segments. The dependence is very strong at small E/p values but
weak at large E/p. The ‘saturation’ point of this relationship may be taken to be the
maximum value 7 = n,.. Roughly, this point separates two limiting cases: the
strong exponential dependence of a and # on the field and their approximately
constant values.

The qualitative difference in the behavior of an electron gas in high and low fields
can be explained as follows. If the energy of an electron injected into a low field is
less than the ionization potential, then, before inducing ionization, the average
electron must undergo many inelastic collisions and cover a distance much longer
than A5 ~ g/eE, where it gains energy ;. Since the ionization probability is primarily
determined by the exponentially small probability for the electron to overcome the
energy range ¢; — €1, the ionization efficiency €. = e/yy is much greater than ¢;, and the
ionization coefficients v; and a appear to be exponential functions of the local field
Elp. The strong exponential dependence of a/p (see, equations (2.4) and (2.5)) on Elp
means that the electron repeatedly gains energy from the field and loses it in elastic
and inelastic collisions before performing the ionization, whereas the probability of
gaining the ionization energy &; without losing it for excitation is exponentially
small. The energies of the majority of electrons are either lower than the first
ionization potential or only slightly higher. The elastic scattering at such energies
dominates, and the EDF is close to isotropic.

In a smoothly non-uniform field (the typical characteristic scale of field non-
uniformity in dc discharges is @~ '), the EDF is also local because the electron
repeatedly gains and loses energy along the path Ap ~ &/eE > a~! and eventually
acquires equilibrium with the external field before it becomes available for multi-
plication, i.e. before gaining the energy ¢; along the path a~'. For this reason, the
ionization coefficients along the exponential section of the a/p on E/p curve are
indeed the functions of the local field and can be calculated with a fairly good
accuracy. A large number of such calculations have been made using the electron
kinetic equation or direct Monte Carlo modeling. The ionization rate can be easily
computed within a local approximation, using, for example, the well-known
software packages Bolsig [9], Comsol Multiphysics [10] and others.

If the initial energy of an injected electron is much higher than £; and ¢, it is
capable of starting the ionization immediately, irrespective of the local field
strength. Before the EDF relaxes to its local field value, the electron may go a
long distance and induce a noticeable non-local ionization, which will greatly
exceed the local ionization at a particular local E/p ratio. For this reason in this
case, one should not use the field-dependent parameters v; and a even for a low
field. This happens, for example, when many electrons in a high field quickly
acquire energies above €. When going from a high field to a low field, they induce a
considerable non-local ionization, and its description with the coefficients v; and a
varying with the small local values of E/p would be incorrect. The EDF
calculations for high fields are unreliable. The accuracy of direct numerical
computations is often illusive because of the incomplete and often inaccurate
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cross-section data for elementary events, especially for their angular dependences;
besides, such computations are time-consuming and do not provide a clear
physical picture. In fact, this problem can be (although it has not been) solved
for atomic hydrogen (two-body problem), whose cross-sections in elementary
events are known fairly well.

A local description of the electron behavior in a high field is inapplicable because
of the runaway. As an electron gains energy from a high field, it has a non-zero
probability to go over to the runaway, when collisions have almost no effect on its
motion, making it practically free. A medium of even an infinite thickness would
then become transparent to such an electron. Note, that some electrons injected with
a low energy in a strong uniform dc field move practically freely and become
infinitely accelerated, experiencing no scattering or retardation. This reveals itself in
every gas having a specific critical field value E/p of order of 100 V (cm Torr)™,
above which an electron continuously gains energy in spite of its loss in inelastic
collisions. This fact is known experimentally [13].

A very approximate description of the effect may be made as follows. This effect
happens because the inelastic energetic electron energy loss per unit path or the loss
function

L(w) = Fw)/N 2.7)

has a maximum due to the fact that the respective cross-sections are limited and
decrease with energy (see figure 2.6). This maximal value, Fy,, normally lies in the
vicinity of the energy e, ~ 100 eV (see table 2.2). It is assumed here that energetic
electrons are retarded with thermal electrons in inter-electron collisions [11]. That
may be described as an action of a retarding force F, which is

Loss function .Z(w)

10»17

10 10? 10° 104
W(eV)

Figure 2.6. Energy-loss function L£(w) for the fast electrons in molecular hydrogen (1) and helium
(2). Calculation with Bethe-Bloch equation (2.9) for H, (3). Approximations 1.5 x 107> eV for He and
3 x 107" eV for H, (dashed lines). After [12].
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Table 2.2. Critical electric field, E../p (V (cm Torr)™"), for runaway electrons at some gases. After [1, 5].

Gas

Cathode material Air Ar He H, Hg Ne N, 0, CcO CO,

Al 280 130 162 216 318 150 233 - — -
Au 285 130 165 247 - 158 233 - - -
Bi 272 136 137 240 - - 210 - - -
C - - - 240 475 - - - 526 -
Hg - - 142 - 340 - 226 - - —
K 180 64 59 94 - 68 170 - 484 460
Na 200 — 80 185 - 75 178 - — -
W - - - - 305 125 - - - -
/n 277 119 143 184 - - 216 354 480 410
4
Fow) = 22 1 A (2.8)
w

for plasma [11] and similar

4
aNZe In ﬂ 2.9)

F(w) =
o) w 1

for a neutral gas (Bethe-Bloch formula [13, 14]). For average ionization energy an
expression / = 10Z eV may be used [13, 14].

If eE is larger than F,, from the equation for the energy variation along the
electron path it follows that E > E.. = F/e and all electrons are runaways. The E_./p
values for some gases are presented in table 2.2.

The uniform field strength for the transition to the runaway mode can, generally,
be roughly estimated as the field, at which the dependence of a/p on E/p (see,
equations (2.4) and (2.5)), reaches saturation (taking into account that such a
description is less applicable with the field increasing). This saturation means that
the electron is gaining the ionization energy practically without inelastic collisions.
Since the ionization energy is the only characteristic atomic energy scale, at least in
light gases, the electron will continue to gain energy with a large probability. The
EDF and, hence, all local ionization parameters will be defined by the voltage the
electron has passed, rather than by the local field. Therefore, it is more convenient
here to use the energy parameter 7, the more so as it tends to be constant at high
energies. Physically, it is clear that the # value must be small (with large &.) for
electrons with a low initial energy in a low field and become saturated at high fields.
This obscure fact that the approximations (2.4) and (2.5) give a peak in the n(E/p)
curve is additional evidence that the ionization characteristics are independent of the
local field in a high field, or in any field for high energy electrons. The approximation
of the a(E/p) function (2.4) yields the # maximum

1/n,,,, = (2.72B)/A, (2.10)
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Table 2.3. Ionization degradation energy and Stoletov constants for some gases. From [1, 5].

Gas &9, €V Elp, V (cm Torr)f1 £t = (a/E)minfl, eV
He 46 50 83
Ne 37 100 66
Ar 26 200 45
Kr 24 200 42
Xe 22 300 38
Hg - 200 80
H, 36 140 70
N, 37 350 75
0, 33 - -
CO, - 400 62
Air 36 365 66

which is attained in the field
(E/p)m = B. (2.11)

This point corresponds to the (E/p), values, at which the tangential to the
alp(Elp) curve goes through the origin [1]. The energy &5 = e/fjmax, Which has
the meaning of the minimum potential difference to be passed by an electron in the
field E,, prior to the ionization, was termed the Stoletov constant by Townsend.
Since v* > u;, the Stoletov constant is as large as several ionization potentials:
£t = eMmax = (3 — 4)g; (see table 2.3).

One can see that the value 2.72B/4 (equation (2.10)) fits the experimental data
well on gy. As the field rises further, there is only a slight . increase (a slow fall of the
ionizability 7). Note one more time, that # has no real physical meaning for high
fields.

Note that the &, value is close to, but not the same as, the energy of ionization
degradation, ¢y, which a fast electron of energy &; spends for the creation of an
electron—ion pair in full retardation. The number of ionization events in this case is
M = g leg. For energies e > 1 KeV, the g, value practically does not change and is
about two ionization potentials (&g &~ 2¢;). The values for the ionization degradation,
€0, are also given in table 2.3.

Thus, to find the ionization characteristics in a field lower than (E/p),,, one can
use the calculations or experimental measurements of the Townsend coefficient and
electron drift velocity in a dc field, which allow the ionization frequency to be found.
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Chapter 3

Microwave breakdown

The spatial distribution of ionization sources and the dominant mode of electron
removal (diffusion or directed drift in the field) vary with the field frequency range.
The limiting cases are microwave and dc breakdowns. We will consider in this
chapter the simpler case of microwave breakdown, when the field frequency is so
high that the electric field is reversed before the electron displacement due to the drift
becomes noticeable. Then the electron loss is due to diffusion and the emission by
the walls and electrodes is unimportant.

In microwave breakdown, the electrons and ions oscillate fast in the field without
touching the walls, so the interaction with a surface or emission by them are
normally of no importance. The electron avalanches are localized and develop at
each site independently. For example, at a typical microwave frequency of f = 3
GHz and field amplitude Ey = 500 V cm™", the amplitude of free electron oscillations
is .o/ = eEyl(mw?) = 2.5 x 1073 cm, which is much smaller than the characteristic
gap length L (from 1 to 10 cm). Since the electron oscillation amplitude is small, the
electron loss in a collisional mode (1 <« L) is defined by the diffusion to the walls.
The electrons are deposited there and recombine with incoming ions [1].

3.1 Microwave breakdown due to diffusion

After averaging over the microwave field period, the condition for a breakdown has
the form suggested in [2, 3]

D.An, + vin, =0 3.1

We will further consider the plane-parallel geometry (0, L). We can use zero
boundary conditions in the first approximation in A/L. From equation (3.1), we get a
sinusoidal distribution of the electron density smoothly falling towards the walls

ne(x) = ng sin(x/A), 3.2)

doi:10.1088/978-1-64327-060-9ch3 3-1 © Morgan & Claypool Publishers 2018
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and the breakdown condition is found as the eigenvalue of the boundary problem
(3.1)[2]
Aia = A, vi = /74 (3.3)

Here,

Aia =/ De/v; (3.4)

is the ionization length, or the electron diffusion path for the time between two
ionizing collisions, and

Tdf = /\Z/De (35)

is the characteristic time of free electron diffusion, where A is the characteristic
diffusion length in the discharge gap equal to L/x in the plane-parallel geometry and
to R4/2.405 in the cylinder. This condition means that the ionization frequency v;
must compensate for the diffusion loss, i.e. an electron must perform, on average,
just one ionization event for its lifetime. In contrast to the condition for a stationary
plasma (see reference [1]), the expression (3.3) uses free electron diffusion instead of
ambipolar diffusion. For this reason, the breakdown fields are higher than the
plasma maintenance fields, and the microwave discharge typically develops for a
time of the order of the free electron diffusion time. For example, the coefficient D, is
~2 % 10%cm? s7!, and the time of the electron diffusion to the wall is 74~ 5 x 1077 s
in helium at p = 1 Torr and the diffusion length A = 1 cm.

When making microwave breakdown experiments, researchers plot the mean
square field E = Ey/</2 (E, is the oscillation amplitude) as a function of pressure. A
typical dependence of thresholds of microwave breakdown on gas pressure is shown
in figure 3.1. In order to find y;, it is necessary to know the EDF, which can be

1000
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150 N\

Electric field, E, V/cm

100 —

0.01 0.1 1 10 100
Gas pressure, p, Torr

Figure 3.1. Typical dependence of measured thresholds of microwave breakdown (V ¢cm™") on gas pressure
(Torr).
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calculated with reasonable accuracy [4, 5]. The substitution of the kinetic results on
ionization frequency into the expression (3.3) gives an excellent agreement with
experiments made in different gases under different conditions [6]. A reasonable fit is
also achieved if one uses the results on ionization frequency obtained by the
recalculation of the dc discharge data. An acceptable accuracy of inelastic collision
and ionization frequencies in a microwave breakdown is possible within a ‘black
wall’ approximation, which yields relatively simple analytical expressions for
threshold fields [6].

Addition of readily ionizable seeds greatly decreases the breakdown field. This
effect is especially appreciable in Penning gas mixtures, in which the seed is ionized
both directly and by the excitation of long-living states of the buffer gas due to the
Penning effect. This is especially evident for the so-called Heg-gas, a mixture of
helium and a small amount of mercury, which served as a test object in microwave
breakdown experiments [2]. Since elastic electron scattering is determined by
buffer helium, the transport frequency v can be taken to be energy independent.
The Penning ionization of mercury leads, in turn, to the production of a new
electron in each helium excitation event. There seem to be no inelastic energy losses
for the excitation, and the ionization frequency coincides with the excitation
frequency of the buffer gas (helium), which can be estimated in the black wall
approximation (see [6]).

The major scalings can be derived from the analysis of the EDF formation [1, 6].
Since the diffusion coefficient along the energy axis, D,, in the kinetic equation for
the isotropic EDF contains the effective field E.; = (Eo/+2)[12/(1? + 0?)]'2, the
breakdown field varies only slightly with frequency at high pressures, when v > w
and E.r = Ey/~/2. The diffusion at high pressure is very slow, and a breakdown can
be provided even by a low ionization rate. The electron energy balance is defined by
elastic losses and electron temperature T, = eEyl, ~ eEgl//6 [1]. Therefore, the
breakdown field at low frequencies, @ < v, must rise almost in proportion with
pressure, as is observed experimentally. Assuming for the Heg-gas the average
energy to be 1/3 of the Hg ionization potential, we estimate the breakdown field as
E=24pV (cm Torr)™' [2]. At low pressures with v < @ and E.s = Evlw, the
breakdown field is proportional to the frequency at a given pressure. One has to raise
the field strength in order to maintain the ionization rate and to compensate for the
increasing loss due to diffusion, D, ~ 1/p. So the breakdown field at low pressures
varies with the frequency and the diffusion length A. After the necessary energy has
been gained for the characteristic time 7, ~ ¢7/D,, the Heg-gas becomes excited and
ionized. For the elastic frequency v = 2.4 x 10°p (s7'), the estimation yields
E = 1300/(pAig) [2] (figure 3.1), where Ag is the wavelength of the applied field.
Hence, we observe a minimum in the breakdown curves in the (E, p)-coordinates
(figure 3.1), whose position can be estimated from the expression v ~ w separating
the above limiting cases [2, 6].

This is true for the higher frequency ranges. For example, when a gas breakdown
is produced by a high power laser [1], the relationship between the breakdown field
and the gas pressure is the same as in a microwave breakdown.
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In electronegative gases, the breakdown field rises considerably [2, 6] because of
the additional electron loss due to attachment. The details of these phenomena have
been described in [2, 6].

Thus, a microwave breakdown, for which the EDF calculations and the break-
down field measurements can be made with high accuracy, may serve as a
convenient object for testing theories and experimental data. As the frequency of
the electromagnetic field decreases, the electron oscillation amplitude becomes
larger, reaching the value ./ = ¢Ey/(mvw) at w < v. Since the drift velocity is higher
than the diffusion rate at 1, < .oZ, the electrons which are at a distance |x| < .7 from
the boundaries drift almost immediately to the walls and escape. As long as the
condition .7 < L holds, the electron lifetime is defined by their diffusion through the
discharge (L — .«7), and the breakdown criterion coincides with equations (3.3) with
L substituted by A,y = (L — .«/)/x. As w decreases and .7 approaches L, a shorter
escape time will result in a higher breakdown field with a subsequent transition to a
dc breakdown at .o/ > L.

3.2 Microwave breakdown in the presence of a low dc field

The next step towards a better understanding of the microwave breakdown physics
was made owing to the experiments by Brown [2, 3] with an additional low dc field
E4.. In this case, electrons acquire definite directions of motion: the drift and diffusion
fluxes travel in the same direction at the anode and in the opposite directions at the
cathode. The stationarity condition requires that the electron escape should be
compensated by ionization at each point in the discharge gap, so the cathode region
becomes a ‘weak point’: there is the escape but the compensation is very small because
the ionization (proportional to ) is actually zero. With the drift component of the
velocity b.Eqch. in the dc field, the breakdown criterion (3.1) takes the form

D.V’n, + b.E4Vn, + vin, = 0. (3.6)

By superimposing the zero boundary conditions on (3.6), we obtain the electron
density profile [2]

ne(x) = Cjexp(x/24,.)sin(x/A), 3.7)

where A, = T./eEy. is the energy relaxation length of an electron in the dc field. One
can see in equation (3.7) a shift of the electron density profile towards the anode with
decreasing A, due to the additional drift escape of electrons. This leads to a faster
diffusion escape and, hence, to a higher ionization frequency, which is the eigenvalue
of the problem for a fixed discharge gap. Mathematically, this means a shorter
effective diffusion length 4,3 under breakdown conditions (3.3)

1/23 = D/v; = 1/A], = 1/A + 1/422. (3.8)

In this equation, the dc field strength enters into both the escape (the term with A,
describing the enhanced escape) and the production (the expression for v; defined by
the squared total field in equation (3.4). If the dc field is low, A < 4, its effect on the
electron multiplication can be neglected and it is defined only by the microwave field

34



Introduction to the Kinetics of Glow Discharges

E,.. The linearization of equation (3.8) and the substitution of v;(E,.) from equation
(2.4) yield a quadratic dependence of the relative breakdown field E,. rise on the
small additional field E4.. This dependence was experimentally observed in [2, 7].
Thus, in a low dc field, the microwave field amplitude must be increased to
compensate for the electron drift escape in addition to the diffusion escape. The
dc and microwave fields perform different functions here: the dc field stimulates an
additional electron escape due to their drift to the cathode, whereas the microwave
field provides the necessary ionization rate at any point in the discharge gap.

This breakdown mechanism does not involve ions and is entirely independent of
the surface processes. In principle, a limiting case of this breakdown is possible in a
high dc field, even with the microwave field turned off. When there is no electron
emission from the cathode, the bottleneck region at the cathode produced by the
drift escape to the anode can be compensated only by the diffusion back to
the cathode. The limiting transition to the dc breakdown in equation (3.8) yields
the relation g = 24, corresponding to

4ad, =1 or 15 =el(d4T). (3.9)

Even the minimum value of 1/5 (Stoletov constant) is as large as ey = e/fmax = (3 — 4)¢;
(see table 2.3), the relation (3.9) requires a high electron temperature, above the
gas ionization potential 7, > ¢;. In other words, in order to fulfill the condition (3.9),
the electron must perform an ionizing collision for a very short time of the order
of T./(b.E?), along a short path of about A, necessary for the drift velocity to
be established. This requires unrealistically high fields. Equation (2.4) yields E/p =
B/ In(4T.ApleE). This high field lies far above the Stoletov point, where this analysis
has no sense at all.

In reality, however, other mechanisms may come into play even at a lower dc
field. It is clear from the relation (3.7) and figure 3.1 that the electron density at the
cathode drops sharply when the dc field is increased. A retarding field cools
electrons, so the electrons moving against the field become cooler and there is no
ionization in this field. Then even a slight electron emission by the cathode may
appreciably change the value and direction of the electron flux, and the bottleneck at
the cathode will disappear due to the cathode emission. The electron flux will reverse
its sign and move away from the cathode such that the electrons will be heated by the
accelerating field and multiply effectively.
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Chapter 4

Breakdown and self-sustained discharge
ignition in a uniform dc field: the Paschen curves

As we discussed in chapter 3, the breakdown in microwave electric fields generally
does not depend on the processes at discharge volume boundaries. The situation is
different in the dc breakdown. In this case, the processes at the cathode are
extremely important. The dc breakdown has been investigated by Townsend and
is discussed below.

4.1 The secondary cathode emission effect on the current in a non-
self-sustained discharge: the second Townsend coefficient

In Townsend’s experiments discussed in chapter 2, the experimental points in the
curve for Inj/j, = aL against distance L at E = U/L = const for a low field follow a
straight line, whose slope can give the a(E/p) values. When the field and/or the gap
length are increased, the curve deviates from a linear function (see figure 4.1),
indicating that the current rises faster than in equation (2.1). In an attempt to
understand this discrepancy, Townsend introduced the second ionization coefficient
y to account for the secondary effects on the cathode. For instance, when ions hit the
cathode, they can knock out electrons with the efficiency

Y = Jemit (0)/7(0). 4.1

When interpreting the experimental data, one should bear in mind the important
fact emphasized in [1, 2]. Equation (2.1), which only considers the drift of electrons,
becomes invalid for the cathode region even in a uniform dc field because some of
the electrons emitted by the cathode are backscattered without producing an
ionizing collision. If equation (2.1) is used to describe the spatial electron current
rise, the drift current entering the gap, joo = #eole in equation (2.3), makes up only the
fraction

doi:10.1088/978-1-64327-060-9ch4 4-1 © Morgan & Claypool Publishers 2018
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Figure 4.1. Typical influence of the secondary electron emission on increasing current in the discharge gap L.

fes = jeO /jemit (O) (42)

of the emission current j.(0) from the cathode surface. Factor f., which describes the
fractional escape of electrons emitted by the cathode into the gas in [1, 2], was
estimated on the assumption that the drift current j.o to the anode was the difference
between the emission current and the current back to the cathode. By equating the
latter to the random electron current along the last free path length, we have

je() = Neolle =jemit (0) - ne(l) Via. (43)

Assuming the electron density variation along the path to be small, neg = n.(41), the
factor f.s was estimated from equation (4.1) in [1, 2] to be

fos = Jio om0 = LI(1 + V/du,). (4.4)

It is clear from equation (4.4) that /., < 1, because we have u, < V' [4]. This means
that a large fraction of electrons must return to the cathode when the EDF is close to
isotropic. The expression (4.3) has a simple physical meaning. The drift flux ngu, is
produced at the cathode but what goes back to the cathode is the random flux .V /4;
aslong asu, < V, practically all the electrons go back to the cathode before they are
‘picked up’ and carried away by the field to the anode. The estimate from equation
(4.3) shows that the emission current j.(0) must slightly exceed the random current to
the cathode for the resulting electron current to be directed away from the cathode.
Because the V/u, ratio varies with the field, the effective coefficient y.g in the
boundary condition for the cathode in Townsend’s model also varies with E/p. It is
no longer a surface characteristic and it differs from the true y by a factor of fe

Yeir = Jos V- (4.5)
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Therefore, the full electron flux picked up by the field and carried away from the
cathode is joo = fegjo + Yergi(0), where jjy is the seed photocurrent from an external
source. Using j(0) = j,,(e®> — 1), we find that the electron current across the anode,
equal to the total current, is

j =jeOeaL =j(lfeseaL[1 _ }/eff(eaL _ 1)]—1' (46)

Its value is larger than that given by equation (2.3) due to the term between the
square brackets, which becomes appreciable at large al values. This expression
agrees well with the experimental data at small y. The respective dependences of the
stationary circuit current on L in a dc field are presented in figure 4.1 and can be used
to calculate both coefficients, a and y. Vast experimental information on the
dependence of In j/j, on L can be found in [1, 4-8]. Figure 4.2 shows the y.¢ values
for argon, obtained in this way by different researchers for cathodes made from
different materials [9].

In was later shown in numerous experiments that the coefficient y.¢r is defined not
only by ion—¢lectron emission but also by other secondary processes. In addition to
the ion collisions with the surface, an essential contribution is made by metastable
and fast atoms in the ground state, photons, and other species. The observable j(L)
dependences do not allow the separation of this or that contribution, because it is
not always possible to identify which of the mechanisms is dominant in an actual
discharge. So one commonly uses the total emission coefficient y,, or the so called
‘apparent’ secondary electron emission yield, i.e. the yield per bombarding ion,
including all secondary effects. The apparent yield varies in a wide range with the
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Figure 4.2. Values of y.i obtained for different pure surfaces. After [9].
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gas, electrode material, applied field, current, etc; usually y ~ 1072, The available
data on the yield and the contributions of the various partial constituents to it are
incomplete and often controversial. The yield values used by the authors in their
calculations often differ considerably from the y measured on pure surfaces in high
vacuum [9].

4.2 The Townsend condition for self-sustained dc discharge ignition

The expression (4.6) was derived on the assumptions that the yield y was small and
that the electron multiplication coefficient y = y(exp(aL) — 1) was smaller than
unity. The denominator in equation (4.6) is positive and less than unity; therefore,
the circuit current flows only if there is emission from the cathode. The discharge will
remain non-self-sustained (the circuit current will also be zero at joo = 0). However, if
the denominator in equation (4.6) becomes zero, this formally means the uncertainty
0/0 at joo = 0. Physically, the circuit current will be observed even in the absence of an
external electron source. The expression (4.6) was derived by Townsend in 1902 to
explain the condition for the ignition of a self-sustained discharge. According to
Townsend, it is an infinite current rise at 4 — 1 that is the necessary condition for a
breakdown and ignition of such a discharge

#=ralexplal) = 1) =1, aL =1In(1/y4 + 1). (4.7)

This formula means that the discharge current may have a large value even without
an external ionizer initiating the cathode emission. One primary electron from the
cathode produces as many as [exp(al) — 1] ions which, in turn, generate
Yer(exp(aL) — 1) = 1 secondary electron on the cathode. Therefore, the Townsend
criterion (4.7) defines the origin of a positive feedback when a primary electron
generates a secondary electron capable of continuing this process. The equality of
the cathode and anode currents

J =74 0) + /. (0)/y = j(L) = j.(L) = j,(0)exp(aL) (4.8)

immediately yields the breakdown condition (4.7).
The field in a non-plane-parallel geometry is non-uniform, so equation (4.7)
should be replaced by

M = exp /0 " a(E(x)dx. 4.9)

Equation (4.7) suggests that the ionization is described by the local coefficient
a(Elp), which is invalid at large E/p ratios, as was mentioned in chapter 2. The
breakdown condition (4.7) should generally be written with the electron multi-
plication coefficient in the discharge gap M (equation (2.3))

= rg(M=1)=1. (4.10)

The criterion (4.10) does not employ the assumption of the local dependence of
a(Elp).
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The effective coefficients y.i( E/p) for various gases and cathode materials were
tabulated in [1, 4, 8], using the Townsend formula (4.7) and experimental data on
a(Elp) and the breakdown field. The representative values in figure 4.2 show that yeg
may strongly depend on E/p. A more detailed study of the apparent secondary
electron emission yield was made in [9] for argon, together with the data analysis of
pure surfaces and those subjected to oxidation and other contaminating procedures
(further, ‘dirty’ surfaces).

An analysis was made of the measurements of electron emission by ion and atom
beam bombardment of pure and dirty metallic surfaces. It was found that the
electron yield for a clean metallic surface in pure Ar was close to that for a clean
metal in high vacuum at Ar* ion energy above 0.5 eV, which corresponds to
E/N > 250 Td. However, analysis of the available data has shown that the electron
yields for dirty metals differ greatly from those for clean metals and pure argon.
Figure 4.3 gives the experimental electron yields for Ar* ions and Ar atoms incident
on various clean metals as a function of the particle energy. One can see that the
electron yield per ion is nearly independent of the ion energy below ~500 eV for
most metals. At the ion energy of ~1 keV, the electron yield per ion is ~0.1 for most
metals. In contrast, the yield per fast atom varies with energy, with an effective
threshold at ~500 eV.

101:, —— —— T

10° 5 5

Electron yield per ion or atom

107° =+ T T T
10! 10 10° 10
Ion or atom energy (eV)

Figure 4.3. Electron yields for Ar* and Ar beams incident on various (W, Mo, Au, Cu, Pt and Ta) clean metal
surfaces versus particle energy. The solid symbols are for Ar™ and the open symbols are for Ar. After [9].
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At high energies, the yield per fast atom approaches that for Ar* ions. Figure 4.4
presents the experimental electron yields y for Ar* ions and y, for Ar atoms incident
on metal surfaces with varying degrees of exposure to oxygen, water, ambient gas, or
to unspecified contamination. The authors of [9] refer to these surfaces as ‘dirty’ (the
terms ‘practical’ or ‘laboratory’ surfaces are also used in the literature). Above
~500 eV, the differences in the yields among metals are small compared to those for
clean surfaces. The solid curves in figure 4.4 show the fits to the experimental beam
data used in [9] compared with the swarm data. The dashed curves are averages over
the data of figure 4.4 and show large changes in the yield that typically occur when a
clean surface becomes oxidized or otherwise contaminated. The measurements for
Ar™ (open circles) in figure 4.4 indicate that there is more than a two-order spread in
the yields at low energies (< 150 eV). Some of the low energy data show relatively
large yields, while other data show very small yields.

Many of the Ar* data for energies below 100 eV suggest a relatively weak
dependence on the ion energy characteristic of the potential ion—electron ejection.
The measured electron yields per fast Ar atom, ya, indicated by solid circles in
figure 4.4 have much the same energy dependence as those for fast Ar atoms incident
on a clean metal but are shifted downward by about a factor of 10, such that the
yields at a given energy are much larger. The authors of [9] made a thorough analysis
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Figure 4.4. Electron yields for Art and Ar beams incident on various dirty metal surfaces versus particle
energy. The open symbols are for Ar* and the solid symbols are for Ar. After [9].
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of the available measurements of effective yields per ion, y.g, in pre-breakdown,
breakdown and low current discharges. They made an attempt to separate the
contributions of the various electron yields: those due to ions, metastable and fast
atoms, and photoionization. An attempt was also made to identify the contribution
of the electron backscattering to the cathode. Unfortunately, this kind of procedure
for obtaining the electron yield from experimental data on each gas-metal pair is
very time-consuming.

4.3 The ignition potential and the Paschen curves

If the coefficients a/p and y.¢ are the functions of E/p, then the breakdown condition
equation (4.7) in a uniform field gives the functional dependence of the breakdown
voltage U, on (pL), known as the Paschen law [4]. This law was established
experimentally by Paschen in 1889. The Uy(pL) curves still bear his name. They are
illustrated in figure 4.5 for various gases. When the state of the cathode surface
changes, say, because of contamination during the cathode cleaning or formation of
films, the ignition voltage may even become non-stationary. For this reason, the
data of earlier experiments made with poorly cleaned cathodes differ from those of
more recent studies using vacuum technologies. The condition (4.7) with known «
and y.er defines the breakdown voltage Uy, as a function of the gap length L. It
follows from equation (4.7) for typical yer values of ~107°-107"! that an electron
must perform from 3 to 10 multiplications along the gap length. In order to find
explicit analytical dependences of the breakdown field on the gas, cathode material,
pressure, and gap length, researchers often use equation (2.4) for a(E/p). By
substituting it into equation (4.7), we get [4]

B(pL) E,_ B c A

- , -7 =h—>" @411
*T In(L)+ C p  In(pL)+ C In(1/7 + 1) @.11)
1x10°
4
1x10 — He
> Ne
Sa — Ar
1000 —H,
— N2
100
0.1 1 10 100 1000
pL, Torrxcm

Figure 4.5. Paschen curves for various gases. After [10].
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The calculation of Uy, from equations (4.11) with the experimental constants 4
and B from table 2.1 gives a reasonable agreement with experiment. In practice,
there are minimum voltages, at which the gap breakdown occurs. According to
equation (4.11), we have at the minimum [4]

(PL)n= —2';2 1n(L + 1),

Yetr
(Ev/p)m = B, (4.12)
(Up)m = ﬂ In (L + 1).
A Yetr

Clearly, the lowest ignition potentials should be expected for gases and cathodes
with small B/A4 ratios and large y values.

The general pattern of (Up)y, and (pL),, variations in different gases agrees with
equations (4.12). The physical processes dominant in the right and left branches
(relative to (pL)y,) of the Paschen curves differ considerably. At large pL values (the
right branch), the breakdown voltage rises almost linearly with pL. This follows
from the fact that the right branch corresponds to the exponential dependence of the
ionization coefficient a/p on E/p, such that E/p remains nearly constant. Even a small
variation in E/p changes the electron multiplication in the gap considerably. At small
pL values (the left branch), however, the voltage U, rises with a decrease in the
number of collisions. Therefore, there is a minimum ignition voltage and the
respective critical gap length (pL),. This value lies at the Stoletov point equation
(2.10), at which the electron ionizability is largest, so the breakdown occurs most
readily.

In contrast to (Uyp), and (pL),,, the (Elp), value given by equation (2.11) is
independent of the cathode material (or y.g), as is observed experimentally. The
saturation of the a/p(E/p) curve at large E/p ratios manifests formally as an infinite
breakdown field rise with decreasing pL. The applicability of the concept of a(E/p)
is limited by the runaway at large E/p. The a value is proportional to the gas
pressure p, so the lower the pressure, the smaller the a value necessary for the
transition to a continuous electron acceleration. The field at the start of the left
branch is close to the runaway criterion eE,,, ~ Fy, (see chapter 2) [11], so formulas of
the type equations (4.11) and (4.12) do not have much physical meaning on the left
from the minimum.

Therefore, it would be more reasonable to describe the electron multiplication
using the concept of the energy for the electron—ion pair production, . (equation
(2.6)). In this approximation, the multiplication coefficient can be estimated as
M = eUpley. At smaller pL, the electron ‘has no room’ for multiplication since its
ionization path is longer than the gap length, 1/a > L. In other words, the time of
flight of a fast electron through the gap is insufficient for ‘spending’ all of its energy.
Besides, some of the electrons may not only escape but also be reflected by the walls
to be re-involved in the multiplication process.
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For this reason, the calculation of the left branches of the Paschen curves require
a detailed analysis of the electron interaction with boundaries and depends on the
anode material. This may be associated with the fact that the gamma-electrons
reflected by the anode have a sufficiently high energy to cover a longer distance in a
retarding field and to ionize the gas additionally. Figure (4.6) shows the exper-
imental data for the left branch in helium for various anode materials [12]. One can
see that the curves are anomalous (non-monotonic). Similar behavior exhibits
Paschen curves for mercury [13]. This is usually attributed to the peak in the energy
dependence of the ionization cross sections or to the competition among various
factors, in particular, to the contribution of secondary electron emission by neutral
atoms. In the experiments [12], an automated system for measurement of Paschen
curves, shown in figure 4.7 (left), was used. A wineglass discharge tube is shown in
figure 4.7 (right). The discharge tube had two flat, disk-shaped electrodes facing each
other at a variable distance from 2 to 20 mm. Most experiments were conducted at
distance of 5 mm between the electrodes. The cathode was made from copper and
was 50 mm in diameter. The anode has the same diameter, but was made from
different materials. In this work, experiments were conducted with copper, alumi-
num, stainless steel, graphite, platinum-plated aluminum, and gold-plated alumi-
num anodes. The experiments were conducted in two regimes. In the first regime, for
a certain pL, the voltage between the cathode and anode was slowly increased from
zero to breakdown voltage. In the second regime, for a certain voltage between the
cathode and anode, gas pressure was slowly increased from a value without

2500

2000 —

1500 —
Anode Material

1000 |
—— Pt-plated Al
—— Au-plated Al

500 — Stainless Steel
— Cu
—— Graphite
0 T T T T | T

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
pL (Torrecm)

Figure 4.6. Paschen curves (breakdown voltage in V) in helium with copper cathode and different anode
materials. From [12].
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Figure 4.7. An automated system for the production of reliable Paschen curves over an extended range of pL
(left). A wineglass discharge tube. Distance between the cathode and the anode is 2 mm (as shown) (right).
From [12].

breakdown up to breakdown value. The first regime was suitable for investigation of
single-valued parts of the Paschen curves, while the second regime allowed for
studies of the multivalued Paschen curves, and was most suitable for the research
conducted in this work. The Paschen curve for any particular anode material was
measured 10 times and all curves shown in figure 4.6 were each averaged over 10
curves.

As a result of non-monotonic curves, Penning found that breakdown may occur
at three different values of the voltage [14]. Figure 4.8 demonstrate experiments with
similar multi-value breakdown points in helium [12]. The pL value was first held at
1.6 Torr cm, while the voltage between the cathode and anode was slowly increased
from zero to about 400 V, where breakdown occurred. In a second experiment, for
pL of near 1 Torr cm, the voltage between the cathode and anode is increased from
zero to 1.5 kV. Then, the pL value was increased without breakdown from 1 Torr cm
to 1.6 Torr cm. Afterwards, decreasing the voltage eventually led to breakdown at
about 1.2 kV. This somewhat paradoxical behavior was a direct manifestation of the
multi-valued Paschen curve. It may also be important to the gas desorption due to
the electron heating, etc.

Thus, not only does the concept of a(E/p) lose its physical meaning here but the
breakdown at small pL seems to vary with many uncontrollable factors. In the
present state of the art, a more or less reliable calculation of breakdown voltages
appears to be quite problematic. On the other hand, the calculations for the right
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Figure 4.8. Plot of two experiments demonstrating multi-value breakdown points for a graphite anode

accessed by (1) increasing and (2) decreasing the applied voltage. From [12].

branch, in which the ionization can be described by the local coefficient a/p as a
function of E/p, can be made by using the dependence of y i on E/p.

4.4 Cathode boundary conditions for discharge on the right-hand
branch of the Paschen curve [15]

The electron diffusion in the cathode region may be considerable, so let us derive
the breakdown criterion with its account. We will re-write the breakdown
condition equation (3.6), introducing Ag = T./eE (for estimations below assuming
that & ~ ).

nd — n/Ag + ang /g = 0. (4.13)

The solution of equation (4.13) for non-zero electron density on the cathode,
ne(0) = nep, (cf equation (3.2)) is

ne(x) = ney exp(x/24g)sinh((L — x)/1 — 4alg /24g)
/sinh(L/1 — 4alg /22g).

A local description of the ionization is applicable to the right branch of the Paschen
curve

(4.14)

alp < 1. (4.15)
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The expansion of equation (4.14) over small parameter (4.15) yields the well-known
Townsend relationship (2.2)

ne(x) & ne exp(ax) — ne exp(al)exp((x — L)/Ag) & ne exp(ax). (4.16)
It follows from equations (4.14) and (4.15) that the electron flux even at the cathode
je() = _Dene/ + Uy = —UMNOAAE + Uiy R Uellep (4.17)

is defined by the drift. In other words, if condition (4.15) holds, the contribution of
electron diffusion is small and its account does not change the relationship (2.2) for
the electron current multiplication from the cathode. Therefore, the relationship
between the currents j, j.(0) and the coefficients y and y.g is expressed as equations
(4.4) and (4.5) within the fluid model. Since the fluid model (and the concept of u.) is
applicable only at a distance x > Ag to the discharge boundary, a further
specification of the boundary conditions seems to be of little value in this
approximation [15]. With the assumption of 1 = const and taking into account
that dn./dx ~ an.y from equation (4.14) we have

Mg — 2Memit & —2A0Ney < Hegte! V = 0, (4.18)

1.e. Heg & 2nemi- The density of emitted electrons 7.n,; in equation (4.18) is related
to the current j(0) according to equation j, ; (0) = neni V', where V' is the average
velocity of the emitted electrons. From equation (4.18), we have j,=
NegUe & 2 (Ol V, 16y = 2yucd V.

To follow the details of the electron drift from the cathode, one should use a
kinetic analysis. As an example we discuss now deriving an expression for fes within
a one-dimensional model. The kinetic equation for the isotropic EDF component in
variable x and total energy e = mV'?/2 — eEx for inelastic electron energy balance in
the field eEA > &+/2 m/M is written as

K w (e, x)
0x\3No(w)  ox

] = Nwa*(w)f, (e, x), (4.19)

where ¢ and ¢* are the cross sections of elastic and inelastic scattering, varying with
the kinetic energy w = mV?/2 = & + e@(x). The electron motion with the initial
energy ¢ is illustrated in figure 4.9. At e < ¢ and x < (¢; — €)/eE the kinetic energy
of the electrons is less than ¢ and they move with their total energy e preserved.
Since ¢* = 0, the differential flux

B V2 ofy(e, x)
3No(w) ox

V2
D(e) = Tfl (e, x) = (4.20)
is also preserved. At x > (e; — ¢)/eE an electron after an inelastic impact abruptly
loses the excitation energy ¢ (it goes down to the lower step (¢ — &), as is shown in
figure 4.9). Only such electrons are further picked up by the field and cannot return
to the cathode. When the two-term expansion of the EDF is valid (when ¢ > 6%), the

characteristic spatial )" = /A1* and energy T* = eEAF scales of the EDF variation
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Figure 4.9. Trajectory of an emitted electron in phase space ¢, x. After [15].

are small at € > ¢, as compared with 1z ~ &//eE and ¢, respectively. Therefore,
the EDF varies abruptly above the threshold ¢; and can be calculated within
the black wall model with the zero boundary condition at the energy (e; + 7%) at
a distance (xi(e) + A¥) (see figure 4.9). The solution to equation (4.19) can be
expressed as

x1(€) x1(e)
e, x)// o(e + eEx)dx e 0)// o(e + eEx)dx — ®e). (4.21)

(¢ + eEx) (¢ + eEx)

with xq (e) = (e1 + T* — e)leE = Ag + A¥ — eleE. As 1> AF, the contribution of fast
electrons with w > & to the current and density is small, of the order of about
A¥IAg < 1. Marshak’s relation [3] for the EDF

IV =54+ 42 L)V =h/4=1/2 (4.22)
yields the boundary condition on the cathode
Ji (&, 0) = Jopie (&, 0), (4.23)
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where jomi(e, 0) is the flux of electrons emitted by the cathode. The substitution of
the EDF (4.21) into equation (4.23) gives the mono-energetic electron source on the
cathode

1 y(e) _1 ~ile) Na(w)dx
i,

2 w(e, x)

7o© e 27

As the ratio V*/v = w/No(w) ~ const is approximately fulfilled in Ar, Kr and Xe, we
obtain from equation (4.23) that the EDF linear along the coordinate

fie. x) = f(e, 0)(1 — eEx/(e; + T*—¢)). (4.25)

(4.24)

The expression (4.24) for f., coincides with equation (4.4) with
Vi(4ue) = Ag/(22) > 1. It is easy to derive a general expression for an arbitrary
source (¢) at any o(w) dependence from equations (4.4) and (4.21)

emit

e+T*
1 y 1 fO fo(ﬁ' O)\/—dé'
— =t =4 '
fes Yeft 2 4/ ertT™ M (426)

= X1(E) Noyax
v 0 w

The emitted electron energy has a more or less uniform distribution in the range
from 0 to &, with &, = & — 2eq, for the potential emission by ions or g, = ¢ — e,
for the emission by metastable atoms. Here ¢;, ¢, and eg, are the ionization energy,
the gas excitation energy and the work function of the cathode material [16]. Then
we can assume f(e, 0) in equation (4.26) to be independent of energy as far as

e< &, 1e. f(e, 0)= 3;160/2863/2 = const. For example, with V3/v ~ const from
equation (4.26), we have equation (4.4) with

~ (e2/(6eEe)In((Jer + Jeo)/(Jar — J&o)).

In any case, the majority of emitted electrons will return back to the cathode at
Ag > 4, and the effective secondary emission yield will be small, in accordance
with equation (4.4).

Thus, the secondary emission yield from the cathode, y.¢, in the conventional
relation equation (4.7) for the right branch of the Paschen curve, where the local
description holds, is not genuine surface characteristic y. The value of y.p < y
changes with the field and initial energy of emitted electrons. In the left branch,
however, where the field is high and y.¢ approaches y, the local coefficient « has no
sense and formulas of the type of equation (4.7) become invalid.

4.5 The time evolution of the breakdown

The criterion (4.7) was derived from the stationarity condition equation (4.6) and
describes only a simple electron multiplication, x = 1. In order to make the minimum
‘seed’ current go up to a macroscopic value, it is necessary to have, at least, a small
‘over-voltage AU = U — U, > 0, which will provide an increasing electron
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reproduction, x > 1. If a single electron leaves the cathode at the initial moment of
time, it produces u > 1 secondary electrons in the second cycle, whose duration is
determined by the multiplication time on the cathode; the number of electrons in the
third cycle will be /,52, and so on. The ionization and, hence, the current will
exponentially rise in time, as is usually observed in the breakdown. The time of the
breakdown evolution after the voltage is applied to the gap is also known as the
delay time. It has two components: (1) the time for a seed electron to appear, which is
the statistical delay time, and (2) the time between the appearance of the first
electron and the establishment of a stationary discharge. The statistical delay varies
with the intensity and geometry of the primary ionization, the state of the electrode
surfaces, etc. If necessary, it can be reduced by using a pre-ionization by an external
source. The time of the discharge establishment is defined by the dominant
mechanism of cathode emission. If the emission is due to positive ions, the time is
defined by the ion drift from the anode to the cathode, 7; = L/u;; the electron flight to
the anode for the time L/u, < 7; can be neglected. Then the ion current density on the
cathode at the moment ¢ is

i(x=0,1) = fo " a0 (6, 1 = X1 Vo). (4.27)

In order to find the expression for the current rise not only at the breakdown voltage,
(u = 1), but also at the pre-breakdown voltage, (u < 1), the boundary condition on
the cathode

je(oa 1) =j, + }/eff.ji(oa 1) (4.28)

must preserve the initial cathode current induced by an external source, jy = j.(x =0,
t = 0). Using the relation for the electron multiplication in the field

e 1) = (0, Dexp ( fo ’ a(x)dx) — .0, HM(x) (4.29)

where M is the multiplication coefficient in equation (2.3), we get an equation for the
ion current density across the cathode:

L
J(x=0,1) = fo dxa(x)[j, + 7j.(x = 0, t — xI V)]

[exp /0 ' a(E(x’))dx’].

At aL > 1, the majority of ions are produced near the anode where the electron
current is highest, so we can take ji(x = 0, ¢ — 7;) from under the integral sign in
equation (4.30) to find the condition for the discharge maintenance

(4.30)

L
Jx=0, )=, + rgi(x=0,1- Ti)][exp (./o a(E)dx) - 1]

=uli(x =0, 1 = 75) + jy /v

4.31)
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where u = y.(M — 1) is the charge reproduction coefficient equation (4.7).
Expressions (4.28-4.31) for the cathode electron current yield [1, 18]

daj(0, l)]
da |

Je(0, 1) = joo + 1 Je 0, 1 —79) ® jy + ﬂ[je(O, 1) — 7 (4.32)

The solution of equation (4.32) with the initial condition j,(0,0) = j.o is written as

£0-0 __k exp((" - 1)’) S (4.33)
Jo =1 AT n—1

Clearly, the current rise at 4 < 1 is limited by the limiting value of
Jo(0, t = o) = j,/(1 — p). This agrees with Townsend’s first experiments (chapter 2).
At u > 1, the current increases exponentially with time. It is clear from equation
(4.33) that the characteristic time of a breakdown is defined by the value 7; /(u — 1)
and decreases fast with the over-voltage AU = U — Uy due to the exponential
dependence of the coefficient @ on U.

4.6 Limitations of the avalanche breakdown mechanism

The Townsend breakdown discussed above is not accompanied by noticeable field
distortions due to the space charge and in the simplest case can be considered to be
uniform over the whole gap. In this, it differs from a streamer breakdown at high
pressures, when a thin spark arises between the electrodes, with the adjacent gap
regions, which are also in the field, remaining unionized. Then the space charge
induced during the evolution of a single avalanche, becomes essential. To conclude,
Townsend’s theory was considered for a long time to be universally valid for
breakdowns at low and high pressures because it provided approximately correct
breakdown voltages. The reason for this was a weak (doubly logarithmic) depend-
ence of the voltage equation (4.12) on y. There are, for example, data indicating that
the y value in the air breakdown varies from 1072 at low pressure to 107 at
atmospheric pressure and large pL, whereas Iny changes only by 30%, so it was hard
to see a deviation from the Paschen law in practice. It was found later, however, that
the avalanche theory encountered difficulties in gaps larger than 1 cm at pressures
about the atmospheric pressure.

The major difficulty was associated with the time of the breakdown evolution. An
avalanche moves at the electron drift velocity. In the avalanche theory, no break-
down may occur before the avalanche bridges the gap at least one time. In reality,
everything happens much faster at large L, especially at increasing over-voltage,
when the discrepancy between experiment and theory is as large as several orders of
magnitude. Under these conditions, a thin ionized streamer travels through the gas
between the electrodes, making its way along a positively charged channel; the
distortion of the applied field near the streamer is considerable. It has been found
that the breakdown criterion equation (4.7) applies only at low voltages and not very
large pL values, whereas the streamer mechanism comes into play at pL > 10 cm
Torr and high over-voltage. The latter case will not be discussed here. Figure 4.10
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Figure 4.10. Boundaries of realization of different mechanisms of breakdowns. After [17].

illustrates the boundary between the Townsend and streamer breakdowns for
helium. One can see that the avalanche mechanism is operative up to high pressures
at a low over-voltage.
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Chapter 5

The general structure of a discharge
between cold electrodes

In this section the IV-traces and axial and structures are examined. Direct or ac
current flows in the axial direction and there is no net current to the boundaries.
Typically, discharges have a number of specific areas like Cathode fall, negative
glow, the Faraday dark space, positive column and anode fall.

5.1 The current-voltage characteristic

When the electrode voltage U exceeds the breakdown voltage, U = U, a self-
sustained discharge is ignited [1]. Formally, this is described by the condition y > 1
(equation (4.7)), when an electron emitted by the cathode produces more than one
electron before drifting away to the anode. The discharge current rises abruptly, on
the characteristic time scale uz;/(u — 1) (see equation (4.33)). An actual circuit
always has a resistance R. As the current rises, the voltage drop at R becomes larger,
while the electrode voltage decreases. When U drops to Uy, the current stops rising,
and a stationary condition is established. It is related to the generator electromotive
force (EMF), £, in accordance with the load curve, £ = U + iR. By changing R one
can change the discharge current in a wide range and observe various self-sustained
discharge modes. A typical dependence of the discharge voltage U on the current
density j and the parameter pL is presented in figure 5.1 for a stationary discharge in
a cylindrical tube between plane electrodes [1]. It is seen that the voltage U coincides
with the breakdown voltage at low currents and follows the Paschen curve with
changing pL. A low current discharge, in which the effect of the space charge field is
negligible, is referred to as a Townsend discharge mode. Let us increase the current
by reducing the load resistance R or by increasing the generator emf, £.

Figure 5.2 gives the current-voltage characteristics i(U) (/V-traces) of the
discharge with pL for the right branch of the Paschen curve, pL > (pL),, (see also
figure 5.1). The section BC is for the Townsend mode. The inter-electrode potential
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Figure 5.1. Varieties of glows: Townsend (1), undernormal (2), normal (3) and abnormal (4) discharges.
After [2].
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Figure 5.2. [V-trace of a discharge between a cathode and anode in a wide range of currents. Non-sustained

(AB), dark Townsend (BC), normal glow (DE), anomalous glow (EF), transitional to arc (FG) and arc (GH)
discharges. After [2].
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remains constant as far as the point C, from which the operation voltage decreases
because of the external field distortion by space charges. The CD section is
transitional, and its lower part refers to a subnormal mode. Note that this
classification of discharge modes has not been generally accepted and the subnormal
mode is often combined with the Townsend mode.

As the current rises further, a normal glow is formed, whose voltage is
independent of current (like in the Townsend mode) in a wide range of values,
sometimes several orders of magnitude (the DE line). In contrast to the Townsend
discharge, however, the operation voltage is also practically independent of pL (see
figure 5.1). Here only part of the cathode is covered by the discharge, such that the
current density does not change with current. Most of the glow volume is occupied
by a quasi-neutral plasma. Table 5.1 shows some experimental parameters of a
normal glow in various conditions.

When the current becomes so high that all of the cathode area is covered by the
discharge, this mode is called an abnormal glow with a rising /V-trace (the EF line).
With still further current rise, the cathode heating and its thermal emission become

Table 5.1. Experimental parameters of normal glow discharge with different cathode materials. After [2].

Parameter Ar H, He Ne Hg N, (0)) Air

(pd)n Al 0.29 0.72 1.32 0.64 0.33 0.31 0.24 0.25
Cu — 0.8 — — 0.60 — — 0.23
Fe 0.33 0.9 1.30 0.72 0.34 0.42 0.31 0.52

Torr cm Mg — 0.61 1.45 — — 0.35 0.25 -
Ni — 0.9 — — 0.4 — — —
Pb — 0.84 - - - - - -
Pt — 1.0 - - - - - -

Un Al 100 170 140 120 245 180 311 229
Cu 130 214 177 220 447 208 - 370
Fe 165 250 150 150 298 215 290 269

vV Mg 119 153 125 94 - 188 310 224
Ni 131 211 158 140 275 197 - 226
Pb 124 233 177 172 340 210 - 207

Pt 131 276 165 152 305 216 364 277

Jn/p? Al - 90 - 4 - - - -
Cu - 64 - - 15 - - -
Fe 160 7 22 6 8 400 - -
uA/(Torr cm)*> Mg 20 - 3.0 5 - - - -
Ni 160 72 22 6 8 400 - -
Pb - - - - - - - -
Pt 150 90 5.0 18 - 380 550 -

5-3



Introduction to the Kinetics of Glow Discharges

essential. The glow transforms to an arc (point G), and the cathode current shrinks
to a spot with an abrupt voltage drop (the FG line). In the left branch of the Paschen
curve (high voltage discharge or obstructed discharge), the Townsend-to-abnormal
mode transition usually occurs without a normal glow (figure (5.1)).

5.2 Basic characteristics and spatial structure of the glow

The structure of a glow discharge between two electrodes is quite complex and
typically looks like that in figure 5.3. A glow consists of alternating visible dark and
light regions [1]. Since all the processes in it are determined by collisions, its
characteristic scale is the path length, such that the similarity principle is usually
fulfilled: glows with the same value of pL = const differ only in the scale. So it is
easier to observe this at low pressures. A narrow Aston dark space (DS) is adjacent
to the cathode, followed by (a) thin cathode layer(s) (glow(s)). Then comes a cathode
dark space, also known as the Crooks dark space. The gas luminosity in those areas
is low while the electric field is higher than in the other discharge regions. Adjacent
to this region is a negative glow, which dies down towards the anode to eventually
form the Faraday dark space. The latter is followed by a bright positive column. In
long cylindrical tubes it is uniform or has a stratified structure which is immobile or

- l -
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Figure 5.3. The structure of glow discharge (Aston dark space (1), cathode glow (CG), cathode dark space
(CDS), negative glow (NG), Faraday dark space (FDS), positive column (PC), anode dark space (ADS) and
anode glow (AG)) and distribution of its parameters: luminosity, electric field, electric potential.
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moving along the discharge axis striations. Normally, there is a narrow DS near the
anode with a thin bright film near the anode surface.

When the position of the electrodes is changed, in particular, when they are
brought closer to each other, the positive column becomes shorter, while the
potential profiles in the near-electrode regions and the column field E. remain
unchanged. In contrast, the cathode and anode regions move together with the
respective electrodes without changing their structure. If the cathode is turned in the
tube, all of its parts turn together with it, leaving their positions unchanged relative
to the cathode surface.

When the positive column totally disappears, the Faraday space is the first to
become shorter, followed then by the negative glow region, although the position of
the region boundary on the cathode side does not change. The voltage across the
discharge increases, so this mode is called an obstructed, or high voltage discharge.
These conditions normally correspond to the left branch of the Paschen curve. When
there is no more room for this negative glow edge, the discharge dies.

Figure 5.3 gives the distributions of the basic discharge parameters along the
gap length L: the radiation intensity 7, the potential ¢ and the field strength E.
The high electric field at the cathode falls towards the negative glow boundary.
This region is known as the cathode sheath. The field in the anode sheath is much
lower. The rest of the discharge volume is occupied by a quasi-neutral plasma,
whose field is still lower. The electric field in the positive column is uniform in the
absence of strata; its strength in the negative glow region is several orders of
magnitude lower than in the sheath and may even reverse its sign there. The field
sign in the anode sheath may also change relative to the adjacent plasma
(see section 7.6).

A classic device for the glow ignition and study is a discharge tube representing a
glass cylinder of radius Ry = 0.5...5 cm and length L = 10...100 cm with metallic
electrodes—a cathode and an anode. For the typical operating gas pressures
p = (1072...10%) Torr, the characteristic voltages across the electrodes are
U = (100...1000) V and currents I = (107*...1) A. The positive column is not as
bright as the negative glow and usually has a different color. For example, the
cathode glow in neon is yellow, the negative glow is orange, and the positive
column is red. In nitrogen, they are pink, blue and red, respectively. These
characteristic spectra of gases are widely used in advertisement tubes. Of special
practical interest are the plasma regions: the positive column and the negative
glow. Designers of lighting technologies are especially interested in the long
positive column, which always occurs in long narrow tubes. To reduce the total
voltage drop, a hot cathode is used producing an arc instead of a glow. Other
things being equal, the positive column in a glow with cold electrodes and in an arc
are identical. Phenomena occurring in a positive column are not affected by the
electrode material or state; the column glow is generally invisible in wide tubes or
spheres. The size of the electrode sheath varies with the gas and its pressure, the
current density, etc. This type of discharge was called a glow because of the nature
of the negative region.
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Chapter 6

The Townsend and subnormal modes

In this chapter the Townsend discharge, in which the effect of the space charge is
negligible, will be considered [1-4]. The important parts of the consideration are the
conditions for the applicability of the traditional hydrodynamic approximation. For
the discharge on the right branch of the Paschen curve it is possible to use the first
Townsend coefficient «, which depends on the local value of the electric field and the
effective coefficient for ion—electron emission y.g is substantially reduced due to
kinetic effects. On the left branch of the Paschen curve, the situation is more
complex. The field here is rather high and the phenomenon of runaway electrons
begins to play a significant role. As a result, a kinetic analysis is required. As the
discharge current rises, the electric field distortion by the space charge begins to play
a role and the discharge becomes unstable. The development of this instability leads
to the establishment of a mode of normal current density. In this mode, ionization
becomes non-local [5].

6.1 The current—voltage characteristic

We have mentioned in the previous chapter, a Townsend discharge operates at a
voltage equal to the ignition voltage Uy, In a one-dimensional geometry, the total
current density is constant, j = j. + j; = const. Hence, neglecting the diffusion, we
have

Bl =exp(—=a(L — x)), Jjlj=1-exp(—a(L — x)). (6.1)

The ion current greatly exceeds the electron current in most of the gap volume. To
illustrate, at y = 0.01 and aL = 4.6, the j, value reaches j; only at x = 0.85L. Since
the electron mobility is much higher than the ion mobility, the difference in the
charge densities is still greater. At b./b; = 100, the ratio ni/n. = (b./b;)(jilje) is as
large as unity only at x = 0.998L. This indicates that the ion space charge is
dominant in most of the gap volume as shown in figure (6.1). This space charge
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Figure 6.1. Distribution of densities of electron and ion currents (right) and charges (left), for the case when
external electric field do not disturbed by the space charge.

may, in turn, distort the external field. Therefore, the condition for the discharge
self-maintenance is

§= yeff(exp [ /0 a(E(x)/p)dx] - 1) —1. (6.2)

Note that a similar expression is valid for a non-plane geometry (see equation (4.9)).

The integration in equation (6.2) is made over the gap length. An avalanche
traveling from the cathode to the anode must produce a definite number of electron
generations; this number is defined only by the secondary emission yield and is
independent of whether the field is uniform or not. Experimental data show that a
Townsend glow with U = U, does take place in the right and left branches of the
Paschen curve in a wide range of low currents (see figure 6.1).

Consider the effect of a small (ion) space charge on the operating voltage
U= U, + AU. A change in the field changes the coefficient a(E) in equation (6.2):

a(E) = ag + a'(Eg)AE + a''(Eg)(AE)?/2, (6.3)

with Ey = Uy/L. For example, with assumption (2.4), we will have
a = aBplE?, o' =a'(BplE - 2)IE. (6.4)
An estimation from equation (6.1), giving j/j & 1 — exp(—a(L — x)), shows that
one can take the ion density to be constant anywhere except for a small anode region

of ~ 1/a (figure 6.1) and the electron density to be low. So the Poisson equation,
which in this case has the form

d(AE)/dx = 4ren;, (6.5)
gives a field profile linearly falling away from the cathode:
AE(x) = AU/L — 4reny(x — L/2). (6.6)

The field rises relative to U/L in the cathode region but decreases in the anode
region. Its distortion becomes greater with rising current, which is transported
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mostly by ions in nearly the whole gap, j ~ eb;En;. With equation (6.6), the number
of multiplications in equation (6.2) is

L
/ W(E)dz = agL + ' AU + 2a" L(zen;L)2/3 = In(1 + 1/y). (6.7)
0

Since the field perturbation AE is assumed to be finite but small, the second-order
terms in equation (6.7) were preserved. Because the condition for the breakdown and
self-maintenance mode at low currents equation (4.7) is apL = In(1 + 1/y), equation
(6.7) gives the reduction of the operation voltage relative to the ignition voltage:

AU = 2a" L(zen;L)?*/(3a'). (6.8)
Therefore, we have a parabolic /V-trace:

AU = Uy, — U=2r%"j*L3a'. (6.9)

It is clear from equation (6.9) that the field distortion by the space charge can either
decrease (at @'’ > 0) or increase (at @'’ < 0) the discharge operation voltage. A critical
point is the inflection in the a(E/p) curve, which, according to the Townsend
breakdown condition (4.7), is also the inflection in the ignition Uy(pL) curve. For
approximation (2.4), the inflection parameters (6.3) and (4.12) are

Eie = Bpl2, (pL)ins = 2.72(pL)1m, Unns = 2.72U,/2. (6.10)

To conclude, the field distortion by the space charge at pL < (pL)i,r retards the
multiplication (¢ < 1), leading to a higher operation voltage. The rising IV-trace is
stable to perturbations even in the absence of load resistance in the circuit. Since
(pL)inr ~ (pL)m, this corresponds to the left branch of the Paschen curve indicating a
uniform operation at low gas pressures; this discharge mode is known as a high
voltage mode.

It should be stressed, however, that the left-side breakdown is characterized by the
electron runaway, for which the coefficient a(E/p) is meaningless, so the consid-
erations above have only a qualitative nature.

The right-hand branch corresponds to a falling IV-trace at pL > (pL);yr because
the multiplication /0 g adz (equation (6.7)) grows with current at given U, i.e. the
voltage must fall with increasing current. The reason for this is that the integral
values in equation (6.2) for a non-uniform field are determined practically only by
the high field regions because of the exponential field dependence of a. To satisfy the
condition of equation (6.2), the potential drop across the gap must be smaller than in
a uniform field in the absence of space charge. If the working point is far off in the
right-hand branch of the Paschen curve, the maximum fields are practically the same
at different working points.

6.2 Townsend discharge instability in the right branch of the Paschen
curve [5]

The IV-trace of a transversely uniform discharge is unstable, since o'’ > O.
Experimental data show that this instability may lead to a constriction across the
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current and/or to fluctuations of the discharge current and voltage. The experimental
IV-trace (figure 5.2) has three sections corresponding to the three discharge modes.
The left side is for the Townsend mode, the right one is for the normal mode, and the
intermediate section is for the subnormal mode. If the /V-trace is measured during
the current rise and fall, the Townsend and normal sections coincide with a high
accuracy. The transition from the subnormal to the Townsend mode may have a
considerable hysteresis, and the constriction may be accompanied by intensive
fluctuations [6].

Let us analyse the relationship (6.7) for instability relative to small two-
dimensional perturbations

Ji(t, ) = + Ji(x) exp(Qut + iky), (6.11)

8\E = AE) + 8,E(x) exp(Qit + iky), (6.12)

where AE, is defined by equation (6.6) and n; = jiO/(ebiEO). For this, we will use
equation (4.31), omitting j.o. Bearing in mind that the voltage variation 6;U is
independent of the transverse coordinate y, we find from equation (6.5), similarly to
equation (6.6),

81E(x) = 4nej, (x)(LI2 — x)/(ebiEy). (6.13)

The number of multiplications can be written as (cf with equation (6.7))
L L
/ a(E)dx = aoL + &'AU + o’ / (AEZ(N)2 + AE(0)SE(x)dx.  (6.14)
0 0
Because AE) is small, we can use the expansion

L L
exp (a” / AEoélﬁdx) ~1+a” f AEy8,Edz, (6.15)
0 0

and calculate the integral in the right-hand side of equation (6.15), using equations
(6.6) and (6.13):

L (4n)* -
TA ( ) zjio.]i °
12 (biEy)

L
/ AE,8,FEdx = (6.16)
0

Finally, by substituting j (z + 7;) — /i (¢) ~ 7(dj./dt), we find from equation (4.31)

di L (4nejl)

= — T =Qi]. 6.17
ar 2 TbEy T (617)

It is clear from equation (6.17) that the characteristic time for the instability
evolution
12 3bE,
(4rmen;)?a’’ L3 4a"(xLj)?

o= 1/Q; (6.18)
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is defined by the ion drift time. Formula (6.18) can be re-written with the variables
pL, jlp?, and a/p. With the maintenance condition aL ~ In(1 + 1/y) and substituting
from o’ = a(Bp)2/E; for the right branch, we find the relation between the increment
and the discharge parameters as the scaling law:

_ 3(wp) (Eo/pB)* (Eop)* 1 3 (Uw/pBL)’ (Un/pL)’ (bip)
T dxr (alp) GUp (pLyp  4xtIn(ly + 1) G/p*)? (pL)p

The development of this instability is hampered by the transverse spread of electron
avalanches. Since this process is associated with free electron diffusion, the
respective large decrement must, at first sight, strongly suppress the instability. It
turns out, however, that the effective decrement is not large. For the short time
LI/(b.E), the avalanche traveling from the cathode to the anode spreads out at a
distance Ay ~ /(T.L)/(¢E). This is repeated after the long time z; = L/V/; necessary
for the ions produced by the avalanche at the anode to drift back to the cathode.
Although the multiplication period is (z; + L/b.E), the transverse spread occurs only
during the small (electronic) fraction of the period. Since the squared displacements
are summed up during random walks, the resulting spread for the time ¢ > t; is
y* =~ (Ay)*t/r; = b;T,t. This corresponds to diffusion with the effective coefficient
D, = b;T,, of the order of the ambipolar coefficient, in spite of the fact that there is,
as yet, no plasma in the gap. The respective decrement is Qg = (D,k%) [7]. As the
increment Q; in equation (6.18) does not vary with the wave number, the most
undesirable perturbations are those with the minimum decrement (minimum k),
which are defined by the cathode radius R.. The decrement for them is about
QP ~ (D,/R%). When the increment € is equal to the decrement Q™" | the current is
such that a transversely non-uniform discharge becomes unstable. A uniform
operation of a low current discharge in the right branch is provided only if the
breakdown voltage across the gap is turned on for a time shorter than z, (equations
(6.18) and (6.19)). This normally occurs when the electrodes are made from a special
material and have a special design and when a pulsed (sinusoidal) voltage is applied.
It is also believed that dielectric electrodes charged by deposited electrons can
improve the operation characteristics and maintenance of a uniform high pressure
discharge (see, for example, [9]).

To conclude, even a relatively small field non-uniformity induced by the space
charge leads to a slowly falling IV-trace (equation (6.9)) and may initiate an
operation instability. The farther the working pL value is in the right branch of
the Paschen curve, the smaller is the field distortion by the space charge and the
lower is the discharge current, at which the instability is initiated. The details of the
instability development vary with the circuit parameters, the gap geometry, and the
cathode material. Because the instability is due to the exponential function a(E/p), its
development stops, roughly speaking, when the maximum field reaches the value
(6.10). The non-local ionization in the low field region appears to be essential, so one
cannot use the Townsend ionization coefficient a(E/p) defined by the local field. The
switching off of the exponential function a(E/p) leads to the establishment of a
normal current density j,, with the discharge occupying only part of the cathode

. (6.19)
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surface. As a result, the glow with an average current density j < j, splits into regions
with the density close to j, (several orders of magnitude higher than ;) and regions of
zero-current. In addition to the formation of a stationary discharge with the normal
current density, fluctuations of the total current and voltage may also develop. For
this to occur, at least one of the conditions is necessary: R, < Rgir, ;> 1/(R%),
where R, and € are the resistance and capacitance of the discharge-circuit system
and Rg;c is the differential resistance of the discharge [7]. Therefore, the lifetime of a
uniform subnormal discharge is limited by a transverse instability, which gives rise
to a sharply non-uniform potential distribution and, as a result, to the formation of
the cathode sheath and normal current density. Note, that it was shown in [10] that a
necessary condition for a steady streamer propagation is that the maximum field
front should also be of the order of values from equation (6.10). In other words, the
state of the streamer tip (leader) should meet the requirement for the transition to a
non-local ionization. This circumstance makes us believe that the above instability is
directly related to the condition for the avalanche transition to a streamer.
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Chapter 7

The ‘short’ (without positive column)
glow discharge

As was discussed in chapter 5, the self-organization of a glow discharge is primarily
associated with the potential redistribution along the gap length, so that the current
transported mainly by ions in the cathode region is later transformed to the electron
current. The necessary ionization is initiated by electrons accelerated by the field in
this region. To maintain the electron current in the plasma regions, primarily in the
positive column, a low field is sufficient for the ionization to compensate for the
slow-electron escape to the walls (together with the ions), recombination and
attachment. The discharge gap is split into the space charge sheaths and plasma
regions with sharp boundaries between them: the boundary width is small as
compared with the size of the plasma region or the sheath.

The main specificity of the electrode region is that the electron and ion fluxes in a
homogeneous plasma (e.g. in the positive column if the gap is long enough) must be
matched with the boundary conditions. Over 99% of the total current in the column
is transported by electrons. On the other hand, the electron-to-ion current ratio at
the cathode is small, j,/j = y < 1. Since the enhancement of the partial (electron
and ion) flux in any region equals the net ionization in it, there must be a drastic
current transformation in the cathode vicinity. The electron-to-ion current trans-
formation requires intense ionization and very high electric fields, many processes
characteristic for dc glows occur in the cathode region; the voltage over the cathode
fall is quite high, about 100-1000 V, and the luminosity of the negative glow is
considerable. The discharge bears its name because of a bright glow.

There is no ion emission at the anode surface and j;(L) = 0. The ion current here
varies from zero to its positive column value, which is less than one percent of the
total current. So the net ionization rate in the anode region is two or three orders of
magnitude less than in the negative glow. As a result, the anode voltage ¢, is low
(< 30 eV), the anode region length is small, and its luminosity is less pronounced
than in the negative glow.
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In a short gap with no positive column in it, the whole discharge essentially
represents the cathode region. Since the principal characteristics of a glow discharge
are related to its longitudinal structure, we will consider in this chapter a simple case
of a short glow between plane-parallel electrodes containing no positive column’.
The last section of this chapter considers the anode region of the discharge.

The short discharge was chosen because the positive column is not an obligatory
part of the discharge: it arises only when the discharge gap is ‘long’. In essence, the
positive column is a bridge that closes the current when the electrode spacing exceeds
some length. It arises in the cold-electrode glow discharge and incandescent-cathode
arc discharge [1].

7.1 The fluid model of the cathode region in a normal glow

To predict its behavior in practice, one must have an opportunity to quickly estimate
its basic parameters with a simple yet consistent physical model. A simple and still
the most popular theory of the cathode voltage fall was developed by von Engel and
Steenbeck (see, e.g. [1, 2]). It is based on Townsend’s breakdown model with the only
difference being that the self-maintenance condition x = 1 (equation (4.7) with the
local a(E/p) dependence (equation (2.4)) does not hold for all of the discharge
volume but only for the cathode sheath. It is assumed that the sheath represents an
autonomous self-reproducible system, so the gap length L in equation (6.2) must be
replaced by the sheath thickness d and the electric field non-uniformity due to the ion
space charge must be taken into account. Thus, the condition for the multiplication
in the cathode sheath must be written as

M—1=exp ( /0 ‘ a(E(x))dx) = 1y (7.1)

Like in a breakdown, a single electron emitted by the cathode induces ionization
in the sheath, generating (M — 1) ions. Having returned to the cathode, an ion
provides the emission of a new cathode electron. It is assumed that all ions generated
by ionization return to the cathode and all of them are utilized for electron
production. The dependence of the cathode voltage fall U.(pd) corresponds to a
Paschen curve which has the point of minimum (4.12) and the inflection point (6.10).

We have mentioned in chapter 6 that the transition from a Townsend discharge to
a glow may occur in different ways. The field distortion by the space charge on the
left of the inflection point at pL < (pL);,y hampers the electron multiplication,
stimulates the /V-trace U(j) rise and stabilizes a high voltage discharge. However,
the fluid model for the description of the breakdown and discharge development in
the left branch poorly agrees with observations and is invalid because of the electron
runaway. On the right of the inflection point, at (pL) > (pL)inp, the current rise
produces an instability, because the electron multiplication is facilitated by the

! An important exception is the contribution of transversal effects to the establishment of the normal current
density in the right branch of the Paschen curve.

7-2



Introduction to the Kinetics of Glow Discharges

potential redistribution, such that a transversely non-uniform discharge can operate
at a lower voltage. This promotes the normal discharge mode (see chapter 5).

The role of the potential redistribution associated with the plasma production is
clear from a qualitative model of the Rogowski glow (1932) [3]. Suppose there is a
voltage U higher than the breakdown voltage Uy, at a pL value corresponding to the
right branch of the Paschen curve. In the absence of the space charge, the potential
profile will be linear at first and U/EL. The gain in equation (4.7) is u; > 1, and the
respective value of @ = a; will be described by the exponential section of the a(E/p)
curve. The charges accumulated at the anode form a plasma region. Since the
plasma field is negligible, the field becomes strongly non-uniform: it increases at the
cathode and vanishes at the plasma boundary. Because the « values lic along
the exponential a(E/ p) curve, the gain at constant voltage will be y, > p; > 1 and
the current will rise fast with time (faster than the exponent). As soon as the field
reaches a critical value, at which the exponential a(E/p) function is ‘turned off’, u
begins to decrease. In other words, when the plasma boundary is at a certain
distance d to the cathode, u becomes unity. This is the moment of establishing a
stationary discharge with a well-pronounced cathode sheath and plasma region.

In the right branch where the breakdown is due to the local ionization, the
discharge development and plasma formation lead to the potential accumulation
along a shorter distance (the cathode sheath of thickness d <« L), initiating the
transition to a non-local ionization with exponential a(E/p) turned off. This stage is
characterized by a fixed normal current density j,,, and the glow covers only part of
the cathode at i <j, S; (S. is the cathode area) in such a way that the current density is
equal to j,. This corresponds to the U, minimum in the U(j) curve for the sheath
and represents a normal glow with a two-dimensional (2D) current pattern across
the cathode. The cathode spot has such an area that the current density in it is
J, = i/S, and the potential drop across the cathode is U,,. The discharge voltage
U for a partial cathode coverage is independent of the current, exceeding U, by the
value of the potential drop in the positive column. The current rise is accompanied
by the growth of the glow spot S at constant j and Up,.

Let us now derive a one-dimensional (1D) matching condition for the cathode
spot boundary within the local fluid model [4]. If we assume that the instability
produces a stationary pattern of the cathode spot with /S > d, the particle balance
equation averaged over the sheath is

2
Da% = nZ; — bi [chnl 5

(7.2)

where x is the coordinate tangential to the cathode surface, n; is the average ion
density in a thin 1D cathode sheath, U is the x-independent sheath voltage, and b; is
the ion mobility. Here we have approximated the ion out-flux from the sheath to the
cathode by the right-hand side of equation (7.2). The ambipolar diffusion coefficient
describes the transverse spread of the ion profile; the reason for this was discussed in
detail in the preceding section. With equation (2.4), the average ionization frequency
can be approximated as
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Z; = abe(%) = Apbe(%) exp (—Bpd/ U}).

As the electron and ion currents in the sheath averaged over d are comparable, we
will replace the product n.b, in equation (7.2) by n;b;. Since the sheath thickness d

varies with the ion density as
d= U
Adrnie’

the right-hand side of equation (7.2) can be interpreted as a position-dependent
‘force’

d¥
fn = ===,

with the ‘potential energy’,

P(n) = —fdn(neZi - bi%':—;’ .
So the problem is mathematically equivalent to the problem of heavy body motion
over a curved surface. The ‘potential’ ¥(n) is convex up at n = 0 due to the
exponential dependence (2.4) and convex down at a high ion density due to the
cancelling of this dependence. So it has two maxima. One is at n = 0 corresponding
to the zero-current region. In order to describe a smooth transition between two
semi-infinite domains, the equivalent heavy body must start its motion at one
potential maximum and finish it at the other with zero ‘velocity’ %. Therefore, it is

necessary to have Y(n = 0) = ¥(n,), with n, being the density at the second
maximum. This condition yields

24,2
m= 1352
el
and the respective field
E U
(—) = (—] = B. (7.3)
r), \pd),

One can see that a stationary boundary in a 1D approximation can exist only
between a zero-current domain and a domain (cathode spot) with the normal current
density. It follows from this result that the instability can subdivide the discharge
into a zero-current region and a cathode spot with normal current density. The
electric field (7.3) corresponds to the saturation of the a/p(E/p) curve. This mode
exhibits a considerable non-local ionization in the plasma region of the negative
glow, requiring a kinetic treatment.

The field profile in the sheath is described by the Poisson equation, in which the
field decreases monotonically from the maximum to zero, such that a simple
interpolation gives a linear E(x) profile used in the Engel-Steenbeck model of
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normal glow (see below, equation (7.12)). If the electron density in the sheath is
neglected, the Poisson equation yields approximately 4zen; = dE/dx ~ Ejld ~ Ud>.
Hence, the current density on the cathode j = en; b,E ~ biU*/(4nd’) is written as [1]

jns (blp) Unzs
? ~ 747t(pd)r318' (7.4)

In the Steenbeck model, the cathode potential drop U, and the sheath thickness d,,
in a normal glow are taken to be equal to their values at the minimum in the Paschen
curve. From equation (4.12), we have [1]

(s = (PL)m = ﬂln(l n 1);
A Y
(Elp)as = (Eolp)m = B: (1.5)

e W= 22211 1)
14

Table 7.1 shows the calculated and measured values of U, j,/p?, and (pd)ys.
With the account of some uncertainty in choosing the y.¢r value, we get a reasonable
agreement between U, U, and j /p?, j, /p?. Since the values of (pd),s and so on in
equations (7.5) are calculated from the same formulas as the position of the
minimum in the Paschen curve (pL),, (equation (4.12)), they appear to be close to
the experimental (pL),, values from table 7.1. In contrast, the experimental values of
(pd), from table 7.1 turn out to be smaller than the (pL),, values. This is largely
because the Engel-Steenbek model neglects the non-local ionization in plasma and
the ion return to the sheath from the plasma (see below).

When the current is higher than j,S., there is a transition to an anomalous glow
accompanied by the voltage rise (figure 5.2). The sheath thickness here is pd < (pd)ps
and is described by the left branch of the Paschen curve, so the Engel-Steenbek
theory shows a poor fit with the experimental data.

Table 7.1. Measured and calculated parameters of normal discharge. From [15].

G Un, V Jus!P?, mkA(em Torr)™ (pd)ys, cm Torr
as
Calculated Measured Calculated Measured Calculated Measured

He 59-177 143 2-5 1.6 1.3-1.45 2.6

Ne 75-220 154 5-18 1.2 0.64-1.62 2.1

Ar 64-165 146 20-160 4.5 0.29-0.33 0.9

Kr 215 196 43 2.1 0.26 1.1

Xe 306 212 16 6.2 0.23 0.7

H, 94-276 195 64-110 23 0.16-1.0 1.5

N> 157-233 213 380400 15 0.31-0.42 0.7
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In order to find the transition to a uniform positive column, equations (2.1) of the
local model should include the escape of charged particles. Their combined solution
with the Poisson equation shows that the field decreases monotonically with distance
from the cathode to the column value, whereas the electron density monotonically
increases.

7.2 A model of glow discharge with account of non-local ionization

Of all the models in which ionization is assumed to be dependent on the local field
the fact is typical that the cathode sheath inevitably transforms into a positive
column. In this case, ionization (and glow) concentrates in the cathode sheath, where
the field is high. The cathode sheath—plasma boundary coincides with the boundary
between the negative glow and positive column, and the Faraday dark space in such
models is absent. Such a discharge pattern is in obvious conflict with observations,
which attest that ionization in the cathode region is non-local (that is, it does not
depend on the local field strength at a given point of the space). Indeed, the electrons
emitted from the cathode and also those generated in the cathode sheath and
accelerated by the high field in it are responsible for non-local ionization in an
adjacent plasma region, where the field is low. Therefore, the negative glow consists
of two parts: one occupies part of the cathode sheath, while the other is in the plasma
(plasma negative glow, PNQG) [5, 6]. The ions generated in the PNG also return to
the cathode, providing electron emission from it, and consequently play a major role
in sustaining the discharge. This role is especially significant in the case of the
abnormal glow discharge, when the cathode sheath is small and ionization in it is
weak, so that the overwhelming majority of ions bombarding the cathode originate
precisely in the PNG. Therefore, the pattern of the glow discharge is very
complicated; specifically, all near-cathode areas of the discharge (including the
cathode sheath and negative glow) are autonomous rather than the cathode sheath
alone, as it is supposed in the local models.

Thus, the major disadvantage of the available models of the glow discharge is that
they use the local field approximation to determine the ionization rate and, as a
consequence, assume that the cathode sheath is autonomous. To put it otherwise,
they neglect non-local ionization in the PNG. In this situation, the local models will
give both quantitatively and qualitatively incorrect results (as was noted in [7]).
Therefore, it seems appropriate to develop a more adequate model than the Engel-
Steenbeck model and still as illustrative as the former that makes it possible to
establish the main functional relationships between the parameters of the low
discharge with allowance for non-local ionization in the PNG.

Numerical data concerning the glow discharge (in particular, specific values of the
external parameters) are today routinely derived by computer simulation. Advanced
computational codes allow one to obtain a discharge parameter spatial distribution
that corresponds to a space charge layer in the plasma with direct and reverse electric
field. It was found that the distribution thus obtained agrees well with experimental
data (see, e.g. [8-11]). However, the whole solution of the self-consistent problem is
time-consuming and requires that ‘equally exact’ elements be used. The fact is that
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the reliability of a model is controlled by a bottleneck, which is the least accurately
known element. Therefore, even if methods applied to some blocks of the code are
the most advanced and reliable, if other elements are poorly or insufficiently known,
the accuracy of results cannot be improved. For example, the non-monotonic profile
of the potential and non-local ionization are frequently displayed with various
hybrid schemes in which slow electrons are described in terms of fluid dynamics but
their transport and kinetic coefficients are calculated as functions of electron
temperature 7, rather than of the local electric field. The self-consistent electric
field is found by solving the Poisson equation in this case [8-11].

The profile T.(x) is found by solving an equation of thermal balance for electrons
that takes into account not only volume processes but also spatial transfer due to
heat conduction (see, e.g. [10]). Therefore, a shift in spatial coordinate arises between
the field and electron concentration and temperature; that is, the profile 7;(x) and,
hence, the profile of the impact ionization rate, diffuse by length A, of electron energy
relaxation. The result of such a computer simulation is a cathode sheath with a high
electron concentration and high field followed by a low-field plasma region, where
T, is still high enough to result in noticeable non-local ionization. The reverse field
here arises in a natural way in order to suppress the diffusion of electrons toward the
anode. This plasma region is viewed as the PNG and Faraday dark space. In other
words, a non-local dependence of the discharge parameters appears on the electric
field such that a maximal concentration of the plasma falls into a range with low
electron temperatures. Unfortunately, despite a formal qualitative agreement with
experimental data, these seemingly plausible results cannot be considered as
adequately describing processes in the near-cathode region on a quantitative basis.
The fact is that, in such an approach, the electron ensemble is considered as a whole
and is characterized by averaged parameters, namely, averaged density ., averaged
energy (temperature 7;), and averaged directional drift velocity u.. However, the
electron distribution function in the near-cathode region is actually non-local; i.e.
different groups of electrons behave differently. Accordingly, they cannot be
described by averaged parameters and kinetic analysis is needed (for details, see
[5, 6]). While the simulation results qualitatively agree with experimental data in a
number of parameters, many critical issues are treated incorrectly in terms of such a
fluid-dynamic description. Specifically, current transport in the PNG region and the
Faraday dark space are related to the behavior of an ‘intermediate’ group of
electrons with a heavily non-Maxwellian distribution [5, 6]. The parameters of
intermediate drifting electrons, which transport the electron current, are almost
independent of the parameters of electrons from the basic group, which provide the
balance of plasma density n, and (average) electron temperature T, over the electron
ensemble. In turn, these thermal electrons (which have a near-Maxwellian distribu-
tion owing to their high concentration) cannot move in the longitudinal direction
and therefore do not participate in current transport and their temperature T, is
controlled by heating due to collisions with intermediate electrons. Self-consistent
kinetic analysis of electrons is therefore necessary. Detailed consideration of these
issues and related errors is beyond the scope of the present book and will be
published elsewhere.
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Here a simple model is demonstrated that, allowing for non-local ionization in the
PNG, makes it possible to calculate the distribution of the basic longitudinal
parameters of the plasma and derive an IV-trace of the short (without a positive
column) glow discharge. To apply this model, it will suffice to use well-known
tabulated data for secondary emission coefficient y and Townsend ionization
coefficient a.

7.2.1 Basic concepts of the model [12]

As was noted above, the basic characteristics of the glow discharge can be described
using the example of the short discharge (the simplest case), when the positive
column is absent because of a small electrode distance. In this case, 1D analysis will
suffice’.

The definition of the short discharge to a certain extent remains uncertain. It
seems reasonable that discharges for which the electrode gap is shorter than that
corresponding to an inflection point in the Paschen curve (L < L;,;) be referred to as
short. Using breakdown condition

M = exp /0 " MEG))dx = 1y (7.6)

and approximating the ionization coefficient as equation (2.4), it is possible to get for
inflection point parameters [1]

272 (1 4 1), (ElpYur = BI2, (Ul = (EL))ur. (17)
Y

(pL)inf =

The fact that length L < L;, is critical in the sense that it separates two
drastically different modes of evolution of the discharge after its initiation counts
in favor of our choice.

In fact, the IV-trace of the Townsend discharge under the action of the space
charge after breakdown (see, e.g. [1]) is given by

U = U, — const X (Bp/(2E}) — 1)j2. (7.8)

It follows from equation (7.8) that, if breakdown takes place at the left of an
inflection point in the Paschen curve (L < L), the reduced electric field is
E/p > B/2. Accordingly, the Townsend discharge has a rising /V-trace [1] and no
ballast resistance is required to sustain it. As the current increases, the Townsend
discharge steadily changes to the glow discharge, which is homogeneous over the
cross-section and usually occupies the cathode completely. This property of short
discharges is widely exploited in practice, specifically, in plasma display panels,
where a high stability of the discharge is necessary. Since a pixel of the plasma
display panel is essentially a high-pressure glow discharge (p = 500—1000 Torr) in

2 Even if the discharge is long, a glowing positive column appears only in gas gaps confined in the transverse
direction. In ‘wide’ gaps, the transition region between the negative glow and anode is dark; that is, discharge
in this case is a variant of the corona discharge.
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Ne—Xe or He—Xe mixtures, its small size (L = 100-500 pm) gives a desired low value
of parameter pL < 5 cm Torr [13] (for helium and neon, ((pL)iy; = 7—8 cm Torr).

At L > Ly (Elp < B/2), conversely, the IV-trace of the Townsend discharge
descends. Therefore, as the current grows, the discharge experiences instability
(subnormal discharge), causing a step transition to the normal form. Eventually a
spot with a normal current density arising on the cathode occupies it only partly.
With a further increase in the current, the discharge becomes abnormal with an
ascending /V-trace and totally occupies the cathode surface [1, 6].

It should be noted that the discharge is usually considered glow up to a clear-cut
minimum point in the Paschen curve. This point corresponds to length L, which is
roughly three times smaller than L;,;. It follows from equations (2.4) and (7.7) that
(PL)m = (pL)ing/2.72; thatis, (E/p)m = 2(E/p)mr = B. However, point (pL),, is not a
point of discharge switchover. Therefore, the categorization of short (without a
positive column, L < L;,¢) discharges adopted in this book (as the post-breakdown
current grows, the discharge remains stable) seems to be more appropriate.

The I'V-trace of the discharge will be derived, as usual, from the Poisson equation
for the cathode sheath and discharge self-sustainment condition.

When the Poisson equation is applied to the cathode sheath, the electron density
is as a rule neglected and it is written as

dE
dx
Density n; of ions is expressed through their flux, n; = Ii/u;.

Solutions to equation (7.9) reported in the literature differ from each other. The
reason is that the drift velocity versus field strength dependence is approximated by a
linear (u; = b;E) or square root function (u; = k;</E). Since the electric field is
sufficiently large in most of the cathode sheath, the root-square approximation
seems to be more appropriate. Using the relationship n; = [}/(k+/E) and standard
linear approximation of the field versus distance dependence [1, 5-7, 14, 15], and
current conservation equation we can obtain

= —4gxen;. (7.9)

Ji(x) =j = j.(x) =j(1 -1 eXp(aox))- (7.10)
(I+7)

Since the high-to-low field transition occurs at the sheath-plasma boundary, the

sheath field can be found from the boundary condition E(d) = 0. With the account of

the field dependence of the ion mobility, b; = k;/~/E, the integration of equation
(7.9) [5] yields

E3(x) = 6mj(d — x — y(e™ — e*)/(ay(1 + y))/k;. (7.11)
The field profile from equation (7.11) is
/4

- -1

E(x) i (exp(agx) — 1)
ey = LT 7 . (7.12)

E*%(0) d — ———(exp(ayd) — 1)

ao(l +7)
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In the limiting case of an abnormal discharge with small values of d and
ionization rate in the sheath, ayd < 1, equation (7.12) yields the cathode potential
U = 2Ey/5, and E/E(0) = (1 — x/d)*3. This distribution can be approximated by a
linear function only at x < d. The ion generation in the sheath decreases dE/dx in
the vicinity of the point x = d and brings the field profile closer to a linear function.
For this reason, the whole experimental field distribution in a normal and
moderately anomalous glow can be approximated fairly well by a linear function
with U = E(0)d/2. Figure 7.1 shows the experimental function E(x) and its
calculation with equation (7.12) [5]. From equation (7.11) with U = E(0)d/2 gives
the common relationship (7.4) (see also [1])

Jo_ (kip)UZ" _ (kiyp)U”
2 ~ .
sp; _ r(exp(aod) = 1) V2 7(pd)*? (7.13)
V2 z(pd) (1 et )

Since at y <« 1 ion current j; in the cathode sheath is of the order of total current
J, j is substituted for j; in estimate (7.13). Comparison with self-consistent calcu-
lations [5] shows that the resulting error is small.

To find another relationship between parameters j, U and d'in (7.13), we make use
of the discharge self-sustainment condition. It has been already noted that the
cathode sheath consisting of the space charge is not an independent system;
therefore, some of the ions come to the cathode from the PNG and relationship
(7.6) cannot be used as the discharge self-sustainment condition. A correct discharge
self-sustainment condition can be derived from the condition of current density
constancy over the discharge length,

1.0 T T T T

Electric Filed (E/E,)

0.0 ] 1 ] ]
0.0 0.2 0.4 0.6 0.8 1.0

Distance from Cathode (x/d)

Figure 7.1. Electric field profile in CS: experiment (dots) and calculations (lines). After [5].
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J(x) = j.(x) +ji(x) = j.(0) +j;(0) = const. (7.14)
Using equation (7.14) and the boundary condition on the cold cathode,
J0) =i, (7.15)
we obtain the discharge self-sustainment condition in the form
Je (@)1 (0) + j(d)]j(0) =1 + 1/y, (7.16)

which is an extension of Engel-Steenbeck condition (7.6).

If the first term alone is left on the left-hand side of (7.15), we arrive at local
condition (7.6). However, the second term on the left of (7.15) (the ratio of this term
to the first one is sometimes called the plasma efficiency factor [15, 16]) is almost
always large and therefore neglect of this term (which means that the cathode sheath
is autonomous) is incorrect in the given situation’.

Electron and ion fluxes appearing in condition (7.15) can be found from the
respective balance equations,

VI. i=Zx (7.17)

where Z; is an ionization source.

To solve equation (7.16), one must know the ionization parameters in the near-
cathode region, where the electric field varies from very high values in the cathode
sheath to low values in the PNG. Fast electrons having been accelerated in a high
field of the cathode fall are injected into the PNG (where the field is almost absent)
with an initial energy far exceeding ionization energy ¢;. These electrons are able to
ionize at once irrespective of the local field strength, so that such an electron may
travel a large distance before the electron distribution function relaxes to the form
corresponding to the local field. In its path, the electron produces much non-local
ionization, which by several orders of magnitude exceeds the local ionization, when
field E/p in the plasma is weak. In a high electric field of the cathode fall, the
situation is aggravated by the effect of electron runaway, when electrons, gaining
more and more energy, acquire a non-zero probability of switching to the whistling
mode. In this mode, collisions have a minor influence on the motion; that is, the
motion becomes ballistic [17].

The aforesaid indicates that use of ionization coefficient (2.4), which depends on
local electric field E(x), in the near-cathode region is invalid. Unfortunately, we are
unaware of reliable experimental data for the cross-sections of the respective
elementary processes (especially for the angular dependences of these cross-sections);
therefore, related calculations are inaccurate (exact methods, such as the Monte
Carlo method or direct solution of the kinetic equation, are neglected because of
their laboriousness).

3Yet, the local theory gives the IV-trace close to the observed one in a wide range. This is because the terms on
the left of equation (7.15) are comparable to each other when the current is not too high. Since the first term is
strongly (exponentially) dependent on the field, even a small variation of the field in the cathode sheath makes
this term prevailing. Formally, this leads to agreement with simplified calculation by (7.6), when the second
term on the left of (7.15) is neglected.
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To approximately describe ionization characteristics in the near-cathode region of
the discharge, we divide the discharge gap into a high-field cathode sheath and a
weak-field plasma region, which are separated by a sharp border at point x = d. The
thickness of the boundary (it is of the order of the Debye screening radius, i.e. much
smaller than the thickness of the cathode sheath) will be neglected.

Since ions generated in the cathode sheath under the action of a high field come
back to the cathode, it follows from equation (7.16) that the first term in equation
(7.15) can be expressed through electron multiplication coefficient MCF in the
cathode sheath as

J. (@) (0) =1 =M Fd) = /0 ’ Zi(x)dx/j,(0). (7.18)

When finding M F, one should bear in mind that ionization in the high field of the
cathode fall depends on the potential difference overcome by the electron rather
than by the local value of the electric field. Since ionization coefficient « is usually
tabulated as a function of E/p, the multiplication coefficient in the cathode sheath
will be determined by the simplified method [1]. To this end, we replace « by its value
in the mean field of the cathode fall, E = U/d; that is, it is assumed that
acr = a(U/d). In this approximation, the number of ionizations in the cathode
sheath is given by (see [1])

MCF(d) = explaced) — 1. (7.19)

This approximation corresponds to a constant value of Townsend coefficient «,
i.e. to its value in ‘effective’ field E = Ul/d, which follows from equation (2.4), and is a
refinement of the approximation used in [5]. In that work, coefficient @ was assumed
to be acr = ap = Ap/2.72 for any value of the cathode fall, which corresponds to
saturation of (2.4) in parameter E/p. Thus, the index of power in equation (7.19)
becomes dependent on discharge conditions and can be expressed through coef-
ficients 4 and B appearing in approximation (2.4),

acrd = Apd exp(—BpdIU). (7.20)

Since electrons generated by ionization in the cathode sheath are accelerated in
the electric field and also can take part in ionization, the fast electron flux in the
cathode sheath grows exponentially. Therefore, the ionization rate also rapidly
grows with distance from the cathode and reaches a maximum at the boundary
between the cathode sheath and PNG. Broadly speaking, the near-cathode region
consists of a cathode dark space, where the fast electron flux is still insignificant, and
a glowing region that is part of the cathode glow space”.

In the PNG, where the field is low, glow and ionization are due to only
fast electrons coming from the cathode dark space. Electrons generated here

4 A finer partition of the near-cathode region into the Aston and Hittorf dark spaces, cathode glow space, etc is
related to a deeper insight into the dependence of the excitation cross-section on the electron energy; this issue
is beyond the scope of this work.
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cannot be multiplied and therefore the ionization rate and glow in the PNG can
only decrease with increasing distance from the boundary of the sheath. It follows
from the aforesaid that the boundary between the cathode sheath and PNG is close
to the position of the point where the intensity of source Z(x) is maximal. Since the
cross-sections of excitation and ionization behave in a similar way, the ionization
and excitation profiles are also close to each other and so a maximum of the
discharge is expected to be observed at the cathode sheath—plasma boundary
(figure 7.2(a)).

It should be noted that the position of the cathode sheath—plasma boundary
remains uncertain. There are many publications where the thickness of the cathode
dark space is estimated from visual observations of the discharge glow. Certainly,
glow in the immediate vicinity of the cathode is almost absent for two reasons.
First, electrons due to ion—electron emission (gamma electrons) are slow, so that
excitation and ionization take place at some distance from the cathode. Second,
the fast electron flux in the sheath exponentially grows with distance from the
cathode. Therefore, the ionization rate and glow intensity also grow in the cathode
sheath exponentially and the boundary between the dark and glowing spaces is
rather sharp. The thickness of the dark space is frequently identified with the
thickness of the cathode sheath. Actually, however, the situation is the reverse: it is
the brightest point of the discharge that corresponds to the sheath—plasma
boundary. When the fast electron flux responsible for ionization and emission
passes into the plasma, it fades out with distance as its slowest electrons decelerate
and ‘bow out of the game’. For example, in atomic gases, this happens when the
electron energy becomes lower than the excitation energy of the first upper level of
the atom. It is these ‘intermediate electrons’ that transport current in the Faraday
dark space [5]. Therefore, the negative glow determined visually consists of two
parts. This fact should be taken into account in comparing published data. Figure
7.2 shows the longitudinal profiles of the optical and electrical parameters of the
discharge.

As has been already noted, the strength of non-local ionization source Z;(x) in the
PNG decays starting from its maximal value at the boundary with the cathode
sheath (x = d). In the simplest case, it can be approximated, e.g. by an exponential
curve first used as early as in [18] and then in [19],

Zy(x) = zmexp(—(x — d)/As), x=d. (7.21)

In the adopted approximation, the strength of the source at the boundary of the
cathode sheath is (see equation (7.19))

Zm = [(0)acr exp(acrd). (7.22)

In (7.21), A 1s the characteristic scale of decay, which was tabulated in [19] based on

Monte Carlo simulation for argon, helium, nitrogen, and silane. In [20], the values of

A¢s for argon are compared with those measured from the spectral line intensity
decline in the PNG. It turned out that the experimental values of A for argon exceed
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Figure 7.2. Longitudinal distribution of the basic parameters of the short glow discharge (of length L): CDS,
cathode dark space; CGS, cathode glow space; PNG, plasma part of the negative glow; NG, negative glow;
FDS, Faraday dark space; AS, anode sheath; and Z;, ionization source. n is the plasma electron density (xp, is
the maximum point); Ay is the fast electron range; ¢ and E are the electric field potential and strength (dashed
line marks the uniform field accepted for the cathode sheath); and j, j;, and j, are the densities of the current and

its components. From [12].
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those calculated in [29] roughly twofold (see [27], figure 8). Later [21, 22], practical
estimates for argon were made based on the measured drop of the spectral line
intensity rather than on calculated results from [19].

Since reliable data for the scale of 1., decay are absent, we, in order to be able to
rapidly estimate this parameter, relate it to such an important parameter of fast
electrons as their range. The range of electrons is defined as length Ay which a mono-
energetic beam of fast electrons with energy & travels in a given medium until it
completely stops (i.e. until they turn into intermediate electrons).

More or less reliable data for A¢ are available only for high energies (¢ > 1 keV).
For the conditions we are interested in (i.e. when values of the cathode fall that
represent the upper boundary of the fast electron energy fall into the interval eU =
200-2000 eV), available data are sparse. Since even the fastest electrons having
gained energy eU stop at the point x = Ay, their range determines the negative glow
length in gas discharges [1, 5]. This fact can be used for finding A; under specific
conditions.

To estimate Af(U), we will make use of the circumstance that, in the energy
interval of primary interest for us (from several tens of electron-volts to 1 keV),
many dependences of the excitation and ionization cross-sections have a smooth
maximum. This maximum is observed in the vicinity of the Stoletov (saturation)
point in relationship (2.4) for « and is reached in field (E/p), = B (such fields
provide conditions for electron runaway [17]). Therefore, A; can be estimated by the
empirical formula 7.3

A(U) ~ UlEn = Ul(pB). (7.23)

Note that quantity A, as any integral characteristic, is not sensitive to details of
elementary event characteristics; therefore, estimate (7.23) is in good agreement with
published data. For argon, the dependence of the range on the applied voltage,
which is shown in ([14], figure 5), correlates well with dependence (7.23) with
tabulated B = 180 V (cm Torr)~!. Figure 7.3 plots negative glow length Lyg found
experimentally versus the cathode fall for various gases ([15], figure 7.6). Also shown
are respective dependences (7.23), which are seen to agree well with data from [15].

As was noted, difference A; — d is the PNG length, so that the Faraday dark
space starts with x > A;. As parameter pL decreases to a value meeting the position
of the minimum in the Paschen curve (when A; > L,,), the fastest electrons with an
energy equal to cathode fall eU reach the anode surface. Since their ionizing capacity
is utilized incompletely, the voltage should be raised to sustain the discharge. The
discharge in which the Faraday dark space is absent when pL < (pL),, is called the
obstructed discharge [1, 6, 7].

To estimate length A, in simple terms, it was suggested that range A;(U) be
identified with the value of difference (xd) at which ionization rate (7.21) becomes
low, e.g. falls by e¢? ~ 10 times for the sake of definiteness [25]. Then, we get the
desired relationship in the form

A ® (Ar — d)I2 = UIQ2pB) — dI2. (7.24)
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Figure 7.3. Negative glow length /, found experimentally versus the cathode voltage for (M) helium, (A)
hydrogen, (<) argon, and (W) nitrogen [15], and fast electron range Ar (7.23) versus the cathode fall for (1)
helium, (2) hydrogen, (3) argon, and (4) nitrogen. Data points (@) refer to the fast electron range in argon [14].
From [12].

The simple relationship (7.21) for the source of non-local ionization in the PNG
can also be derived by simplifying the model used in [5]. Namely, the field in the
cathode sheath is assumed to be uniform or, in other words, the profile of the
potential in the sheath is assumed to be linear: ¢(x) = U(1x/d), x < d. Then, using
the approximation of fast electron energy continuous losses, we obtain for the
effective (allowing for a constant decelerating force) potential in the PNG [5]

p(x) = Ulx — d)l(Ar — d) x> d. (7.25)

Eventually, the model used in [5] yields expression (7.21) for source Z;(x) where
zn 1s defined by (7.22) and

des = (Ar — d)/(acrd) = (U — Bpd)/(acepd). (7.26)

Estimate (7.24) or (7.26) makes it possible to calculate the scale of 1., decay in
(7.21) given voltage U and thickness d of the cathode sheath’.

>1t should be noted that, if acpd > 2 and thickness d of the sheath constitutes a tangible fraction of Ay, the
scale of 1.5 decay in (7.26) becomes sensitive to d and A¢. In this case, expression (7.26) for A is preferred. At
the same time, estimate (7.24) is preferred for the abnormal discharge, when the cathode sheath is thin.
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Thus, expression (7.21) combined with (7.24) or (7.26) can be used to find the
spatial distribution of the strength of source Z;(x) and, accordingly, the multi-
plication coefficient if the PNG,

X x—d
MPNG(x) = / Zi(x)dxIT,(0) = e”‘CF"(l + acp/lcs(l - eﬂc)) (7.27)
d
According to (7.27), the total number of multiplications (ionizations) in the PNG,
MPNG(x) = f © Z(x)dxITi0) = e*F(1 + acpe) (1.28)
d

at acp > | exceeds that in the cathode sheath (see (7.19)).

When determining the fraction of ions coming back to the cathode (the second
term in discharge self-sustainment condition (7.16)), one should bear in mind the
following important circumstance. Unlike in the cathode sheath, where a strong field
sends ions back to the cathode, the field in the quasi-neutral plasma that corresponds
to ambipolar diffusion is low. Therefore, some of the ions generated in the PNG may
move toward the cathode and side walls or recombine in the volume instead of
returning to the cathode. For an ordinary plasma with carrier concentration
n=n,=n; and a carrier mobility independent of the field and concentration,
equation of balance (7.17) takes the form (for details, see [1, 5-7])

VD, Vn + Zi(x) — pn* =0, (7.29)

where D, = Di(1 + Te/T) is the ambipolar diffusion coefficient and f is the volume
recombination coefficient.

Since the ion density in the layers is small compared with the ion concentration in
the PNG, we can impose the zero conditions at the boundary of the cathode sheath
and on the anode in (7.29): n(d) = n(L) = 0. Then it follows from (7.29) that the
profile n(x) has a maximum #,, at the point x,, (see figure 7.1). Accordingly, the ions
generated at x > x,, move toward the anode, while those generated at x < x,,, return
to the cathode. To put it differently, the field changes sign at the point of plasma
concentration maximum [1, 5-7, 23]. It suppresses the diffusion of electrons toward
the anode (figure 7.2), forms a potential well for electrons (the electrons confined in
the well do not contribute to the current at all), and provides the constancy of the
current over the gap. The electron current in the Faraday dark space is transported
only as the diffusion current of unconfined (intermediate in terms adopted in [5])
electrons. Therefore, a potential jump in the anode sheath is always negative for
short discharges (L < Ly ); that is, it decreases the current of intermediate electrons
toward the anode. For the Maxwellian electron distribution function, potential
difference U, between the anode and point of concentration maximum can be
roughly estimated by equating the chaotic electron current toward the anode to the
electron current (note that this problem demands a kinetic consideration, since the
distribution of intermediate electrons may differ strongly from the Maxwellian one),

nm |81, ¢ N

e—,|—eT =j—eD, .
4 N m / dL—xm

(7.30)
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The proximity of the point of field reversal to the point of concentration
maximum was observed experimentally in [24] and predicted in [8-10]. In [5, 23, 25],
this condition was used to find point x,,. At the point of field reversal (£ = 0), both
the electron and ion currents have only diffusion components. Since D, > D;,
the total current at point x, almost coincides with the electron current:
J(xm) = j.(xm) [23]. If volume recombination plays a minor role and ions move
toward the side walls and anode, it follows from equation of balance (7.29) that
the second term in (7.16) is

J (@)1, (0) = MPNO(x). (7.31)
Ultimately, discharge self-sustainment condition (7.16) takes the form
MY + MPNG(x,) = 1/y. (7.32)

One can make use of expressions (7.19), (7.20), and (7.27) to find MCF and
MPNG(x) and solve ambipolar diffusion equation (7.29) to find x,,,. Being interested
in the longitudinal (along the x-axis) distribution of the parameters, we simplify
(7.29), representing the ion motion in the transverse direction through characteristic
time 7, of ambipolar diffusion, z, = (R/2.4)*/D,. Then, upon substituting Z(x) in the
form of (7.21), equation (7.29) takes the form

iDa@ + zm exp(—(x — d)/Ae) — nlz, — pn* = 0. (7.33)
dx “dx

Since most electrons in the PNG are confined, the electric field does not warm
them. If it is taken into consideration that the rate of heat conduction by electrons,
which smooths out the electron temperature profile, is high, the ambipolar diffusion
coefficient in (7.29) and (7.33) can be regarded as constant. Eventually, equation
(7.33) will turn into an inhomogeneous non-linear equation with constant coef-
ficients. If volume recombination is insignificant, equation (7.33) becomes linear and
its solution can be expressed in quadratures. If, for example, R > L — d, we have

ne(x) _ daj X — d(l d—L)

n; : L—-d

— € Jes (7.34)
In this case, point x,,, where the plasma concentration reaches a maximum is found
from the expression

A d- L
m:d_ﬂcs1 = 1 - 5 7.35
X n (L = d( exp( - ))J (7.35)

where n, = z,,A2/D,. Since the profile of source Z(x) coincides with that used in [23],
expressions (7.34) and (7.35) are similar to the expressions derived in [23].

Since n,001/D,001/T, in (7.34), an uncertainty in the electron temperature directly
influences the error in determining 7. Therefore, the electron temperature should be
known exactly to correctly find the plasma concentration. In [10], it was postulated
that 7, = 1eV;in[11], T, was set equal to 0.1 eV. All other things being the same, the
respective values of n. will differ by one order of magnitude. It is remembered once
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again in this connection that the accuracy of calculation with any code is governed
by a bottleneck, the least accurately known element.

It follows from (7.35) that the position of point x,, in the 1D geometry depends on
a single parameter, A,./(Ld) [23], and is independent of T.. Given d, L and U,, x, is
easy to find from (7.35) using expression (7.24) or (7.26) for the scale of Ag.
Substituting (7.35) into (7.27) yields an expression for the effective multiplication
coefficient in the PNG, MPNG(x,,), that does not require direct calculation of xy,.
Then, from (7.34) and (7.35), we come to

d—
MPNG(.Xm) = aCFﬂCSe“CF(l - %(1 — € icsL)). (736)

Upon substituting (7.19) and (7.36) into (7.32), discharge self-sustainment
condition (7.16) takes a final form (see (7.6)),

ward{ 1 4 aepagf1 = 2= (1 "EL) (1.37)
e cs. - _e cs . .
acr L—d

The second term in (7.37), which describes ions coming from the negative glow
space, is always large; that is, the local models, in which only the first term on the left
of (7.37) is present, fail in adequately describing the situation and result in
uncontrollable errors. Condition (7.37) combined with relationship (7.13) following
from the Poisson equation for the cathode sheath makes it possible to construct an
IV-trace of the glow discharge for given gap length L and pressure p.

Thus, the longitudinal distribution of the basic parameters of the short glow
discharge has the form depicted in figure 7.1. Figures 7.1(a) and (b) show the main
regions of the discharge that are observed visually (see, e.g. [1, 7]). Figure 7.1(c) shows
the layers into which the discharge was partitioned. In figures 7.1(b) and 7.1(d), the
continuous lines refer to the case when range A; of fast electrons is shorter than the
electrode gap (A; < L) and the dashed lines refer to the case of the hindered discharge,
when A > L and some of fast electrons reach the anode, so that their ionizing capacity is
utilized incompletely.

7.2.2 Main results from the model [12]

The most complete body of experimental data on glow discharge parameters is that
gained for argon. The main results were summarized in review [14], and recent
experimental data and simulation results are given in works [20-22], upon which we
will rely.

First, it should be noted that, while for the ionization coefficient in argon many
experimental data and adequate approximations such as (2.4) are available (see, e.g.
[1, 7, 14, 15]), secondary emission coefficient y remains somewhat uncertain. This is
because the electron emission from the cathode in the real situation is caused not
only by ions but also by metastable and fast atoms and also by radiation. In
addition, emission depends on uncontrollable factors, such as the cathode surface
condition, etc. Since these factors are impossible to discriminate in practice, the gas

7-19



Introduction to the Kinetics of Glow Discharges

discharge is usually described with the effective coefficient of ion—electron emission
y. This coefficient defined as a ratio of the electron flux entering into the discharge to
the ion flux bombarding the cathode is a complicated function of parameter E/p,
cathode surface condition, etc (for details, see, e.g. [26]). Today, finding y from
experimental data for breakdown in gases (i.e. from relationship (7.6) with U;, and
pL known) seems to be the most consistent and reliable approach. For argon, the
most comprehensive data obtained with such an approach were reported in [26],
where E/p dependences of y were derived by processing a large array of experimental
data ([26]; figures 5, 11). These results seem to be the most reliable®.

Figure 7.4 plots y from [26] versus parameter E/p and the respective approx-
imation in the E/p interval of interest.

Figures 7.5-7.8 compare experimental /V-trace curves from [20-22] (symbols)
with curves calculated by the model suggested in this work (continuous lines) and
Engel-Steenbeck model (dashed lines).

In all the cases, the voltage equals the breakdown value at low currents
(Townsend discharge). As the current grows, the experiment agrees only with the
calculation by our model and the local model yields heavily overestimated values of
the voltage.

Let us indicate characteristic points of the 1D short (R > L — d) glow discharge
by considering limit cases in greater detail.

For the obstructed discharge (L < L,,, U, > BpL), it follows from discharge self-
sustainment condition (7.37) that the voltage is a monotonic function of cathode
sheath thickness d and, hence, current. Accordingly, if the current density given by
(7.13) is such that d becomes smaller than electrode spacing L, the IV-trace starts
increasing monotonically with current. It has been already noted that range A;
exceeds L in this case; that is, fast electrons with an energy equal to the cathode fall
reach the cathode and the Faraday dark space is absent. Under these conditions, we
almost invariably have A, > Ld (except for the case of high currents, when cathode
sheath thickness ¢ is much smaller than L). Then, expanding the exponential in
(7.37) into a series, we get the self-sustainment condition in the form

e“CF"(l 4 gerll = D)(l _L- d)] ~ e“CF"(l g ol =D) D)) —1+ 1, (139)

2 3es 2 /4

which was derived in ([5], formula (52)).
Expression (7.34) then yields a near-parabolic plasma concentration profile,

®Note that later [27] data reported in [26] were subjected to much correction. The fact is that the glow
discharge model with y taken from [26] gave underestimated results and predicted a drop of the voltage with
increasing current, which physically makes no sense. The use of y as an adjustable parameter [27] radically
changed its value compared with that obtained in [26] (see also [11, 21, 22]). If we concede that the approach
adopted in [27] is valid, this means that the results obtained in [26] by processing a large data array from many
authors become worthless. In our opinion, the discrepancy between the results obtained in [26, 27] indicate the
inadequacy of the fluid-dynamic model used in [27] to describe the behavior of electrons to finding the basic
parameters of the glow discharge rather than the inapplicability of the data for y gathered in [26]. Therefore, we
used the values of y from [26] when comparing with experimental data.
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Figure 7.4. Effective coefficient of ion—electron emission in argon. The continuous line, data reported in [26];
dashed line, approximation of the continuous line in the form y = 0.000 22(U/(pd))*®, where U is given in
volts and pd, in cm Torr. From [12].

1) % 5= AL = ), (7.39)
in which point x,, of concentration maximum (see (7.35)) is in the middle of the
plasma region of the discharge [5],

xm~ (L — d)/2. (7.40)

Under such conditions, half the ions generated in the plasma return to the cathode
and the other half go toward the anode.

It is seen in figures 7.4-7.7 that, as parameter pL increases and most ions come
back from the plasma toward the cathode, switchover of the Townsend discharge to
the glow discharge is accompanied by a small dip in the /V-trace. This follows from
discharge self-sustainment conditions (7.37) and (7.38) for the situation with
L, < L < Ly, when BpL/2 < Uy < BpL. In this case, discharge self-sustainment
conditions (7.38) and (7.39) yield a non-monotonic dependence of voltage U on d (and
hence on the discharge current). At low currents, when the sheath is thick (d ~ L) and
Aes > Ld, formulas (7.38)-(7.40) are valid. However, as the current rises and d
decreases subject to L > L,,, a rapid transition to another limit case, 1., < L — d,
takes place. Now the asymptote of self-sustainment condition (7.37) is given by
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Figure 7.5. [V-trace in argon at pL = 45 Pa cm. Symbols, data points from [21]; the continuous line,
calculation by the model suggested; and the dashed line, calculation by the Engel-Steenbeck model. From [12].
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Figure 7.6. The same as in figure 7.5 for pL = 75 Pa cm. From [12].
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Figure 7.7. The same as in figure 7.5 for pL = 150 Pa cm. From [12].
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Figure 7.8. The same as in figure 7.5 for pL = 133 Pa cm [20]. From [12].
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/1cs
L—-d

1
€aCFd(1 + aCF/Ics(l - )) ~ e“CFd(l + acrles) & 1 + —. (7.41)
14
In this case, most ions from the PNG return to the cathode, MPNG(x,,) ~ MPNG
(see (7.27)). Accordingly, for the plasma concentration profile in the PNG we have
from (7.34)

- d—x
mo) Lox g (7.42)
n, L—-d

Then, the position of the maximum point (see (7.35)),

/ICS
L-d

Xm=d—AsIn ~d+ A, (7.43)
is shifted from the boundary of the sheath by A, where A is the characteristic scale
of decay of the ionization source strength in the PNG.

In the highly abnormal mode, when acrd < 1, self-sustainment condition (7.41)
in view of (7.24) transforms into

U U 1
aCFAf ~ 2pBaCF( d) = v . (744)

Since U > pBd in this case, quantity acy is close to saturation and varies weakly.
If coefficient y remains constant, the discharge voltage is independent of the current,
as follows from (7.44). As far as we know, this phenomenon has not been
documented for plane-cathode discharges, while for hollow-cathode discharges, a
discharge self-sustainment condition in the form of (7.44), U/eq = 1/y, was derived
by Kagan with colleagues [28] as early as in 1976 (¢, = E/a is the ‘cost’ of generation
of an electron—ion pair). Note also that, according to (7.44), discharge voltage U
strongly depends on coefficient y: it varies roughly in inverse proportion to y. The
results of glow discharge simulation shown in ([11], figure 1), where voltage U varies
noticeably in response to a slight variation of y < 1 seem to be consistent with our
conclusion. Such a situation cannot be explained in terms of the local model, which
predicts only a slight y dependence of U, U ~ (1 +7) ~ 1.

Thus, based on the above analysis, the following procedure for rapidly estimating
and predicting the basic properties of the short glow discharge can be suggested.

(1) The IV-trace of the discharge can be constructed by solving the Poisson
equation for the sheath (or using estimate (7.13)) and using self-sustainment
condition (7.37) (or its asymptote (7.38) or (7.41)). The multiplication coefficient
in the sheath is calculated by (7.19) and (7.20); in the PNG, by (7.27) with regard to
the scale of decay given by (7.24) or (7.26).

(2) The plasma concentration profile in the PNG is found by (7.34) or its
asymptote (7.39) or (7.42). Determination of the plasma absolute concentration in
the case of the short discharge is not a trivial task. The generally accepted estimates
from known current and field (j = en.u.(F)) carried out by analogy with the positive
column here are inapplicable and so related processes should be analysed in a way
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similar to that described above. Maximal plasma concentration 7, can be estimated
from the ion current toward the cathode, the ion current being a sum of the ion
currents arising in the PNG and cathode fall,

S Citm j(l— ! eacr-d); (7.45)

1+y T xm—d 1+y
hence,
y(xm — d)
Ny = jJ—————(e% — 1). 7.46
]eDa(l + y)( ) ( )

It should also be remembered that, to find ambipolar diffusion coefficient D, and,
hence, the plasma absolute concentration, one must know the temperature of slow
electrons confined within the potential well. The absolute concentration of the
plasma can be found by solving the corresponding balance equation (see, e.g. [5]).

It has already been mentioned that the method suggested in this work requires
knowledge of only the coefficient of electron—ion emission y and parameters 4 and B
used in the approximation of ionization coefficient a. For most gases, they are well
known. This greatly simplifies calculations and makes it possible to rapidly estimate
discharge parameters for many gases and their mixtures.

Our results are easy to extend for high-pressure discharges and discharges
confined in the transverse direction. Since ions subjected to a high field of the
cathode sheath return to the cathode, a solution for the cathode sheath in these
discharges is similar to (7.13). When analysing processes in the PNG, one should use
a solution to the ambipolar diffusion equation in the form of (7.29) or (7.33) with
allowance for diffusion toward walls and/or volume recombination losses, which is
not a particular problem.

As the discharge current and/or pressure increase, the charged particle escape
from the NG and FDS is determined by the bulk recombination. At
I, < {Ry, (L — xp)} In equation (7.33), we have a parabolic density fall in the
Faraday space (x > x,)

m _(x_xm)

e (7.47)

where /, is the characteristic recombination path.
The estimations show that as long as the gap length is

L — xm < [23{[2b(xm — d)IB;]P = 1}, (7.48)

the discharge is short, exhibits a field reversal at x = x,,, and the existence of a
potential well for electrons. When the gap becomes longer than in equation (7.48)
and the inequality

eDdnldx > j (7.49)

becomes opposite, there is no field reversal or electron potential well. The Faraday
dark space then smoothly transforms to a positive column.
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Thus, the autonomous system in a glow discharge involves the whole near-
cathode region including the cathode sheath, the negative glow region and the
Faraday dark space, rather than the sheath only. For this reason, the discharge /V-
trace can be found only by a combined solution of the Poisson equation for the
sheath which takes into account the ions coming back to the cathode from the
negative glow plasma. Even in a normal discharge, the sheath thickness d is smaller
than both the negative plasma length, (x,, — d), and (pL),, at the Paschen curve
minimum, decreasing with the current rise in an abnormal discharge. In a short gap
with no positive column, the non-local ionization (the presence of fast electrons in
the negative glow plasma) leads to the field reversal, creating a potential well for the
electrons. The field reversal point corresponds to the maximum density of charged
particles and is at x,, & min{Ry, xm}7.

The [V-trace of the long discharge (L > Ly, U, < BpL/2) has a deeper
minimum. Here, the characteristic descends even at the stage of the Townsend
discharge (see (7.8)), so that switchover to the glow discharge looks like a sort of
instability [0, 29] that eventually results in a normal density of the current [1, 7,
15]. In a long discharge confined in the transverse direction, a positive column
may arise. In this case, the field reverses at two points [5]. The first one is the
aforementioned point x,,, of plasma concentration maximum in the PNG, which
produces a potential wall for electrons. The second point of field reversal, x,, after
which the direct field recovers to the value in the column, is at the boundary
between the Faraday dark space and the region adjacent to the positive column.
In analysis of the longitudinal structure of the near-cathode region, the second
point of field reversal can be viewed as a limiting point of this region (virtual
anode). In other words, length x, should be used as an effective length of the
discharge instead of L in this case.

7.2.3 The second field reversal and the transition to a positive column

It follows from the above discussion that the formation of an autonomous positive
column, in which the ionization is balanced by the electron escape at every point x,
should be expected at min{Ry, /;} < (L — Xxp).

When the wall escape is dominant, Ry < {/,, (L — x,)} and Ry < (A — d), the
problem of calculating the profiles from the ambipolar diffusion equation [1]
becomes 2D. The assumption that /(x) ~ const for finding x,, becomes invalid. It
is hard to derive a simple formula for the position of the field reversal point x,,, so
one has to solve a 2D equation for a particular situation. One can see directly from
equation (7.33) that with the enhanced inequality Ry < Ay, the position of this point
tends to a smaller scale, d + Ry, rather than to A; like in equation (7.33). With
distance from the cathode, x,, < x < Ay, the plasma density profile in the negative

"The plasma region in a normal discharge at L > /S is essentially 2D, expanding towards the anode. Its
shape and the electron current distribution across the anode, which are both related to this region, can be
found from equation (7.33).
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Figure 7.9. Near-cathode axial plasma potential profiles at low pressure [5]: area I corresponds to fast
electrons, area II corresponds to fast electrons and area III corresponds to imprisoned electrons. From [5].

glow follows the ionization source profile, n(x) ~ I(x)rs,". At x > A;, equation
(7.33) yields an exponential density fall towards the anode in the negative glow and
Faraday dark space

n(x) = iy exp[—2.4(x — xm)/ Ral. (7.50)

The fall has a scale of order of Ry/2.4. As a result, the electron diffusive flux sharply
reduces with x. So the condition (7.49) cannot be satisfied over the whole discharge
length down to the anode, in contrast to the short 1D discharge discussed above. The
maintenance of a current-carrying plasma must also involve ionization, and the field
must again be directed to the anode. It corresponds to the transition to a positive
column. So there are two field reversal points. One point is at the density maximum
Xm and is responsible for the formation of a potential well for electrons. The Faraday
space length can be easily estimated as a point, at which the plasma density (7.50)
decreases to ~n,, (figure 7.9). This gives an estimate for the Faraday space length at
Rq < {li, (L = xm)}

Rd N
Ly~ —1In—
i (7.51)

8 Therefore, the basic assumption of the Engel-Steenbeck model that only the cathode sheath is autonomous
becomes valid for narrow tubes at low currents and Ry < d. A quantitative treatment requires the
consideration of 2D effects.
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which is about the tube radius. The other field reversal point is at x = %, followed by
the reconstruction of the dc field in the column. By substituting the distribution
(7.50) into equation (7.49) with the discharge current in the column, j = enybeEy.,
we get an estimate for ¥

Ra ( 24Ty, )=xm+ &m(z“”s M

n — | =xn+ Lg. (7.52)
2.4 eEp Ryn . 2.4 Ry npy

X=xn+

When the electron energy relaxation path is A, > Ry, the transition to a positive
column requires a kinetic treatment.

The current transported through the sheath by fast electrons can be described
using only the parameters of these electrons. The description of the plasma regions
(the plasma part of the negative glow and the Faraday dark space) requires the
knowledge of the EDF of slow (plasma) electrons with energy ¢ < ¢;. At a distance
d < x < xp, in the negative glow plasma, the current of fast electrons is transformed
to that of slow intermediate electrons (figure 7.9), whose density is much higher.
Their energy relaxation occurs only by quasi-elastic impact, so their relaxation path,
2. is large, A/</8 ~ 100 A, and often exceeds the Faraday space length. In this case, the
distribution function of the plasma electrons is non-local and varies with the full
energy € = w + ep(x). Because the behavior of electrons with a given value of ¢ is
unaffected by the other electrons in the absence of electron—electron collisions, it is
convenient to subdivide the EDFs of plasma electrons with ¢ < ¢, ¢ into two
subgroups: f, = f,, + f,,- The intermediate electrons with f;. have energies in the
range ep(X) < e < g. They can overcome the potential barrier at the point of the
second field reversal. The most numerous are trapped electrons with & < ep(X),
which do not transport current and do not exhibit the Joule heating. So they have a
maxwellian distribution with the temperature 7, due to a strong electron—electron
interaction. They are trapped in the potential well and can move only within its
limits. Their density obeys the Boltzmann law:

ny(x) = nm exp(ep(x)/ 1) (7.53)

and equals zero at x > %. The escape of slow electrons is associated with the slow
processes of ambipolar diffusion or volume recombination (equation (7.33)).
Therefore, the plasma electron densities in the plasma part of the negative glow
and Faraday space are largely due to the Maxwell-Boltzmann trapped electrons,
which provide the plasma quasi-neutrality in the negative glow. Their temperature 7;
is spatially uniform and low, slightly higher than room temperature. It is defined by
the integral energy balance of the trapped electrons: the heating in collisions with
intermediates having the characteristic average energy ~eg; and the cooling in
collisions with neutrals. To calculate the temperature of trapped electrons, one
must know the distribution functions of fast electrons with e, w > ¢, ¢, producing
excitation and ionization, and of the intermediate electrons f . Therefore, this is a
kinetic problem. The T; values are necessary for the calculation of the potential
profile and the rates of ambipolar diffusion, recombination and stepwise excitation,
as well as some other parameters.
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In a 1D approximation, L > Ry, all intermediate electrons diffuse towards the
anode with the conservation of the total energy ¢; their EDF is described as

xi(e) dx’
flesxy~ [

Y . x")dx” 7.54
D [, e (7.54

with D, = V21/3; the upper limit of the integration of x(e) in the black wall
approximation can be derived from the expression ep(x(¢)) = € — ¢. Since nearly
all the electrons produced in the negative glow plasma belong to this group, the
density of intermediate electrons, ng, and their current j, can be estimated from
equation (7.54) as

ng ~ I(x)t, j. ~ De(&s)dngldx, (7.55)

where 7, ~ LZ/D, is the time of the free longitudinal diffusion. Within the
approximation

djJdx = ay;, (7.56)

we have
a0+ @) = o)) (7.57)
At x > Ay, the intermediate electron current is constant
0 L
70~ aq /O Jedx + ji(d).

It is clear that the EDFs of the three groups of electrons are associated with
different physical mechanisms, so the 7 (x) profiles calculated in terms of the fluid
model from the integral energy balance of all electrons (fast, trapped and
intermediate) may yield exotic values of the ionization rates, potential profiles,
particle densities and fluxes, which would have nothing in common with the actual
reality. For the same reason, it seems inconvenient to subdivide the electron current
into drift and diffusive currents, as is normally done within the fluid model. The
potential difference ¢, between the field reversal points x,,, and X is about several 7;
values. Since 7; for trapped electrons is rather low, ¢, is small as compared with the
first excitation potential, although the density difference may be large (see equation
(7.50)). Besides, the reverse field between the points x,,, and X is so low that even its
mere existence has been questioned until recently. Because the electron current is
transported through the Faraday space by intermediate electrons only, it cannot, in
principle, be expressed via the total electron density and its derivative. All attempts
to introduce thermal diffusion and non-uniform electron temperature (average
energy) do not seem to have much perspective either. The ionization by fast
electrons is valid as far as the point x = A, whereas the ionization by intermediate
electrons come into play only at x > x (figure 7.9), at the positive column boundary.

The potential profile in the region between the Faraday space and the negative
glow can be estimated from the equations for ions (7.33), omitting the ion diffusion

7-29



Introduction to the Kinetics of Glow Discharges

d(nE)

=1 - L. (7.58)

TdL

b;

At x < %, the relation between the plasma density and the potential has the form:
n(x) = ny(x) + nplexp(—ep(x)/ 1) — exp(—¢,/T;)]. (7.59)

The density of trapped electrons is zero at x > ¥, so the plasma density in equation
(7.58) in this region is determined by the intermediate electrons, ny(x), and must be
found with the EDF (7.54). There is no ionization by fast electrons in the transition
region, and the source /(x) in equation (7.58) is provided only by intermediate
electrons. It is clear from figure 7.9 that ionization is involved only at x > ¥ >*.
Therefore, a more precise Faraday space length than (7.51) is (¥ — x,,). Equation
(7.58) yields a parabolic potential profile near the point %:

e(x — %)?

R 7.60
2bizg, ( )

ep(x) = ep, —
where the characteristic time of the side wall escape, 74, = R{/[(2.4)2D,], includes
the ambipolar diffusion coefficient defined by the average energy of intermediate
electrons. It is ~¢;/2, and the time 74, is much shorter (by a factor of ~¢/T; < 1)
than the respective time in the major Faraday space volume defined by 7;. Therefore,
the length of the transition region, [X, ], is smaller than that of the Faraday space.
The precise pattern of the transition between the Faraday space and the positive
column varies with the specific ionization and recombination processes. In the
ionization model, a simple mechanism of standing striation becomes possible when
the generation of charged particles correlates with the excitation rate, like in stepwise
ionization or when the ionization threshold is close to the excitation threshold. If the
Faraday space length L. is comparable with the energy relaxation path A, = 1/+/5 of
intermediate electrons, their energies in the vicinity of the field reversal point ¥ are
much less than g. The ionization begins at a certain point X > X, ends at x = x;
(figure 7.9) and is periodic in ep with a period equal to g [5]. Such spatially periodic
plasma sources are responsible for a periodic field profile in the positive column that
maintains the EDF periodicity in & owing to the mechanism of the EDF bunching
[30]. As a result, the periodic field profile and the EDF periodic in £ maintain each
other, producing a stable periodic solution. A similar effect may arise at Ly < 4,,
because the intermediate electron sources may greatly differ in their energies.
Another scenario of the reconstruction of the dc field and the formation of a
positive column will occur at elevated pressures, when the particle loss in the
Faraday space is due to the bulk recombination and the discharge gap is longer than
that given by equation (7.48). The second field reversal and the transition to the
column should be expected at x> Ay + /.. This length is small; so the cathode region
is likely to be short, ~(10~! — 1072) cm. However, discharge experiments in pumped
nitrogen [31] show that an abnormally long, from about 1 to 3 cm, Faraday space
may arise here. This paradox can be interpreted as follows. When the collision
frequency is energy-dependent, charged particles are transported via the ambipolar

7-30



Introduction to the Kinetics of Glow Discharges

drift [32] because of the temperature (field) dependence of the electron mobility. The
drift velocity of electrons is about that of ions and is directed to the anode if the
electron mobility decreases with the field rise, as is the case in nitrogen; otherwise it is
directed to the cathode. This is why the plasma density profile in the Faraday space
at x > x has a large scale, [z ~ b;Er, > ;. There are no trapped electrons in most of
the Faraday space, so the fluid model holds true. From equation (7.33), we have

Dy — (biEn + Un)' + vi(E)n — nlt =0,

eEb(E)n = j. (7.61)

The right-hand side of the upper equation (7.61) has an additional term to account
for the neutral gas pumping velocity U relative to the cathode. By substituting the
function E(n) from the other equation and ignoring the diffusion, we obtain

(V(E(m)n) + Un' = n((E(n) — 1/7), (7.62)

where the ambipolar drift velocity is V' = %(biEn). Equation (7.62) describes a
monotonic fall of the plasma density to the value n. for the positive column:

UW(EMm)) — 1/ = 0.

It is worth noting that the Faraday space shape at high and moderate pressures
follows closely the v(v) dependence, so one should expect a short Faraday space
length in gases with a rapidly falling curve v(v).

A glow discharge in a gas flow [33] is used to produce a uniform non-equilibrium
medium at elevated pressures. Because most of the Joule heat is transferred from the
electrons to the neutral gas and the heat removal to the walls is hampered at higher
pressures, the difference between the gas temperature and the electron energy
decreases, making the plasma closer to equilibrium. The pumping carries out the
hot neutral gas, increasing the plasma non-equilibrium. Although a gas flow
discharge has some specificity in suppressing instabilities and related non-uniformities,
it does not, in principle, differ from the discharges discussed above. There is, however,
one thing that is worth noting. If the ambipolar drift velocity is directed from the
cathode to the anode, the flow in the same direction increases the path, along which
the perturbations are attenuated according to equation (7.62). A reverse flow may
lead to a nearly complete disappearance of the Faraday dark space [32, 33].

In discharges with heated (thermal emission) cathodes, the potential fall is of the
order of the gas ionization potential. This major feature makes one attribute them to
arcs [1]. However, the distributions of luminosity, field and potential in them are
quite similar to those shown in figure 5.3. The thin cathode sheath is collisionless,
and the outgoing electron flux creates a negative glow region (less intense than with a
cold cathode) and a Faraday space with the reverse field.

In closing, we derived similarity relations allowing one to rapidly estimate basic
parameters of the short glow discharge and predict them under particular conditions
with regard to non-local ionization in the PNG. The effect of such an ionization is
shown to be insignificant: more than half the ions from the PNG return to the
cathode and contribute to the electron emission. The expressions derived here are
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not much more complicated than those following from the Engel-Steenbeck
classical local model and require knowledge of the same parameters (coefficients a
and y). Relationships to calculate the 7V characteristic, as well as the distributions of
the charged particle concentration along the discharge gap, potential, and electric
field (including location of the point of electric field reversal), are presented. It is
shown that, for argon, our model gives a much better fit to experimental data than
the local models for the near-cathode region of the glow discharge.

7.3 Influence of side walls on near-cathode plasma properties [36]

As noted above, the presence of the side walls plays an important role in the course
of various processes and formation of the discharge properties. To a large extent this
is due to the non-local nature of the EDF. One of the important effects can be the
charging of the side walls to the potentials of much larger than the average electron
energy in the bulk plasma as a result of the action of electrons accelerated at the
near-cathode jump of potentials (see, reference [34] and references therein). This
effect is analogous to charging the walls in the afterglow plasma with a non-local
group of energetic electrons produced in some plasma-chemical processes [35].
Below we discuss the influence of the wall on the dimensions of CF, NG and FDS.

In reference [36] to study the influence of the discharge tube radius on the near-
cathode plasma properties and discharge structure dimensions, a full-scale 2D
modeling of a short discharge in argon has been performed. The simulations were
conducted for gas pressure p = 3 Torr and the discharge length L = 1 cm, but with
different tube radii. Besides Ry = 15 mm, tube radii of Ry = 5 mm and R4y = 2 mm
were studied. Corresponding IV-traces are shown in figure 7.10. For convenience,
the x-axis shows current densities, averaged over the tube cross-section, {j),, rather
than the discharge current since the tube cross-section area changes with radius. The
calculated numerical values of the voltages, currents, current densities, cathode

360

w
N
(=)

w
DN
(=)

2mm

w
(=
(=]
o

[\
=<}
(=}

Do
2}
(=}

5mm 15mm

Discharge Voltage (V)

[\
e
(=)

220

2 5 10 20 50 100 200
Current Density (mA/cm?)

Figure 7.10. IV-trace of argon dc discharges for L = 1 cm and Ry = 2, 5 and 15 mm. From [36].
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sheath thicknesses and coefficients of ion utilization (essentially a plasma effective-
ness ratio which determines the fraction of the total number of ions generated in the
plasma which return to the cathode) for the different tube radii of the /V-traces in
figure 7.10 are also given in table 7.2.

Table 7.2. Tube radius, calculated voltage, discharge current, average current density, cathode sheath
thicknesses and a coefficient of ion utilization (§;). From [36].

Ryymm U,V L mA (), mAcm™? d,, mm, equation (7.63) d», mm, equation (7.64) &;

15 220 10.05 1.42 0.88 0.96 0.98
15 230  64.16 9.08 0.75 0.84 0.95
15 240 100.7 14.24 0.68 0.75 0.94
15 249 1244 17.59 0.63 0.7 0.94
15 260 1744 24.67 0.59 0.65 0.94
15 270 231.5 3275 0.55 0.6 0.94
15 275 2639 37.34 0.53 0.58 0.94
15 280 2984 4222 0.51 0.56 0.94
15 185 336  47.53 0.5 0.54 0.94
15 290 376.8 53.31 0.48 0.52 0.94
15 293 406.8 57.55 0.47 0.51 0.94
15 295 421.1 59.57 0.47 0.51 0.94
15 300 468.8 66.31 0.46 0.49 0.94
15 305 6422 90.86 0.37 0.38 0.96
15 310 859.8 121.6 0.35 0.36 0.96
15 320 1373 1943 0.32 0.32 0.96
15 330 1649 2333 0.3 0.31 0.96
5 230 1.28 1.62 0.85 0.89 0.8

5 240 3.06 39 0.76 0.86 0.8

5 250 6.88  8.77 0.69 0.8 0.79
5 260 11.36 14.46 0.63 0.73 0.79
5 275 1947 24779 0.56 0.65 0.79
5 290 29.26 37.26 0.51 0.58 0.8

5 300 37.05 47.18 0.48 0.55 0.8

5 310 45.62 58.09 0.46 0.52 0.8

5 325 6033 76.82 0.43 0.48 0.81
5 340 78.12 99.46 0.41 0.45 0.81
5 350 89.59 114.1 0.4 0.43 0.81
5 360 9693 1234 0.4 0.41 0.81
2 300 151 12 0.62 0.73 0.47
2 310 2.5 19.93 0.55 0.66 0.5

2 320 359 28.53 0.51 0.62 0.52
2 330 4.81 38.27 0.49 0.57 0.53
2 340 6.25 49.72 0.46 0.54 0.54
2 350 793 63.09 0.44 0.51 0.55
2 360 985 78.42 0.42 0.48 0.56
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It can be seen that the /V-traces are displaced to higher voltages with decreasing
tube radius. The discharge voltage increases with decreasing tube radius, for a
constant current density, (), while the current density increases with tube radius at a
constant discharge voltage. The decrease in tube radius leads to an increase in wall
losses of charged particles requiring an increase in the discharge voltage to maintain
the same current density.

The 2D ion density distributions at a constant voltage of U = 300 V for Ry = 15
mm (a), Rqg = 5mm (b) and Ry = 2 mm (c) are shown in figure 7.11. Due to the
symmetry, only half of the tube radial dimension is shown in the figure. Axial
electron and ion density distributions, n, (red) and n; (blue), respectively, on the axis
of the discharge with (j), = 48 mA c¢m ~? and different tube radii are shown in figures
7.12(a)—(c).

The axial profiles in figure 7.12 are typical for abnormal discharges. The cathode
of the abnormal discharge is completely filled with the cathode sheath near the
cathode at distance d. The distance d (denoted as ) was found from the condition
where

ne(dy) = 0.5n(d). (7.63)

Almost the entire applied potential drop U is in the cathode sheath. With the
cathode sheath so close to the cathode, the ions transverse displacement (Ar) for
their drift time to the cathode, in the strong electric field of the cathode sheath,

Ar /11

— = <1,

d d
is negligible. Here, 4; is the mean free path of an ion. Thus, all the ions move in the
cathode sheath toward the cathode along horizontal flow lines, even in tubes of small
radius and all ions, from the cathode sheath to the cathode, return to the cathode
with negligible wall loss. Therefore, a 1D solution of the Poisson equation is
sufficient to estimate the cathode sheath parameters. Since the cathode sheath
electric field is strong, the square root dependence of the ion drift velocity
(v; = k;+/E) is more appropriate, and the current density can be expressed as

; VIS
L - £(k"iA (cm Torr)™2.

pz Y (pd)z.s
For an Ar discharge at the pressure p = 3 Torr, the average current density is
() ~ 2330U"%/dy>>mA cm~2, (7.64)

where d, is the cathode sheath thickness in centimeters. The cathode sheath thickness
d> from equation (7.64) is given in table 7.2 and is seen to be in good agreement with
the numerical simulations. The above analysis shows that even in a 2D model, the
processes in the cathode sheath are determined principally by their longitudinal
coordinate and thus a 1D model is sufficient to determine the cathode sheath
parameters.
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Figure 7.11. 2D profiles of positive ion density of at U = 300 V for Rq = 15 mm (a), 5 mm (b) and 2 mm (c).
The isolines from 1 to 10 on plots (a), (b) and (c) correspond to increasing the plasma density from 2.5 x101°
(1) to 2.5 x 10! (10) cm —3 with increments of 2.5 x 10!° cm —3. From [36].
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(a) and (b) or PC for (c). From [36].
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The different situation with other regions of the discharge. From figures 7.11 and
7.12, it can be seen that the density of charged particles, on the central axis, peaks
near the cathode sheath then decreases smoothly toward the anode. The ion density
profile in the quasi-neutral discharge region of a single-component plasma can be
found from an ambipolar diffusion equation.

Analysis of reference [36] shows that for Ry > 2.4L/x (or Ry/L > 0.76) the radial
loss on the plasma density balance is small. The plasma density is almost
independent of the transverse dimension which results in a radial distribution that
is nearly constant in the central region and decreases only near the wall. That is seen
for the Ry = 15 mm radial profile in figure 7.13, which shows the charged particle
radial density distribution with (), = 48 mA c¢cm ~2 for Ry = 15 mm (a), Rg = 5 mm
(b) and Ry = 2 mm (c) at the axial position of maximum plasma density for each
tube radius.

Therefore, for cases when Ry > 2.4L/x, a 1D model should give an adequate
description of the dc discharge. However, as the tube radius decreases, radial losses
begin to play a notable role. The radial and longitudinal spatial distributions of the
charged particle densities for a tube of radius of 5 mm (figures 7.12(b) and 7.13(b))
change if the spatial distribution is larger than for 15 mm tube (figures 7.13(a) and
7.12(a)). The higher charged particle losses, that accompany the tube radius
decrease, decreases the longitudinal dimensions of the negative glow and Faraday
dark space regions. To sustain the discharge, the positive column arises as the
negative glow and Faraday dark space dimensions decrease in figure 7.12(c).

The radial distributions similarly change with decreasing radius. Figures 7.13(b)
and 7.13(c) show the radial distribution for Rq = 5 and Ry = 2 mm, respectively.
The distributions decrease more gradually with radial position than the 15 mm tube,
i.e. the density roll-off is more gradual resulting in a more peaked distribution
becoming approximately Bessel-like at Ry = 2 mm. Similar changes in the charged
particle density distributions are observed for fixed voltage in figure 7.11. Thus, for
the tube with radius comparable to the length wall effects start to impact charged
particle density distributions.

For discharges with radius Ry < 0.76L wall effects cause deformation of the
longitudinal and radial spatial density distributions and charged particle flows in the
plasma. This can lead to a number of unexpected phenomena in such a self-
consistent system as a gas discharge. Since the charged particle density distribution
depends on radial position, the cathode sheath thickness, obtained from the
condition n.(d) = 0.5n;(d), will depend on radial position. This sufficiently para-
doxical fact is illustrated in figure 7.14, which shows the cathode sheath thickness for
Ry = 15mm (a), Ry = 5 mm (b) and R4y = 2 mm (c) tube radius, at constant average
current density, j = 48 mA cm 2.

Thus, the cathode sheath thickness, d, in the glow discharge does not have a
constant value over the cross-section, but depends on the radius. Furthermore,
though the lines of ion current in the cathode sheath are horizontal, it does not mean
that the radial density distribution and ion current in the cathode sheath and on the
cathode surface are transversely uniform (as is assumed in usual 1D models). The
absolute value of current lines in the cathode sheath, as in the plasma, decreases
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from the center axis of the discharge to the periphery. In turn, this must lead to
transverse inhomogeneity of the ion current density on the cathode surface which is
shown in figure 7.15 for constant voltage, U = 300 V.

Thus, the results of simulations [36] and the above analysis show that the 2D
profiles of the parameters of the region near the cathode of an abnormal dc glow
discharge depend on the relationship between the cathode sheath thickness, d, the
length of the discharge volume, L, the tube radius, R4, and the characteristic length
of ionization decrease in the negative glow plasma, ;. Three cases have been found
(assuming that coefficient 0.76 above may be replaced by unity).

(1) For Ry > L, the results of simulations with a 1D model give satisfactory
accuracy. An analytical 1D model [37], which takes into account non-local
ionization in the plasma of the negative glow is adequate to determine the fundamental
characteristics of an abnormal dc glow discharge. However, the cathode sheath cannot
be assumed to be self-contained and independent of the plasma and a condition for the
self-maintenance of the discharge on the basis of local models is not applicable.

(2) For the tube radius comparable to or just smaller than the discharge gap,
Ry < L, the loss of charged particles to the walls significantly affects not only the
fundamental characteristics of the plasma near the cathode, but also the cathode
sheath. If 4; < Ry, practically all the ions produced in the negative glow plasma due
to non-local ionization, return to the cathode and coefficient of ion utilization §; < 1.

(3) For long narrow discharges Ry < L on the right side of the Paschen curve, the
ion utilization coefficient, §; < 1, will be small when Ry < 4;. It should be noted that
in this case, the cathode sheath can be considered nearly self-contained and the local
condition of self-maintenance in the form of von Engel-Steenbeck is acceptable.

7.4 Active control of plasma properties with application of external
voltage to the side wall [38, 39]

This section demonstrates the application of external potential to the side wall
(active boundary) for controlling plasma properties. To demonstrate those effects in
plasma of short dc discharge with cold cathode, modeling the discharge with
application of different voltages to the discharge wall has been performed in [38].
The modeling has been performed in argon gas discharge with 1 Torr pressure. The
length of the gas chamber was taken as 12 mm and radius was 12.5 mm. The wall
was divided into three parts. The central part was metallic from 0.5 to 11.5 mm with
a constant potential V;,. The side fragments (near the cathode and anode) were taken
as dielectric ones with dimensions of 0.5 mm. Their potential can be different in
different points of the surfaces. This model corresponds to the experimental device
shown in figure 7.16.

Three regimes have been modeled. In all three regimes, the anode potential is
equal to 0 V and the cathode potential is —180 V. In regime ‘A’ the wall potential is
also equal to 0 V and therefore coincides with the anode potential. In regime ‘B’ the
wall potential is —25 V. In the last regime the ‘C’ wall potential is =50 V. As an
example of calculations, a typical result of 2D modeling of argon metastable density
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Figure 7.15. Current density radial profile on the cathode for U= 300 V. Ry = 15 mm (a), 5 mm (b) and 2 mm
(c). The dashed vertical line shows the tube position. From [36].
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Figure 7.16. Schematic diagram of an experimental device consisting of cathode C, anode A, and cylindrical
wall W. Typical structures of the discharge plasma include the negative glow NG and anode glow AG,
respectively, and Faraday dark space FDS. The cathode sheath boundary, located in the NG, is indicated by
the dashed line. From [38].

is shown in figures 7.17. In those figures, the top plot corresponds to regime ‘A’, the
middle plot corresponds to regime ‘B’, and the bottom plot corresponds to regime
‘C’. To make the modification of plasma properties more visible, figures 7.18, 7.19
and 7.20 show the comparison of axial plasma properties for the different regimes.

It is possible to see from figures 7.2 and 7.18 that applying more negative voltage
to the wall does not significantly change argon metastable-atom density. In contrast,
figure 7.4 shows that slow, thermal electron density (the same for ions) is
significantly reduced by applying increasingly more negative potential to the walls.
Figure 7.5 shows considerable increasing electron temperature in the plasma volume
with more negative wall voltage. Interpreted together, the ratio between slow,
thermal electron (ion) density and metastable-atom density decreases with increasing
negative wall voltage and increasing slow-electron temperature.

An explanation of the observed phenomenon is as follows. Energetic electrons
leave the cathode sheath with the energy of about 180 eV and diffuse in the direction
of the anode and walls while simultaneously ionizing and exciting metastable states
of neutral atoms in the volume. During this process, they reduce their energy and
create a continuous electron spectrum of energetic electrons at EDF. Only the
energetic electrons with energies ¢ > el,, can reach the walls. Less energetic
electrons can go to the anode only. Therefore, as the wall potential is essentially
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Figure 7.17. 2D distribution of the metastable-atom density (in the units of 10'" cm™). Wall potential is 0 V
(top, regime A), 25 V (middle, regime B) and 50 V (bottom, regime C). From [38].
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Figure 7.19. Axial distributions of electron density. From [38].

less than the energy of the most energetic electrons, the negative voltage V5, applied
to the conducting (active) walls, can modify significantly the trapping of the low-
energy part of energetic electrons (the minority of the energetic electrons), while not
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Figure 7.20. Axial distributions of electron temperature. From [38].

essentially changing the high-energy (majority) part of those electrons. As a result,
the excitation and ionization production depends only weakly on the applied
potential to the wall. Metastable atoms disappear at the walls and during binary
collisions (Penning ionization), independent of the wall potential. Therefore, the
density of metastable atoms should not depend on negative wall potential, as
confirmed in figures 7.2 and 7.18.

Similarly, the production of ions (slow, thermal electrons) depends weakly on
the negative voltage applied to the walls. However, the heating of slow electrons is
mostly due to the low-energy part of energetic electrons, as their collision
frequency with slow electrons is nearly inversely proportional to &'°. At the
same time, varying the negative wall potential modifies particularly the low-
energy part of the energetic electrons and changes the heating of the slow, thermal
plasma electrons by the energetic electrons (as the heating is mostly due to the
low-energy part of those electrons), which consequently changes the electron
temperature and their diffusion rate to the anode. Therefore, due to the additional
heating of the slow electrons (see figure 7.5), their diffusion to the anode will be
faster and their density goes down with increasing negative voltage applied to the
walls. As a result, while the density of metastable atoms depends weakly on wall
voltage, the density of slow electrons (ions) depends strongly on wall voltage,
significantly reducing with increasing negative wall voltage. Figure 7.21 shows
both behaviors more clearly.

Reference [39] provides some confirmation to the above modeling. A typical
result of the experiments measuring the electron temperature 7; as a function of
applied wall potential with respect to the wall voltage (using argon gas, a discharge
current of 5 mA and gas pressure of 2.2 Torr) is provided in figure 7.22. The
application of additional negative wall voltage leads to an increase in the electron

7-45



Introduction to the Kinetics of Glow Discharges

~~
]

i

£

[3)

X
]

=]

- n,, x 0.02
N

-y

o

)

=

o
Q

4 6 8 10 12

Distance from cathode (mm)

~~
(]
]
<)
(]
X
o
(=]
p—
z
@»
=
[
= n,, x 0.02
4 6 8 10 12

Distance from cathode (mm)

Figure 7.21. Axial distributions of densities of slow electrons, ions, and metastable atoms for regimes A (top)
and C (bottom). From [38].

temperatures caused by the partial trapping of the energetic electrons (increasing the
lifetime of the energetic electrons in the plasma volume) and energy transferring
collisions being heated by slower electrons. Consequently, it is possible to increase
the electron temperature by increasing the absolute value of the applied negative
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Figure 7.22. Dependence of electron temperature on wall voltage in argon discharge with current of 5 mA and
gas pressure of 2.2 Torr. From [39].

potential. Because this process depends primarily on the applied voltage, it is
possible to have a regulation of the electron temperature.

Thus, the application of negative voltage to the discharge walls could change the
trapping of the low-energy part of the energetic electrons that are emitted from the
cathode sheath and that arise from the atomic and molecular processes in the plasma
within the device volume. The low-energy part of the energetic electrons is
responsible for heating the slow, thermal electrons. At the same time, the production
of slow electrons and metastable atoms is mostly due to energetic electrons with
higher energies. The variation of electron temperature results in a changing decay
rate of slow, thermal electrons, while the decay rate of metastable atoms and
production rates of slow electrons and metastable atoms are practically unchanged.
The ability to control the electron/metastable density ratio and the electron
temperature represents an important capability and is the main result here.

7.5 Is negative glow plasma of a direct current glow discharge
negatively charged? [40]

It is well-known, that in any bounded plasmas, when electrons and positive ions are
lost at the boundaries, the diffusive fluxes of the charged particles are directed from
the plasma center toward the walls. In this situation, the ambipolar electric field has
to decelerate the electrons, aligning their flux with the positive ion flux. To create
such an electric field, the charge density of the plasma must be positive. At the same
time, almost all textbooks on gas discharge physics indicate that the negative glow
and/or Faraday dark space plasmas of a dc glow discharge are negatively charged.
Furthermore, the charge separation there is even stronger than in the positive
column (see, e.g. figure 14.1 in [41]). This statement is in contradiction with the
above consideration that in simple plasma charge must be positive. Furthermore,
because the density of charged particles in the NG plasma exceeds the corresponding
density in the PC region, it is difficult to expect greater deviation from the quasi-
neutrality anywhere in the NG than in a PC region.
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This issue was studied in detail in [40]. To do that the distributions of the potential
() and the electric fields (E,) along the discharge gap (x) should be considered as the
magnitude and sign of the space charge (p) is determined by the Poisson equation.
Then, the 1D model of the discharge predicts a negative space charge in the NG [41].
However, in this situation, it is unclear what physical mechanisms may provide the
plasma quasi-neutrality. To resolve this situation it was shown in [40], that an
adequate description of diffusive glow discharges is possible only in 2D/3D models
(the 1D model gives the solution only in the presence of volume recombination).

To demonstrate the above considerations, the 2D numerical simulation of the dc
glow discharge in helium in a cylindrical tube has been performed. The results of the
simulation that demonstrates the positive charge density in the NG region are shown
in figure 7.23. At the gas pressure of p = 1 Torr and U, = 1 kV, an abnormal glow
discharge with the current / = 982 pA was obtained. As observed from figure 7.23,
the gap is long enough and contained all of the main parts of a dc glow discharge:
CF, NG, FDS, PC and AF. The PC in this case is quite short, but pronounced.
The vertical dashed lines at figure 7.23 (as well as figures 7.24 and 7.25) indicate the
boundaries of the main discharge areas. The NG and FDS regions are joined in the
figures. The radial profiles of the electron density are similar to the Bessel profiles
both in the PC and NG regions. The njn. profile, which is proportional to p, is
presented in figure 7.23. It can be observed that p(x, 0) is positive for all x, as
expected.

Figure 7.24 shows axial profiles of electric potential and axial component of
electric field. It can be observed that ¢(x, 0) had an inflection point, and E,(x, 0)
had one decreasing interval and two increasing intervals. These profiles were very

10'°F
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107;
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Figure 7.23. Axial profiles of the electron density n, ion density nj, and their difference nin.. In this and
subsequent figures, the vertical dashed lines mark the main discharge regions. From [40].
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Figure 7.24. Axial profiles of electric potential (left scale) and axial component of electric field Ex(x, 0) (right
scale). From [40].
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Figure 7.25. Axial profiles of the terms in the Poisson equation (2): 0Ex/dx (1), (1/r)o(rE;)/or (2), and charge
density p/eg (3). From [40].

similar to those that are often cited in the literature on the classical dc glow discharge
in a tube. Figure 7.25 shows the axial profiles of the terms dE,/dx, (1/r)o(rE,)/r and
pleg in the Poisson equation

O0E,/ox + (1/r)o(rE,)Ir = pleyley
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in the plasma (NG, FDS, and PC regions). It can be observed that (1/r)d(rE,)/r > 0
at all x, 0F,/0 changes sign, and |(1/r)a(rE.)/r| > |0E /0x| at points, where
0E,/ox < 0. Thus, p(x, 0) > 0 at all x, whereas the 1D model of discharge predicts
that p < 0, where 0E,/dx < 0. The calculations showed that p > 0 not only on the
discharge axis but also in the whole plasma region. This result is due to a monotonic
increase of (1/r)d(rE,)/r with respect to r at fixed x.

Thus, in the investigated conditions, the discharge plasma had a positive charge,
including the NG plasma, whereas the axial dependence of the axial electric field is
non-monotonic. The traditional interpretation that states a negative charge of the
NG plasma is based on analogies with a simple 1D model of glow discharge,
whereas the actual discharges are always 2D. The radial term in divergence with the
electric field can provide a positive charge density. It is demonstrated that the fact
that space charge is negative in such classical objects as the NG plasma has no
convincing evidence.

7.6 The anode region

In contrast to the cathode, there is no ion emission at the anode, j = 0. The ion
current in the anode region varies from zero to the value in the positive column,
which is less than one percent of the total current. The net ionization rate in the
anode region is two or three orders of magnitude lower than in the negative glow. As
a result, the voltage in the anode region is low, less than 10 ¢V and the luminosity in
it is essentially less pronounced than in the PC. Nevertheless, phenomena occurring
in the anode vicinity are as important for the discharge maintenance and stability as
those in the cathode region. The experimental work on them, however, has not been
as intensive, so our current understanding of the physical processes in it is far from
satisfactory. Even the physical reasons, which determine the sign of the anode
potential fall, still remain unclear.

There are two main scenarios for the events on the anode. One dates back to
Langmuir [42]. It states the following: since the electron current, j,, in the plasma
remains practically constant in the anode region, it is much lower than the thermal
(random) current. It would be quite natural to expect that the electric field in the
anode sheath hinders the electron motion, and the negative anode potential fall,
¢, < 0, is a few times larger than 7;/e. The random current of thermal Maxwellian
electrons is described as

12
je(th) = ene(gn) 5

m

and the value of ¢, < 0 is determined by

; (th)

J=J. exp (ep,l T).

The Langmuir model implies the presence of the ion space charge in the anode
sheath. It leads to the field reversal and the formation of a potential well for
electrons. The ion flux at the anode is directed to the anode. A population of cold
trapped electrons similar to that in the negative glow arises in the anode vicinity. To
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the best of our knowledge, there has been no consistent calculation of the plasma
parameters in this model.

The other model is based on the fact that the escape of fast electrons to the anode
would distort the Maxwellian EDF, making the problem essentially kinetic even at
relatively high plasma densities. Von Engel believed that the solution to this problem
could be found with a monotonic potential profile [43]. In that case, the ion flux will rise
monotonically with distance to the zero value at the anode surface. The plasma is,
therefore, created due to the ions generated in a thin space charge sheath of the anode.
The ionization here must be far more intense than the average ionization in the
column. The anode fall g, is positive and its value is determined by a sufficient number
ofions produced in the sheath in order to generate the ion flux I} necessary for bringing
a quasi-neutral plasma to life. To produce the necessary ion flux in the close vicinity of
the anode, the potential fall must be of the order of the ionization potential ¢;. The
space charge will then be created by electrons, in contrast to the cathode fall.

This problem was investigated experimentally by Klarfeld [44]. Negative ¢,
values and a smooth profile of the plasma glow were observed at high currents (see
also [42]), whereas at low currents ¢, was positive. A thin bright layer could be seen
immediately at the anode surface, which was interpreted as being due to a more
intense ionization in the sheath. These results are illustrated in figure 7.26. A lower
pressure and a smaller anode area were also found to stimulate the transition from
positive to negative ¢, [44]. The physical mechanism of these phenomena still
remains obscure. Unclear is also the mechanism responsible for a normal current
density across the anode [45]. What is quite clear, however, is that the structure and
even the sign of the anode fall are determined by the subtle characteristics of the
ionization kinetics.

An attempt to construct a kinetic sheath model of the positive anode potential fall
in the collisionless case was made in [46]. The anode sheath in this case is thin with

(p07 Vv

Figure 7.26. Anode fall in Hg discharge. Tube radius is 1.5 cm. Currentis 10 A (1), 3A (2),0.3 A (3),1 A (4),
0.1 A (5) and 0.05 A (6). From [15].
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respect to the electron and ion mean free paths, and the non-local EDF in the
positive column is

Jo(w) = const X /‘81 aw (7.65)

w o V3w lu(w')

without elastic losses. This situation is similar to the experimental conditions
described in [44]. The key contradiction is that the collisionless ion flux generated
in the anode vicinity has a density, which falls off towards the plasma. On the other
hand, the electron flux with the EDF (equation (7.65)) without elastic losses gives an
electron density falling off towards the anode. So the space charge density which was
negative right at the anode rises towards the plasma, and a smooth plasma—sheath
matching becomes impossible.

In [48], it is concluded that the phenomenon of the opposite field and the sign of
the anode fall in short discharges are interrelated. In this case, two main scenarios
may be expected:

(1) At low pressures, when there is one point of the inversion of the sign of the
electric field (FR) in the near-cathode plasma of NG and FDS at the maximum of
the plasma density, the anode fall is negative and the magnitude of the AF is small,
there is no ionization and the anode area is dark.

(2) At increasing pressure, two FR points, a positive AF sign, and the potential
fall comparable to the ionization potential of the gas should be expected. Intensive
ionization takes place directly at the anode and glows brightly.

In [48], relatively simple probe measurements of the floating potential and optical
observations of the anodic glow were proposed and implemented. These measure-
ments enable a quick determination of which of the above scenarios can be
implemented in practice. In determining the spatial distribution of the plasma
potential, the second derivative of the probe current, the zero of which is identified
with the space potential at a given point, is usually measured. However, measuring
the second derivative of the probe current is a rather complex experimental task,
especially in the cathode region of a discharge.

The measurements in [48] were carried out in a cylindrical glass discharge tube
with radius Ry = 37 mm with a movable flat molybdenum cathode with a diameter
of 56 mm and a flat molybdenum anode with a diameter of 60 mm. A movable
cylindrical probe with a length of 3 mm and a diameter of 0.2 mm, which emerges
from the center of the anode and allows one to carry out measurements along the
axis of the discharge, was located in the tube. The maximum distance between the
anode and cathode was 165 mm.

In figure 7.27, the distributions of the space potential along the length of the
discharge gap at two typical investigated pressures of nitrogen (20 and 35 Pa,
respectively) are shown. Simultaneously with the measurement of the second
derivatives, the floating potential of the probe relative to the anode was determined.
Figure 7.27 shows that, at a lower gas pressure, the measured potentials are small in
absolute value and differ from the anode potential in the range from 1 to 2 V.
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The observed pattern corresponds to scenario 1, i.e., a single point of field
inversion and a negative anode fall. At the same time, it can be seen that, when the
pressure increases, there is a significant rise in the measured potentials to their
absolute values relative to the anode, which corresponds to the ionization potential
of the gas. This corresponds to scenario 2, i.e. the formation of the second point of
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Figure 7.27. Potential distribution of the space (1, 3) and floating potential (2, 4) along the length of the
discharge gap (nitrogen, the pressures are 0.2 (1, 2) and 0.35 Pa (3, 4), discharge current is 10 mA), x is the
distance from the cathode. (1) Potential of the space, pressure is 20 Pa; (2) floating potential, pressure is 20 Pa;
(3) space potential, pressure is 35 Pa; (4) floating potential, pressure is 35 Pa. From [48].
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Figure 7.28. Dependence of the floating potential on pressure (nitrogen, discharge current is 10 mA, x = 10 cm
to the cathode). After [48].
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the field inversion in the plasma and further again in the direct field toward the
anode and a positive anode fall. In both cases, the spatial distributions of potential in
plasma itself behave similarly, changing little in magnitude and forming weak
potential wells for electrons with a depth from 1 to 2 eV. Since the electron
temperature 7, in the near-cathode plasma of NG and FDS is low (<1 eV), the
difference of potentials, which corresponds to several T;/e, also has a small value.

A sharp change in the absolute value of the plasma potential relative to the anode
in the transition from scenario 1 above to scenario 2 can be seen from the results of
measurements of the dependence of the floating potential on the gas pressure for one
point inside the gas discharge tube (figure 7.28). It can be seen that, at low nitrogen
pressures (from 10 to 29 Pa in this study), the floating potential changes little and
remains small (less than 2 V). At the same time, with a pressure increase from 29 to
55 Pa, a sharp increase to 20 V is observed, followed by a more gradual one with gas
pressure in absolute value up to 70-80 V. Apparently, this growth is associated with
an increase in the length of the direct field area and the potential drop arising there.
Figure 7.29 shows the glow discharge for the conditions of figure 7.27. It can be seen
that, at low pressures, when L < Ay (Ar is the characteristic scale of the decay of
plasma density in FDS) the anode area is dark and the area of negative glow extends
up to the anode. At the same time, when the pressure rises L > Ay, the dark area of
the Faraday dark space and glowing film are observed directly near the anode.

Thus, the formation of the potential well for slow electrons on the spatial
distribution of the space potential in the near-cathode plasma of NG and FDS
can be predicted by the nature of the behavior of the floating potential depending on
the experimental conditions. When the floating potential is low in absolute value (in
our case, less than 2 V), the anode fall is negative (repulsive electrons). When the
floating potential relative to the anode reaches tens of volts in absolute value, it can
be stated that the anode fall is positive. In turn, as a result of simple visual
observations of the nature of the anode glow, the following conclusions can be
drawn.

In the case when the anode is dark, the potential well for electrons up to the anode
and a negative anode fall that is small (less than a few volts), the absolute value

Figure 7.29. Photograph of discharge for conditions of figure 7.27. From [48].
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should be expected. At a bright anode glow, a positive anode fall should be expected,
the value of which is of the order of or higher than the gas excitation potential.
However, in this case, it is technically possible that the direct electrical field along the
entire discharge gap exists (from the cathode to anode) when the potential of the
plasma changes monotonically and the presence of the potential well is the most

probable.
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Chapter 8

Positive column of dc glow

Among the numerous glow discharge manifestations the dc positive column (PC)
was, maybe, the most familiar, and what is more important, the most thoroughly
investigated plasma object. For more than a century of PC research, immense
amounts of information were stored. The simplicity of its realization, simple one-
dimensional geometry, its stationarity, the relative cheapness of its experimental
investigation and diagnostics have made the PC a traditional benchmark and testing
field for many novel ideas and diagnostics in plasma physics.

8.1 Main properties of dc glow positive column

The PC connects the cathode and the anode regions of the discharge; it represents the
conducting media, which transports current between the cathode and the anode [1]. If a
discharge tube is long enough, the PC occupies its main part; only the PC length Lpc
goes up, when the discharge gap L becomes longer. The potential profile in the
electrode regions doesn’t depend on Lpc; the discharge voltage varies only due to the
Lpc variation. Only when the gap L is so short that there is no place left for the PC and
it disappears, do the electrode regions start to overlap and essential discharge
rearrangement occur (see chapter 7). It is said that in spite of the fact that the PC
often represents the longest discharge part, generally, it is unnecessary for discharge
maintenance. In other words, the PC represents an autonomous self-replicating system.

The PC properties are practically independent of the electrode characteristics (for
example, material, size, form and temperature) and on the discharge volume form
(twisted or straight). The classic PC, which has been investigated for more than a
century, operates in cylindric dielectric tubes (typically made from glass or quartz) and
its radius usually ranges from less than one millimeter (capillary discharge) up to several
centimeters. The tubes are filled with various gases, metal vapor or their mixtures and
typical pressure values are from mTorrs up to atmospheric pressure and higher.
Discharge current may be in a large current range from micro-amperes up to tens of
amperes.

doi:10.1088/978-1-64327-060-9ch8 8-1 © Morgan & Claypool Publishers 2018
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The PC is widely used in the lighting industry, as an active media of gas and
plasma lasers, in plasma-chemistry, and in spectral analysis. It is also widely used in
various branches of modern technology, such as surface treatment and coating,
sputtering, thin film formation, etc.

The electric potential profile in a stationary longitudinally-uniform PC is equal to

D(r, x) = —E.x + ¢(r). 8.1

The longitudinal field £, maintains maintains the plasma generation to balance the
charged particle loss. The Joule electron heating in this field forms the EDF and the
longitudinal (mainly electron) current. The radial ambipolar field E(r) = — Vg(r) is
responsible for maintenance of plasma quasi-neutrality, by forming equal electron
and ion radial fluxes and accumulating the surface charge. At low current and/or
pressure, the charged particle removal is controlled by the radial ambipolar diffusion
with subsequent recombination on the tube wall. As current/pressure rises, the
contribution of the volumetric recombination to the removal of charge particles
increases. The observed dependences of the reduced electric field E,/p (which is
proportional to the electron energy gained on the mean free path) on pRy, which
represents the R/ ratio, for the PC in several noble and molecular gases are shown in
figure 8.1[1]. The plasma density, as well as the current density j and plasma luminosity,
are usually maximal at the tube axis and go down towards the tube wall. The radial
field equals zero at the axis and goes up towards the wall, reaching its maximal values
in the wall-adjacent space-charge sheath. The voltage between the tube axis and wall
®,, =D+ D, where @ is the voltage over the quasi-neutral plasma and ® g, is
the voltage over the sheath. It suppresses the radial electron diffusion. Here, the value
of @, is of the order of T./e. As examples, in figure 8.2 [1, 2] the radial profiles of
plasma potential in PC of mercury are shown, which are typical for the low and
medium-pressure discharges.

The first PC theories were proposed by Langmuir and Tonks [3] for the free-flight
or free-fall (Ry < 4;) regime and by Schottky [4] for the diffusive case, when the

E/P, V/ (cn » Torr) @)
10+ a 30 (b)

0.1+

T T T T 1 0 T T T T T T

0 2 1 6 8 10 0 2 4 6 8 10

pE,on e Torr

Figure 8.1. The observed electric field £, /p in noble (a) and molecular (b) gases in PC dependent on pRy. In (a)
gases: He (1), Ar (2), Ne (3) and Xe (4); the numbers near the curves are the current values in mA. After [2].
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Figure 8.2. The potential profile in the PC of mercury vapor for the free-fall case pRq =3 x 10~ Torr cm (a)
and for the diffusion-dominated ion motion pRq =3 x 1072 Torr cm (b). Solid lines are calculations with
Langmuir-Tonks theory (a) and Schottky theory (b). Points are experiment. After [2].

radial ion motion is controlled by diffusion (R4 > 4;). In both cases the stationary
condition of the PC maintenance reduces to

vz = 1. (8.2)
In the free-flight regime the quasi-neutral equation for a cylindrical PC is [2, 5]

o exp( ep(r') )d ,

eq(r) 1.
exp( ) f 2oy — oM

Its solution [3] has the electric field singularity, which coincides with the plasma-—

sheath interface [5]. The corresponding voltage at the plasma boundary is
1.1557,
D, = . 8.4)

Neglecting the sheath thickness with respect to Ry, if follows from equation (8.3)
that (8.2) will be

(8.3)

2|k
O (8.5)

Ry

So the average ion velocity at the plasma-sheath interface is u; = 1.14./ T,/ M, which
practically coincides with the Bohm criterion. The average plasma lifetime is

7. = Ry/JT19T./M.

In the diffusive case the solution is given by [4]
2.405r)‘ . _ 2:405°D,

Vi =

. (8.6)

n(r) = n(O)Jo( R
d

The plasma voltage in the diffusion-dominated case is

@, = 8 ln(Rd) (8.7)
e

i
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The potential profiles corresponding to equations (8.3) and (8.6) are shown by the
full lines in figure 8.2. The sheath voltage in the case of the collisionless sheath is

oy~ ey [ 8.8)
e m

Thus, in equation (8.2) the average plasma lifetime in the Langmuir-Tonks
theory is expressed via the Bohm speed (8.5) and in the Schottky theory is
expressed via time of the ambipolar diffusion (8.6). There are interpolation
formulas combining both theory. For estimation, the following formula can be used,

1197,
b Da/( Ry ) VM

= 2 ) A more accurate approximation for t, was given in [6]
d

7, 2.405°
1 R, Y
—=DJ|—4]1, (8.9)
7 2.405
where for the effective coefficient D one can use an interpolation
2
D, = D/(l + —”] (8.10)
l/la

with D, = D;(1 + T./T,) being the ambipolar diffusion coefficient and v;, the ion-
neutral collision frequency. Relationship (8.2) defines the ionization frequency v;, in
terms of the PC external parameter pRy. For the Maxwellian EDF the frequency v;
depends on the electron temperature 7. If the energy dependence of the ionization
cross-section is linear, o;(w) = cio(w/si — 1), we have

v(T) = / Na,o( ]exp(—?’). 8.11)

So equation (8.2) is of the form of the transcendent equation for T, which is of the
order of several eV. Thus equations (8.2), (8.7) and (8.11), complemented by the
equation for the (electron) current

j = enqu, = encb.E, (8.12)

allow the calculation of all plasma parameters if the cross-section set is given.

In the electron energy balance, the energy is supplied by the Joule heating in the
field E,. At low pressure the energy loss is controlled by the inelastic electron-neutral
collisions, which result in excitation of the neutrals. As usual this energy is quickly
emitted by radiation and the temperature 7, of the neutrals remains low. The
temperature 7T, is controlled by the thermal conductivity to the tube wall and is
maintained close to room temperature. On the other hand, as the plasma is
generated by the electron impact ionization, the electron energies are to be of the
order of ¢, i.e., the EDF energy scale is to be of the order of a few eV. So the electron
energies in the PC are one or two orders of magnitude higher than 7.

In figure 8.3 the neutral gas temperature at the PC axis in noble gases is presented
dependent on the discharge current. As in molecular gases a considerable fraction of
the energy, transferred from electrons to excitation of the rotational and vibrational
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Figure 8.3. The current dependence of the gas temperature Ty (K) at the tube axis for pRy = 24 Torr cm in
noble gases: argon (red), helium (green) and neon (blue). From [2].
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Figure 8.4. The current dependence of the gas temperature 7; (K) at tube axis for various p and Ry =1 cm at
the tube axis in nitrogen. From [2].
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molecular energy levels, is transformed afterwards into kinetic energy of molecules.
So the neutral gas temperature in nitrogen, shown in figure 8.4, is considerably
higher, than in atomic gases. The gas temperature radial profiles in the noble gases
PC are presented in figure 8.5.

The weak point of the standard traditional PC theories consisted of the arbitrary
assumption of the Maxwellian EDF. It allowed the closing of the equation set and
all the discharge characteristics to be expressed in terms of the external parameters.
However, for that assumption there is no physical reason. The EDFs in the PC can
strongly deviate from the Maxwellian ones. For the EDF Maxwellization due to
electron—electron collisions, an extremely high ionization degree (exceeding 1072) is
necessary, which can hardly be reached in the low-pressure glows of interest.

The pressure and current rise leads to the energy fraction increasing, transferring
from electrons to neutrals in elastic collisions and to decreasing the neutral thermal
conductivity to the tube wall. As a result, the electron and the neutral energies converge
and plasma could approach the local thermodynamic equilibrium (LTE). Such a
situation prevails, for example, in a PC of a high-pressure arc. As was already
mentioned in the introduction the great distinction of the characteristic energy scales

/1, (@) (b) '
101 i=5 vA

0.8

0.6

0.0 0.5 1.0 0.0 0.5 1.0

g

]
0.0 0.5 1.0
/R

Figure 8.5. The radial profiles of the gas temperature in noble gases at pRy = 24 Torr cm. The values of T are
from figure 8.4. From [2].
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between electrons and the neutral particles, which is typical not only for PC, but for
low- and medium-pressure glows, is the main factor which makes these phenomena
extremely far from local thermodynamic equilibrium (LTE) and demanding of far
more detailed (and complicated) kinetic treatment. This non-equilibrium manifests
itself not only in the necessity of kinetic analysis of the electron component, but also in
the fact that practically every process is not balanced by the inverse. For example,
charged particle generation in collisions in the plasma bulk is balanced by their
recombination on the cold surface of the tube wall. Even if the recombination in the
plasma volume dominates, its channels (dissociative or collisional-radiative) are
different from the inverse to the usually dominating ionization by electron impact.
Accordingly, the ionization degree is several orders of magnitude higher, than given by
the Saha formula with the neutral temperature 7, and by several orders lower, than
one given by the Saha expression with the electron temperature 7,. As the typical
plasmas in glows is optically thin (with the exception sometimes of central parts of the
resonant lines), free escape of the radiation is possible. So the electron impact excitation
processes are balanced not by the super-elastic collisions, but mainly by the radiation
escape. So the population of the excitation levels has nothing in common with the
Boltzmann distribution, and the radiation density does not obey the Planck formula.

8.2 Positive column in atomic gases

For full self-consistent PC description it is necessary to express its internal
characteristics, such as EDF, both radial and longitudinal electric fields, radial
profiles of the plasma components densities and of the densities of the excited
particles and of the ionization rate, in terms of the external parameters: current
density, gas pressure, tube radius and collision cross-sections.

There exist considerable differences between discharges at low and high pressures
in respect of the electron kinetics. One of the most characteristic properties of low-
pressure discharges is that they are surprisingly quiet and homogeneous. In this case
the EDF relaxation length exceeds the tube radius, the radial diffusive motion of
electrons produces the dominant effect on EDF, the EDF factorization is impos-
sible, and here its form is determined by the whole radial potential profile (the non-
local EDF). In the atomic gases the EDF relaxation length is usually of the order of
the energy relaxation length in elastic collisions 1, ~ v M/mA ~ 10%A. So the
criterion Ry ~ A, corresponds, roughly speaking, to pRy ~ 10 Torr cm. As in
the molecular gases the energy loss in the quasi-elastic collisions (excitation of the
rotational and vibrational levels) is significant, the transition from the local and non-
local EDF formation regimes lies considerably lower, at pRy ~ 1 Torr cm.

It is to be noted that from the non-locality criterion Ry < A, = T /(eE.) it follows

E. ~TJ/Ry > Ex,

i.e., in the non-local case the radial ambipolar electric field always exceeds the
heating longitudinal field.

Contrary to low pressure, discharges at high pressures are subjected to various
pinching (pinching is the major factor complicating numerous practical
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applications). The reason is that in the local approximation, which is valid at high
pressures, the EDF tail and, consequently, the ionization rate are rigidly bound to a
local electric field which heats up the electrons. This being so, any process
strengthening the field in plasma contractions and thereby the ionization rate in
them leads to ionization instability. As a result of its development, sharply non-
uniform plasma density profiles are formed. The non-uniform Joule heating of
neutral gas and Maxwellization of the EDF tail caused by inter-electron collisions
are indicated as the main instability mechanisms.

At high pressures, when the EDF relaxation length A, is shorter than the tube
radius, the electrons are accelerated in the longitudinal electric field without
noticeable diffusive displacement in radial direction. This permits the radial EDF
gradient in the kinetic equation (local approximation for EDF) to be neglected. The
local EDF fo(r,z,t,w) can be factorized into the product of the density n(r,z,t) by the
function Fo(w), which parametrically depends on the field E/p. The exception
represents the region near the tube walls, the length of which is about the EDF
relaxation length 4,.

Historically, the local approach for the definition of EDF is often used as the
description of a positive column and the analysis of physical processes even when it
is obviously inapplicable. So it is interesting to compare the predictions of the local
approximation and more general (non-local) theory to the correct simulations and
calculations. The majority of such comparisons have been used for noble gases using
the same cross-section set, for example, in [8—11]. Further, we will consider the basic
results presented in [10, 11]. Here, we only briefly recall the features of the model
important for the PC [11]. The model is based on a fluid description of ions and
neutral species (ground state or excited) using a drift-diffusion approximation for
the particle flux. The continuity equations are solved for the mass density of each ion
and neutral components of the plasma. The transport coefficients (mobility u. and
diffusion D.) and rates of electron-induced chemical reactions S, are calculated
using the electron energy distribution function (EDF) f, obtained as a solution of the
electron Boltzmann equation. We recall that the EDF in the calculation of which
terms with spatial gradients in the kinetic equation play an important role is here
referred to as non-local. In the non-local case for the PC analysis it is more
convenient to define the total energy e as the sum of the kinetic w, and of the
potential energy in the radial field eg(r), including the uniform field E. into the
diffusion coefficient along energy D,.

For comparison, the kinetic equation in the conventional local approximation
could also have been solved, in which the radial electric field and the radial gradients
in the kinetic equation were ignored. The traditional fluid model could be also used,
when the parameters of the electron gas are found using the fluid equations for the
balance of the electron density and energy [14]. The self-consistent electric field is
found from Poisson’s equation.

In [10, 11] self-consistent simulations of a PC in atomic gases in a tube of radius
Rq=1cm at p = 0.1-10 Torr were performed. The most frequently employed and
accepted three-level model of an argon atom with one metastable state (index m2) was
used, taking into account the eight main reactions listed in table 8.1.
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Table 8.1. The set of reactions used for the three-level scheme of terms of an argon atom. From [10].

No. Reaction Ae, eV Constant Commentary

1 e + Ar—se + Ar - Cross-section Elastic scattering
(momentum transfer)

2 e + Ar—e + Ar}, 11.55  Cross-section Excitation and de-excitation
of the metastable level

3 e + Ar—2e + Art 15.9 Cross-section Direct-ionization from
the ground state

4 e + Arj,—2e + Art 435 Cross-section Stepwise ionization from

the metastable level

5 e + Arp—e + Ary 0.07 kq=2x 1072 m*s™'  Quenching of the metastable
level via the transition to
the resonance level (11.67 eV)

6 e + Ar—e + Ar 11.5 Cross-section Total excitation by
electron impact
7 Ari—Ar + hw - Ag = 10°s71 Resonance emission with
allowance for self-absorption
_ (4 =106.4 nm)
8 Ar,*n—»{e + Ar'+Ar ky=62x 10""°m’ s™'  Penning ionization
e+ Ard + Ar

The constants of the processes with the participation of electrons were calculated
by convoluting the corresponding cross-sections with the calculated EDF. It can be
seen from figure 8.6 (right) that, even at a relatively high pressure, the EDF f°(w,r) is
not factorized in the form

Jow, 1) = ne(r) X Fy(w) (8.13)

the normalized EDF plotted as a function of the kinetic energy is different at
different radii r; i.e., it is non-local.

At the same time, the EDFs fy(e,r) plotted as functions of total energy (figure 8.6
(left)) at different radii coincide at ¢ < e¢* (where €* is the threshold energy for
inelastic processes), without any shift related to normalization and the spatial
dependence of the potential; however, they differ in the inelastic energy range ¢ > ¢*
(figure 8.7). It is well known that, in practice, the fact that the EDF fy(e,r) of trapped
electrons with ¢ < e® , (where @,, is the wall potential) does not depend on the
radius clearly indicates the non-local character of the EDF (in contrast, the EDF of
transit electrons with € > e®,, depends on the radius). At first glance, it would seem
that, in this situation, the EDF consists of a non-local component at ¢ < £* and a
local component at € > ¢* (a small local ‘tail’ is attached to the non-local ‘body’).
However, this is not the case because the fast component at £ > £* is not factorized in
form of equation (8.13). As was noted above, the use of the local approximation for
determining the EDF is restricted to the case where this function is factorized in the
form of equation (8.13). When the terms with spatial gradients in the kinetic
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Figure 8.6. Normalized EDFs for pRy = 5.4 cm Torr as functions of kinetic energy: r = (1) 0, (2) 0.2Ry, (3)
0.4Ry, (4) 0:6Ry, and (5) 0:8Ry. From [11].

1013

10§

f, (r, e, eV¥m?

]03 " I " 1 " 1
0 5 10 15

e, eV

Figure 8.7. EDFs over the total energy for pRy = 5.4 cm Torr. Curves 1-5 correspond to the same radii as in
figure 8.6. From [11].

8-10



Introduction to the Kinetics of Glow Discharges

equation cannot be omitted, the EDF is considered as non-local. Depending on the
total energy w, the components of this non-local EDF may be either dependent on or
independent of the radius.

It follows from table 8.2, which presents the parameter values at the discharge
axis at p = 6 Torr and Ry = 1 cm, and from figures 8.8-8.11, which show the
corresponding radial profiles, that the parameters calculated in the local and non-
local models differ significantly at medium pressures. The profiles of the radial
field in figure 8.9 show that this field exceeds the axial field in most of the PC. This
fact indicates that the local approximation is inapplicable for calculating the EDF
[15]. This is also confirmed by a decrease in the mean electron energy with radius
(figure 8.10). We also note that the electron density profiles can be narrower or
broader than the conventional (Bessel) profiles calculated in the fluid model. The
reason is a competition between the two effects [11]. First, the ionization is non-
uniform over the cross-section, and the density is maximum at the tube axis (see
figure 8.13). Second, the average electron density decreases toward the periphery
(figure 8.10), which results in a lower coefficient of ambipolar diffusion there. At
low pressures, the first effect is dominant and the electron density profiles decrease
almost linearly with radius [11]. In the case under consideration, the second
mechanism turns out to be more efficient, which results in the opposite effect—the
broadening of the profiles in comparison with the local model (figure 8.11).
Calculations [10] have shown that the peak of the excitation rate profile shifts
from the axis of a discharge toward the periphery due to the non-local character of
the EDF when the pressure is increased from low (pR; < 1 cm Torr) to medium
(1 < pR4 < 10 cm Torr) values.

Simulations [10, 11] revealed an interesting (but little known) effect consisting of
the replication of the shape of the body of the EDF in its fast component due to
impacts of the second kind (super-elastic collisions) of slow electrons with meta-
stable atoms in the reaction Ar*+e — Ar + €. These processes substantially
influence the calculated values of the constants for the excitation reactions with
high threshold energies and, accordingly, the densities of highly excited states.
Figure 8.12 shows the EDFs calculated for p = 1 Torr, Rq = 1 cm, and / = 10 mA
with (curve 1) and without (curve 2) allowance for impacts of the second kind. One
can see that a gently sloping pedestal fy,, replicating the shape of the slow

Table 8.2. Comparison of the results of simulations of the plasma parameters at the discharge axis with
calculations in the local model for p = 6 Torr, Ry = 1 cm, and 7 = 3 mA. From [10].

Local approximation Full simulation
N, M "> 2.9 x 10'° 1.5 x 10'°
2 (e)/3, eV 3.3 3.5
O,V 68.5 18.5
i, €T 1.7 x 10" 5.4 % 10'°
Uiy 8! 4.4 x 10* 1.2 x 10*
Vex, S 1.4 x 10° 3.1 x 10°
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Figure 8.8. Radial profile of the electric potential for p = 6 Torr and I = 3 mA. The dotted line corresponds to
the local approximation. From [12].
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Figure 8.9. Radial profile of the electric field for p = 6 Torr and 7 = 3 mA. The dotted lines correspond to the
From [12].
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local approximation. The horizontal lines show the corresponding values of the longitudinal electric field E.
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Figure 8.10. Radial profile of the mean electron energy for p = 6 Torr and I = 3 mA. The dotted line
corresponds to the local approximation. From [12].
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Figure 8.11. Radial electron-density profile for p = 6 Torr and 3 mA. The dotted line corresponds to the local
approximation. From [12].
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Figure 8.12. EDFs at the axis of a discharge (r = 0), calculated (1) with and (2) without allowance for impacts
of the second kind for p = 1 Torr, Ry = 1 cm, and / = 10 mA. From [11].
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Figure 8.13. Radial profiles of the direct and step-ionization rates (the corresponding curves coincide). The
dotted curve shows the density profile of high-energy (w > 16eV) electrons, and the dashed line shows the n,,(r)

ne(r) profile (in arbitrary units). The step-ionization rate is plotted in absolute units, whereas the direct
ionization rate is multiplied by 780 to bring the plots into coincidence. From [12].
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component (the body) of the EDF is added to the usual EDF fq,, which is sharply
decreasing above the threshold excitation energy (¢*~11.55¢V" for argon). As a
result, the fast component of the EDF can be represented as the sum fy = fo; + fon-
This shape of the EDF can be explained by the fact that the kinetic equation includes
the source of fast electrons that is associated with impacts of the second kind and is
proportional to the low-energy component (body) of the EDF, filw — &*) (dotted
curve on figure 8.12)

;0‘;%;‘1]%(8 - &). (8.14)

Jon(8) =

Roughly speaking, a partial solution taking into account inhomogeneity fo, is
added to the rapidly decaying solution of the homogeneous kinetic equation for fy,
derived without allowance for this source. Although the amplitude (absolute value)
of the additional fast component is lower by a factor of ~n,,/N, than the low-energy
component of the EDF at & < ¢*, it exceeds fq;, at energies of several eV above the
threshold energy £*. This is because the value of T, is small and fq, sharply decreases
with increasing energy. Since fo(e — £*) near the threshold energy ¢* varies slightly
the high-energy component of the EDF increases substantially as a result of the
replication of the body of the EDF into this energy range. In turn, this results in a
change in the constants for direct ionization and the excitation for high-lying levels.
As an illustration, table 8.3 show the relative change in the constants for direct
ionization and the excitation of high-lying excited states when the EDF is calculated
with and without allowance for impacts of the second kind of slow electrons with
metastable atoms for N = 10'” cm™, Ry = 1 cm, and 7= 10 mA. It can be seen from
the table that the results differ markedly; hence, this effect should be taken into
account in calculating high-lying excited states in gases that have long-lived
metastable states. Since fo, is proportional to n,,/Ny and its energy dependence is
close to that of the EDF of slow electrons (¢ < ¢*), the spatial profiles of the
frequencies and rates of the processes that are determined by these parts of the EDF

Table 8.3. Ratios of the excitation and direct-ionization constants calculated with an EDF calculated with and
without allowance for impacts of the second kind for Ny = 10" em™3, Ry =1 cm, I = 10 mA. From [11].

No. Level e, eV Ratio of the excitation constants
1 3d)"? 14.01 1.5
2 3d5"?, 5530 14.06 1.7
3 3d3"?, 5500 14.09 1.9
4 3d;? 14.15 2.1
5 5d,°" 14.21 2.3
6 3d2'5/2, 3d2/5/2, 5S(;1/2’ 3S1'5/2 14.23 24
7 3d,>? 14.30 2.7
8 34} 14.71 19

9 6p1'”2, 6p1’3/2, 6p2’3/2 15.20 109
10 Ar* 15.76 2670
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can also be close to one another. This is illustrated by figure 8.13. It can be seen that
the spatial profile of the direct-ionization frequency almost coincides with the profile
of the step-ionization rate in spite of the large difference in the thresholds (¢; = 15.76
eV and ey = 4.35 eV, respectively). We emphasize that this result is a consequence of
the self-consistent simulation of a discharge. In this case, the frequency of direct
ionization (Ar + € - Ar*+e + e) is governed by EDF (8.14), which is formed by
impacts of the second kind. For this reason, the v;4;(r) profile is similar to the 7,,(r)
vi(r) profile, although the step-ionization and direct-ionization processes themselves
are unrelated.

The data presented above show that the local approximation is inapplicable to
calculating the EDF even at relatively high pressures (pRy = 6 cm Torr); i.e., it is
almost always inapplicable under real conditions of a diffuse PC.

Experimental data are well coordinated with kinetic model PC. So for example,
results of probe measurements of radial potential and EDF in low-pressure
discharges have convincingly shown that the total energy really is an argument of
EDF [15]. Measurements of a wall potential also show that results of the kinetic
theory are in the good agreement with the experiment data. Thus, characteristics
homogeneous in longitudinal direction PC are known reliably enough and can be
calculated with the necessary accuracy.

8.3 The Langmuir paradox

To date, there still exists one of the most puzzling problems of the so-called
Langmuir paradox, i.e., the reason why in low-pressure PCs (free-flight, 1 > Ry)
EDFs close to Maxwellian ones are observed. In the diffusion regime, when the
electron mean free path 1 < Ry, the collision processes, and the loss of electrons to
the walls cause an approximately exponentially rapid fall-off of the EDF with
different slopes in the corresponding energy intervals, which has been confirmed in
numerous experiments and calculations. On the other hand, since the pioneering
work of Langmuir in the 1920s [3], the physics of gas discharge plasmas was
considered one of the most mystifying phenomena of the Maxwellian-like EDFs at
low pressure (below 0.01-0.1 Torr cm). The linearity of probe current—voltage
characteristics in semi-log plots indicated that the electron energy distribution
function was close to Maxwellian. The radial gradient of the potential ¢(r), which
exists in a plasma, traps electrons with energies below e®,,. Contrary to expect-
ations, however, as the energy increases at ¢ > e®,,, the EDF does not fall off faster,
even though the corresponding electrons can freely overcome the radial potential
difference and, in a short free-flight time of the order Ry/~/2e/m, escape to the walls
and recombine there. In 1925, Langmuir wrote, ‘From the complete absence of a
kink in the semilogarithmic plot at the wall potential we must conclude that the time
of relaxation corresponding to the mechanism by which the electrons acquire their
Maxwellian distribution is small compared to the time taken for the electrons to
traverse the tube...” [3]. In the concluding 1930 review [16], he repeated, ‘The
mechanism by which these Maxwellian distributions are so quickly established in
an ionized gas is not understood... in an ionized gas some additional and more
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effective agents must be chiefly responsible for the scattering of velocities.’
Langmuir returned repeatedly to this paradoxical discrepancy between experiment
and an estimate that seemed based on physically obvious considerations. In this
regard, D Gabor wrote [17] of the ‘worst discrepancy known to science.” The term
‘Langmuir paradox,’ itself, belongs to Gabor and has entered the scientific
vocabulary.

A Maxwellian distribution usually develops in the course of random interactions
(collisions) of particles among themselves or with a thermostat. Since inter-electronic
collisions are rare under ‘Langmuir paradox’ conditions, various mechanisms for
Maxwellization of the electrons have been discussed widely in the literature:
references [17, 18, 19-29]. Right up to the present time, primary attention has
been directed at searches for a universal mechanism for EDF Maxwellization,
although these attempts have been, as yet, unsuccessful. Langmuir, himself,
advanced the hypothesis that collective interactions of the electrons with turbulent
electric fields that develop during plasma (Langmuir) oscillations may play a role.
Gabor et al [17] observed some oscillations in the near-wall region and suggested
that these oscillations are responsible for Maxwellization of the EDF. However, to
date the presence of such oscillations (or at least their universal presence in low-
pressure discharges) remains doubtful. Really, turbulent oscillations are not in
thermodynamic equilibrium and cannot, in general, serve as a thermostat. Thus,
interactions of the electrons with these oscillations, even if they occur, do not
necessarily produce a Maxwellian electron distribution function. Other mechanisms
for Maxwellization of the electron distribution function have been discussed, but no
satisfactory explanation of the observed effects has yet been obtained. In addition,
the influence of the oscillations on the EDF is caused by sufficiently complex
processes, so it is absolutely not obvious that they precisely lead to the formation of
the Maxwellian EDF. For example, electrons locked in the ambipolar potential well
cannot reach the plasma periphery and interact with oscillations if the latter are
present there. On the other hand, Langmuir’s assumption that fast electrons moving
away to the wall should lead to a kink in the EDF at ¢ = e®,, looks too rough in
today’s context. The point is that the characteristic time of their loss on the wall
under condition A > Ry is not the transit time # = Ry/+/2e/m but a much longer
time in which the fast electron in elastic scattering gets to the small exit loss cone.
This time, which exceeds even the time 1/v between collisions, tends to infinity at e =
e® ,,, smoothly decreasing with e. Thus, the kink in the EDF at e®,,, corresponding
to the boundary between the locked and transit electrons, is smeared out and its
experimental examination presents a difficult problem.

The Langmuir paradox itself was essentially proclaimed, since no analysis has
been made of the EDF formation taking all the major factors into account. In [7] the
hypothesis was formulated, that the Langmuir paradox is not related to some
unknown mechanism for Maxwellization, but a combination of already known
mechanisms may produce an electron energy distribution function that is close to an
exponential with a constant slope (but to the physical features of the formation of
the electron distribution function under these conditions). Specifically at low
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pressures, when electron mean energy is high, the account of the escape of the fast
electrons to the tube walls would result to the exponential EDFs, close to the
observed ones.

Because of the large difference between the momentum and energy relaxation
times of the electrons, the electron distribution function now, as in the case 1 < Ry,
can be represented as the sum of isotropic fo(r, v) and of the small anisotropic f;(r, v,
0) components. Since the anisotropy of the electron distribution function is caused
by two independent factors, drift in the axial field E. and radial escape of fast

electrons to the vessel wall, the anisotropic EDF part _]-”1_) itself has two components.
If the anisotropy is small, then they can be treated independently. For the first
component, this is ensured by the smallness of the energy acquired along the mean
free path in the field £, compared to the total energy of the electron. Smallness of the
second component, on the other hand, is associated with smallness of the loss cone
within which the velocity of an electron leaving the plasma falls [30]. This condition
is usually satisfied for most of the electrons of interest, whose energies moderately
exceed the wall potential. Electrons with energies € < e®,,, the potential difference
between the axis and wall of the vessel, are trapped in the volume by the ambipolar
potential fall e®, and the wall potential jump e®, so that ®,, = ®, + ®,. Thus, the
main part of the distribution function for the trapped electrons, f, depends only on
the total energy e = w(r) + e (r) (the kinetic w = mv*/2 plus potential e¢ () energies).
Electrons with energies ¢ > e®,, can escape to the wall. It is equivalent to loss of
electrons at a rate

Uy = 20U(6Q/47). (8.15)

Coefficient 2 shows up because of the symmetry of scattering at angles a and z—a.
As can be seen from equation (8.15), the electrons are lost much more slowly than
through free-flight to the walls, which takes a time Ry/+/2e/m. In a cylindrical
geometry, electrons with total energy ¢ > e®,, can escape to the wall if their
perpendicular energy e, exceeds the sum of the potential and centrifugal energies at
the wall, i.e. [7, 30, 31],

ep = MV /2 + 12 2mr? + ed(r) > e®,, + u?/(2mRy), (8.16)
where
mv2/2 = (e — ep(r))cos® a.

As long as the loss cone is small (6Q < 4r), for isotropic elastic scattering of the
electrons, their distribution function outside this cone, fy, can also be regarded as
isotropic and dependent only on e. The character of the EDF anisotropy varies
substantially, depending on whether it is associated with an axial field or with loss to
the wall for isotropic scattering. In the first case, the EDF differs little from isotropic
at all angles. Mathematically, this is reflected in the fact that the coefficients in the
ordinary EDF expansion in terms of Legendre polynomials fall off rapidly with the
harmonic number. In the second case, however, the EDF is almost isotropic outside
a small anti-loss cone and practically zero inside it. In other words, the EDF has a
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discontinuity at its boundary. Outside this small cone, it is almost identical to the
isotropic EDF part, f;. Within the anti-loss cone, the distribution is also independent
of angle. Therefore, all the coefficients in the expansion of the anisotropic EDF part
in terms of spherical harmonics are also small (proportional § Q), but fall off with
the harmonic number slowly. Thus, it is inappropriate to use this expansion and it is
more convenient to consider fy(e) and the electron distribution function inside the
yield cone, F(e,r,6Q), separately.
After averaging over the volume, the kinetic equation for fy(e) can be written in
the form
Oe De

= Ijex(g)fo (8) - Eex(g + 5ex)f(; (8 + eex)
+ Di(e)fy (e) — 20/(2e + &)fy (2e + &) + Dyfy ()

where the coefficients of equation (8.17), obtained by averaging over the radius.

For simplicity, it is assumed that there is only one excitation process with a
threshold e, and only direct ionization from the ground state. The collision integral
for ionization is written assuming that the kinetic energy is divided evenly between
the incident and product electrons [31]. The anti-loss cone §,Q is essentially empty,
since the corresponding electrons escape instantaneously to the wall (over a time
Ry/+/2¢e/m) and, neglecting the effect of the radial electric field in the plasma on the
fast electrons, the kinetic equation for the EDF F(e,r,Q) inside this cone can be
written in the form

0 = I(e)
de (8.17)

F(e, x) = fy(e) (1 — exp(—x/4)) (8.18)

Evidently, F < f.

In order to verify the accuracy of the approximate kinetic equation (8.17), it was
compared in [7] with the results of an independent Monte Carlo method. For the
conditions of interest to us, the most detailed work in this respect is [31], in which the
EDF in the positive column of a glow discharge for an argon-like gas was modeled
over a wide range of pressures 3 mTorr to 3 Torr. The authors were mainly guided
by the collisional case (4 > Ry), for which they observed a change in the EDF slope
for € > e.x owing to inelastic processes and the loss of electrons to the wall. A
comparative analysis of these data [31] shows that when the pressure is lowered
(p < 10 mTorr), the relative contribution of wall losses increases and there is a clear
tendency for the EDF to flatten out to an exponential with a single slope throughout
the entire energy range. In the following comparisons the cross-sections for argon, as
in [31], are used.

The model calculations in reference [31] showed that the simple expression

5:Q(e, x) ~ 21| 1 = [P O (8.19)
ele — Pp(x)
in the case of a plane geometry is a good approximation for a cylinder, as well. As a

comparison, figure 8.14 shows f, calculated according to equation (8.17) for the
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Figure 8.14. fi(¢) calculated according to equation (8.16). N = 10" cm™, the vessel radius Rq = 1 cm, ¢, =
28.5V,and E. =1 V ecm™!. From [7].

conditions of [31] (neutral gas density N = 10'* cm™ and cylinder radius Ry = 1 cm).
The self-consistent values of the wall potential @, = 28.5 V and longitudinal field
E.=1Vcm™ turned out to be close to those calculated in [31] (30 eV and 1.02 V.em ™,
respectively). A semi-log plot of the EDF is clearly close to linear with an effective
electron temperature 7, = 9.3 eV. Significant deviations from a Maxwellian EDF
are observed only at low energies. These calculations also confirm the well known
fact, that T, in low-pressure discharges is of the order of the threshold e, for
inelastic processes. Physically, such high temperatures are necessary in order for an
electron to complete an ionization event during the short ion mean free time z; to
reach the wall. If we use the EDF, figure 8.14, to construct a plot of the probe
current

I(eV) = f j (e — eV, (e)de (8.20)

from which the Langmuir paradox was first observed in the literature, then we
obtain an almost straight line which is essentially identical to an exponential (figure
8.15). This is because an integral dependence of the type of equation (8.20) has a
weaker dependence on the details of the EDF behavior. It is known that the finite
magnitude of the differentiated signal at the probe means that the measured EDF is
significantly distorted at energies near the plasma potential for small potentials,
which are around (0.3 — 1)T in the experiment [7]. The calculations [7] also show
that curves analogous to those of figures 8.14 and 8.15 are obtained for pure gases
when 1 > Ry under all these conditions.
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Figure 8.15. The probe current / as a function of the potential V. The conditions are the same as in figure 8.14.
From [7].

In order to understand the reasons for such surprising behavior of fj, in [7] the
analyses of the terms in the kinetic equation (8.17) for the considered conditions was
performed. Obviously, for € > e®,, the rate of loss to the wall significantly exceeds
the inelastic collision rates, while the energy dependences of Dg(e) and 7, (e) are
similar. Here the kinetic equation (8.17) for the fast part of the electron energy
distribution function with ¢ > e®,, reduces to

9 D'E_afo (€ _
de

. A (8.21)

and, roughly speaking, the electron ‘temperature’ for the fast part of the electron

energy distribution function,
T, = \Dg/0y,, (8.22)

is practically constant and independent of the energy. The reason for this is the
weak, decreasing energy dependence of the elastic cross-section at high energies.
This leads to a small energy dependence for v(w) and, therefore, for T, in equation
(8.21). It is well known that at high energies € > ¢; the elastic scattering cross-
sections fall off slowly with increasing energy and behave this way for almost all
elements. Thus, this sort of dependence is quite universal. At high energies,
therefore, T, (equation (8.21)), is nearly constant for essentially any pure gas and
the EDF for £ > e®,, should be close to Maxwellian,

Jo(e) = exp(—¢/T5). (8.23)
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We now consider some possible reasons why the EDF may have the same slope in
the elastic energy range, ¢ < &y, as well. At first glance, this seems paradoxical, since
it is well known that the actual energy dependences of v(w) are different in this
region for different gases. Let us write down a model solution of the kinetic equation
(8.17) for £ < e with the fast part of the EDF in the form (8.23)

f(}m (e)=® — &y = (exp(_gex/Tw)

(8.24)
+ exp(_zgex/Tw))(1 + (gex - E)/Tw) - CXp(—(&‘ + eex)/Tw)

which represents the difference between the linear ®; and exponential @, functions.
In the elastic energy range, the model EDF (8.24) is evidently never Maxwellian,
even for a Maxwellian fast part (8.23). The functions (8.23) and (8.24) are close to
one another for ¢ ~ & and diverge with decreasing energy. Since their differences
are greatest at low energies, for /T, <1, on expanding the exponent in @, in a
Taylor series, near zero we obtain

Jole ® 0) = (eex/ Ty )exp(—eex/ Tiy)- (8.25)

The expression on the right of equation (8.25) is close to unity (i.e., to the
corresponding values of equation (8.23) only for e ~ T;, and falls off sharply with
decreasing T,,. Thus, the closeness of the approximate EDF in the elastic energy
range to an exponential with the temperature of the fast portion of the electron
distribution is determined by the parameter &.,/T,,. This sort of approximation is
possible only for high Ty, ~ €. This is illustrated in figure 8.16, which shows the
model EDFs for €.,/T, = 0.5,1, and 5. Evidently, the complete EDF should never be

a.u.

In f,

-2.0 + 1 + 1 + 1 +
5 10 15 g,eV

Figure 8.16. Model electron energy distribution functions (8.24) for e.,/T. = 5 (2), 1 (3), and 0.5 (4) and the
electron energy distribution function of equation (8.23) (1). From [7].
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strictly Maxwellian. In [7] it was shown that it can be approximated by an
exponential with a single slope only when the electron temperature is high and
close to the inelastic threshold. Therefore, in order for the entire EDF in low-
pressure discharges to be approximated by a Maxwellian distribution, two major
conditions must be satisfied: the elastic cross-section must fall off slowly at high
energies (beyond the ionization potential of the working gas) and the electron
temperature must be high (of the order of the inelastic threshold). Failure of either of
these conditions will cause the EDF to deviate significantly from an exponential with
a single slope, i.e., the Langmuir paradox would be absent.

Recent work [32] has provided some EDF measurements under Langmuir
paradox conditions. The non-Maxwellian EEDFs in argon gas found in those
experiments cast doubts on the existence of the Langmuir paradox (in any case, on
its universality), and call for further experiments. Thus, the Langmuir paradox
remains a topical and fundamental problem in the physics of gas discharges, which
must be solved in order to understand the properties of low-temperature plasmas
and to justify the validity of the probe diagnostics used on them.

8.4 PC in electronegative gases

In the presence of negative ions, the processes of spatial transport, which determine
the density profiles and other plasma parameters, possess a number of specific
features (see [14] for details). Early attempts to reduce the problem to a set of
ambipolar diffusion coefficients by using simplified models were contradictory and
there were no criteria for their applicability. In [33-36], it was shown that a specific
feature of an electronegative-gas plasma with T, >T; is that it stratifies into regions
with different ion compositions separated by a sharp boundary. In the external
region (shell) of such a plasma, negative ions are practically absent (figures 8.17—
8.19), because they are drawn by the ambipolar electric field into the plasma interior.
The presence of this shell is of fundamental importance because it confines the
negative ions inside the plasma volume. As a result, the flux of negative ions to the
wall is practically absent (in contrast to those of electrons and positive ions). In such
a situation, the only means to extract negative ions from the discharge is to apply an
accelerating voltage U to the wall (or an extracting electrode). The magnitude of this
voltage should be large enough for the space charge layer produced at the plasma
boundary to extend to the inner region containing negative ions. The thicker the
shell, the higher the voltage (U ~ L3”) that must be applied to enable the flux of
negative ions to the wall.

For the sake of qualitative analysis, we would consider a plasma consisting of
only electrons, positive ions, and negative ions (subscripts e, p and n, respectively).
To explain the dependences observed and predict how they are affected by the
external conditions, we consider, as in [33-36], the conventional set of the fluid drift-
diffusion equations

—-D,V(Vn, + kn,Vne/n.) = yn. — Kinynp, (8.20)
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Density(lOlOcm'3)
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Figure 8.17. Profiles of the charged particle densities for p = 1 Torr and /= 50 mA: (1) n, (2) n,,, (3) np, and (4)
n[O*]. From [10].

Density(1010cm™3)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

r(cm)

Figure 8.18. The same as in figure 8.17 for p = 0.15 Torr without allowance for ion heating: (1) 7., (2) n,, (3)
n,, and (4) n[O+]. The dashed curve shows parabolic distribution (8.49). From [10].
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Figure 8.19. The same as in figure 8.18, but with allowance for ion heating. From [10].

-D,V(Vn, — kn,Vne/n.) = vine — vgny, — Kingnp, (8.27)

np =n, + ne (8.28)

with a Boltzmann distribution for the electrons: E = —T.Vn./n.. Here, v;, v,, and v4
are the ionization, attachment, and detachment frequencies, respectively; K, is the
rate constant for ion—ion recombination; and k = T./T; is the electron-to-ion
temperature ratio.

The boundary conditions for the set of equations (8.26) and (8.27) are [14, 37]

Vn,=Vn,=0at r=0, n,=n,=Vn,=0 at r = R,. (8.29)

We illustrate these considerations on full-scale kinetic simulations of PC plasma
in [10, 38] in which we compared the results of kinetic and fluid simulations of the
positive column plasma of a dc oxygen discharge in a 12 mm diameter glass tube at
pressures of 0.05-3 Torr and discharge currents of 5-200 mA. The density and mean
energy of the electron component can be obtained by solving either fluid balance
equations or the kinetic equation for the electron distribution function (EDF). The
self-consistent electric field is found from Poisson’s equation. Heavy particles are
described in the fluid model.

The accounted volume plasma-chemical processes with the participation of
various atomic and molecular oxygen states are listed in table 8.4. In the fluid
model, the rate constants of the processes with the participation of electrons were
obtained by convoluting the corresponding cross-sections with a Maxwellian EDF,
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Table 8.4. Volume plasma-chemical processes involved in simulations. From [38].

No. Reaction

Aeg, eV Rate constant

O 00 N Lt AW N~

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

e+ Or—e + 0O,

e + Oy(a'A)—se + 0,(a'd)
¢ + Oy(b'E)—e + 05(h'%)

e + O (v))—e + Ox(v)

e + Oy(Ry)—e + Os(Ry)

e+0—e+ 0

e + O(D)—e + O('D)
e + 0('S)—se + O(S)
e+ O3—e + O3

e+ 0,—0_+0

e + Oy—e + Oy(n)

e + Oy(v))—e + O,

e + Oy—e + O0y(1p)

e + Or—e + Oy(v3)

e + Or—e + Oy(ny)
e+ O)—e + Oz((llA)

e + Oy(a'A)—se + O,
e+ Or—e + Oz(bIZ)
e+ Oy (b'T)—e + O,

e + Or—e + 20

e + O—e + O + O('D)
e+ O,—2e + 02+

e+ 0,—2e+ 0+ 0Oy
e+ 20,—0; + O,_
e+ 0,,—20

e + 0,,—0 + O('D)

e + Oy(a'A)—2e + O,
e + Oy (b'T)—2e + Oy,
e+ 03—O0_ + O,

e+ 03—0 + O,_

e + O—se + O('D)

e + O—e + 0('S)

e+ 0(S)—e+ 0

e+ O—2e¢ + O,

e+ O(D)—e+ 0O

e + O(D)—2e + O,

e + 0(1S)—2e + O,
e+ 0. —2e+ 0

O O OO O O o oo

3.637
0.19
—-0.19
0.38
0.57
0.75
0.97
-0.97
1.63
—-1.63
5.12
7.1
12.6
18.8
-5.03
—-6.96
=5.0

Elastic electron scattering

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Inelastic processes with the participation of
electrons

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Cross-section

Obtained from a detailed balance with ¢ 16

Cross-section

Obtained from a detailed balance with ¢ 18

Cross-section

Cross-section

Cross-section

Cross-section

koa = 3.6E — 43T " mbs~!

Cross-section

Cross-section

—11.63 Cross-section
—10.97 fpg = 1.3E — 15T " exp(—10.43/T) m3s~!

—0.42
0.60
1.97
4.24
—4.24
13.67
-1.97
11.7
9.43
1.53

Cross-section

Cross-section

Cross-section

Cross-section

Obtained from a detailed balance with ¢ 32
Cross-section

Cross-section

Cross-section

k3 = 6.6E — 15T exp(—9.43/T;) m3~!
kas = 1.95E — 18727 exp(—3.4/T.) m’s~!

8-26



39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64

65
66
67
68
69
70
71
72
73
74
75
76
77
78
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e + 0,—0('D)

2e + O,—2e + O('D)
e + O—se + 0O(3s°Sy)

e + O—se + O(353Sp)

e + O—e + O(3p° Py)
e+ O—se + O(3p Py)
e + Or—e + Oy(Rot)
e + Or—e + Oy(vs)

e + Or—e + Os(v)

e + Or—e + Oy(TI,)

e + Or—e + 0(lax})

e + Oy—e + Oy + hw (130 nm)

e + Oy(a'A)—e + 0,(b'Y)
e + 0y)(b'T)—se + 0y(a'A)
e + O)—e + Ox(Ry)

e + Oy(Ry)—e + Oy

e + Oy(a'A)—se + 05(Ry)
e+ Oy—e + 0 + 0O(lS)

e + 0y(a'A)—O0 + O_

e + 02,—0x(Ry)

e+ 0y + 03—0; + Os_
e + 0,,—0 + 0('S)

e+ O4+—>202

e + 04,—0; + Ox(Ry)

e+ 0y, —0 + 0Oy

O + 05,—30

O + 0,—20

O, + 02,—20,

O, + 02+—>02 + 20

O+ +0,.—0,+0

Oy4 + 03.—0;, + O3

Oy4 + O3.—20 + O3

O+ + 03.—0 + O3

O_ + 02+ + 0,—0 + 20,
O_+ 0, + 0,—20 + Oy
O+0.—0; +e

Oo_ + Oz(alA)—>O3 + e

O_ 4+ 0,(h'2)—0, + O + ¢
O_+ 0,—03+e¢

—11.7 k39 = 5.3E — 197, % m3s~!
—11.7 kyo = 5.12E — 36T+ mbs~!
9.15  Cross-section

9.51  Cross-section

10.73
10.98

0.02  Cross-section

Cross-section
Cross-section

0.19  Cross-section
0.38  Cross-section
8.4 Cross-section
10.0  Cross-section
9.547

0.65  Cross-section

Cross-section

—0.65 Cross-section

4.47  Cross-section

—4.47 Cross-section

3.45  Cross-section

9.36  Cross-section

2.57  Cross-section

—7.66 Cross-section

—0.679 4.6E — 40 m%™!

=273 242F — 13T "% m3s~!

—-0.8  242F — 11T m3s!

3.68  2425E — 1277 %3 mds!
Reactions between heavy species
key = 5.69E — 1175 'm’s~!
key = 1E — 13 ms~!
kes = 5.96E — 11Ty 'm’s~!
kes = 5.96E — 11Ty 'm’s~!
k67 =1EF-13 III3S_l
kes = 5.96E — 11T; 'm’s~!
keo = 5.96E — 11T 'm’s™!
kzo=1E-13m’s™"
ki = 5.96E — 11T, 'm’s™!
kg> = 3.066E — 31T > m’s™!
k3 = 3.066E — 31T >’ m’s~!
kg = 1.159E — 17T m’s~!
kgs = 1.738E — 17T, m’s™!
kg = 4E — 17T, m%"!
k7 = 2.896E — 22T~ m’s~!
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Table 8.4. (Continued)

No. Reaction

Aeg, eV Rate constant

O + 03—20, + ¢
79 0.+ 03—0 + O;_

80 O_ + 03—0, + O,

81 0 + 0,.—0 + 0,_

82 0+ 0,,—03+e¢

83 0y(a'A) + 0,.—20; + ¢

84 Oy_ + O3—0y_ + O3

85 O + 03.—0, + Oy

86 0 + O, + 0,—0, + 05,

87 0, + 0,—0 + O,

88 0, + 03—0, + 01,

89 O(D) + 0,—20

90 O('D) + 0,—0 + 0,(b'E)
91 O('D) + 0,—0 + O(a'A)
92 O('D) + 0,—0 + O,

93 O('D) + 03—20 + O,

94 O(D) + 03—20,

95 0O(S) + 0,—0O('D) + O,

96 O(IS) + 0,—0 + O,

97 O(S) + Oy(a'A)—O0 + O,
98 O(S) + Oy(a'd)—O(D) + 0x(b'E)
99  O(S) + O5(a'A)—30

100 O('S) + 0—O(D) + O

101 O('S) + 0—20

102 O(S) + 03—20

103 Oy(a'A) + 0—0, + O

104 0y(a'A) + 0,—20,

105 205(a'A)—0,

106 205(a'A)—05 + Ox(b'E)

107 202((11A) + 0,—203

108 ZOQ(LIIA) + 0,—203

109 O,(a'A) + 03—20, + O

110 205(h'S)—0,(a'A) + O,

1T 0,(3's) + 0,—04(a'A) + O,
12 0,'s) + 0,—20,

113 0,(b'5) + 0—05(a'A) + O
114 0,('s) + 0—0, + O

115 0,('s) + 03—20, + O

116 0,(b'5) + 03— 0(a'A) + O3
7 0,b'5) + 03—0, + O3

kas = 1.744E — 177" m’s~!

ko = 1153E — 17T¢" m’s™!

kgo = 5.509E — 1977 m’s~!

kg1 = 8.69E — 18T, m’s~!

ks> = 8.69E — 18Ty~ m’s™!

ksy = 1.159E — 177 m’s~!

ksa = 3.746E — 17T, m’s™!

kgs = 1.448E — 17T m’s~!

kss = 5.793E — 4373 m’s™!

kg7 = 1.953E — 1674 m’s~!

kgg =1E - 16 m%~!

kgg=1E — 18 m3s~!

koo = 2.56E— 17exp(+ 67/Ty) m* s~
koy = 1.6E — 18exp(+ 67/T) m’ s~
kos = 4.8E — 18exp(+ 67/Ty) m’ s~
ko3 = 1.2E = 16 m® 57!

kos = 1.2E = 16 m® 57!

kos = 3.2E — 16exp(— 850/T) m* s~
kos = 1.6E — 18exp(— 850/T) m® s~
ko7 = 1.1E = 16 m® 57!

kog =2.9E — 17 m’ s~

koo =3.2E — 17 m?s7!

kioo = 1.67E — 17exp(~ 300/T,) m® s~
ko1 = 3.33E — 17exp(~ 300/T,) m® s™!
k102 = 5.8E — 16 m* s~

kios =2E — 22 m®s7!

kioa = 3E — 24exp(— 200/Ty) m’ s~
kios = 9E — 23exp(— 560/Ty) m® s~
kios = 9E — 23exp(— 560/Ty) m® s~
kio7 = 1E — 43exp(— 560/Ty) m* s~
kios = 1.709E — 287, m’ s~

kig9 = 5.2E — 17exp(— 2840/T,) m> s™*
kito = 2.085E — 24T, m’s~!

ki = 2.085E — 25T, m%!

ki = 2.317E — 287, m"!

kiiz = 4.171E = 217" m’s™!

kia = 4.634E — 22T} m’!

kits = 4.246E — 19T m’s™!

kit = 4.246E — 19T, m%!

kii7 = 4.246E — 19T, m%!
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118 Oy(v) + 0—0, + O kg = 5.793E — 2277 m’s™!

119 0,(v) + 0,—20, kito = 5.793E — 22T m’s™!

120 20 + 0,—20, ki2o = 9.268E — 45T, *Pmés~!

121 30—0 + 0, kioi = 3.334E — 44T "% mbs!

122 20 + 0,—0,(a'A) + O, ki = 6.987E — 46T " mbs~!

123 30—0,(a'a) + O kio3 = 2.509E — 45T, " més~!

124 0 + 20,—05 + 0, kina = 5.081E — 39T "*¥mbs~!

125 20 + 0,—0 + O4 ks = 3.166E — 43T 'mfs~!

126 0 + 0;—20, k126 = 8E — 18exp(— 2060/Ty) m> s~
127 0, + 03—0 + 20, ka7 = 1.56E — 15exp(— 11 900/T) m* s~
128 O5(Ry)—0> k1og = 0.015 57!

129 Oy 4+ 03(Ry)—0, + Oy(d'A) k120 = 1.86E — 19 m*® s~

130 O3 + O5(Ry)—0, + 05(b'%) k130 = 1.86E — 19 m* s~

131 O(D) + 05(a'A)—0, + O kizi=1E - 17m’s™!

132 O(S) + 0,—0 + Oy(a'A) ki32 = 1.5E — 18exp(— 850/T,) m® s~
133 O('S) + 0,—0 + 0,(b'%) ki33 = 7.3E — 19exp(— 850/T,) m’ s~
134 O('S) + 0,—0 + O5(Ry) ki34 = 7.3E — 19exp(— 850/T,) m® s~
135 O(S) + 05(a'A)—0 + Ox(Ry) kizs = 1.3E — 16 m* s7!

136 05(b'%) + 03— 05(a'A) + O3 kizg =7.1E — 17 m* s7!

137 O + O, + Oy(a'A)—0,(h'E) + O3 kiz7 = 1.56E — 40T “mbs™!

138 0 + 0, + 05(a'A)—0 + 20, kiss = 3E — 44 m®s7!

139 O + 03—0, + Ox(a'A) k139 = 2.4E — 19 exp(—2060/Ty) ms~!
140 O + 057—0, + 05(b'%) ki40 = 8E — 20exp(— 2060/T) m® s~
141 205—0 + O, + O3 ka1 = L.65E — 15exp(— 11 435/T) m’ s~
142 20 + 0,— 05 + Ox(Ry) k14 = 1.2E — 46 m® s~

143 20 + 0,—05 + 0,(b'%) ki43 = 7.6E — 44T, "exp(— 170/T)) m® s~
144 O + 05 4+ 03—203 kiag = 1.3E — 4177 *més~!

145 20, + 03,—0, + Oy kias = 1.25E — 38T " mfs~!

146 0,(a!A) + 04, —20, + Oy ki =1E — 16 m* s~

147 05(b'2) + 04,—20; + 0o, kis7 = 1E — 16 m* s7!

148 O 4+ 04,—05, + O3 kiss = 3E — 16 m® 57!

149 Oy + 04,—20, + 0o, k149 = 0.02673 exp(— 5030/Ty) m’ s~
150 O_ + Os(a'A)—0 + O, kiso=3.3E - 17m?s~!

151 O_ + 0,—0 + O,_ kisp=1E —20m® s~

152 O_ + Ox(a'A)—O0 + O, + ¢ kiso= 2E — 16exp(— 15 000/Ty) m* s~
153 O_ + 20,—0, + O5_ kisy = 3.3E — 40T 'més~!

154 0, + 0,—20, + ¢ kisq = 2E — 16exp(— 5338/Ty) m* 57!
155 O_ + 0,—0, kiss =2.7E — 13 m® s7!

156 O_ + Oy —>0, + O3 kiss = 6.9E — 1277 *m%s~!

157 O_ + 0, + 0,,—0, + 05 kis;=2E —37m°s™!

(Continued)
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Table 8.4. (Continued)

No. Reaction Aeg, eV Rate constant

158 O,_ 4+ Oy + 0,—30, kiss = 2E — 37 m° 57!

159 05_ + 04,—30; kiso=1E — 13 m> s7!

160 O + 03_—20, + ¢ kigo = 3E — 16 m* s7!

161 Oy + 03.—20, + O_ kig1 = 1.62E — 6T;* exp(—18 260/ T;) m® s~
162 0;_ + 04,,—30, + O k2= 1E — 13 m?s7!

163 Oy + Os_ + 0y, —20, kigs = 4E — 38 m® 57!

164 Oy + O3_ 4+ 04,—20, + O kies = 4E — 38 mS 57!

whereas in the kinetic model, they were obtained by convoluting these cross-sections
with a calculated EDF.

It can be seen from figures 8.17, 8.18 and 8.19 that the spatial distribution of the
charged particle densities is highly non-uniform over the discharge cross-section.
Almost all of the negative ions reside in the inner ion—ion plasma region. The radius
of this region is = ry. The external electron—ion plasma region (ro < r < Ry) consists
of electrons and positive ions, whereas the negative ions are practically absent there.

Since the flux of negative ions to the wall is zero, we find from equation (8.27) that
the densities averaged over the cross-section satisfy the relationship [14, 37]

Valle = Ugity + Kifinflp. (8.30)

Dividing equations (8.26) and (8.27) by the corresponding diffusion coefficients
and summing them we arrive at the equation [14, 36, 3§]

—2Any/k — Ane = n/12 — 2n,/ki2, (8.31)

which is of fundamental importance for analysing the set of equations (8.26) and
(8.27).

Equation (8.31) contains two characteristic space scales, /, and /,, which are
defined by

1/12 =1/12, + 1/13 = 1/ Dy + 13/ Do = tagtii/ X + Tania/ A, (8.32)

1/13 = 1/lgy + 1/13 = 132Dy + 1K,/ Doy = tora/ X + 1ot K /N (8.33)

where, Danap = Dy, p(k + 1) and Dy, = 2D, D, /(D, + D,) are the coefficients of
electron—ion and ion-ion ambipolar diffusion, respectively; 7; = Az/Dj are the
corresponding characteristic times; and A is the diffusion length, which, in the
case of cylindrical geometry, is equal to A = R4/2.4.
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Since the ambipolar electric field draws negative ions into the plasma, their
density in the external region (ro < r < Ry) is low, n,(r) ~ 0; hence, we have n.(r) =
ny(r) in this region. At k>1, we can write equation (8.31) in the form

An. = ng/l2. (8.34)

Taking into account the spread caused by ion diffusion, we find that the thickness
of the external region satisfies the condition Ry —rg < [; i.e., [, determines the
maximum thickness of the shell. We would start with the case when this thickness is
small compared with the tube radius R4 (and, hence, with the characteristic diffusion
length A = Ry/2.4). Therefore, the external region can be treated in plane geometry.
Then, for the plasma density profile in the region ry < r < R4, we can use the solution

ne(r) = n(r)sin(z(Rg — r)/21)/sin(r(Rq — 1)/21,). (8.35)

The density profiles in the inner region depend substantially on the ratio between
R4 and [, (see equation (8.33)), i.e., between the radius and the distance a negative ion
covers due to diffusion during its lifetime with respect to volume processes [14, 3§].

At 7,0, > 1, length /. (8.32) is small (/, < A), and, under typical discharge
conditions (77,/7i, < k ~ 100), the length /, turns out to be even smaller (/, < [);
hence, ion diffusion can be ignored [34-36]. When the opposite inequality is satisfied
(tanta < 1), the electron—ion plasma occupies almost the entire cross-section of the
tube, whereas the length /, can be either longer or shorter than the radius of the inner
ion—ion region. Hence, to obtain functional dependences in the inner region, it is
reasonable to consider two limiting regimes with large and small values of the
parameter 7,,v, which is quadratic in pressure.

For oxygen, the boundary value z,,v, = 1 corresponds to pA ~ 0.07cm Torr, so
that 7,0, > 1 at pA > 0.07 cm Torr and vice versa. Consequently, length /. (equation
(8.32)) has two asymptotes: /. ~ A at low pressures, pA < 0.07 cm Torr, and /. ~ [, in
the opposite case.

At high attachment frequencies (z,,v, > 1), characteristic lengths, equations (8.32)
and (8.33), as was mentioned above, are both small (/, < /., < A). Since [, < [,, we
can neglect ion diffusion in equations (8.26) and (8.27) (as was done in [34-36]) and
assume that the shell thickness is Ry — 1y =~ [, (i.e., the denominator in equation
(8.34) is equal to unity). In the case in hand, in balance equation (8.26) for negative
ions, their transport is insignificant as compared to volume processes (see figure
8.20), so that the negative ion flux is almost completely determined by the drift
component. Hence, at n, ~ n, > n,, the fluxes of positive and negative ions in the
inner region are almost the same in magnitude, but opposite in sign; i.e., we have [14,
36]

IL/by = knyVne/ne = kn,Vne/n, = =I},/b,. (8.36)
For this reason, in equation (8.31), in which these fluxes are summed, they almost
completely cancel each other in the inner ion—ion region. In other words, at r < ry,

the terms on the left-hand side of equation (8.31) (which are responsible for spatial
transport) are small compared to the terms on the right-hand side (which are
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Figure 8.20. Contributions of spatial transport and volume processes to the negative ion balance for p = 1 Torr
and /=50 mA. Curve 1 shows the flux of negative ions (with a minus sign), curve 2 shows the total production
of ions, and curve 3 shows the ion loss. From [10].

responsible for volume processes). Hence, the local balance of the volume plasma-
chemical processes resulting in the production and loss of ions, n./l? = 2n,/kl2,
holds with a high accuracy. At r,,v, > 1, the important relation can be deduced from
this equality [10, 14, 36]

(vi/Dp + vy/Dn)ne = vgny /Dy + Kinn(ny, + ne)/(1/Dy, + 1/Dy), (8.37)

which allows one to obtain the relationships between the plasma parameters in the
central region r < ry.

The relationships between the densities of charged particles depend on the
mechanism responsible for the loss of negative ions, i.e., on the relationship between
the terms on the right-hand side of equation (8.37). At 7,0, > 1, the loss of negative
ions in an oxygen plasma is governed by detachment processes (the detachment
regime with v4 > n,K;). Then, it follows from equation (8.37) that the profiles of the
electron and negative ion densities are similar

Vnelne = Vny/n,, neg(x)/ny(x) = const. (8.38)
This condition was first proposed in [39] and then was justified in [34-36],
assuming that ion diffusion can be neglected as compared to ion drift. It follows

from the above analysis that equation (8.37) is valid only at 7,2, > 1; it is impossible
to extrapolate it to the low pressure.
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The validity of equation (8.38) for oxygen is illustrated in figure 8.21, which shows
the density profiles from figure 8.18 (p = 1 Torr) normalized to the central electron
density. Substituting equation (8.38) into equation (8.26) or (8.27), we find that, at a
significant degree of electronegativity (n, > n.), the densities in the inner region are

ny(r) ~ nu(r) ~ ne(r) ~ Jo(r/lo). (8.39)

For plane geometry, the Bessel function should be replaced with cos(x//y). In
equation (8.39), the characteristic length [14, 38]

I§ = 2Dan/vs + vDap/ (With) = Ny /(Uizapne) > A (8.40)
also determines the ambipolar electric field (E(r) = —7:Vn./n.) in the central region
(r < ro):

E(r) ~ —=T(r/lo)/ 1y ~ =T/l (8.41)

At Iy > A > [, the density profiles (8.39) in the inner region are flatter than in the
external region and, being extended up to the wall, they do not turn to zero (see
equation (8.29)). Consequently, the field (8.41) is weaker than the electric field in the
shell (rg < r < Ry), for which we have from equation (8.35) the following estimate

E(r) ~ —(aT.21)cot(n(Ry — r)/2L) ~ —(x>T/212)(r — 1y). (8.42)

nj/Me()

0.1 0.2 0.3 0.4 0.5 0.6

r(cm)

0.0 b———

Figure 8.21. Normalized density profiles for p = 1 Torr and I = 50 mA: (1) ne(r)/neo, (2) ny(r)/ne. Curves 3 and
4 show the results calculated by equation (7.20), and curve 5 shows profile (7.17) in the outer region. From [10].
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To illustrate the limiting cases, we use equations (8.26) and (8.27) to rewrite
relationship (8.36) in the form [14, 36]

Ry ro
IL=u / ne(r)rrdr = =I,D = Dyj; / ne(r)rrdr (8.43)
ro 0

where D = (D,/D,) ~ 1. This relationship means that the attachment rate in the
external region is equal to the number of ions produced in the central region due to
ionization. In the thin shell, a comparatively small flux of negative ions I', is
produced due to attachment; hence, a fairly weak electric field (8.41) is sufficient to
transport these ions into the inner region, in which they disappear due to detach-
ment. Since, at 7,,0, > 1, the electrons in the inner region disappear mainly due to
attachment, it is necessary to enable just a minor flux of positive ions toward the
external region. In other words, relationship (8.43) means that, if the local plasma-
chemical balance of ions dominates over their spatial transport, the latter should
only compensate for a relatively small difference between the attachment and
detachment of negative ions.

Using expression (8.35) for n.(r) and equations (8.41) and (8.42), we can obtain
from equation (8.43) the ionization frequency Z;, which represents the eigenvalue of
the boundary value problem described by equations (8.26) and (8.27) [14]. The
simple estimate T}, & vnle = I}, & ZincA gives Z; & vlo/A & v/t [14, 36].

In the case at hand, we have viz,, ® \/VaTan > 1; hence, we obtain 7,,Z; > 1. This
means that the ionization frequency exceeds the value given by the Schottky formula
for a simple plasma (z,,Z; = 1) [14, 36].

The small density of the negative ions that are produced in the shell due to
attachment can be deduced from their flux ', (8.43)

Na ~ To/boEy  812n4(10)/ (22 Dan)sin®(m(Rq — r)/2L)tan(n(Rq — r)/21,)  (8.44)

~and()u(Ry — r)3/(4D,l) (< r < Ry). (8.45)

At the point r = ry ® Ry—I., the field E; is close to zero, whereas the flux I';, (8.42)
caused by attachment in the external region, is finite. Therefore, when approaching
the point r = ry, negative ion density (equation (8.45)) sharply increases

nn & 81221 (10)va/ (£ Dan(r = 1)) (r 2 1y = Ra = L) (8.46)

to its value in the inner region, which is determined by equation (8.37).The transition
zone separating regions with different ion composition is narrow (~/, < /). For this
reason, it was treated in [14, 36], as a diffusive jump in which ion densities undergo a
jump, whereas the ion fluxes and the electron density are continuous. The validity of
relationship (8.37) in the region r < ry in an oxygen discharge is illustrated in figure
8.21, which shows the normalized density profiles from figure 8.17 at a pressure of
p =1 Torr. The dashed curves in figure 8.21 show the profiles calculated by formula
(8.39) for the inner region and by formula (8.35) for the shell with the thickness
R4 —ry = [,. When deducing formula (8.35) for the external region, the shell thickness
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Jsn Was taken into account; i.e., it was assumed that the electron density vanished at
r = Ry — &g, rather than at the tube wall. It can be seen that the results of
calculations using these formulas agree well with the results of full-scale simulations.

At lower pressures, the role of spatial transport increases and, thus, the character-
istic lengths /, (8.32) and /, (8.33) also increase. The increase in length /, (8.32) leads
to the flattening of density profiles (8.39) in the inner region. Because of the increase
in length /,, the region with a sharp change of the ion density spreads out due to ion
diffusion; hence, the transient region can no longer be treated as a jump. As a result,
the ion density profiles become bell-shaped.

At [, > A, the negative ions are able to pass throughout the entire discharge
volume due to their diffusion. However, they remain trapped in the inner region by
the electric field; as a result, a Boltzmann distribution (similar to that for electrons) is
established

-TVn/n.,=-TVn,/n, = E. (8.47)

It follows from equations (8.32) and (8.33) that, generally, the own diffusion of
the negative ions prevails (/, > A) only when attachment is insignificant as compared
to the ambipolar diffusion of negative ions (ion diffusion with the electron temper-
ature), i.e., when 7,1, < 1 (see [14, 10] for details).

Condition (8.47) leads to the relationship

ne(r)/ne(0) = [n4(r)/na(0)], (8.48)

which strongly depends on the temperature ratio k = 7./7; and coincides with
distribution (8.38) only in the particular case T, = T,. The establishment of a
Boltzmann distribution for electrons and negative ions at low pressures is illustrated
in figure 8.22, in which the simulation results shown in figure 8.19 for a pressure of
p = 0.15 Torr are replotted in accordance with equation (8.48)".

Since k>>1 in discharges, it follows from equation (8.48) that the electron density
profile is nearly flat, n.(r) ~ ny = const, which is indeed observed at reduced
pressures (see figures 8.18 and 8.19). Here, transport processes play a major role
for the negative ion balance (see figure 8.23), in contrast to the above case with
Tan Va > 1 (cf figure 8.20). The field-induced and diffusive fluxes of negative ions are
almost the same in magnitude, but opposite in sign; hence, a small difference
between them is sufficient to balance the production and loss of ions at any point
(figure 8.23). The plasma-chemical processes govern only the global balance of ions
in the central region. In equation (8.26) for the positive ion density 7,(x), the terms
on the left-hand side are also approximately equal to each other. However, they are
summed and, thus, at a significant degree of electronegativity (n,(0) > n.(0)), balance
equation (8.26) for positive ions can be written in the form —2D,A n,, = Zino. This

"'Note that, for the recombination regime (vq < npK;), it follows from equations (8.36) and (8.37) that
Vnelne = Vaplng 4+ Vnplng = 2Vny/n,, which results, in contrast to equation (8.38), in an ion distribution
that is more flat than the electron distribution (see [10, 14] for details). In such a situation (which occurs, e.g.
for halogens), the attachment and ionization frequencies are approximately the same, Z; ~ v,, as was noted in
[35].
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Figure 8.22. Boltzmann distributions of electrons and negative ions for p = 0.15 Torr and 7 = 50 mA: (1) n (r),
(2) n(O)[na(r)ny(0)]' (see equation (8.48)), and (3) electron density profile (8.35) in the outer region. From
[10].
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Figure 8.23. Contributions of spatial transport and volume processes to the negative ion balance for p = 0.15
torr and 7 = 50 mA: (1) the diffusion component of the negative ion flux, (2) its drift component, and (3) the
resulting flux balancing the production and loss of negative ions in volume plasma-chemical processes. From
[10].

gives a parabolic distribution of the ion densities and a flat profile of the electron
density n.(r) at r < ro [33]:

na(r) = noo[l = P21ig),  noolney = vigl4D,,  no(r) = neg ~ const.  (8.49)
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We note that the ion diffusion in the inner region proceeds with the coefficient
2D, of the own ion—ion ambipolar diffusion, rather than with the usual coefficient of
ambipolar diffusion Dy(1 + k). It can be seen from figures 8.18 and 8.19 that, at low
pressures, simple parabolic law (8.49) for the ion density profiles agrees well with the
results of full-scale simulations?.

In the external region (shell), in which the negative ions are almost absent, the
plasma density profile varies in accordance with equation (8.35). In [10, 33], the
position of the boundary point r = ry was found from the negative ion balance using
model profiles (8.49). Unfortunately, this procedure is rather laborious and provides
a low accuracy.

It seems that the position of the boundary can be found in a more simple and
reliable way from the continuity of the positive ion flux at r = ry

2Dpny/1y = Dp(1 + k)ne/(le tan(Rq — 1) /L)) & Dy(1 + k)neo/(Ra — 1) (8.50)

Model electron density profiles (8.35) with rq defined by equation (8.50) (see figure
8.22) agree well with the results of full-scale simulations shown in figure 8.19.
Based on the analysis performed, we recommend the following procedure to
obtain approximate density profiles in the plasma of electronegative gases in the
detachment regime (vg < Kinp):
(1) First, the parameter 7,,v, is estimated.
(i1) Then it is necessary to indent from the wall by the thickness &y, of the
space-charge sheath, which can be estimated, e.g. according to [14].
(iii) In the external electron—ion plasma region (rp < r < R4), where
n, & ne > n, ~ 0, the electron density varies according to equation (8.35)
and the negative ion density varies according to equation (8.46). If 7,,v, > 1,
then the thickness of this region is equal to /. (see equation (8.32)) and the
denominator in equation (8.35) is equal to unity (ro = Ry —/.). In the opposite
case (z,nv, < 1), we have [, ~ A and the thickness of this region is estimated
by formula (8.50).
(iv) Finally, the density profiles in the central region (r < ry) are determined.

At 74,0, > 1, the density profiles are similar and are described by equation (8.39),
whereas the density values are related by expression (8.37). Electron density profile
(8.39) is matched to expression (8.35) at r = rg = Ry —L.. The ion densities undergo a
jump at this point: the negative ion density drops to nearly zero (see equation (8.45)),
whereas the positive ion density decreases to the value equal to the electron density
given by equation (8.35) . At z,,v, > 1, the thickness of the transition zone (~/, < [.)
is small and it can be regarded as a jump in the ion density.

At 7,00, < 1, the electron density profile is flat (n.(x) ~ n.) and the ion density
profile is parabolic. These densities are related by formulas (8.49). The electron

2 We note also that, in order for profiles (8.49) to be established, it is enough to satisfy the condition z,,v, < 1.
The mechanism for the volume loss of negative ions, which is determined by the right-hand side of equation
(8.27), can be either recombination (at vq < K;np) or detachment (at vg > Kinp).
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density profile is matched at the point » = ry, whose position can be estimated from
equation (8.50).

If the ion diffusion can be negligible in this case, the peripheral region of the pure
(electron—ion) plasma occupies practically the whole column cross-section, i.e., the
central region is small, 7y <Ry [34-36]. In this situation the condition of discharge
maintenance coincides with the condition for pure plasma (8.2) both in the cases of
the detachment-dominated and of the recombination-dominated plasma core cases.
It follows from the fact that the main part of the ionization, as well, as of the
diffusion, takes place in the pure electron—ion plasma, and the processes in the
relatively small ion—ion central core give a negligible contribution in the overall
balance of the positive ions.

Substituting the calculated expressions for v;.,, and using the shock condition
(8.36) together with the overall balance of negative particles, (8.30), and with the
partial density profiles (8.35) and (8.39), it is easy to find the coefficients in equations
(8.35), (8.39) and the ion density jump at the shock.

The width /; of the central ion—ion plasma core equals

h = 2Lut, D/ (7Dy). (8.51)
The central density of the negative ions is

ny = neODn/(VdTanDp) (852)

It should be noted that the spatially averaged electronegativity 7i,/7i. can be rather
large in this case.

Since the electron attachment results in considerable reduction of the ionization
rate (n.Z;), for plasma maintainence of the strongly electronegative gases rather than
high reduced field (E/p) are necessary. In the fluid ion description used it means that
the ion temperature can increase significantly, particularly, at low pressures [40]. As
the pressure decreases, the directed velocity acquired by the ions in the field can
become higher than the random (thermal) velocity. The coefficient of ion diffusion
also increases. This can dramatically change the ion density profiles [40], presented
in figures 8.18 and 8.19, and shows that taking into account ion heating (which
increases the ion diffusion coefficient) dramatically changes the shell thickness. For
this reason, when analysing the spatial profiles of the charged particle densities in
electronegative gases, one of the central problems is the ion temperature [40].

The ion density profiles computed for p = 0.15 Torr without and with allowance
for ion heating in the longitudinal electric field are shown in figures 8.18 and 8.19,
respectively.

Ion heating was calculated by the formulas for the effective transverse ion
temperature [40]

(M; + M)Mw?

=T+ 2070 (8.53)
32M + M)

where M and M, are the masses of a molecule and an ion, respectively, and w is the
ion drift velocity in the longitudinal electric field £.. For example, at p = 1 Torr, the
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transverse ion temperature is ~760 K, whereas at p = 0.15 Torr, it is #5200 K. For
oxygen, an order of magnitude of the ion temperature as a function of the parameter
PA is presented, e.g. in [40].

In [38] the kinetic and fluid approaches were compared to the modeling of the
molecular plasma of the positive column of a dc oxygen discharge in a 12 mm
diameter glass tube at gas pressures of 0.5-3 Torr and discharge currents of
5-200 mA.

As oxygen is a molecular gas, for the correct description of the glow discharge it is
necessary to consider big enough nomenclature plasma-chemical processes with the
participation of various atomic and molecular oxygen states. The accounted set are
listed in table 8.4.

In the fluid model, the rate constants of the processes with the participation of
electrons were obtained by convoluting the corresponding cross-sections with a
Maxwellian EDF, whereas in the kinetic model, they were obtained by convoluting
these cross-sections with an EDF calculated with the help of the Comsol
Multiphysics [13].

Typical EDFs obtained by self-consistently simulating the dc discharge plasma at
gas pressures of p = 1 and 0.15 Torr are shown in figures 8.24 and 8.25 It can be seen
that all the EDFs are strongly non-equilibrium. For this reason, the rate constants of
many plasma-chemical processes differ significantly from those obtained in the fluid

£5(w)
L
0.1 E
0. 01 =
0. 001
1
0 16
w, eV

Figure 8.24. Local EDFs for p = 1 Torr and i = 50 mA. The solid curves shows the results of self-consistent
calculations for the radius r varying from 0 to Ry with a step of Ry/5. The dashed curve shows the local EDF
1(w). From [38].
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Figure 8.25. Non-local EDFs for p = 0.15 Torr and i = 50 mA. (a) The solid curves show the results of self-
consistent calculations for the radii r = (1) 0, (2) 0.6R4, (3) 0.8Ry, (4) 0.69Ry, (5) 0.95R4, (6) 0.98R4, and (7)
Ry. The dashed curve shows the local EDF fOO (w). (b) The solid curves show the results of self-consistent
calculations for the radii r = (1) 0, (2) 0.6Rg, (3) 0.8R4, and (4) R4. The dashed curve shows the local EDF
f9(w). From [38].

model, which deals with the same temperature all the electrons. In turn, this leads to
the difference in the plasma parameters that significantly depend on these rate
constants. At high pressures, the EDF is close to local; i.e. the function fOO (w) is
independent of r (figure 8.24). At low pressures, the EDF is not only non-
equilibrium but also non-local. In this case, the values of fo(¢) represented as a
function of the total energy € = w + e¢ (r) (i.e., without normalizing and shifting by
the space potential) coincide at different radii (figure 8.24a). The same EDFs fy(e)
plotted using the conventional local representation as functions of the kinetic energy
w (similar to figure 8.24) differ for different radii r (figure 8.24b).

In oxygen, the energy loss due to inelastic collisions is dominant over almost the
entire energy range. Hence, using the equality A, = /4 A* and the total cross-sections
for elastic and inelastic collisions (¢ = 5 x 107'® cm? and ¢* = 5 x 1077 cm?,
respectively), we obtain the estimate 4. ~0.2/p (in cm), where p is in Torr. It follows
from the above estimates that, for oxygen, the criterion for the EDF to be non-local
(Ae > A) is pA < 0.2 cm Torr, which agrees with the results of simulations [38].
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