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SUMMARY

Insulating gases used in power systems may occasionally suffer
electrical breakdown. Such a breakdown occurs as the result of
excessive charge growth, in which various collisional processes are
involved. Knowledge on these fundamental collisional processes, and
on the transport properties of electrons and ions, is therefore of
great importance for the understanding of gaseous breakdown. The aim
of the present work is to investigate the processes responsible for
the avalanche growth. The emphasis is on electron detachment and ion
conversion processes, and their impact on the avalanche properties
and on the dielectric behavior of the gases studied. These two
processes determine the production rate of "delayed” electrons and
are called delaying processes. The experimental technique used is the
so-called time-resolved swarm method.

A thorough analysis of bandwidth limitations of the time-resolved
current measurement has been carried out, which has resulted in
improvements of the measuring system. The main features of the
present system are: (1) a TEA N, laser (wavelength 337.1 nm) with a
very short pulse duration (0.6 ns) for releasing primary electrons
(10°~10") from the cathode: (2) a subdivided measuring electrode
which favors both sensitivity and frequency response; (3) a fast 9
bit digitizer (bandwidth O~1 GHz) for recording avalanche current
waveforms; and (4) a careful layout of the whole measuring system
which minimizes electromagnetic interference, traveling wave effects,
and the effects of stray capacitance and inductance. The
time-resolution of the setup is 1.4 ns.

A hydrodynamic model has been set up that accounts for electron
and ion drift, electron diffusion, ionization, attachment, electron
detachment and ion conversion. Analytical solutions have been
obtained for this model, and for several special cases (with and
without diffusion, with and without delaying processes). Fitting
programs have been developed to derive swarm parameters from measured
current waveforms, in particular from the electron component of the
current.

Fast swarm experiments have been performed in N,, SF¢, dry air,

0,, 1-CyFg, ¢c—C,Fg and CCl,F,. Depending on the gas under study,



swarm parameters such as the electron drift velocity, the electron
longitudinal diffusion coefficient, the effective ionization
coefficient, and the detachment and conversion coefficients have been
determined from the evaluation of the measured avalanche current
waveforms with appropriate theoretical models. The results are
interpreted in terms of the responsible collisional processes.
Special effort has been paid to 1-CyFe and c~C,Fg. In the
literature these two gases have been reported to possess an abnormal
dielectric behavior: they show unexpected pressure dependences of the
dielectric strength and of the "apparent” swarm parameters, which
cannot be explained by the conventional approach {an experiment with
insufficient or no time resolution, and a model without delaying
processes). With the present fast avalanche setup, we have clearly
observed the occurrence of delaying processes in these gases. The
evaluation of the measured avalanche current waveforms shows that
these delaying processes are responsible for the reported abnormal

dielectric behavior.



SAMENVATTING

Isolerende gassen. zoals toegepast in de energietechniek, kunnen
ongewenst elektrische doorslag vertonen. Deze doorslag is het gevolg
van een buitensporige aangroei van lading. Hierbij zijn verschillende
botsings-processen betrokken. Kennis over deze processen, alsook over
de transport-grootheden van elektronem en ionen, is daarom van groot
belang voor een goed begrip van doorslag in gassen. Doel van dit
promotie—onderzoek is om de ©processen te onderzoeken die
verantwoordeli jk zijn voor de aangroei van lawines. Hierbij ligt de
nadruk op "electron detachment” of "loslating” {negatieve ionen staan
hun elektron weer af)} en "ion conversion” of "konversie” (instabiele
negatieve ionen gaan over in stabiele negatieve ionen}, alsook op de
effekten van deze processen op de lawine-eigenschappen en op het
dielektrische gedrag van de bestudeerde gassen. De twee genoemde
processen bepalen de mate waarin "vertraagde” elektronen worden
geproduceerd, en worden vertragende processen genoemd. De gehanteerde
experimentele techniek is de zogenaamde tijdopgeloste lawine-meting.

Een grondige analyse van de bandbreedte-beperkingen van de
tijdopgeloste stroommeting is uitgevoerd. Dit heeft geleid tot een
aantal verbeteringen van de meetopstelling. De belangrijkste
eigenschappen van het huidige meetsysteem zijn: (1) elektronen (1~10
miljoen) worden uit de kathode vrijgemaakt met behulp van een TEA N,
laser (golflengte 337.1 nm} met een Kkorte pulsduur (0.6 ns);
{2) gevoeligheid en bandbreedte zijn optimaal door het gebruik van
een opgedeelde meetelektrode; (3) de golfvorm wordt vastgelegd met
een snelle 9 bit digitizer  (bandbreedte 0Ov1 GHz): en
{4) elektromagnetische storingen, lopende-golf effekten en de
effekten van parasitaire kapaciteiten en zelfindukties zijn minimaal
door een zorgvuldig ontwerp van het meetsysteem. De tijdoplossing van
de meetopstelling is 1.4 ns.

Een hydrodynamisch model is opgezet dat de volgende processen in
rekening brengt: drift van elektronen en ionen, diffusie van
elektronen, ionizatie, aanhechting, loslating en konversie. Een
analytische oplossing is verkregen voor het komplete model, en voor

enkele speciale gevallen (met en zonder diffusie, met en zonder



vertragende processen). Fitting programma’s zijn ontwikkeld om
lawine-parameters te bepalen uit de golfvorm van de gemeten stroom,
en in het bijzonder uit de elektronen-komponent van deze stroom.

Tijdopgeloste lawine-metingen zijn uitgevoerd in N,, SFg, droge
lucht, 05, 1-CgFg, c-C,Fg en (Cl,F,. Afhankelijk van het bestudeerde
gas zijn lawine-grootheden, zoals de driftsnelheid en de
longitudinale diffusie-koefficient wvan elektronen, de effektieve
ionizatie-koefficient en de koefficienten voor loslating en
konversie, bepaald door de golfvorm van de lawine-stroom te
analyseren aan de hand van geschikte modellen. De resultaten zijn
geinterpreteerd in termen van de verantwoordelijke botsings—
processen.

Speciale aandacht is uitgegaan naar 1-C,Fg en c—C,Fa. Volgens de
literatuur worden deze twee gassen gekenmerkt door abnormaal
dielektrisch gedrag: ze vertonen een onverwachte druk-afhankeli jkheid
in de doorslagveldsterkte en in de "schijnbare™ lawine-parameters,
welke niet verklaard kan worden volgens de gangbare benadering van
lawines (een opstelling met een te gering of geen tijdoplossend
vermogen, en een model waarin geen vertragende effekten in rekening
zijn gebracht}. Met de hier gerapporteerde tijdopgeloste metingen is
het optreden van vertragende processen in deze gassen duidelijk
waargenomen. De analyse van de gemeten stroom—golfvormen laat zien
dat deze vertragende processen verantwoordelijk zijn voor het

gerapporteerde abnormale dielektrische gedrag.



CHAPTER 1

INTRODUCTION
1.1 General aspects of gaseous insulation

Gases are widely used as a dielectric in power systems to provide
insulation. During the operation of these systems, the insulating gas
way, however, break down electrically; the gas then shows a rapid
{milliseconds to nanoseconds) transition from a perfect insulator to
an almost perfect conductor (Llewellyn—-Jones, 1983). Such electrical
breakdown of gases may occur, for instance, as a result of either
external {lightning) or internal (switching) overvoltages.

The breakdown voltage {or dielectric strength) of a certain gas in
a practical system depends not only on the inherent (physical and
chemical) properties of the gas but also on the gas pressure and
temperature, the waveform of the applied voltage, the electrode
material and geometry, field inhomogeneities and surface properties
of electrodes and insulators (Meek and Craggs, 1978). In addition,
environmental conditions such as dust, moisture and pollution wmay
strongly influence the electrical insulation behavior of air gaps in
open air substations and of overhead transmission lines (Feser and
Schmid, 1987). In this context. gas—-insulated substations {(GIS} and
transmission cables (GITC) have rapidly gained worldwide acceptance
in power systems because of their advantages. These advantages
include the reduction of system size, the reduced sensitivity to
environmental conditions and the possibility of using compressed
gases or gas-mixtures with a higher dielectric strength than that of
atomspheric air {Garrity and Vora, 1980).

At present, sulphur hexafluoride, SF¢, is commonly used in GIS
systems. This gas has, however, 1its problems (Christophorou and
-co-workers, 1982): (a) it is sensitive to non-uniform fields,
particles and rough surfaces: (b) it may form harmful by-products
during the spark, and {(c) it is relatively expensive. Therefore, with
the demands for higher voltages for energy transmission, "new” gases
or gas-mixtures with insulating characteristics superior to SF, are
being considered as replacements of, or admixtures to, 8Fg (James and

co-workers, 1978; James and co-workers, 1980; Wootton and co-workers,



1980).

1.2 Implications of electron detachment and ion conversion

Gaseous breakdown occurs as the result of excessive charge growth,
in which various collisional processes such as ionization,
attachment, detachment and conversion are involved. A detailed
description of these collisional processes is presented in chapter 2.

Jonization and attachment are often considered the predominant
processes. In that case all electrons are contained in the avalanche
head. In many cases, however, also electron detachment and ion
conversion processes play an important role in the growth of the
pre-breakdown avalanches; therefore the formation and loss of
unstable negative ions cannot be neglected.

Electron detachment from unstable negative ions provides delayed
electrons and, as a consequence, alters the spatial distribution of
electrons in the swarm. Electrons then are not only contained in the
avalanche head, but the avalanche has a distinct tail. This will
affect the breakdown characteristics of gases in case of streamer
breakdown since this mechanism depends on the field distortion caused
by the charge distribution of the swarm. On the other hand, ion
conversion (from unstable negative ions to stable ones) reduces the
probability of releasing electrons from the unstable negative ions
and is actually a process that competes with electron detachment.

The electron detachment and ion conversion processes - of ten cause
surprising pressure dependences of the dielectric strength, and of
the "apparent” swarm parameters (see Verhaart and van der Laan (1984)
for humid air, and Wen and Wetzer (1688a) for 1-C;F¢).

Electron detachment, at a much slower rate, can also be important
for the production of the first electrons that initiate breakdown.
This "slow™ electron detachment strongly affects the statistical
time-lag for impulse breakdown {Somerville and Tedford, 1982).

1.3 Methods for the étu(_iy_ of avalanches in insulating pases
To understand and predict the insulating behavior of a certain

insulating gas, basic studies are obviously required. Such basic
studies can, in general, be classified into two categories: (I) the
study of breakdown behavior, and (II} the study of pre-breakdown



processes,

The first category investigates directly the breakdown behavior of
insulating gases under a number of conditions, such as different
kinds of field configurations (uniform and non-uniform fields),
different gas pressures and different voltage waveforms (AC, DC,
impulse and fast transient}. This kind of study can provide
information on what breakdown strength a certain insulating gas may
possess under certain conditions but does not provide insight into
the inphibition and control of breakdown and, as a result, does not
allow scaling.

As a complement to the first category, the second category
attempts to elucidate the relative importance of various processes,
during the pre-breakdown stage, which lead to a gas discharge. Such
avalanche studies can contribute significantly to the understanding
of the dielectric behavior and to the knowledge on how to predict and
control electrical breakdown of insulating gases. Furthermore,
avalanche studies have also found their applications in many related
technologies such as gas lasers, gaseous switching and plasma etching
{Christophorou and Hunter, 1984}.

Various methods, both experimental and theoretical, are used for
the study of avalanches in insulating gases. In this section we only
describe briefly the principles and limitations of some of these
methods. Detailed accounts can be found in many references (see, for
instance, Christophorou, 1984; Fletcher, 1981; Huxley and Crompton,
1974; Meek and Craggs, 1978; Raether, 1964).

1.3.1 Experimental methods

There are in principle two different types of experimental
methods: the measurement of the gap current and the measurement of
the photon flux. In each method there are, however, two different
-approaches: steady state and time resolved.

Steady—-state Townsend method (SST). This‘ method (see, for
instance, Meek and Craggs, 1978) detectsAthe steady—-state current in
a parallel-plate gap caused by the multiplication of the primary
electrons under the influence of the applied (uniform) electric
field. The primary electrons are released continuously by, for

example, ultraviolet illumination of the cathode.



Swarm parameters, such as the ionization and attachment
coefficients, are derived from the measured steady-state current as a
function of gap distance. If the anode consists of annular segments
and the primary electrons are released from a small cathode area, the
transverse diffusion coefficient may also be derived from the ratio
of the current collected by each segment to the overall current
{Fletcher, 1981).

Due to the absence of temporal resclution, such a method can only
provide information on the final result of many different, and
possibly successive, reactions between electrons and gas molecules.
The evaluation of the measured steady-state current {as a function of
gap distance) is restricted to the use of a simple model which
includes only ionization and attachment processes. More complex
models cannot be verified with the steady-state experiments. The
method therefore provides only “apparent” swarm parameters. The
interpretation of such “apparent” swarm parameters is of ten ambiguous
and may lead to incorrect conclusions. For instance, secondary
electrons produced by positive ions or photons striking the cathode,
and electrons produced by electron detachment, all contribute to the
total current which can yield false values for the ionization
coefficient. Similarly, the negative ions formed by electron
attachment and those formed by ion conversion cannot be
distinguished, which can lead to false values for the attachment
coefficient. '

To obtain more information on the physical processes in avalanches
and to determine swarm parameters more realistically, one should
record the fast time history of electrons and ions. This can be
achieved by the so-called time-resolved swarm method.

Time-resolved swarm method (TRS). This method (also called
electrical method or pulsed Townsend discharge method (Christophorou,
1984; Raether, 1964)) 1is based upon the detection of the
time-dependent current due to the electrons and ions drifting across
a parallel-plate gap under the influence of the applied (uniform)
electric field. The primary electrons are released from the cathode
by a pulsed ultraviclet source in a very short time interval ({this
work), or are produced in the gas by a short pulse of vy-radiation
{Schmidt and co—workers, 1980}.



Swarm parameters are obtained from the evaluation of the measured
transient current by means of an appropriate theoretical model (see
chapter 3).

The time-resolved swarm method presents a more direct way to study
the various processes involved, since it enables the observation of
the temporal avalanche growth, and thereby the study of the
production and loss mechanisms of both electrons and ions. If the
time resolution of the experiment is sufficiently high, rapid
successive processes {for instance, fast attachment followed by fast
detachment} may show up in the current waveform, and a more complete
set of swarm parameters can be derived. These fast processes are of
more than academic interest as long as they modify the electron
distribution in the swarm and thereby the streamer breakdown
threshold {Wen and Wetzer, 1988b). In fact, it has been shown in many
cases that the identification of various fast processes in avalanches
is very useful for the interpretation of the pressure dependences of
the breakdown behavior of several insulating gases, such as humid air
{Verhaart and van der laan, 1984) and 1-C3Fs (Wen and Wetzer, 1988a;
Wetzer and Wen, 1987). Furthermore, also for the observation and
evaluation of diffusion of electrons, a high time-resolution is of
paramount importance.

Steady-state photon flux method (SSPF). This method (see, for
instance, Meek and Craggs, 1978) is based upon the observation of the
emitted light due to decay of gas species excited by electrons with
sufficiently high energy. Primary electrons are continuously being
released from the cathode as in the steady-state current measurement.
The photon flux 1is observed at different positions across a
parallel-plate gap.

The detected photon flux can pinpoint the location of electrons
and as such give the electron distribution across the gap which is of
importance in understanding the breakdown mechanism. A limitation is
the very low photon flux encountered in many gases. Another
ﬁncertainty is the quantitative relation between the detected photon
flux and the number density of electrons. This relation depends in
general on the electron velocity distribution {or "temperature” if
the temperature-concept is valid at all). Furthermore, the electron

distribution obtained is integrated over time and does not



necessarily represent the distribution within a single avalanche.
Time of fFlight method (TOF). This method (see, for instance,
Fletcher, 1981) also detects, at different positions across a
parallel-plate gap, the light emitted by excited molecules in the
gas. Primary electrons are, in this case, released from the cathode
in a very short time interval as in the time-resoclved swarm
experiment. Therefore the behavior of a single swarm is observed as a
function of distance as well as time. From such information swarm
parameters can be obtained but the analysis is complicated because of
uncertainties in the conversion of the photon distribution into an
electron distribution. The problem of detection sensitivity for such
a single shot experiment is even more important than for steady-state
measurements. This problem can be overcome by performing repetitive

measurements (Brennan and Teich, 1688).

1.3.2 Theoretical methods

Theoretical investigations are important for the understanding and
the modeling of the electrical discharge behavior of insulating
gases. Theoretical methods can be based either on a microscopic or on
a macroscopic description of the electron swarm in the gas. The
microscopic models give a relation between the cross sections and the
velocity distribution on the one hand, and mcroséopic, or swarm,
parameters on the other. Macroscopic models presume that the
processes can be described by swarm parameters. For a microscopic
description, the commonly used methods are the Boltimaxm equation
analysis or the Monte Carlo simulation.

The Boltzmonn equation onalysis (BEA). In the Boltzmann equation
analysis (see, for instance, Huxley and Crompton, 1974), a set of
Ccross séctions of relevant elastic and inelastic collisions is
collected for the gas under consideration, based on available data
from theory and experiment. These cross sections are used in the
Boltzmann equation to derive the velocity distribution function.
Swarm parameters such as the electron drift velocity, ionization and
attachment coefficients can then be calculated and are compared with
the experimental swarm data. If the agreement is poor, the set of
cross sections should be reexamined.

The MNonte Carlo simulation (MCS). An alternative theoretical

10



method that relates the cross sections and the velocity distribution
function to swarm parameters is the Monte Carlo simulation {see, for
instance, Christophorou, 1984}. This technique simulates the actual
motion and collisions of the electrons in the swarm by following the
trajectories for a large number of electrons. Appropriate averages
over the spatial coordinates and the velocity components of the
electrons then allow the swarm parameters to be obtained.

Both the Boltzmann equation analysis and Monte Carlo simulation
allow us to obtain the velocity distribution and the swarm parameters
once a complete set of cross sections is known. Accurate data on
swarm parameters 1is required to check whether the set of cross
sections used is correct and complete.

Macroscopic wmodel. In this thesis we use the macroscopic
description, and thereby assume that avalanche growth can be
described by swarm parameters and continuity equations. This
description provides a direct coupling between the processes
involved, and the resulting charge distribution and current waveform.
The macroscopic model can be verified by time-resolved current
measurements. The continuity equations are used to evaluate the
measured avalanche current waveforms, and to simulate the effects of
various processes on the charge growth, the charge distribution and
the current waveform of the avalanche. A detailed description of

these macroscopic models is given in chapter 3.

1.4 Objectives of the present work
In the present study the time-resolved swarm method is employed

for the observation of electron avalanches in insulating gases. The
bandwidth limitations of this method, however, are in general not
sufficiently understood. In addition, the associated theoretical
models used for the evaluation of the measured avalanche current
waveforms in the literature are often inadequate. The present work
therefore, first of all, aims at:

{a) a better understanding of the bandwidth limitations of time-
resolved current measurements and possible improvements of the
experimental techniques;

{b) the development of appropriate theoretical models applicable

to the evaluation of swarm parameters from the measured avalanche
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current waveforms.
With this improved TRS method and the developed models we aim at:
{(c} a better understanding of the various processes in avalanches, in
particular of electron detachment and ion conversion, during the
pre-breakdown stage of a gas discharge; and
(d) the determination of realistic swarm parameters in several

interesting insulating gases.
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CHAPTER 2

FUNDAMENTAL COLLISIONAL PROCESSES IN AVALANCHES

2.1 Introduction

Electrical breakdown in gases is the result of collisions between
electrons or photons and gas molecules. These collisions may produce
an increasing number of new electrons (and ions) which may eventually
lead to the establishment of a self-sustaining mechanism (i.e.
independent of external sources of primary electrons or photons). The
production and loss mechanisms of electrons and ions are governed by
the reaction rates at which these collisional processes occur, and
the transport properties of electrons and ions. Knowledge on
fundamental collisional processes in the gas and at electrodes, and
on the transport properties of electrons and ions, is therefore of
importance in understanding the breakdown behavior of gases.

In the formation of avalanches, five species are considered in the
gas apart from the neutral gas molecules. These species are: photons,
electrons, positive ions, unstable negative ions and stable negative
ions respectively. Each species can be produced through several
processes. Positive ions, for instance, can be produced through
ionization by photon impact or by electron impact. Stable negative
ions can be formed through electron attachment, or through
stabilization and charge transfer. In this chapter we discuss only
those collisional processes that describe the interactions among
these five species and the neutral gas molecules. Other collisional
processes are described by, for instance, Christophorou (1984), and
Meek and Craggs (1978).

The processes considered here are:

(a) ionization by photon and electron impact;

(b) secondary emission at the cathode by the incidence of photons and
positive ions;

(c) electron attachment and ion conversion (i.e., formation and
conversion of negative ions);

(d) electron detachment (i.e., loss of negative ions); and

(e) transport properties of electrons and ions.

13



2.2 Electron and positive ion formation

2.2.1 Ionization by photon impact

When a photon with sufficiently high energy (hv) collides with a
gas molecule (A), the molecule can be ionized as to yield a positive

ion and an electron:
hy + A —> A* + e (2.2.1)
This 1is called photoionization and 1is the reverse process of
radiative electron-ion recombination.
Photoionization, as well as photodetachment (see section 2.3), are

important mechanisms in streamer breakdown (Meek and Craggs, 1978).

2.2.2 Jonization by electron impact

When electrons move through a gas under the influence of the
appliedv electric field, they can collide with gas molecules either
elastically or inelastically. If the collisions are elastic, the
total kinetic energy is conserved. If, however, the collisions are
inelastic, some of the kinetic energy of the electrons is transferred
into potential energy of the molecules. Only if this transferred
energy is greater than the ionization potential, ionization of gas
molecules can occur. /

If we also include dissociative ionization of a gas molecule AB,
we can express the ionization processes dué to electron impact by the

following reactions:

single: e + AB —> AB" + 2e (2.2.2)

dissociative: e + AB—> A” + B + 2e (2.2.3)

Dissociative ionization, as well as double or multiple ionization
(Mdark, 1984) requires, however, a higher electron energy than single
ionization. ;

The ionization coefficient for ionization by electron impact, «,
is defined as the mean number of ionizing collisions of one electron

traveling a unit length in the direction of the field. Throughout
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this thesis the unit length is chosen 1 cm.

2.2.3 Secondary emission at the cathode

When positive ions or photons (produced as a result of the
excitation and subsequent decay of gas molecules) hit the cathode
they can release secondary electrons, provided that the energy of the
positive ion or photon exceeds the work-function of the cathode
material.

In a time-resolved swarm experiment, the secondary electrons
caused by the incidence of secondary photons on the cathode leave the
cathode much earlier than the secondary electrons caused by the
incidence of positive ions, due to the quite different drift
velocities of the two species. This information is lost in a

steady-state Townsend method.

2.3 Negative ion formation and loss

2.3.1 Electron attachment and negative ion stabilization

Dissociative attachment. When an electron collides with a gas
molecule AB, the molecule can be split into a negative ion A” and a
neutral molecule B. This is called dissociative attachment and is

expressed as:

e+AB —> A" +B (2.3.1)

Non-dissociative attachment. A non—dissociative attachment process

can be expressed as:

e+ AB > AB" (2.3.2)

Three-body attachment, stabilization and charge transfer. The

three-body attachment process that produces a stable negative ion:

e+A+B——> A +B (2.3.3)

is often considered to occur in two stages (Meek and Craggs, 1978):

an electron is captured by a gas molecule A to form an unstable
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negative ion A-*:

e+ A —> A" (2.3.4)

If this unstable negative ion further collides with a third-body B,
it may be stabilized into a stable negative ion:

AT+B—> A +B (2.3.5)
or molecule B may become a negative ion upon charge transfer:

A4 B—s A+ B {2.3.6)

It is therefore, more convenient to define these two-stage processes
separately, i.e., to define the reaction in Eq. (2.3.4) as a normal
two-body attachment process forming an unstable negative ion, and
define the reactions in Eqs. {2.3.5) and (2.3.6) as stabilization and
charge transfer respectively. Further, the last two reactions
{stabilization and charge transfer) can also be called a “"conversion”
process which converts an unstable negative ion, through the
collision with a third body, into a stable negative ion. From the
measurement of the gap current stabilization and charge transfer
cannot be distinguished.

According to the above description, we use a coefficient s to
represent all attachment processes that produce stable negative ions
{the reactions in Egs. (2.3.1) and (2.3.2)) and another coefficient
n,, to represent all attachment processes that produce unstable
negative ions {(the reaction in Eq. (2.3.4)). Both coefficients L
and N 2re defined as the mean number of attachment processes
produced by one electron traveling 1 em in the direction of the
field. The total attachment coefficient is =t

It should be mentioned that in the models described in chapter 3,
sections 3.2 and 3.4, detachment is not regarded and therefore all
negative ions formed are assumed to be stable ones and hence 7 used
there is LN In the models described in sections 3.3 and 3.5 we have
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assumed that all attachment processes only form unstable negative
ions, and that stable negative ions are formed through conversion
processes. Therefore the coefficient 1 used there is L The
incorporation of direct stable negative ion formation (i.e., nns¢0)
into these models is straightforward (see Verhaart, 1982), but is not
done here because it would increase the uncertainty for the parameter
determination from the measured current waveforms.

We describe stabilization and charge transfer processes by a
conversion coefficient B which is defined as the mean number of
conversion processes per unstable negative ion in a time an electron
travels 1 cm in the direction of the field.

Note that the above definition of the conversion coefficient B (as
well as the definition of the detachment coefficient 6 that will
follow) is different from the definition used in the literature (see,
for instance, Llewellyn-Jones, 1967; Meek and Craggs, 1978) where B
and 6 are related to the ion drift velocity. For avalanche studies it
is more convenient to relate § and & to the electron drift velocity,
because then all coefficients relate to one time scale given by the
drift velocity of the electron swarm. The advantage of referring all
coefficients to the electron drift velocity is that one can determine
all coefficients (or combinations of these coefficients, see
chapter 3) from the evaluation of the electron component of the
avalanche current only. The ion drift velocity is not required.
Furthermore, this electron component is more important than the ion
component because the electrons are directly responsible for
breakdown.

2.3.2 Electron detachment
Autodetachment. An unstable negative ion may spontaneously lose

its captured electron, after a mean lifetime T, provided that it is

not collisionally stabilized:

1

A ZIsa+e (2.3.7)

If, however, the mean time between collisions of the unstable

negative ion with the neutral gas molecules is much shorter than T,
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then reaction in Eq. (2.3.7) is unlikely (Schmidt and Van Brunt,
1982). : ‘ :
Collisionnl detachment. When an unstable negative ion AB T

collides with a gas molecule C, several kinds of collisional

detachment processes may ocecur:

direct detachment: AB*+C—>AB+C+e {(2.3.8)
associative detachment: AB " + C —> ABC + e {2.3.9)
dissociative detachment: AB + C——> A + B + C + e (2.3.10)

Collisional detachment seems to be the most likely mechanism under
normal gas-discharge conditions, especially when the unstable
negative ion acquires an appreciable energy from the electric field
between collisions (Schmidt and Van Brunt, 1982).

The detachment coefficient for both autodetachment and collisional
detachment, 5, is defined as the mean number of detachment processes
per unstable negative ion in a time an electron travels 1 cm in the
direction of the field.

Photodetachment. Photodetachment can be expressed as:

hv + A — > A+e (2.3.11)

This process 1is, however, unlikely in a practical electrode
configuration unless intense light sources are used to irradiate the
gas, or radiation is emitted by the discharge itself with sufficient
intensity such as iIn streamer breakdown (Schmidt and Van Brunt,
1982}. It may be useful as a possible diagnostic in locating and
identifying negative ions in an electrode gap (for instance in O, by
Teich and Morris (1987a, 1987b)).

2.4 Drift and diffusion of electrons and ions in a uniform field
2.4.1 Drift of electrons and ions

We consider a parallel-plate electrode configuration as shown in

Fig. 2.4.1, in which a cloud of primary electrons is released from
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the cathode by, for example, ultraviolet illumination in a negligibly

short time interval.

UV iight(t=0)
A 4
C Dy
A ”/
W< A
H D |0
0 -\ _ d D
D - E
E
<—_—
E
J= N
{
| 1
0 d»x
Figure 2.4.1

The drift and diffusion of an electron swarm

in a parallel-plate discharge gap.

These primary electrons first cross a small non-equilibrium region
near the cathode where they still retain some memory of the initial
conditions (Blevin, 1985), and where no steady velocity distribution
has been established yet. Note that a similar non-equilibrium region
exists near the anode. An experimental indication of the
non-equilibrium region at the cathode is the peak at the beginning of
waveforms recorded with high time-resolution, which is observed in
case of attaching gases (see Figs. 5.4.4a and 5.4.4b for SFg, and
Figs. 5.6.1a and 5.6.1b for O, in chapter 5). This peak, that is not
observed in non-attaching gases such as N,, can be explained by the
fact that the primary electrons which have just been released from
the cathode have little energy and., consequently, can easily be
attached to gas molecules. This results in a fast drop of the initial
current.

After crossing this non-equilibrium region the primary electrons

move as a swarm towards the anode under the influence of the applied

19



electric field in the ‘equilibrium region,  and the swarm can be
described by the continuity equations and by constant swarm
parameters. Due to electron diffusion the electron cloud (swarm)
grows in size as shown in Fig. 2.4.1.

In the equilibrium region, although every electron in the swarm
moves with its own velocity, the electron swarm as a whole moves with
a drift velocity Ve parallel to the direction of the field. This
drift velocity Ve is defined as the averaged velocity of all
electrons in the swarm.

Another drift velocity also important for the description of

avalanche growth is the center-of-mass drift velocity:

W = -gx(t) (2.4.1)

r - dt

where x(t) is the center of mass of the swarm at time t.

It has been reported by Sakai and co-workers (1977). Tagashira and
co-workers (1977), Taniguchi and co-workers (1978) and Tagashira
{1981) who used either a Monte Carlo simulation or an analysis of the
Boltzmann equation, that the averaged velocity Ve in the presence of
ionization and electron diffusion is in general smaller than the
center~of-mass drift velocity Wr. Their simulations in both N, and Ar
suggest that this difference can be as high as 25X% at high E/p
{electric field over gas pressure).

WVhen the primary electrons move towards the anode in the gap as
shown in Fig. 2.4.1, they may collide with gas molecules and, as a
consequence, may produce positive and negative ions. These ions will
also drift in the gap, however with a drift velocity vy much smaller
than the electron drift velocity Vo

The motion of ions is normally described in terms of the ion
mobility, Ki' where Ki=vi/E‘ The mobility is usually referred to
standard conditions of temperature and pressure (s.t.p)} by (Meek and
Craggs, 1978}):

K, = v,(E/p) "} (760)"" 22— em?voisTt (2.4.2)



where T is the temperature in K, p is the gas pressure in Torr at

temperature T, and E is the electric field in V/cm.

2.4.2 Diffusion of electrons
Diffusion of electrons is described by the general diffusion

equation:
‘3 = —Dcvpe (2.4.3)

where 3 is the number of electrons passing a unit area per unit time
and P is the electron number density. The winus sign indicates that
the flow occurs in the direction of decreasing density. The
proportionality constant D is called the (scalar) diffusion
coefficient.

For the description of electron swarms in homogeneous fields it is
useful to distinguish between two electron diffusion components. The
transverse diffusion coefficient, DT' describes the diffusion of the
swarm in the direction perpendicular to the electric field E. The
longitudinal diffusion coefficient, DL‘ describes the diffusion of
the swarm in the direction parallel to E. These two components can be

expressed by (Tagashira, 1981):

2

d{r
L. - d
= 5——3 (2.4.4)
=]
d(x
1 d
D =g — (2.4.5)

where T4 and X4

cloud of electrons, as shown in Fig. 2.4.1.

are the averaged distances from the center of the

In a time-resolved swarm experiment, only the longitudinal
diffusion coefficient DL is important. The electrons which diffuse
perpendicular to the field direction arrive at the anode at the same
time. In addition, in this work the primary electron cloud released
from the cathode is shaped as a thin "disk™ and not as a small
sphere. Relatively speaking, t;he diffusion perpendicular to the
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E-field direction (DT) is therefore less important than the diffusion
parallel to the E-field direction (DL). Moreover, at atmospheric
pressure, the velocity distribution of the electrons in the gap is
nearly isotropic, and the difference between Ilr and DL is negligible.
In this work we therefore consider only longitudinal diffusion, and
use only one coefficient D.

Diffusion of ions is not incorporated in the present work. The
emphasis is on the evaluation of the electron component of the
current which is hardly affected by ion diffusion. In addition, the
experimental observation of ion diffusion is complicated because:
(1} the ion diffusion coefficient is much smaller than the electron
diffusion coefficient; {2} the initial distribution of ions is not a
simple disk as 1is the initial electron distribution; and
(3) different ionic species, with different drift velocities, are

involved.

2.4.3 Boundary conditions
Since in all swarm experiments the swarm is contained within a

volume enclosed by metal electrodes (anode and cathode), it is
necessary to discuss the boundary conditions imposed by these
electrodes.

The motion of electrons and ions in regions very close to the
electrodes is mno longei' random and cannot be described by the
continuity equations. When particles interact with the metal surfaces
of the electrodes it is often assumed that the surfaces act as
perfectly absorbing plates, i.e., electrons and ions do not return
into the gas when they have hit the electrodes. For such a perfectly
absorbing boundary surface S, the boundary condition is (Kailash
Kumar and co-workers, 1980; Skullerud, 1977):

> ‘
£(7. % ), =0 for cos® = ——1 > 0 (2.4.6)

qr on 8 ‘Vl
where f(?. 3 t) is the velocity distribution function of the charge
carriers, T and v are the position and velocity vectors respectively,

7 is the unit vector normal to S and directed away from the



electrode, and 8 is the angle between the velocity vector ¥ and the

unit vector 3

The condition ih Eq. {2.4.6) implies a change in velocity
distribution near the electrodes, and can therefore not be
incorporated in the continuity equations. As a matter of fact the
continuity equations are not valid in the non-equilibrium regions
near the electrodes.

Another boundary condition is often used instead (Aschwanden,
1985; Brambring, 1964; Huxley and Crompton, 1974; Lowke, 1962;
Schlumbohm, 1965):

p(F. 1), =0 (2.4.7)
ronsS

where p(?.t) is the number density of the charge carriers. This
condition is based on the extrapolation of the particle density
profile to a distance behind S approximately equal to the mean free
path A (McDaniel, 1964). Skullerud (1977) stated that the condition
in Eq. (2.4.7) introduces errors in calculated density profiles.

Equation (2.4.7) 1is not only inaccurate but also violates
Maxwell’s laws. We consider the situation of a cloud of electrons
moving without ionizing or attaching collisions across a gap as shown
in Fig. 2.4.2.

These electrons may diffuse either perpendicular or parallel to
the E-field direction, but the total number of electrons {or the
total charge) is constant. For every closed surface § we may state
that:

H aJ+ ééi)-d's’ =0 (2.4.8)
S _

where j is the material current density and is the displacement

ab
gt
current density. Integration over a sufficiently long time interval
gives no net contribution by the displacement current. Therefore,

over a sufficiently long period of time the charge entering the



closed surface (through S,) equals the charge leaving the closed
surface (through S,). If we choose surface S; just outside of the
anode, Eq. (2.4.7) implies that no net charge is flowing through the
external circuit, which is obviously inconsistent with Maxwell’s

equations.

Cathode Anqde

Figure 2.4.2
A constant number of electrons crossing a

gap without ionizing or attaching collisions.

Although some other boundary conditions have been suggested in the
literature, none of them is satisfactory in general (Kailash Kumar
and co-workers, 1980). Basically, the hydrodynamic {macroscopic)
approach is no longer valid near the electrodes because of the lack
of an isotropic velocity distribution.

In view of the above fact, we assume that the electrodes simply
act as counting plates as if they were perfectly transparent grids
(Verhaart, 1982). This condition (which is consistent with Maxwell's
equations) gives an incorrect picture of reality only in a very thin

layer near the electrode surfaces.
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CHAPTER 3

THEORY OF DENSITY DISTRIBUTIONS AND TRANSIENT
CURRENTS OF ELECTRONS ARD IONS IN AVALANCHES

3.1 Introduction

In this chapter we describe macroscopic models based on the

continuity equations of the charged particles. In order to derive
swarm parameters from the measured transient currents of electrons
and ions, it is necessary to set up a macroscopic model which
adequately describes the processes involved. Such a model is usually
represented by a set of partial differential equations describing the
space~ and time—dependent density distributions of electrons and ions
in the gas, and the corresponding initial and boundary conditions.
Once the solutions of these equations are obtained, one can calculate
the avalanche current in the external circuit and derive swarm
parameters by means of curve fitting, i.e., by fitting the
theoretically calculated transient current to the measured one.

Moreover, the calculation of the density distributions and
transient currents of electrons and ions can also provide detailed
information on how electrons and ions are distributed in the gap, and
how the transient currents of electrons and ions look like, for a
given set of swarm parameters. We may thereby study the effects of
various individual processes on the avalanche growth, more quickly
than could be done in experiments.

In this chapter we consider an electron "disk" of negligible
thickness released at time t=0 from the cathode of a parallel-plate
electrode system at fairly low E/p {electric field over gas pressure)
values so that no secondary emission is present. This is a wvalid
approximation for the time-resolved swarm measurements described
later, where the primary electrons are released in a very short time
interval (0.6 ns). In some cases, at high E/p values, secondary
emission does occur but can readily be distinguished, and corrected
for, from the measured total avalanche current {(see Fig. 5.3.1c in
chapter 5j}.

The approach described in this chapter is different from earlier

work reported in the literature in three respects. Firstly, the



method of characteristic lines is introduced to solve the partial
differential equations. Secondly, the drift of ions during the
electron transit time is incorporated. Finally, the solutions
presented are complete in the sense that no time limit is imposed.

Before we describe the models, we define some general quantities
such as the numbers and number densities of the charged particles,
and their relations to the current in the external circuit.

We consider a parallel-plate gap configuration, and the
corresponding coordinate system, as shown in Fig. 3.1.1. At time t=0,
n, primary electrons are released instantaneously by UV illumination
from an area S on the cathode. These primary electrons will drift, as
a swarm, towards the anode under the influence of the applied
electric field. During their drift, these primary electrons may
produce new electrons, positive ions and negative ions upon
collisions with neutral gas molecules (such as those described in
chapter 2).

UV light (t=0)

Figure 3.1.1
A pzirallel—plate gap configuration.

Apart from the neutral molecules, four species of particles are
considered: electrons (index e), positive ions (index p), unstable

negative ions (index nu) and stable negative ions (index ns)



respectively. Compared to the stable negative ion, the unstable
negative ion has a short lifetime and is able either to release its
electron, or to be converted into a stable ifon, within the ion's
transit time. The stable negative ion is either formed directly
through electron attachment or indirectly through ion conversion from
an unstable negative ion.

We denote pj(x.y,z.t) (unit: em™®) as the number density of
species j (j=e, p, nu, ns) present in the gap at time t and at
location (x,y,z). Integration of pj(x.y.z,t) over y and z will yield
the number density pj(x,t:) {unit: em™'):

pj(x.t) = ‘U pj{x.y.z,t)dydz {(3.1.1)
¥z

The total number of species j present in the whole gap at time t is:

d
nj(t) = j‘pj(x.t)dx (3.1.2)
0

Since we are only interested in the variation of the densities in the
x-direction, the direction of the E-field, we can describe the
situation with the pj(x,t) densities.

The current flowing in the external circuit, ij(t), due to the
species j alone, can be derived from the energy balance concept. The
work required to move the charge g=en j( t}, moving with a constant
drift velocity VJ, over a distance dx, during a time interval dt
equals qux:enJ.(t)Evjdt, where we have used the relation vj=dx/dt.
Here E is the constant electric field strength between the two
parallel plates at a distance d and at a constant voltage U. The

energy is provided by the external circuit, i.e.:
enj(t)EvJ.dt = Uij(t)dt (3.1.3)

Hence ij{t) is:
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Lt - enj(t)}ilv‘j ) enj(t)vj ) enj(t)
J u d T,j

(3.1.4)

where T, is the transit time of species j.

J

3.2 Avalanches in which ionization and attachment processes occur

In this section we consider the avalanches in which only
ionization and attachment processes occur. The incorporation of
diffusion of electrons is presented in section 3.4.

The species of charged particles involved are electrons (index e),
positive ions (index p) and (stable) negative ions (index n}. The

continuity equations for these charged particles are:

O (x.t) o (x.t)
ETS Vo — Q5 = {zx-r))vepe(x,t) (3.2.1a)

dp_(x.t) app(x,t)
}at " Voo = awepe(x,t) (3.2.1b)

o, (x.t)  3p (x.t)
T +V = r;vepe(x.t) (3.2.1c¢)

Here pj(x.t) is the number density of species j across the gap at
time t, vj is the drift velocity of species j (j=e, p. n), @ and 5
are the coefficients for ionization and attachment defined in
chapter 2. Note that here Ll I only stable negative ions are formed
because detachment is not accounted for. All velocities vj have
positive values, and the direction of the charge carrier movement is
indicated by the sign in the above equations.

The initial and boundary conditions imposed on Eq. (3.2.1a) are:

pe(x,O) noD(x) (3.2.2a)

i}

pg(x.t) 0, (T,) (3.2.2b)
where n, is the number of primary electrons released from the cathode
at time t=0 and D(x) is the Dirac function (unit: cm™'), T =dsv, is
the electron transit time. Equation (3.2.2a) states that the primary



electrons are released at time t=0 instantaneously as a Dirac pulse.
Equation {3.2.2b) indicates that no electrons exist in the gap after
Te (all electrons have disappeared into the anode).

In the swarm coordinate system, i.e., for x-vetzconstant. one does
not have to account for the electron drift, and the left-hand-side of
Eq. (3.2.1a) reduces to one time derivative. The simplified equation
describes the temporal evolution of the electrons along a prescribed
trajectory, the characteristic line, given by x~vet=he=constant.
Formally, this transformation is performed by introducing a variable

substitution:

x=h_ + v t (3.2.3a)
e e
t (3.2.3b)

The characteristic lines {he=constant) are shown schematically in
Fig. 3.2.1. The line h =0 {or x=vet) corresponds to the electrons
released at t=0. The lines he>0 {not shown in Fig. 3.2.1) and he<0
corresponds to earlier {t<0) and later {t>0) electrons respectively.

x-vatzhe
: / h\
'} ©
d
\"'_d“VQt
~
0_;-—9;3—-“
R e
“;ﬁ___,*—‘\
Vet ==
() (b)
Figure 3.2.1

The characteristic lines of Eq. {3.2.1a} for
the electrons within the region: 0<{x<{d and t>0.



In the new (he'.t) system, ‘the electron number density pe(‘x.t) can

be written as:

) A
pe(x,t) = pe(he+vet't) = pe(he,t} {(3.2.4)

where ge(he,t) and pe(x,t) have identical values if x and h'3 are
related according to Eq. (3.2.3a).

e

9p (h,.t)
The partial derivative 5 is related to the partial
Gpe(x, t}) ape(x, t)
derivatives - and FTS {see, for example, Bronshtein and

Semendyayev, 1985) by:

ape(he,t) ape(x.t) ax +ape(x.t) at

ot gx ot at gt
ape(x.t) Bpe(X, t)
= e vy En (3.2.5)

With this substitution, Eq. (3.2.1a) becomes:

ap (h_.t) N
—ea—te— = (a-n)vepe(he,t) (3.2.6)

For any constant value of he, and for an electron cloud starting at
t=0, the solution of Eq. (3.2.6) is:

Pelhy.t) = b (h,.0)exp[ (x-m)v, t] (3.2.7)

Transformation to the original coordinate system (x,t) according to
Eq. (3.2.3) gives:

P (x.t) = p_(x~v_t.0)exp[ (a-n)v t] (3.2.8)

for O<x<d and t20.

The solution shows that the number density of electrons at



position x and at time t is caused by the exponential growth of the
electrons at position x—vet and at time t=0.
The application of the initial condition in Eq. {3.2.2a) to this

general solution gives the specific solution:
pe(x,t) = noD(x—vet)exp[(oe-—n)vet] {(3.2.9)

As a result of this initial condition, a solution different from zero
is found only along the special characteristic line x—vetz(), drawn as
a bold line in Fig. 3.2.1. With the condition in Eq. (3.2.2b), the
solution for the electron number density pe(x,t) can finally be

written as:

noD(x—-vet)exp(;vet) , (1<T,) (3.2.10a)
p(x.t) =
0, (©T,) (3.2.10b)

where 5c=a—n is the effective ionization coefficient. With this
solution for pe{x.t), also the number densities for positive and
{stable) negative ions can be cobtained by solving Egs. {3.2.1b) and
{(3.2.1¢).

The solution of Eq. (3.2.1b) for positive ions is obtained
similarly along the characteristic lines x+vpt=hp=constant. The
characteristic lines for positive ions are shown schematically in
Fig. 3.2.2.

After transformation to the (hp,t} coordinate system the solution

is obtained as:

t
pp(hp,t) =ov, Jpe(hp-vp'r,'r)dr (3.2.11})
o .

From Fig. 3.2.2b we can derive that for each constant hp’ with
hpgd—t-vp’l‘e. positive ions exist only for tzhp/(ve+vp). Equation
{3.2.11) can therefore be written as:

31



t ,
Sp(h ,t) = av I p_(h -v_7,7)dr (3.2.12)
h

(a (b

Figure 3.2.2
The characteristic lines of Eq. (3.2.1b) for the positive
ions within the region: 0<x{d and OStSTe+Tp~

Transformation of this solution to the original (x,t) coordinate

system gives:

t
pp(x,t) = av, J‘ pe(x«l-vpt-vp'r,r)dr {3.2.13)
X+v t

v _+v
e p

Substitution of Eq. (3.2.10a) into Eq. (3.2.13) yields:
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t
av, J noD(xwpt—vp-r—ver)exp(ave'r)d‘r

X,t) =
p,(x.t)
x+v_t
v 4V
e p
av.n - x+vEt
—- t,xp(cwev e } (3.2.14)
e p e p

The wvalidity regions for pp(x,t) can easily be seen from
Fig. 3.2.2 as: Oﬁxgvet if the and nggd—vp{t—Te) if Te<t$Te+Tp. Here
'I'p::d/vp is the positive ion transit time.

In the same way we obtain the solution of Eq. (3.2.1c) for the
negative ions. The characteristic lines are x—vnt=hn=constant. and

are shown schematically in Fig. 3.2.3. We find:

ol X-v t
pn(x.t) =5 exp( T v ) (3.2.15)
e n e

for v _téx<v t if t{T_ and v t{x{d if T <t{T_. Here T =d/v_ is the
n e e n e n n n

negative ion transit time.

d.. Vet - d\ ng-Vn)(
! B g
g ! A
0 Te Tn 0 Te Ta t
(a) (b)
Figure 3.2.3

The characteristic lines of Eq. (3.2.1c) for the negative
ions within the region: 0<{x<{d and ogthn.



The numbers of electrons ne(t). positive ions np(t) and (stable)

negative ions nn(t) present in the gap at time t can be obtained by

integration, taking into account the regions in which these densities

are valid.

For the. we obtain:

d
ne(t) = InoD(x—vet)exp(ocvet)dx
0
= noexp(mret) R (the)
Vet
av,ng _ x+vpt
np(t) =I reren m-p(ccve erres Ydx
o °P ©
om _ _ YV
= —exp(av, t)-exp(a—E—t)]
P e p
v
e
= Q) Yt
v _+V oe
e p
v t
< v _n x-v_t
_ e o - n
my(t) _I vy owlav o —)dx
v t e n e n
m, _ -
= —_—[exp(avet)~1] if a0
@
(tT)
= ‘!I\fenot if a=0
For t)Te, we obtain:
n(t) =0, (OT,)

(3.2.16)

{(3.2.17a)

(3.2.17b)

(3.2.18a)

(3.2.18b)

(3.2.19)



ov n x+v_t
np(t) f e dC A
0 € P
d+va —~Ve'p -
- e, Tt S-en@EE0] i 50
(3.2.20a)
v (t>Te)
= a&;—;;——n [d—v (+-T)] if =0 (3.2.20b)
P
d
A, _ XVt
nn(t) = J vV cxp(ave VoV Jdx
v t
d—vnt _
= —————{exp(av —~ e} =1 ] if a#0 {(3.2.21a)
Ve 'n
(©T,)
Ve -
= Wo(d-vnt) if a=0 (3.2.21b)

Finally, the electron and ion components of the avalanche current

in the external circuit are obtained from Eq. (3.1.4}):

. ene(t)

le{t} = T (3.2.22)
en_{t)

i,(t) = §_—%J__ . (i=p. n) (3.2.23)

The present expressions for n_(t) and nn(t) are more complete than
those described previously (Meek and Craggs, 1978; Raether, 1964:
Verhaart, 1982) because the drift motion of both positive and
negative ions during the first electron transit time Te has been
taken into account in the present derivation.

Figure 3.2.4 shows the number-density distributions for each

species (e, p. n) in the gap for three different situations: a<0, =0



and «>0. The corresponding currents are shown in Fig. 3.2.5.

Py (x+ t) t t
t2
tTe
0 0 p &
pp(x:1) t t t

T Te Te
t ty ty
X X
0 " a d v] " X
pn(th) t t t

4
t2 Ag wAY) 4 t2
T T T
Yy i "1 i t1e
0 X i X 0 x
d d d
(a) a0 (b) a=0 (c)a>0
Figure 3.2.4

Number~density distributions for electrons (pe). positive ions
(pp) and (stable) negative ions (pn) in the gap for an avalanche
with only ionization and attachment. Here Te is the electron

transit time.



ie(t)
io
-t 0 t o t
Te Te Te
ip(t)
ipmi-> - :
' I
I | i
! i |
ot -t ' -t O -t
Te T,,»Tp Te Te *Tp Te Te +Tp
fn(t)
f |
il i )
|
! ]
| I
i I
QL -t 0 t Ol t
Te Tn TE Tn TE Tn
(@) a0 (b) a0 {c) =0

Figure 3.2.5
Electron (ie), positive ion (ip) and (stable) negative ion (in)
components of the avalanche current in the external circuit for an
avalanche with only ionization and attachment. Here iozenofTe.
i_=1 (T ) and i_ =i (T ). The index m denotes the maximum value.
pm p'e nm n' e
Note that, for clarity, in the figures for ip(t) and in(t) the
period ()’JI'e is drawn much larger than it is in reality.
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3.3 Avalanches in which ionization, attachment, detachment and

conversion processes occur*

3.3.1 The model

In this section we consider the avalanches in which, besides
ionization and attachment processes, electron detachment and ion
conversion processes also occur. Diffusion of electrons is not
considered here, but is incorporated later {section 3.5).

The species considered are: electrons (index e), positive ions
{index p). unstable negative ions {index nu) and stable negative ions
{index ns). We assume that all negative ions formed via attachment
processes are unstable ions. However, direct stable negative ion
formation could easily be incorporated in the present model.

Before the first electrons reach the anode of the parallel-plate
gap, shown in Fig. 3.1.1, after the electron transit time Te. the
following set of linear first order differential equations describes
the temporal evolution of the four components if the drift motion of
ions (for t(Te) is neglected (Verhaart, 1982; Verhaart and
van der Laan, 1984):

dne(t)

dt

(oc—n)vene(t} + 6venml(t) {3.3.1a)

dn (1)

dt

]

av n (t) (3.3.1b)

dnnu( t)

dt

mrene(t) - (&ﬁ)vennu(t) {3.3.1¢)

dnns(t)

dt

= Bvennu(t) (3.3.1d)

Here nj(t) is the total number of species j (j=e. p. nu, ns) present
in the gap at time tSTe. «, 17, & and B are the ionization,
attachment, detachment and conversion coefficients, as defined in
chapter 2. Note that here =N, and rgns=0 since all negative ions
formed through attachment are assumed to be unstable.

*The contents of this section has been published in IEFE
Transactions on Electrical Insulation, Vol. 23, No. 6,
Dec., 1988, pp.999-1008. The co-author is J.M, Wetzer.
The text has been modified slightly.



¥e assume that n, primary electrons are released from the cathode
in an infinitely short time interval, i.e., ne(O) =n. For times not
exceeding Te. one does not have to account for the neutralization of
the charged particles at the anode. In this case the solution for the
total number of electrons is given by (Verhaart, 1982; Verhaart and
van der Laan, 1984):

n
ng(t) = 2L (As+6+B)exp(A,v t) - (Ax+0+B)exp(Azv,t)]
(t4T.) (3.3.2)

Here

Avvz = 5 L(n) - (84B) + omrd+p)” + 4mb ] (3.3.3)
and A, takes the positive sign.

The solutions for np{t). nnu(t) and nns(t) for times t up to T,
can also be derived from Eqs. (3.3.1a) ~ (3.3.1d) as:

oan
n(t) = 1 + et - (1 + Zyem(azy, 0]

a(é+ﬁ)no
+ Wl (the) (3.3.4)
Ty
nnu(t) = _K::Z;{exP(A‘vet) - exp(szet)] . (tﬁTe) {3.3.5)
nhn nfn nhn

_ o _ o o
() = m A e (A t) — A, ya P (AR t) +

(£<T,) (3.3.6)

The electron and ion components of the current in the external

circuit can then be written as:

ene(t) :
ie(t)‘= —F . {(3.3.7)
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At}
ii{t} =3 in:]r— . (j = p, nu, ns) (3.3.8)
J J .

where T , Tnu and Tns are the transit times of positive ions,
unstable and stable negative ions, respectively.

For times exceeding Te one should take into account the loss
{neutralization) of the charged particles at the electrodes. Due to
delaying processes such as detachment, electrons are distributed over
the gap rather than situated only in the head of the avalanche. One
should therefore determine the number-density distribution pj(x.t)
across the gap.

If we also take into account the drift motion of ions for the,
the number densities of electrons and ions are described by the

following set of partial differential equations:

dp (x, t) Fp(x.t) '

ETS VT = (a:—n}vepe(x,t} + 6vepnu(x,t) {3.3.9a)
app(x. t} app(x, t)

5t - vp - = avepe(x,t) (3.3.9b)
o, (8) O (x.1)

FTs Y T e = TP (X t) - (8B e (x.t)  (3.3.8¢)
dp_ (x.t) dp__(x.t)

ns ns

gt * Vns ax = ﬁvepnu{x,t} (3.3.5d)

where pj{x.t} is the number density distribution in the gap and vJ. (a
positive value} is the drift velocity of species j (j=e, p, nu, ns}.

In order to correlate measured and calculated current waveforms,
also for times exceeding one electron transit time Te' Verhaart
(1982) and Verhaart and van der Laan (1984) developed a numerical
model to simulate the current waveform on the basis of the above
continuity equations: The swarm parameters were then determined from
experiments by a (time-consuming) comparison between measured and
numerically simulated waveforms.

In this section we present a general anmalytical solution valid
also for t)Te. This analytical solution can be obtained by solving



the continuity equations (3.3.9a) to (3.3.9d) with the appropriate
boundary conditions. Equations {3.3.9a) and (3.3.9c) are coupled and
should be solved simultaneously. Equations (3.3.9b) and (3.3.9d) can
then be solved using the derived solutions for pe(x.t) and pnu(x.t).
The method to solve Egs. (3.3.9a) and (3.3.9¢c) simultaneously was
presented by Llewellyn—Jones (1967) or Meek and Craggs (1978). They,
however, used different definitions of the coefficients. In the
following approach undelayed and delayed electrons are treated
separately.

Undelayed electrons are those released from the cathode that have
not yet been attached, or those produced by other undelayed electrons
through ionization. Hence all undelayed electrons are found in the
head of the avalanche (x=vet). Delayed electrons are the result of
detachment, or the result of ionization caused by delayed electrons.
Hence all delayed electrons are found in the tail of the avalanche
(x(vet).

If n, primary electrons are released from the cathode in an
infinitely short time interval, the number density of the undelayed

electrons is obviously given by (see section 3.2):

peund(x,t)

noD(x—vet)exp[(a—n)x] . (the) (3.3.10a)

It
Q

p "(x. 1) (5T, (3.3.10b)
Here D(7) is the Dirac function (unit: cm™').

The region where delayed electrons and unstable negative ions are
found is given by vnutgxgvet if the and vnutgxgd if Te<thnu (see
also Fig. 3.3.1). In order to solve the differential equations for
the delayed electrons and for the unstable negative ions, we need to
specify the boundary conditions at x=vet and x=vnut. The unstable
negative ions along the characteristic line x=vet are produced by
undelayed electrons which are being attached in the process and at
the same position x, hence (see also Llewellyn-Jones, 1967; Raether,
1964):
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n v
ol'e
pnu(vet,t) = ——eve_vnu xp[(a—n)vet] y (vetgd) (3.3.11})

X
)

Vet

d-{ s _
/ﬁ '
|
|
Vol :
{

0 ]
TQ Tnu

Figure 3.3.1
The region where delayed electrons and unstable negative ions
exist. The lines with arrows are the characteristic lines for

the unstable negative ions.

The unstable negative ions along the characteristic line x=v .t

are those formed by attachment at t=0 that have not yet undergone
detachment or conversion, hence (see also Llewellyn—Jones, 1967;

Raether, 1964):

n v,
nut.t) = v—v—exp[ ({Hﬁ)v t] (3.3.12)
e nu

pnu(v

In order to derive the solutions for delayed electrons and
unstable negative ions, we do not use the method of characteristic
lines here, but we directly apply the method proposed by
Llewellyn—Jones (1967):



P, (x.t) = WL(Y) (3.3.13)
e
n v exp(f)
Py (% t) = w1 ) (3.3.14)
€ nu
Here:
v
y = 2—#« (v _tx) (x-v_ t) (3.3.15)
€ nu
v
f = ﬁ[(a—n)(x-vnut) - (8+B) (v tx)] (3.3.16)

while In(y) (n=0, 1) is the nth order modified Bessel function:

L(y) = (—2L)n kio—ﬁ(_lm—nj!_(‘zL)zk (3.3.17)

The same Bessel function also shows up in a stochastic treatment of
the electron current by Steutel (1986) for the situation without ion
conversion.

The number densities of positive ions and stable negative ions can

readily be derived from pe(x_t) (note that pe=p:nd+p:e1 ) and

pnu(x.t) with Eqgs. (3.3.9b) and (3.3.9d), and the appropriate

boundary conditions, as:

t
pp(x.t) =av, J pe(x+vpt—vp1,1)d1 (3.3.18)
0

t
pns(x.t) = ﬁve J‘pnu(x-vnst+vnsr.1)d1 (3.3.19)
0

These solutions are derived along the characteristic lines

x+v_t=h =constant of Eq. (3.3.9b) and x-v__t=h_ =constant of
P P ns  ns
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Eq. (3.3.9d). These characteristic lines are shown in Fig. 3.3.2 and

Fig. 3.3.3.

(a) (b)

Figure 3.3.2

The characteristic lines of Eq. (3.3.9b) for the positive
ions within the region: 0{x<{d and 0St§Tp+Tnu.

The range of validity of Eq. (3.3.19) for the stable negative ions

(see Fig. 3.3.3) is similar to that of the unstable negative ions:

v tix<v t
ns e

if t{T and v__t<{x<{d if T <t{T__. For the positive ions in
e ns e ns

Eq. (3.3.18) we obtain the validity range (see Fig. 3.3.2) as:
Ox<v t if  t{T_, O<x<d  if T <e<T and O<x<{d-v_(t-T_ ) if
e e e nu P nu

T <t<T +T .
nu P m

are zero.

u For regions outside the validity ranges all densities

The validity range can be incorporated in Eq. (3.3.18) through the

integration limits:

t
pp(x,t) = ﬁve J‘pe(x+vpt—vp1.1)d1 (3.3.20)
x+v_t

v _+v
(]

for O<x<v t if T and for O¢x{d-v_(t-T ) if T <t(T +T
e e P e e P e



{characteristic lines starting from x=v t, or hp:(veﬂrp)t. in

Fig. 3.3.2), and:

t
p {x,t) = av deel(x-t-v t-v_7,7)dT (3.3.21)
P e e Pp P

e 4%
v
P

for max[(},d—vp( t-Te)] {£x g min[d.d—vp(t—Tnu)] if Te<'c§Tp+Tnu
{characteristic lines starting from x=d, or hp=d+vpt. in Fig. 3.3.2).

Here max{A,B] and min[A,B] are the maximum and minimum values of A

and B respectively.

/ X~Vast= hns\

¥

d . (%_' Vm)t

% d-vpst
0 t

Te Tns

(b)

Figure 3.3.3
The characteristic lines of Eq. (3.3.9d4) for the stable
negative ions within the region: 0{x{d and OSthns.

Similarly Eq. {3.3.19) can be further written as:



t

pns(x,t) = ;Bve Ipnu(x—vnst+vnsf,1}d't (3.3.22)
x-v_t

ns

v -y

e I

S

for v t&x(v. t if t{T and for v_ t<{x<d if T <t<T (characteristic
ns e e ns e ns
lines starting from x=v t, or hns=(ve—vns)t. in Fig. 3.3.3).
The total numbers of electrons and ions in the gap are finally

obtained from:

d
nj(t) = ij(x,t)dx . {j=e. p, nu, ns) {3.3.23)
4]

where pJ.(x,t}:O for x and t values outside the validity ranges
mentioned above.
One may also incorporate the validity ranges in the integration

limits:
min[vet,d]
ne(t) = pe(x,t)dx for t20 (3.3.24)
vt
nu
min[vet ,d, d-vp( t-’l‘nu)]
np(t) = pp(x.t) for t20 (3.3.25)
o
min[vet.d]
nnu(t) = jpnu(x,t)dx for t20 (3.3.26)
v_t
nu
min[vet,d]
nns(t:) = pns(x,t_)dx for t20 {3.3.27)
vt
ns

With the charge carrier numbers calculated from Eq. (3.3.23) (or
Eqs. {3.3.24) ~ (3.3.27)) the electron and ion components of the



current can be calculated from Eqs. (3.3.7) and (3.3.8) at any time.
It is verified that the two approaches presented, the general
approach (Eq. (3.3.23) or Egs. (3.3.24) ~ (3.3.27)) and the one
limited to t<T (Eqs. (3.3.2) ~ (3.3.6)). agree for t<{T_. The present
approach, however, also includes ion drift during the first electron
transit time. Furthermore, the general analytical approach is in
agreement with the numerical approach presented earlier by Verhaart
(1982) and Verhaart and van der Laan (1984). It is, however, more
convenient to use the analytical solution in the curve fitting

procedure.

3.3.2 Effects of detachment and conversion processes on the avalanche

electron distribution

In the "classical” description of electron swarms, it is assumed
that ionizing and attaching collisions are predominant and therefore
that all electrons are contained in the avalanche head. However, due
to detachment, swarms may have a distinct tail of electrons. This
will affect streamer breakdown since this breakdown mechanism depends
on the space-charge field distortion due to the swarm and thereby on
the spatial distribution of the electrons in the avalanche. In that
case detachment and conversion processes should be taken into
account.

In case of Townsend breakdown, the total number of the charge
carriers in the gap is decisive rather than their spatial
distribution. In that case even a model including only ionization and
attachment will predict the breakdown field strength correctly.

An example of how detachment and conversion processes influence
the avalanche electron distribution across the gap is given in
Fig. 3.3.4 for humid air with different water vapor pressures. The
swarm parameters are chosen from Verhaart and van der Laan (1984):
«=9.2 cm™', 7=7.7 cem™', 6=1.03 cm™*, and B is varied from
2.82 ~ 19.95 cm™' for water vapor pressures ffom 0.05 ~ 7.5 Torr.
Note that in Fig. 3.3.4 the peak of undelayed electrons {(a Dirac
pulse) is reduced in height. The tail in the electron distribution
results from the delayed electrons produced by detachment processes.
When the water vapor pressure is increased. and thereby the

probability of conversion from unstable negative ions to stable ones
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is enlarged, the tail is reduced in height and duration. This
indicates that the contribution of delayed electrons to the avalanche
growth becomes less. The conversion process immobilizes a certain
amount of the electrons., forming harmless stable negative ions. This
is consistent with the observation that the breakdown voltage of
humid air increases with humidity (see, for instance, Meek and
Craggs, 1978).

pe{x.t) (em™ 1) tlTe

|

300 |- 3 )1/

0 —
[ g

Figure 3.3.4
The influence of detachment and conversion processes on the
electron distribution across the gap Iin humid air. Here
E=28.00 kV/cm, p=778 Torr, d=1.0 cm, T =80 ns, a=0.2 em™?,
n=7.7 ecm” !, and 6=1.03 cm™*. Note that, for clarity, the peak of
undelayed electrons is reduced in height. The corresponding
electron currents are shown in Figs. 3.3.5i1 to 1.
(a) pH20=0.05 Torr, P=2.82 cm™*;
(b) pH20=0.85 Torr, P=4.66 cm™';
(c) pH20=1.79 Torr, B=6.82 cmf‘;
(d) pH20=7.5 Torr, B=19.95 cm™*.

3.3.3 Effects of detachment and conversion processes on the avalanche

current waveform

¥With the model presented, the effects of detachment and conversion
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processes on the current waveform can be studied. Some simulations of

the electron current with different values of 6 and B at constant

values for a=9.2 cm™°

1

shown in Fig. 3.3.5.

and =7.7 cm”~

1

120

as in the previous example are

§=2.06, A=2.82

80

6=7.21,

A=2.82
a_=7.03
a

6=0, 8-2.82 £=0.26, B=2.82  §=1.03, A=2.82
A f _ 12
i a=1.5| 9 p 1 ~
o a ] aa-2.16 aa-3_55.
2.4f 1 17 1
08 a t(ns) | b \\\\$‘_L ] c ]
0 80 160 080 00—
6=3.09, B=2.82  {=5.15, B=2.82 6=6.18, f=2.82
T L ] S = T =
a0l 3 ,=5.52l 490 347646, 3,"6.79
f
LT 0~ g0 035
B=2.82 cm* 3
6=1.03, B=2.82 §£=1.03, p=4.66 6=1.03, B=6.82
12} ;- { 10l _ ] S
[ @,=3.55] 10 3 =2.90
a ]
I i ] |
0~ g 0— 35
5=1.03 cm™ —p
Figure 3.3.5

160

0™ 86

increase

6=1.03, A=19.95

da-1.90

|
S

increase

Effects of detachment and conversion processes on the avalanche

electron current waveform calculated with the present model at

constant values of a=9.2 cm™!

[
a

, 1=7.7 cm™ !, and at Te=80 ns. Here

is defined in Eq. (3.3.28). Note that the parameters used in

Figs. 3.3.51i to 1 are the same as those used in Fig. 3.3.4.
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In Figs. 3.3.5a to h, the effect of detachment is shown at a
relatively low conversion coefficient p=2.82 cm™'. Detachment acts as
a secondary ionization mechanism which strongly affects the slope and
the magnitude of the waveform, even after the electron transit time
Te' With increasing detachment coefficient, the current sloi)e and
magnitude rise accordingly.

The effect of detachment on the apparent transit time is shown in
Figs. 3.3.5¢ to h. At  high detachment 'coefficients or, more
correctly, at high values of the product 7o, the apparent transit
time increases {the actual drift velocity is the same in all cases)
because most, or all, electrons are being delayed by the consecutive
attachment and detachment processes. This effect is comiteracted by
conversion processes, since conversion limits the number of unstable
negative ions and, consequently, the number of detached electrons.

The stabilizing effect of conversion process is demonstrated by
Figs. 3.3.5i to 1 where & is kept constant at 6=1.03 cm '. The
reduction of the tail of the electron distribution in Fig. 3.3.4 when
the humidity is increased, corresponds to a reduced aftercurrent. In
addition the overall magnitude of the current decreases when f is
increased.

In Fig. 3.3.6 the double exponential shape of the electron
current, as described by Eq. (3.3.2), is easily identified. In cases
like this a model including only ionization and attachment cannot
describe the waveform. In many other cases the differences are not so
obvious; detailed calculations and an experimental setup with a very
good time resolution are required to recognize the presence of
detachment and conversion processes.

¥ith a two-parameter model, without detachment and conversion,

apparent values . n, and &a are derived. If we define &a in such a
way that this two-parameter model predicts the right number of

electrons n, that reach the anode, we find:

_ 1 n
@ =a-7 = T1n(T:) (3.3.28)

The total charge, Qe’ that flows in the external circuit as a result



of these electrons moving through the gap is then given by:

(-]

Q = ie(t)dt =ii[exp(aad)-l] {3.3.29)
ad

Figure 3.3.6
An example showing the double
exponential shape of the electron
current (see Eq. {3.3.2)). Here
a=6.14 em™*, 7=7.7 em™ %,
5=1.03 cm™*, B=2.82 cm™* and
Ted() ns.

0 80 160 240
t (ns)

With our four-parameter model (x, 1, 6 and B) we can determine n,.
or Qe. for any set of parameters, and calculate &a from Eq. (3.3.28)

or Eq. (3.3.29), which give identical results. This apparent value l;a
correctly predicts the total number of electrons in the avalanche
but, as indicated in Fig. 3.3.5, may significantly deviate from the

real one (a=x-n). In some cases &a may still describe the avalanche
waveform to a first approximation. The insights gained will however
be poor. and the values found cannot be extrapolated to conditions
other than the experimental ones, since scaling laws require
knowledge of the individual processes involved. Furthermore, in case
of streamer breakdown, the apparent effective ionization coefficient
may not be consistent with the breakdown strength observed.

We have shown earlier for 1-C;Fg (Wen and Wetfzer, 1988a) that the

apparent ionization coefficient ';a is related to the four parameters

x, 1, 6 and B through:
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& = o+ 6—?15— (3.3.30)

The validity of this relation is not restricted to 1-C,Fg but applies

to all cases where the four-parameter model is valid.

3.3.4 Swarm parameter determination from fast swarm experiments
A fitting program is developed on the basis of the present model

to obtain swarm parameters from the measured time-resolved current
waveform. The question rises whether the parameters can be determined
uniquely. The solutions presented show that the swarm parameters show
up in the expression for the electron current component in three

combinations:

cy = ax-n ; cy, = &+ cy = né (3.3.31)

Hence, not all four parameters can be identified individually from
the electron current only.

An analysis of the ion current would help, but is not
straightforward. The ion current is composed of contributions of
different kinds of positive and negative ions with different drift
velocities. Later it will be illustrated that the ion component is
not only more difficult to evaluate but also provides less
information on the individual processes. In this work the ion current
is not analyzed. '

Nevertheless, the three quantities mentioned above fully describe
the development of the electron component of the avalanche. Since the
electron component is crucial for the occurrence of breakdown, these
three quantities themselves are meaningful.
c;=0-11 is easily identified as the 'real” effective ionization

coefficient, which differs from the "apparent” values obtained
from a model including only ionization and attachment. '
co=0+f describes the loss rate of unstable negative ions which were
formed by attachment.
cy=nd may be interpreted as a secondary, delayed, ionization
parameter, describing the number of attached electrons which

are released.

52



3.4 Avalanches in which ionization, attachment and electron diffusion

processes occur
In this section we consider the avalanches in which ionization and

attachment processes occur {no detachment and conversion), and in
which electron diffusion is no longer negligible. Diffusion of ions
is not taken into account for the reasons mentioned before (in
chapter 2, section 2.4). Detachment and conversion processes are
incorporated later (in section 3.5).

In this section we focus on the electron number density in the gap
and the electron current in the external circuit. We consider the
broadening of the "disk™ of electrons while it crosses the gap:; in
our case only the longitudinal diffusion is important (see chapter 2,
section 2.4).

The species involved are electrons (index e}, positive ions
{index p) and (stable) negative 1ions ({index n). The following
continuity equations describe the number densities of the charged
particles (Brambring, 1964; Schlumbohm, 1965: de Urquijo—Carmona and

co-workers, 1985):

8p (x.t) 9p (x, 1)
+

_dp (x.t) 8% (x.t)
e + D e

v =av p (x,t) - ol
at ¢ ax e ax x>
{(3.4.1a)
dp_{x,t) dp_(x.t) dp_(x.t)
P -y P = av p (x.t) - D e (3.4.1b)
at P ax
apn(x, t) 9 (x.t) 9p (x.t)
+ v = r;vepe(x,t} /) (3.4.1c)
at ax g%

Here pj(x,t) and v_j {a positive value) are the number density and the

drift velocity of species j (j=e, p, n), a and 5 are the ionization

and attachment coefficients, a=x-n is the effective ionization
coefficient, D is the electron (longitudinal) diffusion coefficient.
All coefficients are defined in chapter 2. Note that 7 used here
equals Nhs since only stable negative ions are considered (no
detachment).



The second terms on the right-hand-side of Eqs. (3.4.1a) ~
{3.4.1c) reflect the (second order) effect of electron diffusion on
the production of electrons and ions: as a result of diffusion the
number of ionizing or attaching collisions per electron changes.

Since we focus on the solution for electrons, we will consider
only Eq. (3.4.1a) which can be rewritten as:

ape(x,t) ape'(x, t) azpe(x.t)
+ W = v pe(x.t) + Die—— (3.4.2)
at Toax € ax* ‘

where Wr-_‘ve%';]): Tagashira (1985) «calls this quantity the
center—of-mass drift velocity of the electron swarm. Note that this

so-called center-of-mass drift velocity Wr is only equal to the

averaged electron drift velocity Ve if a=0 or D=0.
To solve Eq. (3.4.2) with the initial condition pe(x,O)moD(x).
where D(x) is the Dirac function (unit: em™'}, we first consider the

situation of a=0. The solution of the equation (where U represents Pe

for this particular case):

JU(x,t) dU(x, t) 3%U(x, t)

+ W =D ' (3.4.3)

3t ax x>

is (Huxley and Crompton, 1974; Verhaart, 1982):

) n (x—WI_t)2 ( 9
U{x,t) = exp[ - 3.4.
(x T <pl Dt

For a#0 it can be shown that U(x,t)exp(;vet) satisfies Eq. (3.4.2) if
U(x.t) satisfies Eq. (3.4.3). Therefore the solution of Eq. (3.4.2)

is:

noexp(t_x-vet} (x-WI_t)2
pelx:t) = ———*—expl- —gpr—] (3.4.5)

The number of electrons present in the gap at time t is:



d
ne(8) = [ o x.0)ax
o

- d
noexp(o:vet) ()‘(--Wrt)z

e

It was shown by Brambring (1964) and Gilardini {(1972) that one can
replace the lower integration limit O by -« without introducing a
significant error. We then find:

noexp(av t}
n(t) = ——% erfc(n) (3.4.6)

where

¥ t-d (v +aD)t-d
. I _ €

A= =
v4Dt v 4Dt

(3.4.7)

and erfc{A) is the complementary error function which is defined as:

erfc{(A) = exp{-u®)du , (3.4.8)

>y 8

2
3

To check the validity of Eq. (3.4.6), we consider a special
situation with D=0. For D=0, A>» -® if vetgd and A-» 40 if vet>d.
Since erfc(-»)=2 and erfc(+»)=0, Eq. (3.4.6) becomes:

1t

ne(t) noexp(;:—vet) y - (the) {(3.4.9a)

0. (OT,) (3.4.9b)

1}

n_(t)

This result is identical to Egs. (3.2.16) and (3.2.19) described in
section 3.2 where electron diffusion was not considered.

The electron component of the avalanche current in the external



circuit is again:

ene(t)

ie(t) =

T
e

with ne(t) as in Eq. (3.4.6).
P, (at) 4 t/Te
1 Pt P—.
1
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Figure 3.4.1

(3.4.10)

Electron number density distributions across the gap for an

avalanche in which ionization, attachment and electron diffusion
occur. The shaded area indicates those electrons which have

already entered the anode {at x=d). Note that Wr equals Ve only

when a=0 or D=0.

Figure 3.4.1

shows

the electron number

density distribution



pe(x,t) for three different situations: a<0, a=0 and «>0. The
corresponding electron currents are shown in Fig. 3.4.2.

160:\’
(a) a-n=-1 cm™*
{b) o-n=0 cm™*
(c) a-n=3 cm™*
) oy N
8 [ th 12 168 208
time (ns)

Figure 3.4.2
The electron component of the current waveform for an avalanche
in which ionization, attachment and electron diffusion occur.
Here n0=108, d=1 em, T =100 ns, & (en"'): (a) -1, (b) 0, (c) 3.
D (ew®/s): (1) 0, (2) 8x10°%, (3) 4x10*, (4) 2x10°.
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3.5 Avalanches in which ionization, attachment, detachment

conversion and electron diffusion processes occur

In this section we consider the avalanches in which ionization,
attachment, detachment, and conversion processes occur, and in which
electron (longitudinal) diffusion is no longer negligible. Diffusion
of ions is, again, not considered.

The species involved are electrons (index e), positive ions
(index p). stable negative ions (index ns) and unstable negative ions
(index nu). Again we assume that all negative ions formed via
electron attachment, are unstable ions which can either undergo
electron detachment or ion conversion. Therefore the attachment
coefficient n used in the following equations is L

The following partial differential equations are used to describe

the number-density distributions of electrons and ions:

dp (x.t) dp (x.t) _ _ Op (x,t)
3t + Voo = avepe(x.t) - aD___5§___ + 6vepnu(x.t)
8p2(x,t)
+ Deﬂax— (3.5.1a)
app(x.t) app(X-t) 9p(x.t)
3t -y ox = avepe(x,t) - o (3.5.1b)
dp_ (x,t) 9p_ (x.t) dp_(x.t)
nu nu D¢
at * Vnu ox = nvepe(x,t) T n >
- (6+ﬁ)vepnu(x,t) (3.5.1c)
dp__(x.t) 9 (x,t)
ns ns
3t + Vs o = ﬁvepnu(x,t) (3.5.1d)

Here pj(x,t) and vj (a positive value) are the number density and the

drift velocity of species j (j=e. p, nu, ns), a, n, 6 and B are the

ionization, attachment, detachment and conversion coefficients, a=x-7
is the effective ionization coefficient and D is the electron

(longitudinal) diffusion coefficient. All coefficients are defined in



chapter 2.

The second terms on the right-hand-side of Egs. (3.5.1a)~(3.5.lc)
again reflect the effect of electron diffusion on the production of
electrons and ions.

In this section, we concentrate on the solutions for electronms.
The solutions for the distributions of electrons and unstable
negative ions are, however, coupled. We therefore solve Egqs. (3.5.1a)
and (3.5.1c} simultaneously. It is estimated that, for times in the
order of the electron transit time Te (0§t$2Te). the drift term

Fp (% t) ap (x.t)
Y A and the diffusion term —ﬁDax— in Eq. (3.5.1c¢) are

negligible compared to the other terms in the same equation.

Equations (3.5.1a) and (3.5.1c) can be rewritten as:

ape(x,t) ape(x,t) _ ap:(x.t)
at + wr dx = m.'epe(x,t)‘ * évepnu(x’t) * D'T
{3.5.2a)
o (x.t)
D = v p (%) = (5+B)V_p_ (x.1) (3.5.2b)

where Wrzv‘en_d).
The solution for the electron number density pe(x,t} can be
obtained from Eqs. (3.5.2a) and (3.5.2b) by means of the Laplace and

Fourier transform techniques (see the appendix)} as:

?Irx X Wr
noexp(5p) c+i® exp(st- F=|z5~+ T )
p (x.t) = ——— ds (3.5.3)
€ 4nivh . v
c-i® T erT
4D

Here s is a complex variable, ¢ is a real constant and:

2

néve
e s+ (&—ﬂ)ve

I'=z=s - av (3.5.4)
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The complete derivation of Eq. (3.5.3) is given in the appendix.
The number of electrons present in the gap at time t, and the

electron component of the current are again obtained from:

d
ne(t) = I pe(x,t)dx : (3.5.5)
0
and:
en (t)
i (t) = —%—— (3.5.6)
e



CHAPTER 4

EXPERIMENTAL SETUP FOR TIME-RESOLVED SWARM MEASUREMENT

4.1 Introduction
The time-resolved swarm method is used in the present study,

primarily in view of the fact that this method provides detailed
information on various processes in the avalanche growth.

As has been described in chapter 1, the time-resolution of the
setup should be sufficiently high to allow the identification, from
the measured avalanche current waveform, of fast collisional
processes between electrons and gas molecules, and of diffusion,
primarily of electrons. Such an identification is important for the
verification of the four-parameter model presented, and thereby for
the understanding of the breakdown mechanisms in insulating gases.

In the following sections we firstly describe the principle of the
time-resolved swarm method. Secondly we present a thorough analysis
of the bandwidth limitations of this method. Finally we describe the
present setup in detail.

4.2 The principle of the time-resolved swarm method

Figure 4.2.1 shows schematically the principle of a time-resolved
swarm method. A parallel-plate electrode gap is enclosed in a gas
vessel. A stable DC high voltage source is connected, through a
damping resistor Rd’ to the anode, so that a uniform electric field
is formed in between the two parallel plates. The cathode surface is
illuminated by a single UV light pulse to release primary electrons.
Under the influence of the uniform field, these primary electrons
move towards the anode. During their drift, these primary electrons
may produce positive and negative ions upon collisions with gas
molecules (see chapter 2). The drift of these charged particles
changes the electric flux ending on both electrodes and, as a
consequence, induces a time-dependent current in the external
circuit. This transient current flows through a measuring resistor in
series with the cathode; the voltage drop is recorded by means of an

oscilloscope or a transient digitizer.
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Schematic diagram of a time-resolved swarm method.
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Figure 4.2.2
The equivalent circuit for high frequencies

of the setup shown in Fig. 4.2.1.




To derive the relation between the current, im(t). in the
measuring circuit and the current, i{(t), in the gap, at high
frequencies, we use the equivalent circuit shown in Fig. 4.2.2
{inductance effects are incorporated later in section 4.3). Here the
gap current is represented by a current source i(t), Cg is the gap
capacitance and Cpl' sz are the "parasitic" capacitances as shown in
Fig. 4.2.1. For high frequencies, the DC voltage source can be
treated as a short circuit. From this equivalent circuit, one can

derive the relation between im(t) and i{t) in the frequency-domain

as:
I
In = JaR C (J0)*RR C_C (4.2.1)
1+ joR (C4C ) + —o8—+ — S BPC B
m g p2 1+ijde1 1+_](oRde1

The current i(t) in the gap due to the motion of the charged
particles produces a corresponding current im(t) in the external
circuit which can be measured.

The amplitude and the phase shift of im(t) as compared to i(t),
however, strongly depend on the circuit parameters Rm, R a4 Cg, Cpl
and sz. These circuit parameters should be chosen such that im(t)
represents i(t){as accurately as possible. The damping resistor Rd is
chosen very large (in our setup R d=20 MQ) in order to protect both
the high voltage source and the measuring equipment in case of a
complete gap-breakdown. For most frequencies of interest in the

experiment we have oRde1>>1. and Eq. (4.2.1) simplies to:

I
Lh=""=¢ TC
(1-!——-LC ) + ijm(Cg+CP2 + —P—-g-c )
pl pl
C
—PL__
C ,*C
= i (4.2.2)
1+jwR C
m eq

where
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C 1C
C = C .1C + Cp

(4.2.3)
eq pl

2

From Eq. (4.2.2) it can be seen that, to avoid a loss of measuring
sensitivity, Cpl must be chosen large compared to Cg' i.e., Cp1>>cg'
Furthermore, to have as small a phase-shift as possible, the circuit
RC-time 1:=RmCeq must be small.  The measuring resistor Rm cannot be
chosen arbitrarily small because then the voltage across Rm becomes
too small. This Rm is often chosen to be 50 Q to match the impedance
of the measuring cable. Obviously Ceq should be as small as possible.
As can be seen from Eq. (4.2.3), this calls for the same condition

Cp1>>Cg and also for a small Cp All these requirements led Verhaart

and van der Laan (1982) to the gevelopment of an avalanche setup with
a subdivided cathode which favors both sensitivity and frequency
response.

The following section presents a more thorough analysis on the
bandwidth limitations of the complete measuring system. Note that in
the section '""Closed current concept” below, sz is taken zero and Cpl
is simply denoted by Cp. When applying this concept to the avalanche
setup, the different stray capacitances Cpl and sz are accounted

for., together with the inductances in the circuit.

4.3 Bandwidth limitations of the time-resolved swarm method
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ABSTRACT

The bandwidth limitations which affect gap current
messurements, and which are particularly important for
pulsed swarts experiments, are analyzed. Such limita-
tions are caused by the electrode geometry, geometry
imperfections and the components and equipment used for
signal transport and storage. Recommendations are given
to optimize the time resolution. The analysis is ap~
plied to a pulsed swarm setup at the Eindhoven Univer-
sity of Technology; where a time resplution of 1.2 to
1.4 ns bas peen achleved.

INTRODUCTION

Charge
currents

carrier motion between electrodes  induces

in the elecirpds leads. Rapid changes of the
discharge, as they occur in the early phases of break-
down, in corona and in partial discharges, may or may
not show up in the external current. When a discharge
is to be studied by means of current measurements we
need a clear correlation between external currents and
internal events, We discuss the problem here for the
case of pulsed swarm experiments, where a high time
resolution is necessary for the analysis of fast pro-
cesses such as lonization, attachment, detachment or
diffusion /1/.

& fundamental bandwidth limitatiom is related to the
slectrode geometry. Thig limitation is, in general, not

sufficiently understood. In this paper we consider
closed current paths with their impedances to find the
high frequency response af gap current experiments.

Based on this concept a bigh frequency equivalent c¢ix-
cuit is presented and evaluated for two types of pulsed
swarm setups: the conventional type, and the EUT~ver-
sion with a subdivided electrode.

Other causes for bandwidth limitation include imperfec—
tions of the setup, ox of the components used., Elec-
trodes may not be strictly parallel, or may have
purface irregularities. The pulse width of the light
source, used for the release of primary electrons,
limits the time rescluticon. Further, not only ampli-
fiers and onscilloscopes, but alse coaxial cables and
conpectors impose bandwidth limitations,

GEOMETRY RELATED LIMITATIONS

Closed current concept

Figure 1 shows the basic circuit of a pulsed avalanche
setup, a homogeneous field gap, in which primary elec~
trons are being released from the cathode, in our case

by a pulsed UV~laser. The DC HV voltage source is
connected through a large damping resistor R, very
close to the anode. The avalanche current is measured

The {(stray) capacitance from

by means of resistox R
is an essential part of this hasic

anode to ground, ¢
circuit. P

To calculate the currents induced in
leads we consider two closed surfaces A, and A,, as
shown in Fig.l. From Haxwell's laws we may derivé that
for any closed surface A

the electrode

» o »
ﬁ {3 + 33/3t)an @A = O oy

.S
In case of A, we find the currxent in the lead, 1p to
be =-3¥ /3t where the flux through A changes because

of the electron motion. For surface ZS we learn  from
EqQ.1 that the samg current I alsoc has “to flow through
C_. The damping resistor Rd ?s large so that it carries
ogly a X current.

The above description with surface ‘!‘1' holds also at
the moment that the swarm passes through this surface,

The steep increase of the material current when the
electrons move out ig fully compensated by a simulta-
necus displacement current. The sxteynal current Ty 18
determined  only by the gradual change in flux  towards
the cathode.
Anocde Cathode
o
I
Y
1 |
Ra %
t H Thevenin
- o
¢ eF! + O
- I C° [Pl
JuCg
i 0t
-— J1dat
g O

1 Basic circult of pulsed avalanche setup illustra-
ting closed current concept.

Since C closes the current path it is an essential
part ofPthe avalanche circuit. For the basic circuit of

Fig.l the relation between measured current 1m and
avalanche current I is given by:
JuRYC, -
I/t = (L + JukCq * Trrde 17 @

1+ijde
Por low frequency I approaches I, and the current is
deliversd by the source. For fast pulsed axperiments
the hf~current should not be delivered by the source
but by the local circuit, in which C_ is essential. For
this frequency range (wRdCP» 1) we “obtain:
N =1

Infl = {1 + JuRyCq + Cg/Tp) (aRgCp>>1) 31
in order to optimize both amplitude and bandwidth we
should chouse T /C >>1, Wote that hy this c¢hdice E.
becomes independgntgon Cp. Resuming, we state:

1. C_ 35 an essential part of the circuit, and should
b chosen large compared to ¢ . Without €_ no high~
frequency current is measured; P

2. Since we have to consider closed current loops that
extend outside of the gap, inductance effects should
be taken into account, and minimized,

The avalanche setup

Figure 2 shows two types of avalanche measuring setups,
the conventional one and the one with subdivided elec-
trode. The advantages of the latter will be illustrated
later.

CH2504-0/88/0000-355 $1.00 ©1988 IEEE



Subdivided Conventional

¥ig.2 Avalanche measuxing setups, leftr half:
type; right half: conventional type.

subdivided

As is indicated the stray capacitance ¢ is in fact
not localized, but distributed. The samepkcxds for the
inductance associated with sach curvent path. In our
analysis they have been lumped to one capacitance ¢

and ong inductance L,, which is reascnable consideriRg
that dimensions are small compared to the wavelengths

regarded. Furcher a second stray capacitance ¢ 2 is
introduced, being the capacitance from measuringpelec-
trode to ground, and a second inductance L, added by

the measuring circuit.
the avalanche current,

The current source répresenting
with parallel capacitance, is

transformed into a voltage source with series capaci-
tance, with the help of Thevenin's theorem {see also
Fig.l). The equivalent network used in the present

analysis is finally given in Fig.3,
to both types of setup.

and may be applied

< K:p1
v
g Cp1 a
Il e S
in Lobomn
Y=g, et Lo\
g 0 c,2 Ve c.::,: Va
L1/
-——— e d
Ly

Fig.3 Network model of avalanche setup.

For the analysis of the network response an “idealized”
current waveform is introduced a8 the electron cuxrent
without diffusion or avalanche growth. The current then
takes the form of a square wave:

= 1 [u{t) =~ U(t-Te)] (4}

Here T_ is the electron transit time {(gap distance 4
divided™ by electren drift velocity ve), Ut} is the
unit stepfunction and I_ is the electrOn current ampli~
tude. When transforming the current souxce with paral~
lel capacitance into a voltage source with series capa-
citance, we find:

Vo= éﬂ-t- [u(e) ~oit-Tg) ] + IoTe

9 cg

in order to compare calculated and measured waveforms,

the finite bandwidth of the measuring equipment has to

be taken into account. This was approximated by the

addition of an intsgrating network congisting of one

resistor R« and one capacitance C, {(dotted DLines in
Fig.3}. Rl is chosen large compared”to R .

U{E~Tg) (53

356

Capacitance effects

the res-
shows  a

wWithout inductances in the network of Fig.3,
.58 to the "idealized" avalanche current
response time:

= By {Cq + Cp2) where Cp = CoCp1/{CgeCp1) (8}

For the sake of both sensitivity {(as discussed earlier}
and response time, should be chosen larxge compared
to €, and C 'shaug be minimized. < depends to a
laxgegextent off the clearances and dimenSicns required
to withstand the applied voltage and to ensure field
homogeneity.

By subdividing the electrode we arrive at lower C and
values and at a higher C_  value, all of Funich
Egvor both response time and sgnsitivxty

Typical values cobtained with subdivided cathode are: ¢
=1 pF, © >30 pF, and £ _ = 15 pF. With an R_ of §
onm the R¥itime is 0.8 ns T200 MHz bandwidth). “For &
conventional setup typical values achieved (fox exampls
/3/) arex ¢_ = 10 pF, C_, = 25 pF, and ¢, = 30 pF. The
RC-time (w&gh 50 Ohm reBistor) thus yielB§ 1 86 .ns {86
Mz bandwidth}. Is the latter (conventional) case the
amplitude drops by 30%, as opposed to only a few per-
cent with subdivided electrode. The RC~times can easily
be velated to step response risetimes by:

=} =11 e

t10-00% = RC {in(=28 ety b= 2.2%RC {T)

1 00—90 !00—10

It should be noted that the Ramo~Shockley effect
requires us to keep the radius of the measuring part of
the electrode larger than twice the electrode separa-
tion /2/.

Inductance effects

The most impertant inductance in the network is Ll'
First of all L., as opposed to L., depends to a large
extend on the flearances and dimensions requlred, and
cannot easily be minimized. Secondly the circuit con-
miumq L is primarily formed by the capacitances C_,

and c . and by L itself. Because no dampify
xgsxstor is present. og¢illations can be excited. The
oscillation frequency is given by:

CqCpil
gt pitp2
s b with © = __eree (8)
20/1;C Co1+CCoa+Cp1Cp2

With a subdivided electrode., ¢ approaches C , since C
< Cpl'CPZ' Por a conventional setup, C will’be Iarger?

L, walues have been estimated with a concentric cylin-
dér approximation:

z, .
) @ (200 nH/m} E.ln (;I) (9

Bere § is the cylinder length, x, and r, are the radii
of {mner and outer conductor réspectiVely. For the
subdivided type we find & value in the order of 35«10
nH, for the conventional type a value of over 25 nH is
obtained. The oscillation frequency derived is about 2
GHz for the subdivided type, and below 400 MHz for the
conventional type,

Usually the measuring apparatus operates as a low pass
filter, and attenuates the resonances. Additional £il-
tering would slow down the response time. It is there~
fore essential that f is well above the relevant
frequency range. This Salls for minimization of L
Alsg in this respect, subdivision of the electrode is
advantagesus.

Model calculations confirm the oscillation frequency
found in Eq.{8), but alsc show gome damping as a result



of the mlurixig circuit containing R_. An increase of
L, results in & lower to {nee Eq.(ﬁ’f‘), and & higher
anplitude.

The effect of the additional inductance L, has been
evaluated by performing model calculetions %or typical
sets of parameters with varying L,. Tt was found that,
provided some effort iz taken to minimize L, to below
sbout 10 nH, the waveform is very little a%fected. A
higher wvalue of L, tends to reduce the oscillation
amplitode, however at the coet of bandwidth.

EUr-avalanche sstup

Figqure ¢ shows the simulation of the step response for
the avalanche setup of the Eindhoven University of
Technology /2Z/, which is of the subdivided type. The
capacitance values are measpured, whereas inductance
values are estimaced from Eg.{9). In the experiment the
50 Ohm measuring cable is terminated at both ends to
avoid reflections, thus giving an R of 25 Ohm.

T T ] I
Clwithout filter’ | 7

may have non parallel electrodes er surface irregulari-
ties on its cathode. Fiqure 5 shows two examples. As a
result of these impexrfections., electrons leaving the
cathode at the same time, arrive at the anode with a
time daifference AT . This causes a “diffusion-like®™
dintortion of the cukrent waveform. Obviously also the
size of the surface irreqularity, as compared to the.
avalanche width, is important.

d, d,

———
d Xor d7ko

E, Ez

Fig.5 Two examples of geometry imperfestions.
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Fig.4 Simulated response of EUT-avalanche setup with
subdivided cathode. Upper trace without filter,
lower trace with filter.

The eimulation shows a (10-90%) risetime of 1.37 ns,
which is consistent with the experimentally observed
risetime of 1.4-1.5 ns /1,4/, especially when we con-
sider the additional bandwidth limitations to be dis~
cussed later, Another feature observed from the experi«
ment is 2 certain linewidth of the screen trace, which
is not observed when the equipment is tested with a
famt pulse generator. According to our calculations
this linewidth ie caused by oscillations in the avae-
lanche circuit. The oscillations are partly suppressed
by the filter {RC = 0.5 ng, bandwidth 320 MHz}, and may
be suppressed further, however not without a less in
bandwidth,

simulations for typical parameter sets for a conventio-
nal (not subdivided} setup show a slower response,
wscillations at a lower frequency and with a larger
amplitude, but with some more damping. Adequate sup-
pression of these oscillations would require a filter
with an RC~time larger than 2.5 ns {bandwidth below 6%
MHz) . According to Eq.(7) this will result in risetimes
larger than 5 ng.

GEOMETRY TMPERFECTIONS

An  electrode geometry used for avalanche experiments
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In the first situation with slightly nen  parallel

electrodes (4474 << 1} the field is still almost homo-
. A simple analysis yields:

4 a _a AT M 10

Te'f'rs'bv suTe =3 (10}

Here b = ve,fE is the electron mobility, . which may be
assumed constant ronsidering the minor field variation
inyolved. For & typical electron drift veloeity v =
16" emfs, a 54 of 100 um resules in a AT = 2 nE. A
falltime of 2 ns corresponds to an RC-time of 0.91 ng,
or a bandwidth of 175 MHz. Note that the risetime is
not affected.

To treat surfece ripples with shorter wavelength ({see

Fig.5, right hand side), we have to calculate the
distorted field. For 44 << & we obtain:
14 Tkpbd/a
1-exp({-4nko}
Mg 88 b g, [ lewilirel, (1)
Te d 2rke Ad i nkohd/d
1-exp(~4%ks])

If we further assume that expi~4 sk ) << 1, which holds
for ka > 0.5 or x_ < 24, we £ind:

AT, b4 (nko8d/d)3  (nkoda/d)d

T, @ T3
Hence this result is, to a first approximation, identi-
cal to the long wavelength solution of Eq. (10).

sl 02

The irregularities mentioned may arise from machinimg,
or from the polishing that is yesmired in between
measurements to ensure the release of sufficient elec~
trons from the cathode. Figure 6 illustrates the effect
of irregularities on the falltime of an avalanche wave=
form measured in atmospheric nitrogen. .

Fig.6 Avalanche current waveform with smooth surface
{left 84 < 10 mm}, and with irregular surface
{right, 8d < 300 w» within avalanche width).
Hitrogen: p = 750 Torr, & = 10 mm,

Efp = 35.3 V/om,.Torr, 20 ns/div.
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TECHNICAL LIMITATIONS

hpart from the geometry and its imperfections, several
technical &spects may limit the bandwidth. We mention
the pulse width of the laser used to release the prima-
ry electrons, and the signal transport and storage
system,

The pulse duration of the laser determines the size of
the primary electron swarm and thereby limits the time
resolution. The Nz-laser usad in the EUT avalanche
setup has been manufactured in our group according to
the design of Patel /5/. Instead of parallel plate
capacitors, however, the capacitor plates are mounted
on an aluminum cylinder to obtain @ compact design.
Measurement of the laser power verxsus time shows 2
pulse width {(FWHM=full width half maximum} of 0.8 ns.
The minimum rigsetime of the avalanche current will then
be 0.65% ns which corresponds to an RC-time of 0.3 ns,
or a bandwidth of 540 MHZ,

The signals ars stored on & Tektronix {7812 AD) digiti-
zer. The minimum risetime cbserved when supplying a
fast rising pulse from a mercury wetted reed relay is
0.6 ns. The bandwidth in this case wmay be limived
either by the pulse-genexator or by the digitizer. The
digitizer bendwidth bhowever must be at least 580 MHz
{which corresponds to an 0.6 ns risetime).

Due to the skineffect also the 50 Ohm coaxial cable
used causes bandwidth limitations (see for example
7671, This contribution bas been investigated by
repeating the experiments with the mercury wetted reed
relay for different types (RG 58 and RG 214) and dif-
ferent lengths of cable (see Fig.7). Other cables will
be investigated in the near future., A cable contribu-
tion to the risetime can be prevented by the choice of
the type of the cable, and by the reduction of the
cable length. It was further found that BHC connectors,
even in large numbers, did not have a measurable effect
on the risetime.

2 | I I

£s

£a

%3

b

22

>

é 1 Cable length (m) =
"o | l |

0 ) 20 30

Fig.7 Risetimes versus cable-length for RGS8 and PG214
3¢ ohm coaxial cable.

The risetime of the complete setup, including all con-
tributions wmentioned, bhas been checked cxperimentally
by performing an experimgqt in vacuum, id.e. with the
vessel pumped down to 18  Torr. Under DC voltage, one
electron released from the cathodd, or many electrons
released simultaneously, indute a linearly increasing
curxent waveform until the electrons ﬁgch the anode
after a transit time of T = {2m d/eE) . Here m and
e are the electron’'s mass and cha‘r!ge raspectivaly? In
our  cxporiment we used B = M kv/em and d = 1 om,
resulting in a transit time T = gra4 ns, This is
sufficiently short to ensure thal this current waveform
acts as an impulse excitation of the setup. The mea=
sured impulse response is integrated to obtain thé step
response. Figure 8 shows the measured impulse waveform
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and the stepresponse derived by integratfon.
all risetime obtained is 1.42 ns,
a bandwidth of 250 MHZ,

T T T T¥ [N ]
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The over—
which corresponds to

{au}
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w f we d
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il
t{ng)
ot

i fl H ot i

i 5 10 k] 2 3
Fig.8 Measured impulse response From vacuum experiment,
and stepresponse obtained from integration.

The effect of different independent risetime contribu-
tions on the finally obtained risetime can be approxi-
mated by:

=il (13)

The geometry contribution {1.37 ns) together with the
laser contribution {0.65 ns) yields a risetime of 1.52
ns. In combination with a digitizer contribution of 0.8
ns, this yields a risetime of 1.63 ns. Presumably
however, this digitizer contribution is overestimated,

CONCLUSIONS AND RECOMMENDATIONS

1. Analysis of the bandwidth of gap current measure=
ments involves the evaluation of closed current
paths. The electrode geometry, (stray} capacitances
and inductances play a decisive role.

2. In terms of bandwidth and sensitivity, subdivision
of the measuring electrode is much better than the
classic two-electrode measuring system.

3. After optimization of the geometxy with respect to
high freguency response, the bandwidth of gap
current measurements is limited by the stray capaci~
tance in parallel te the measuring resistor.

4. Geometry imperfections, such as non parallel elec~
troues or irregular surfaces, cause diffusion-like
waveform distortions.

5. Apart from the oscilloscope also the type and length
of coaxial cable should be carefully selected when
nancsecond risetime measurements are made.

€. A lascr triggered pulsed ovalanche setup has  been
developed with an overall risetime of 1.4 ns, cor~
responding to a bandwidth of 250 MHz. The risetime
of the electrical circuit {i.e. when disregarding
the finite pulscwidth of the laser) is 1.26 ns,
which corresponds to a 280 MHz bandwidth.
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4.4 The experimental setup and the measuring system

The present setup is shown in Fig. 4.4.1, and is basically the
same as that described earlier by Verhaart and van der Laan (1982)
and Verhaart (1982).
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Figure 4.4.1
The experimental setup.
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As compared to their setup, the discharge vessel has better vacuum
properties and a smaller volume in order to reduce the amount of gas
required. The chamber is made of stainless-steel with glass windows
on the sides. The chamber can be evacuated by a turbomolecular pump
(Pfeiffer, type TPH170) with an electronic drive unit (Pfeiffer, type
TCP300) down te 10~ Torr before the gas under consideration is
admitted. The vacuum pressure is measured by a cold cathode gauge
(Balzers, type PKGO10, range 5x10~®~100 Torr) or a digital pressure
meter (Balzers, type TPG300, range 10~**~1000 mbar (=750 Torr)).

When filled with gas, the pressure is measured by several pressure
gauges: five Penwalts, type FA-160 (range 0~20 Torr, 0~50 Torr, O~100
Torr, 0~450 Torr and 400~800 Torr) and one Balzers, type APGO10
{range 0~1200 mbar).

The aluminum anode inside the vessel has a Bruce profile (Bruce,
1947) and a 17 cm diameter. The aluminum cathode is a subdivided disk
with a total diameter of 22 cm with a central measuring part of 4 cm
in diameter. The outer-part is grounded. The annular gap between the
two parts at the cathode surface is 0.1 mm. To minimize the stray
capacitance between the central measuring part and the grounded ring
(i.e., sz in Fig. 4.2.1), the edges of the two parts are beveled as
shown in Fig. 4.4.1.

The gap distance can be varied by moving the anode up or down
along the axis with a step-motor. The distance can be measured
outside by a precision meter (Mitutoyo, range 0.01~10 mm). The
maximum gap distance which guarantees a reliable measurement is
limited due to the Ramo-Shockley effect (Ramo., 1939; Shockley, 1938).
This effect was described, amongst others, by Verhaart and
van der Laan (1982), Verhaart (1982) and, according to a quite
different approach, by Borghesani and co-workers (1986). For a
measuring electrode of 4 cm diameter the maximum gap distance is
1.0 cm. The gap distance is fixed at 1.0 cm throughout the present
study.

A TEA (transversély excited atmospheric) N, laser (wavelength
337.1 nm), constructed in our laboratory, has been used to release
primary electrons. The laser pulse duration is 0.6 ns FWHM (full
width half maximum)}. This laser has been described in more detail by
Verhaart (1982). The light pulse of the laser strikes the cathode
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through a hole of 1.5 mm diameter in the center of the anode. A
positive lens in front of this pinhole images the light beams upon an
area of approximately 1 cm® {for a gap distance of 1 cm) from which
the "disk" of primary electrons is being released.

To ensure the release of sufficient primary electrons from the
cathode, a mechanical manipulator was installed to clean the surface
of the cathode in between the measurements. Since this cleaning
process may deteriorate the cathode surface, the central measuring
part of the cathode was frequently renewed.

The measuring resistor Rm {=50 Q) was made in a star-configuration
{4x200 Q in parallel) to reduce the inductance.

The damping resistor, Rd’ which connects the DC supply to the
anode has a value of 20 MQ and was mounted inside the chamber close
to the anode in order to have a well-defined stray capacitance cpl'
and to minimize the inductance and the effects of traveling waves.

The DC voltage source is a Wallis, type R603/05p, with an output
voltage up to 60 kV and a maximum ripple of 20 ppm peak to peak. The
DC voltage applied on the anode is measured by a resistive divider
and a digital volt-meter {DigiTec model 2780). The accuracy of this
measurement is better than 1% for V>1 kV. To achieve the same
accuracy also for V<1 kV, a Keithley multimeter (type 177 Microvolt
DMM) was directly connected to the high voltage lead to measure the
applied voltage.

Figure 4.4.2 shows the complete measuring system. The voltage
across Rm is measured through a 50 Q cable (RG 214, length 5 m) by a
9 bit Tektronix 7912 AD digitizer with amplifier unit 7A29 (bandwidth
0~1 GHz) and timebase unit 7B10. The type and the length of the cable
was selected according to the description in section 4.3. For very
weak signals an additional wideband preamplifier {constructed with
Avantek amplifiers GPD 461, 462, 463, bandwidth 250 Hz-500 MHz) was
‘used. To protect both the preamplifier and the digitizer, a pair of
silicon diodes {type 1N-4151, capacitance C=2 pF) was mounted back to
back in parallel with the measuring resistor Rm'

The gap capacitance and the stray capacitances of this setup were
measured at a gap distance of 1.0 cm with a Philips RLC meter {type
PM6303). The values obtained are: Cg:l.l pF. Cp1=42.2 pF and
Cp2=16.1 pF. The equivalent capacitance Ceq of the whole measuring
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circuit is 17.2 pF (Eq. (4.2.3)). Since the cable is terminated at
both ends by a 50 Q resistor, the total or equivalent resistance is
25 Q. The RC-time of the measuring circuit alone is T:RmCeq=0.43‘ns
which corresponds to a risetime of 0.95 ns (2.2RmCeq). As mentioned
earlier (section 4.3} the risetime of the complete measuring system
has been determined by an experiment in vacuum to be 1.4 ns. The
experimental risetime includes the contributions of the electrode
geometry {the effects of both capacitances and inductances), the
laser pulse width, the digitizer, the preamplifier, the cable and

possible imperfections of the electrode surface.

preamplifier

digitizer
7812 AD

IEEE
488 -

i PC

i

Figure 4.4.2

Schematic diagram of the complete measuring system.
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CHAPTER 5
EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Introduction

The time-resolved swarm technique described in chapter 4 has been
used to measure avalanche currents in a number of insulating gases:
nitrogen (N;), sulfur hexafluoride (SFg), dry air, oxygen (0;).
hexaf luoropropene (1-C5Fg). octafluorocyclobutane (c-C,Fg) and
dichlorodifluoromethane (CCl,F,).

These gases are, or can be used as, electrical insulants. Air and
SF¢ are widely used in practical power systems. The gases 1-C5Fg,
c—C4,Fg and CCl,F, have a higher dielectric strength at practical
pressures, and may be promising contenders in the future, as a
replacement of, or an admixture to, SFg. Although for application on
a large scale a number of other requirements (such as thermal
properties, carbonization and reaction products, toxicity and
environmental impacts etc.) should be fulfilled, we here concentrate
on the swarm parameters. )

In the present work special attention is paid to electronegative
gases in which electron detachment and ion conversion processes, next
to ionization and attachment processes, contribute to the avalanche
growth. Since the production of electrons in avalanches is crucial
for the occurrence of gas breakdown, most effort is dedicated to the
observation and evaluation of the electron component of the avalanche
current waveform. In most cases, the experiments have been carried
out at relatively high pressures because in practical systems gases
are used at high pressures. At high pressure collisional electron
detachment and ion conversion are important, and the neglect of
electron diffusion in the theoretical model is justified.

The theoretical models described in chapter‘3 have been employed
for the evaluation of the measured avalanche current waveforms. The
choice of an appropriate model depends on the type of gas (whether or
not delaying processes occur) and on the gas pressure (whether or not
diffusion is important). We distinguish between what we call "simple”
gases and "complex" gases. "Simple"” gases are those gases that can be

described by ionization and attachment processes only. In "complex”
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gases also delaying processes such as electron detachment and ion
conversion affect the avalanche growth.

At relatively high pressure electron diffusion is negligible. The
model described in section 3.2 is then applicable to the "simple”
gases. For "complex" gases the model described in section 3.3 should
be wused. The two models are sometimes referred to as the
two-parameter model (a and n) and the four-parameter model (a, m, &
and B). »

At sufficiently low pressure all "high pressure"” processes (such
as collisional electron detachment and ion conversion) have a low
probability. Then the model described in section 3.4 is émpldyed for
both "simple” and "complex" gases; at these pressures electron
diffusion cannot be neglected.

For "complex"” gases in the intermediate pressure range, where
both electron diffusion and delaying processes should be accounted
for, the model presented in section 3.5 should be applied. This
situation is, however, not dealt with in this work.

A detailed discussion on the choice of swarm parameters for the
evaluation of the measured avalanche current waveforms is given in

the following section.

5.2 The choice of swarm parameters for avalanche studies
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ABSTRACT

In order to choose the appropriate model, and the
relevant swarm parameters, for the analysis of ava~
lanche current waveforms, a distincticn is made
between avalanches without delaying processes, ava-
lanches with delaying processes and “ion-doninated"
avalanches. This distinction is based con the appear~
ance of the time~resolved current waveform. We pre-
sent the different approaches required for the ana-
lysis of the different types of avalanches. App-
lication of an inadequate model may result in  appa-
rent values for the swarm parameters, including the

electron drift velocity, which do not agree with
scaling laws,
INTRODUCT TGN
In the study of swarnm parameters of insulating
gases we expect from scaling laws that, at least

over a considerable range of pressure p and electric
field E:
1. the electron drift velocity, v_, is a function of

E/p: €
2. the pressure rveduced zffective ionization coeffi-

cient, a/p, is a function of E/p;

3, the limiting B/p is a constant,

This is indeed true for a number of gasss (Nz,
§F ). For other gases {1«Q P&‘ C.CAFB) unexpected
préssure dependencies have geen observed /1,2,3/. We
have shown earlier /2,4/ that a derivation of swarm~
parameters for 83F on the basis of a model, which
includes detachmen% and lon-conversion processes.
next to ionization and attachment processes, leads
to results that agree with the scaling laws.

The evaluation of avalanche currents in 1-C.F
based on the extended model indicated that the prés~
sure dependence of v_ versus Efp is czused by tempo-
rary electron trappifg. This results in an averaged
‘velocity below the drift velocity. The pressure
dependence in  «/p versus E/p is partly caused by
the use of the incorrect drifr velocity, and partly
by the neglect of detachment and conversion proces-
ses /S/.

In case of Townsend breakdown, a simplified model
that neglects detachment and ion~conversion coryect-
ly predicts the limiting E/p since the total number
of electrons is important. Scaling however is not
possibile and the understanding is poor.

in case of streamer breakdown, such a simplified
rmodel generally no longer predicts the correct limi~
ting E/p because the spatial distribution of elec-
trons  is only correctly described if delaying pro-

- cesses, such as detachment, are incorporated.

Usually the electron component of the current,
which can be easily distinguished from the ion con-
ponent by the difference in amplitude and duration,
is analyzed. Recent experiments in o~ F ., however,
have shown avalanche currents where these two compo-
rents are strongly intermixed /3,8/. As 2 result,
the interpretation of avalanche currents Irvom  the
electron conponent only, becomes inpossible. The
analysis of the ion component, howsver, 1is not
straightforward because many different ion  species
may be involved.

The choice of the appropriate model can be mnade
on the basis of the observed waveforn. Wwe will make
a distinction between electron avalanches with or
without delaying processes. We will illustrate how
the delaying processes can yesult in “ion-dominated
avalanches”.

THE AVALANCEE CURRENT WAVEFORM

T™he method which we used for the avalanche
current measurement is the so-called time-resolved
swarm nethod. To ensure a sufficient time rexolu-
tion, the avalanche is initiated with a N, laser

pulse of very short duration {0.& =ns), A&nd the
measuring electrode is subdivided. The waveform is
recorded with a Tekrronix 7312 AD digitizer. The

time resclution of the whole system is 1.4 =ns, 2
detailed description of the measuring technigue and
the experimental setup can be found elsevhere
/7,897,

Fox the choice of an appropriate model, we dis~-
tinguish between avalanches without delaying proces-
ses, avalanches with delaying processas, and the
“jon~dominated avalanches®, Figures 1-3 show typical
measured waveforms for each kind of avalanche.

Avalanches without delaying processes

Figure 1 shows a current waveform of an avalanche
without delaying processes, measured in X, /10/.
Such waveforms are characterized by the é&lectron
drift velocity and by the ionization and attachment
coefficients. At low pressure the waveform may be
affected by diffusion. In fact, it reguires a qood
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Waveform of avalanche without delaying processes.
Electron component, N, p = 1DO kPa (750 Torr).
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Waveform of avalanche with delaying processes.
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Figure 3
Waveform of ilon-dominated avalanche.
Total current, oC,F_, p = 20 kPa (150 Torr},
E/p = 1.1 V/om.Pa %1?6 Viem,Torr), d = 1.0 cm,

time resolution to distinguish betwsen diffusion and
delaying processes such as detachment. Secondary
emission may cause second genarations.

In awvalanches without delaying processes all
electrors are contained in the avalanche-head and
reach the anode at the same time, aside from the
effect of diffusion, This results in a sharp drop of
the current after the electron transit time.

Avalanches with delaying processes

Pigure 2 shows a current waveform of an avalanche
with delaying processes, measured in dry air /11/.

This kind of waveform may be characterized by the
electron drift wvelocity and by the swarm coeffi-
cients for iornization, attachment, detachment and

ion conversion. At low pressure the
again be affected by diffusion.

waveform may

(]

Avalanches with delaying processes contain  elao-
trons not only in the head but also an the wail of
the avalanche, which shows up in  the eleciren
current a¢ an "aftercurrent® /5/. A sharp drop in
the current after one electron transit time is ob~
served only if the avalanche head still contains &
number of undelayed electrons. If not, an apparent
decrease of drift velocity is observed /2/.

Detachment acts as a "secondary, delayed, ioniz
tion process". Ion conversion stabilizes the nega-
tive ions formed by attachment, and thereby reduces
the probability of detachment /5/.

Icn-dominated avalanches

Pigure 2 shows a current wavefornm of arn  “ion~
dominated avalanche®, measured in w~C P /8/. This
kird of waveform deviates from the "normal” wavefs
of avalanches with delaying processss in twoe  res-

pects. Firstly, at pressures above 1.3 kPa {10
Torr}, no <distinct electron current is  observed.
Secondly, the current has been cbserved to increass

during microseconds before decreasing again, Normal-
1y, after the electron rransit time, the current is
a strictly decreasing function of time /12/7. Xl=-
though we call this kind of avalanche “ion-domi~
nated"” because of the apparent absence of an  elea~
tronic contribution, the long production time for
ions observed, can only be explained if at least a
small electron component is present.

The avalanche currents described can be explained
by the combination of a strong attachment process,
and & lifetime of the unstable negative ion formed
that is large compared to the electron transit time.
The ion conversion rate should not be high compared
to the electron detachment rate /6/.

AVALANCHE MUDEY,

For an adequate avalanche model we reguire
1. the number of parameters is limited,

2. the parameters are physically meaningful,
3. the model fully describes the charge distribution
and the current waveform of the avalanche, and
4. the set of parameters allows experimental verifi-

cation.

that:

The 1last requirement also depends on the kind of
experinent used, & pulsed experiment with high time
resclution allows the verification of more complex
models than, for example, steady state experinents.

& detailed description of the model that we use
to analyze avalanche current waveforms is presented
elsewhere /5,10/. Secondary emission and d&if
are not considered but can be incorporated
Apart from neutral molecules,
volved:

/167,
four species are in-
electrons, positive lons, unstable negative
ions and stable negative lons. In contrast to stable

negative ions, the unstable negative ions are le
either to release their lectrons, or to be conver-
ted intc stable ones, within the ion's transit time.
The processes considered in cur model are lonizarisn
(ceefficient a}, aettachment (n}, detachment (é), ion
conversion (8} and drift,

The model describes, for a parallel-plate gap,
the temporal evolution of the density distributions
of all species, Integration over the gap gprovides,
for each species, the number of particles contained
in the gap as a function of time. The avalanche
current is obtained from these numbers and the cor-
responding drift velocities. With the podal one can
simulate the curyent waveform for any given setr of
swarm parameters, or one ¢an derive the swarn para=
meters £from experiments by fitting the simulated
waveform to the measured one.

The interpretation of avalanche current waveforms
is primarily based on the electron component of the
current, because it involves onlv one species with
one drift velocity. As was shown earlier, Irom the



3 . ’ [
Dry air 1-CF v c-C F, {1 Torr) /
b (200-750 Torrl : e.real b s -
s L 1o | (20-208 / f20 s L rd
s C v ¢ Torrl < F
~ b 3 50 b
5 i /,/ P L
L // 1.6 4= [ 100 2+
- v "
- 1 1, r /{ 150 L
© / e.app "/ L
> g L 1.4 L , 200 1+
X b {Torr) F
® ) T 12 L i " e L it 4
@ 2% 4@ 8 100 150 150 200 250 308
Eip (Viem. Torr}
Figure 4
Electron drift velocity versus E/p
Left : Dry Air. from transit time {drop in current}/11/
Mldile: 1-C F.. apparent {(from transit time), and real value (corrected for electron trapping) 72/
Right ¢ e=C

electron current only, the four parameters cannot be
derived individually, but only in the combinations
/544

= md {1}

Here ¢, is the “real™ effective ionization
ficient, C2 describes the loss rate of
negative iohs and ¢, is a secondary,
zation parameter.

Application of 3 "simplified" model, without de~
tachment and ion conversion, to the (electron compo=

coef~
unstable
delayed, ioni-

nent of the} avalanche current results in an "appa«
rent® effective ionization parameter for which we
have shown earlier /2/ that
(amns e+ B2 e s/ (2
apparant real +8 1 32
WAVEFORM ANALYSIS

Based on the number of parameters involved we

make @& distinction between a twe parameter mnodel

ta and n) and a four parameter model { & , n, § and
B}. Before applying the appropriate model to the
measured waveform the electron drift velocity should
be derived, and the electronic and ionic contri-
butions to the waveform should be separated.

Derjvation of the electron contribution

For gases that are not strongly attaching, the
electronic component of the current is much larger
than the lonic part, and during (a few times) the
electron transit time the ionic contribution can be
neglected. For strongly attaching gases the lonic
camponent may become considerable and a separation
of the waveform into the twoe contributions becomes
esgential. For avalanches without delaying processes
a technigue has been developed for this separation
on  the basis of the two parameter model /10,13/.
Such a technigus has not yet been developed for
avalanches with delaying processes, and as a result
the electronic contribution should be estimated. The
uncertainty introduced is limited if a distinct
‘electron component is present. For ion-dominated
avalanches, the separation is not possible.

perivation of the electron drift velocit

The determination of the electron drift velocity
iz grucial for the analysis of avalanche current
waveforms. An incorrect drift velocity results in an
incorrect determination of other swarm parameters.

‘given as an exanple.

3.8 : :
4FB, from transit time {can only be observed at low pressure) /3/

If the avalanche head contains & considerable
number {or all} of the undelayed electrons, & shar:s
drop in the current is observed after ome electron
transit time, which corresponds to the electron
drift wvelocity. Dry air is given as an exarrcle
(wavefors Fig.2, drift velocity Pig.4, lefr). If
most or all electrons are delayed, the "zerc-densi-
ty" drift velocity should be deternined irn order o
correct for electron trapping /72/. In Fig.4 (nicdle)
the apparent and real drift velotities in 1~C.F, are
For ion-dominated avaldncnes,
the electron drift velocity cannot be derived from
the observed waveform. &s a result the electron
drife velocity in ¢-C F_ can only be derived st low
pressure, where a distinet electron  component  is
still present (Figure 4, right).

Derivation of the swarm parameters

For gases where the two parameter model is appli-
cable (N,, SF.), the effective ionization coef-
ficient 1s derived directly from the slope of <the
electron current wavefornm /8,10,12,1370

For gases that exhibit detachment and ion conver~
sion  processes next to ioniration and  attachment
processes, the three combinations of rparameters
(¢ ~ n,8 + B and n.é) are derived from a fit between
the measured and calculated waveforms {provided AL
the waveform is not ion-dominated). Examples are <.
{dry or humid) air and 1-C.F_ . Fer dry air tFe
results are given in Figs.s-;.os discussion oY thess
results in terms of the responsible processes and
their pressure dependencies is presented elsewhars
/11/. A similar analysis has been performed for 1=
C,F f2.4/.

Eor ion~doninated avalanches a ficting crocedure
becomes lnaccurate because next to the other swarm
parameters, alsc the drift velocities, are cniknown,
#  simulation of the current waveform, with 2ssumed
values for all parameters involved, shows thit the
kind of waveform observed in c¢~C F  could bpe ex~
plained on the basis of the four parameter mnodel
/6/. Bn example is given in Fiqure 8.
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5.3 Nitrogen

5.3.1 Introduction

Ritrogen is used as an admixture to SFg, as an insulating gas in
itself, and in various other applications such as UV-lasers.

Extensive studies, both experimental and theoretical, have been
undertaken for N, in the past decades and a wealth of swarm data is
available. In this work N, is a typical example of what we call
"simple” gases. Our evaluation of the measured avalanche current
waveforms in N, demonstrates how to derive swarm parameters for
"simple"” gases. The swarm parameters determined include the electron
drift velocity Ver the ionization coefficient o and the electron
{longitudinal) diffusion coefficient D.

The N, used in the present work was supplied by Hoekloos
{Holland) and has an analyzed volume composition of nitrogen:
299.999 %, oxygen: <5 ppm, water: <5 ppm. argon: <l ppm.

Swarm parameters have been studied in the pressure range of
1~750 Torr (20°C) in order to verify the validity of scaling laws.
The E/p,q range covered is 11~444 V/cmTorr (E is the electric field
and p,p is the gas pressure reduced to 20°C). The results are
presented and compared with other investigations in section 5.3.3.

5.3.2 Determination of swarm parameters in N,
For avalanche current waveforms in N, the ion component of the

current is negligibly small. The measured waveform then equals the
electron current waveform. Typical waveforms in N, at high pressure
are given in Fig. 5.3.1. Later (in section 5.4.1 for SFg) we shall
discuss the evaluation of waveforms in which the ion contribution
cannot be neglected.

Nitrogen is a non-attaching gas. This can be concluded from the
‘observations that the measured electron current waveform never has a
negative exponent, and that the ion component is very small in
comparison with the electron component. Consequently, no delaying
processes can occur in N,. This corresponds to a steep fall of the
electron current waveform at the electron transit time Te; all
electrons reach the anode at the same time. Therefore, next to drift

and diffusion, only ionization is involved in the avalanche growth.
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Figure 5.3.1
The electron cdmponent of the measured avalanche current
waveforms in N, at high pressure. Here p,o=750 Torr, d=1.0 cm,
E/pag (V/emTorr): {(a) 25.3, (b) 33.3, {c) 40.0. The unit at the
vertical axis (pA)} is: (a) 3.4, (b) 5.5, (d) 72.9.



-The waveform in Fig. 5.3.1a corresponds to the situation of a
constant number of electrons crossing the gap without ionization. The
increase of the current in Figs. 5.3.1b and 5.3.1c 1is caused by
ionization. The second pulse in Fig. 5.3.1lc is caused by secondary
emission due to photons. Secondary emission due to positive ions
reaching the cathodé. occurs at a much later stage because of the low
ion drift velocity. It is seen that the secondary emission can be
clearly distinguished, and therefore separated, from the primary
current pulse. \

For the evaluation of the waveforms shown in Fig. 5.3.1, the
two-parameter model described in chapter 3, section 3.2 is
applicable. The attachment coefficient 1 in this model is considered
zero for N;. The determination of swarm parameters from these
waveforms is straightforward. The duration of the (primary) current
pulse gives the electron transit time ’I‘e, from which the electron
drift velocity ve=d/Te is determined. The high time-resolution
ensures an accurate determination of the electron drift velocity Ver
which is important for the determination of the other swarm
parameters.

The ionization coefficient a can be determined by the ratio:
ie(Te)/iozexp(ad) (see Verhaart, 1982), where ie(Te) is the electron
current at Te, and io is the initial current. A wmore accurate
determination of «a is obtained from a linear fit to the slope of the
logarithmic plot of the electron current, which yields the ionization
frequency Ri=a:ve.

Because the electron diffusion coefficient is inversely
proportional to gas pressure, diffusion is only observed at low
pressure. Figure 5.3.2 shows a typical electron component of the
measured avalanche current waveform in N, at low pressure. Due to
electron diffusion, the swarm 1is spread out (see the simulated
‘electron distributions in chapter 3, Fig. 3.4.1). This results in a
spread in the arrival time of the electrons at the anode, which
causes a gradual fall of the current.

In this case a direct determination of the electron tramsit time
'I‘e {and hence the electron drift velocity ve) is not possible. For
that purpose, an equal charge method {Aschwanden, 1985) is employed.
This method is based on the two-parameter model and therefore only
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applicable to ‘simple” gases (no detachment or conversion).
Figure 5.3.3 illustrates the method.

| 10
tine [ns]

Figure 5.3.2
Electron component of the measured avalanche current waveform
in N, at low pressure. Here pyo=l Torr, d=1.0 cm, E/p,o=181.7
V/cmTorr. The unit at the vertical axis is 18.5 pA.

This method assumes an "equivalent” electron current waveform
without diffusion but with the same exponential rise and the same

charge as the measured one. The charge of the “equivalent” waveform

is given by:
T
e i
Qec = I ioexp(Rit)dt = To [exp(RiTe)-l:[ for Ri;z() (5.3.1a)
0 i
= ioTe for Ri=0 (5.3.1b)
where
en
io = =5 {5.3.2)
e
Ri = v {5.3.3)
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Figure 5.3.3
"Measured” electron current waveform with diffusion
(low pressure), and the "equivalent waveform used to

determine the electron transit time Te'

The charge of the measured current is obtained from the

integration of the measured electron current:

[+ ]

Q = J 1, (t)dt (5.3.4)

em
0

Note that in practice the upper limit in this integration should be
such that the electron current has completely dropped to zero. This

value is about 2Te. We now require that Qec=Qem' As a result we find:

R
1 em i
Te = —R.In(——i +1) for Ri;EO (5.3.5a)
i 0
Qem
=—3 for Ri=0 (5.3.5b)
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The ionization frequency Ri and the initial current io are found
from the slope of the logarithmic plot of the measured electron

current.:
Infi_ (t)] = In(i_) + R ¢ (5.3.6)

An accurate determination of Ri requires a time interval in which
both the finite risetime of the setup, and the electron diffusion,
have a negligible influence {see Fig. 5.3.3).

With the opresent evaluation we simultaneously obtain the

ionization coefficient from:

Ri RiTe 1 QemRi
S B O T (5.3.7)

For the determination of the electron (longitudinal) diffusion
coefficient D, the model described in chapter 3, section 3.4 is
: 4 io and « derived as described above, the
coefficient D can be determined by fitting the calculated current
(Eqs. {3.4.6) and (3.4.10)) to the measured one. An example of such a

curve fitting is shown in Fig. 5.3.4.

employed. With Vo R

The above described approach for the determination of swarm
parameters from the measured electron current waveforms in N, is
actually a general one and applicable to any "simple” gas. In the
general case, however, the ionization coefficient « and the

ionization frequency R, should be replaced by the effective

i

ionization coefficient gzoc—ﬂ and the effective ionization frequency

ﬁizRi-Ra. Here 71 and Ra are the attachment coefficient and attachment
frequency.
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Figure 5.3.4
Measured and calculated electron current waveforms with diffusion
in N;. Here psp=1 Torr, d=1.0 cm, E/pap=142.6 V/cmTorr. The
parameters obtained from the curve fit are: a=1.20 em™*,
T =24.2 ns, i =28.5 pA and D=1.55x10° cm”/s.

5.3.3 Swarm parameters in N,; experimental results

Swarm parameters such as the electron drift velocity Ver the
ionization coefficient a and the electron (longitudinal} diffusion
coefficient D for N, have been determined. For the electron drift
velocity and the ionization coefficient, the pressure pyo was varied
from 1~750 Torr to cover as wide an E/p,o range as possible. Within



the experimental accuracy of +2% no abnormal preséure dependence has
been observed. The electron longitudinal diffusion coefficient has
been derived from measurements at 1 Torr. All results are shown in
Figs. 5.3.5, 5.3.6 and 5.3.7.

The ratio of the electron (longitudinal) diffusion coefficient D
over the electron drift mobility Ké, which is defined as Ke=ve/E. is
shown in Fig. 5.3.8.

For comparison, also the results of Verhaart (1982, time-resolved
swarm  measurement),  Aschwanden (1985, time-resolved  swarm
measurement), Wedding and co—workers {1985, time~of -flight
measurement) and Ohmori and co-workers {1988, Boltzmann equation
analysis) are shown. It can be seen that the present results are in
good agreement with those of these investigators for the E/pso ranges
they have covered.
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Figure 5.3.5
The electron drift velocity Ve in N,.
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The pressure-reduced ionization coefficient a/pye in Ns.
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5.4 Sulfur hexafluoride

5.4.1 Introduction

Sulfur hexafluoride (SFg) has been utilized as an insulating gas
in power systems for quite some years because of its high dielectric
strength. Extensive studies, both experimental and theoretical, have
been carried out to quantify and predict the dielectric behavior of
this gas or its mixtures with other gases.

In the present work, we report on fast swarm experiments in SFg
over a pressure range of 1~49 Torr (20°C) and an E/p,, range of
110~292 V/cmTorr. The SFg used in the present work was supplied by
Hoekloos (Holland) and has an analyzed volume composition of
SFe: 299.8%, air: <500 ppm, CF,: <500 ppm, H,0: <15 ppm, HF: <1 ppm.

The fast swarm measurements in SFg, first of all, show a
relatively large ion contribution to the current. This indicates that
considerable attachment takes place, and that detachment may be
important. The measurements do not provide clear evidence of delaying
processes in SFg because no clear "tail” shows up in the electron
current waveform (see Fig. 5.4.3). However, at relatively high
pressure where electron diffusion is negligible, the fall of the
electron current waveform at the electron transit time Te is not as
steep as that in N, (a gas in which no delaying processes occur).
This indicates that detachment is significant because almost all
electrons are somewhat delayed by trapping (consecutive attachment
and detachment). This detachment process is, however, strongly
counteracted by stabilization processes. which results in a fall time
that is still short. This can be illustrated by the simulation in
Fig. 3.3.51 for a moderate detachment coefficient (6=1.03 cm—'), and
by the simulation shown in Fig. 5.4.1 below for a high detachment
coefficient (6=7.21 cm—'). In both simulations the conversion
coefficient is chosen high (19.95 and 22.56 cm_i‘ respectively).

Electron detachment and ion conversion processes in SFg have been
considered in the literature (see, for instance, Hansen and
co-workers, 1983; O’ Neill and Craggs, 1973b; Teich, 1981; Teich and
Branston, 1974; de Urquijo—Carmona, 1983; de Urquijo-Carmona and
co-workers, 1986), but the reported data on these delaying processes

show large differences, up to a factor of 100 for the electron
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detachment coefficient (Morrow, 1986).
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Figure 5.4.1

Electron current waveform calculated with the four-parameter
model with a high detachment coefficient (6=7.21 cn—) and a
high conversion coefficient (p=22.56 cm™). Here a=9.2 cm—,
7=7.7 en™! and Te=80 ns.

Although detachment and conversion processes are likely to occur

in SFg., neither the electron drift velocity Ve nor the

pressure-reduced effective ionization coefficient a/p, derived by a
two-parameter model for simple gases, possess an abnormal pressure
dependence. In conclusion, we may state that detachment does take
place in SF¢ but is effectively counteracted by conversion
{stabilization). We can therefore quite adequately describe the
avalanche current waveform in SFg by the two-parameter model for
"simple” gases, and the procedure described for N; can also be
applied to evaluate the electron component of the measured avalanche
current waveforms in SFg.

When electron attachment is appreciable and the gas pressure is
high, the ion component becomes considerable. Figure 5.4.2 shows an
example of 2a measured avalanche current waveform in SFg with a
considerable ion contribution.

The constant current after the fall (at the electron transit

time) is caused by the ionic contribution. From the total current



waveform, the electron component has to be derived for further
evaluation. A procedure to separate the electron and ion
contributions has been developed by Aschwanden (1985) and is briefly
described below.
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Figure 5.4.2
Measured avalanche current waveform in SFg showing a
considerable ion contribution. Here p,u=49.2 Torr,
E/pso=121.50 V/cemTorr. The unit at the vertical axis is
4.9 pA. The separated electron and ion components of this

waveform are shown in Fig. 5.4.3.

Ve consider an avalanche in which only ionization and attachment
processes occur. The total current it{t) is confposed of an electron
component ie(t) and two ion components {the positive ion component
ip(t) and the negative ion component in(t)):

it(t) = ie(t) + ip(t) + in(t) {(5.4.1)
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From the expressions of these currents given in chapter 3
" {Egs. (3.2.18), (3.2.17), (3.2.18), {3.2.22) and (3.2.23))., the
following relation is obtained for tSTe=

t
1,.(t) = 1_(t) + cJ}e(T)dr (5.4.2)
0

where
C = o, vy (5.4.3)
Differentiation of Eq. (5.4.2) gives:

dit(t) _ die(t)
dt - dt

+Ci_(t) (5.4.4)

Since the current is measured in digital form, it is convenient to
write Eq. (5.4.4) as:

1) - 1.0y ) 1) - i (Y )
At = At

+ Cie(t {5.4.5)

%)

where at=tk-tk_1 and k=1, 2, <+*c++, From Eq. (5.4.5), ie(tk) can be

written as:

L (t) = 1y 10y ) + 1t )
et k7 T 1 + CAt

(5.4.6)
Equation (5.4.6) shows how the electron component ie(tk) can be
calculated from its previous value ie(tk_l) if the constant C is
known. This constant C is obtained by an iterative procedure, in
which C is varied until the calculated ie(t) from Eq. (5.4.6)
satisfies the following conditions:

1,(0) = 1,(0) (5.4.7)

1(T,) = 1,(T,) - 1,(©>T)  (5.4.8)
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Figure 5.4.3 shows an example of such a separation.
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Figure 5.4.3

The measured avalanche current waveform shown in Fig. 5.4.2,

and the electron and ion components derived according to the

separation procedure.

5.4.2 Swarm parameters in SF.: experimental results

Figure 5.4.4 shows some typical electron component of the
avalanche current waveforms measured in SFg at low pressure. The
steep rise of these waveforms demonstrates the time resolution of the
present setup. The slow fall of the waveforms is caused by electron
diffusion. Note the sharp peak observed at the beginning of the
current waveform (see Figs. 5.4.4a and 5.4.4b). This peak may be
explained by excessive attachment in the non-equilibrium region near
the cathode, where the final velocity distribution has not yet been



established (see also chapter 2, section 2.4).
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Figure 5.4.4
Examples of the electron component of the avalanche current
waveform measured in SFg at low pressure. Here pso=1 Torr,
d=1.0 cm, E/pyo (V/cmTorr): (a) 118.81, (b) 175.89,
(c) 211.43, (d) 261.27. The unit at the vertical axis (pA) is:
(a) 0.769, (b) 4.24, (c) 13.2, (d) 49.4.

Figure 5.4.5 shows some typical avalanche current waveforms
measured in SFg at higher pressure. The fall time after one electron
transit time is relatively short, but too long to be explained by
diffusion. This shows that detachment occurs but 1is strongly

counteracted by conversion processes. As a result the description of



SFg in terms of a two-parameter model is justified. The constant
current after the fall of the current is caused by ions. Since the
ion component is considerable here, a separation of the ion component
from the total current is essential for the evaluation of the

electron component.

.....

N I T DR
time [ns] time [nsl

Figure 5.4.5
Typical avalanche current waveforms measured in SFg at higher
pressure. Here p,;,4=30 Torr, d=1.0 cm, E/pye (V/cmTorr):
(a) 117.43, (b) 121.47, (c) 122.49, (d) 123.50. The unit at the
vertical axis (pA) is: (a) 0.573, (b) 6.74, {c) 9.36, (d) 19.2.

Figures 5.4.6 and 5.4.7 show the electron drift velocity Ve and

the pressure-reduced effective ionization coefficient ;/ng. For



comparison, also the results of Verhaart (1982, time-resolved swarm
measurement), Aschwanden (1985, time-resolved swarm measurement),
Satoh and co-workers (1988, Monte Carlo simulation) and Morrow (1986,
best fit to 13 sources up to 1986) are shown in these figures.

The electron drift velocity derived here is about 12% higher than
that derived by Aschwanden for E/p;o>120 V/cmTorr, but is in
excellent agreement with the results of Satoh and co-workers. The
present results are also consistent with those of Verhaart, who

however covered a smaller E/p,o range.

The pressure-reduced effective ionization coefficient &f'pzo is in

good agreement with that derived by other investigators for the E/pyo

range covered. The limiting (E/pz")lim value, at which E(E/pzn)=0. is
119.6 V/cwTorr, which is consistent with Verhaart (1982,
118 V/cmTorr)., Aschwanden (1985, 119.1 V/cmTorr), and Satoh and
co-workers (1988, 118.8 V/cmTorr).

It should be noted that, in spite of the presence of detachment
and conversion processes, an evaluation based on the two-parameter

model does not introduce an abnormal pressure dependence in v, oOr

o/p. This can be explained with the help of Fig. 3.3.5. If detachment

occurs, but is strongly counteracted by conversion, the measured

drift velocity equals the real drift velocity and the measured x

approaches the real one. Furthermore, even if the measured (apparent)

« and the real one are different, the measured a does not show an
abnormal pressure dependence if the detachment process and the
conversion process have the same pressure dependence, for example if

both processes are two-body collisions.



(107 cw/s)

v
e

*Torr™1)

;ypzn (cm™

ke
- SFs
S = .
- a
s L
3 4
2 4 f:
Y 34 o This work TRS
N [4‘& o Uerhaart (1982) TRS
tr &  Aschwanden (1985} TRS
L R Satoh et al. (1988) MCS
8 — N TP WRPPN I RPN EPURPS PPN APV ISP
] se 1ea 1568 200 258 300 359 400
Esp (UscmTorr)
20 .
Figure 5.4.6
The electron drift velocity Ve in SFg.
&
. SF, el
r 6 -
I s
4-_— R
24
- This work TRS
. /?z [s] Verhaart (1982) TRS
oL 2 & Aschwanden (1985) TRS
" A —_— Satoh et al. (1988) MCS
L - Morrow {(1886)
_4_....!.. PP ST RAIR ESERTUPI WPTRFITIE ATWTWPIRSE NVRPRITRS PArava
a 59 198 i5a 200 250 308 350 498

E/pzo (V/cmTorr)
Figure 5.4.7

The pressure-reduced effective ionization

coefficient ;/on in SFe.



5.5 air

5.5.1 Introduction

Fast swarm experiments in dry air have been performed in an E/pyq
range from 10 to 45 V/cmTorr. The pressure p,o was varied from 200 to
750 Torr in order to study the possible pressure dependences of
individual processes. The electron component of the measured
avalanche current waveform shows a very clear "tail” after one
electron transit time. This clearly indicates the presence of
electron detachment processes. Therefore the four-parameter model
described in chapter 3, section 3.3 is employed for the evaluation of
the measured avalanche current waveform in this gas. The ion
component in dry air is very small in comparison with the electron
component and is therefore neglected in the evaluation.

The results described in section 5.5.2 have been presented as a
conference contribution at the XIX Int. Conf. on Phenomena in Ionized
Gases, Belgrade. Yogoslavia (10-14 July, 1989).

5.5.2 Determination of swarm parameters in dry air with a fast time—
resolved swarm technique
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DETERMINATION OF SWARM PARAMETERS IN DRY AIR WITH A FAST TIME-RESOLVED SWARM TECHNIQUE

€, Wen and J.M. Wetzer

High-Voltage Croup, Eindhoven University of Technology, Eindhoven, The Netherlands

INTRODUCTION

Air continues to be the subject of investigation
because it serves as an insulating medium for open alr
substations and overhead transmission lines. Recent
photodetachment swarm studies in air, ()2 and (1\2/N2
mixwres [1-4] show clearly the need to re-examine the
lirerature on swarm data, especially on electron
detachment and ion conversion ceefficients, because of
the poor agreement among the various literature dala
and the unsuccessful simulation of measured discharge
currents based on such data.

As f{ar as the time-resolved swarm study s
concerned, the wajor difficulties encountered in
accurately determining swarm parameters in alr were
the insufficient time-resolution of the measuring
system and the inadequacy of the model used for the
evaluation of the measured avalanche current waveform.

In this paper we report on fast time~resolved
swarm measurements {(time resoluction in the order of 1
ns) performed in dry air in the pressure range from
200 to 750 Torr and the E/p (eleciric field over gas
pressure} rorge from 10 to 45 VsenTarr. Swarm
parameters have been determined from the measured
avalanche current waveforms in terms of a model which
accounts not eonly for lonization and attachment but
also for detachment and conversion.

EXPERTMENTAL TECHNIQUES

The time-resolved swarm method is used for the
avalanche current measurement. The experimental setup
is basleally the same as the one described in [5] and
has been used previously for other studies [6~107. The
avalanche is initiaced with a TEA N2 laser pulse of
very short duration (0.6 ns. FWHM}. cthe avalanche
current waveform is recorded by a fast 9 bit Tektronix
7912 AD digitizer (with 7A29 and 7BIO plug~in units).
The time resolution of the whole wmeasuring system is
about 1.4 ns. The vessel 1s evacuated with a
wurbonolecular pump down to 10~ Torr before the dry
air was admitted in. The dry air, supplied by Hoekloos
{Holland}, has an analyzed volume composition of
nitrogen: O.78. oxygen: (.21, argon: 0.0096, carbon
dtoxide: <400x10*, water: <26x10~", hydrocarbon:

<5x10~", The gas pressure was measured by two Pennwalt .

pressure gauges (ranges from 0O ~ 450 and 400 ~ 800
Torr, respectively). All pressure measurements were
carried out at room temperature (around 22°C) and

reduced to 20°C.
RESULTS AND DISCUSSION

Figure 1 shows a typical electron component of
the avalanche current waveform measured in dry air
with the present sgetup., The long tail afcer one
electron  transit  time Te clearly indicates the
occurence of electron detachment. Alse shown in Fig.l
is the calculated waveform {smooth curve] using a
model described earlier in [6,10]. This model accounts
for detachment and conversion as well as ionization
and attachment.

From the present observation and the literature
studies [1-4,11], the following processes are believed
to be dominanct in dry air for the pressure and the E/p
ranges covered:

. + ¥
ionization a: e * N2(02) et D F N2(02) {1}

attachment 7: & + 0, — o™ o . {2}

e
detachment &: O + Oz(ﬂg} o 3 02{N2) + e {3}

conversion pi O % 0, —— 0; + 0 (2-body} (4}

07 20, s 05 + 0, (3-body) (5
where o denotes an unstable negative oxygen ion
which can undergo elther detachment (Eq.(3)) or
canversion {Egs.(4) and (5)).

In the above reaction scheme, coefficients & and
7 are defined as usual, while coefficients & and B are
defined as the mean nonumber of detachment and

conversion events per unstable negative ion (0’“) in a
time that an electron travels I om in the field
direction.

By fitcing the calculated and the measured
electron component of the avalarche current waveforms
as is shown in Fig.1, swarm paramerers such as the
electron drifc velocity Ver the “real” effective
ionization coefficient &7, and the detachment and
conversion coefficients in the combinations &+f and 1o
can be determined. These results are shown in Figs.2
ta 5 respectively.

Although the coefficients &, 7. & and §§ cannot be
determined separately from the electron component
only [6,10]., the derived cosbinacions of these
parameters as shown in Figs.3 to 5 fully describe the
eleceron current. In Fig.3 {an)}/p shows no pressure

dependence over the whole range of Efp covered,
implying that both a/p and w/p are pressure
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independent. This is consistent with reactions (1} and
(2). Simtilarly the lack of a pressure dependence in
n6/p” in Fig.4 (given some scatter} indicates that &/p
is independent of pressuré over the E/p range covered.
This is consistent with reaction {3}. In Fig.5 a clear
pressure dependence is observed for (&8)/p.
especially if E/p is below 38 VemTorr. As &/p is
independent of pressure, this indicates a three-body
conversion process as described by reaction {5). For
lower pressure the pressure dependence becomes less
pronounced, because the two-body conversion process
{reaction (4)) becomes more likely (see also [11]).
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5.6 Oxygen

5.6.1 Introduction

The avalanche study in oxygen contributes to the understanding of
electrical discharges in air or in other gases that contain O,
molecules. In addition, the understanding of the collisional
processes in O, is important for the study of ozone production.

Although collisional processes, in particular electron attachment
and detachment, in O, have been studied by a number of investigators
during the past decades (Frommhold, 1963; Gallimberti and co-workers,
1988; O’ ' Neill and Craggs, 1973a; Teich and Morris, 1987a, 1987b;
Wagner, 1971), the agreement among the available swarm parameters is
still poor, and the basic processes involved in the avalanche growth
are not well understood. As far as the time-resolved swarm study is
concerned, the previous studies in O, suffered the same difficulties
as those in air: the time-resolution of the experiments is
insufficient and the models used for the evaluation are inadequate.

The present experiments have been performed over a pressure range
of 5~750 Torr (20°C) and an E/p,, range of 10~120 V/cmTorr. The O,
used in the present work was supplied by Hoekloos (Holland) and has
an analyzed volume composition of O,: 99.7 %, water: <6 ppm and
methane: <25 ppm.

5.6.2 Fast swarm experiments in O,

Figure 5.6.1 shows some typical electron current waveforms
measured at relatively low pressure. The rise of these waveforms is
fast as a result of the high time-resolution of the setup. Note the
sharp peak at the beginning of the waveform in Figs. 5.6.1a and
5.6.1b. A similar peak was observed in other attaching gases such as
SFe¢. An explanation has been given earlier in chapter 2, section 2.4.
The slow fall of the waveforms is attributed mainly to the effect of
electron diffusion. The effect of delaying processes, such as
detachment, on the current waveform can, however, not be excluded.

The fact that the current is not only affected by electron
diffusion but also by delaying processes complicates the evaluation.
The models described in chapter 3, sections 3.3 and 3.4, neglect

either diffusion or delaying processes. whereas no fitting procedure
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has been developed yet on the basis of the model presented in
section 3.5.

100 200

measured in O, at relatively high pressure.

diffusion does not play a significant role.
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Figure 5.6.1

Typical electron current waveforms measured in O; at low

pressure. Here p»np=5 Torr, d=1.0 cm, E/pyo (V/cmTorr):
{a) 30.00, (b) 50.00. {c) 80.00, (d) 110.0. The unit at the
vertical axis {pA) is: (a) 1.68, (b) 3.31, {c) 11.4, (d) 59.6.

Figure 5.6.2 shows some typical avalanche current waveforms

At such high pressure
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Figure 5.6.2
Typical avalanche current waveforms measured in O, at
relatively high pressure. Here p;o=300 Torr, d=1.0 cm,
E/p2o (V/cmTorr): (a) 37.00, (b) 37.50, (c) 37.75,
{(d) 38.00. The unit at the vertical axis (pA) is: (a) 2.16,
(b) 2.80, (c) 4.07, (d) 6.90.

The steep drop of the current waveforms ind‘icates that a number
of electrons reaches the anode without having been attached. The
interval between the steep rise and fall gives the electron tramsit
time Te. The long "tail"” after Te clearly shows that electron
detachment does take place. As has been discussed in section 5.5 for

dry air, the possible reactions in O, under the present conditions
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are the following:

fonization: e+ 0, > 2 + 0% (5.6.1)
-3
attachment: e+ 0y ~>0" +0 {(5.6.2)
—36
detachment : 0 4+0,—>0+0, +e (5.6.3)
—% —
conversion: 0 +0, —> 0, +0 (2-body) (5.6.4)
—3% -
0% 20, — 05 + 0, (3-body) (5.6.5)

—
Here O  denotes an unstable negative ion which can undergo either
detachment or conversion.

For pure 0, at high pressure, also electron attachment and

detachment of the negative ion 0;* are possible processes (Frommhold,
1963; O’ Neill and Craggs, 1973a):

attachment: e+ 0; —> 05 (5.6.6)

detachment: 05" +0; —> 20, + e (5.6.7)

The evaluation of the current waveforms shown in Fig. 5.6.2 with
the four-parameter model is impeded by the presence of a large ionic
contribution, which calls for a separation of electron and ion
components. This separation technique has not yet been developed for
"complex” (four-parameter) gases.

In the case of dry air, the ion component is negligible in
comparison with the electron component. The ion contribution in O, is
much larger than that in dry air. In dry air less negative oxygen
ions are formed (about one-fifth of the amount formed in 03}, and
detachment is more pronounced because of the reaction:

O_*+N2—->0+Nz+e.
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5.7 Hexaf luoropropene

5.7.1 A review of the literature study on 1-C.Fg

There has been a growing interest recently in the possibility of
using hexafluoropropene 1-C,F, {abbreviated as C;F, in this section)}
as a new high voltage insulating gas. A number of unusual properties,

however, have been observed for this gas, which are summarized below.

I. Positive synergism

Mixtures of C;Fg with SFg, SO, or ¢—C,Fg have a higher breakdown
strength than ‘that of either of the coﬁstituent gases (Biasiutti and
co-workers., 1983; Christophorou and co-workers, 1979; Hunter and
co-workers, 1982; James and co-workers, 1980; Tagashira and
co-workers, 1985; Wootton and co-workers, 1980)}. For instance, at a
total pressure of 1 bar (=750 Torr}, a mixture of 75% CyFg and 25%
SFe gives a dielectric strength about 1.9 times that of SFg and 1.7
times that of CyFg (Biasiutti, 1985). This synergetic effect was
studied by breakdown voltage measurements, or by swarm experiments,
from which the limiting E/p was derived.

From the observations in CgFg/SFs., CaFe/S0, or CyFg/c-CyFq
mixtures, and in some other gas mixtures such as SFg/80; and
SFe/CyFg, Hunter and Christophorou (1984, 1985} summarized the
requirements for the occurrence of positive synergism:

{1) at least one of the electronegative constituent gases exhibits
an abnormal pressure dependence of .the electron attachment
coefficient (abnormal means other than n=pf(E/p) );

{(2) one component has a high rate coefficient for the stabilization
of unstable negative ions of the other component, which reduces
the number of collisional detachment processes: and

{(3) over the gas pressure range of interest, an unambiguous
identification of positive synergism requires that the breakdown

strengths of the constituent gases are not too far apart.

II. Deviation from Paschen’s law

The breakdown voltage UB of most insulating gases in uniform

electric fields is, in accordance with Paschen’s law, only a function

of the product of the gas pressure p and the electrode separation d:
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UB=f(pd) (5.7.1)

At large enough values of pd (i.e.. in the region well above the

Paschen minimum), the breakdown voltage approaches a linear function

of pd:
UB=UO+pd(E/p) Lim (6.7.2)

Here U, is a constant voltage and (E/p)lim is the limiting (E/p)
value at which breakdown occurs. At very high gas pressure, UB can
vary more than linearly with increasing p for a fixed d because of
the compressibility of the gas.

The reduced breakdown field strength EB/p or (E/p)lim of CiF,
increases substantially with increased gas pressure {Aschwanden and
Biasiutti, 1981; Biasiutti and co-workers, 1983: Chen and co-workers,
1982; Hunter and co-workers, 1982; Verhaart and van der Laan, 1983}.
Above a pressure of 4 bar, Biasiutti and co-workers {1983} showed
that this increase may be accounted for by compressibility effect.

Several researchers ascribed the deviation from Paschen’'s law
below 4 bar to the abnormal pressure dependence of the apparent
attachment coefficient observed in C,;F, (Aschwanden and co-workers,
1982; Aschwanden, 1985; Hunter and co-workers, 1982: Hunter and
co-workers, 1983). From measurements of the ionization threshold
energy and cross section magnitude by Aschwanden and co-workers
(1982)., it seems that the ionization coefficient is not likely to be

responsible for the observed pressure dependence.

III. Deviation of swarm parameters from
scali laws {similari laws

According to scaling laws the pressure-reduced ionization

coefficient o/p or the pressure-reduced effective ionization

coefficient c_c/p, as well as the electron drift velocity Ve depend
only on E/p, on the gas temperature, and on the nature of the gas
{Francis, 1960).

Contrary to the scaling laws, the measured E/p and Ve in CyFg

decrease with increasing gas pressure {(Aschwanden and co-workers,
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1982; Aschwanden, 1985; Verhaart and van der Laan, 1983).-

As will be discussed in section 5.7.2 the above mentioned values

er Ve and o—a’p are “"apparent” values, involving different kinds of
collisional processes that scale differently. In case of multi-body
attachment, attachment to van der Waals molecules (Aschwanden and
co-workers, 1982), or formation and stabilization of negative dimer
ions (Hunter and co-workers, 1983}, the resulting apparent attachment
coefficient na/p is very likely to have an abnormal pressure
dependence.

Based on previous work by Lifshitz and Grajower (1972), Harland
and Thynne {1972) and on their own work, Hunter and co-workers (1983}
proposed a reaction scheme for the formation of stable negative ions

in CyFg in a buffer gas (N, or Ar}):

po=1/7_

al ¢ Fote (1)
B3 5C, Fy +Ca - xFey (2)

CoFete—Si5C,Fo ™
k.M >CaF g tenergy (3)
kM o Fete (4)

vo=1/7

/———)2(33F6+e (5)
CoFa #CaFs—Eo (CoFe )3 " KM 5 (CoFe)ztenergy  (6)

\—k9M———>2C,,F6+e )

Here C,-_,F;* and (Can);* denote an unstable negative CyFg ion (with a
life time Tal) and an unstable negative C3Fg divmer ion {with a life
time Ta2) respectively, M is the number density of the buffer gas and
ki is the relevant reaction rate constant, which is related to the
swarm coefficient Bi by ki.—.Bive/Na (Na. is the number density of
CaFe) .-

From this reaction scheme, the apparent attachment rate constant
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ka (=nave/Na) can be expressed as:

kikﬁkaﬂal(
ka(Na' 0 = (”z"”ksx"“keNa)("?*kam (6.7.3)
provided that both dissociative attachment (reaction (2)) and parent
negative ion formation (reaction (3)) are negligible. From
Eq. (56.7.3) it can be seen that ka in general depends on the CjFg
number density as well as on the total gas number density {or
pressure).

Aschwanden and co-workers (1982) and Hunter and co-workers (1983)
proposed that temporary trapping of electrons, due to formation of
unstable negative ions, could account for the reduction in the
electron drift velocity Ve in C,Fg.

To explain the observations of the large decrease in Ve with very
high p in H, and N, by Griinberg (1967, 1968), Frommhold (1968}
assumed that the correction of the electron drift velocity Ve at high

pressure has the form:

A\
€0

VT ee——
e 1+ 7

(6.7.4)
Here Veo is the "zero-density” (or low pressure) drift velocity,
which is the averaged velocity of an electron between two trapping
collisions and is not pressure dependent if E/p and T are constant, v
is the collision frequency for unstable negative ion formation, and T
is the mean lifetime of the unstable negative ion. This relation is
applied in section 5.7.2 for the determination of the "real” electron

drift velocity in CyFg.

5.7.2 Fast swarm riments in C.F

The present experiments have been performed both in Cj;Fg/N;
mixtures and in pui'e C;Fg. The electron component of the measured
avalanche current waveform for low pressure C;Fg in a high pressure
buffer N, gas (as given in Fig. 5.7.1) shows a clear "tail” after one
electron transit time Te' This indicates the presence of delaying

processes in C3Fg (no delaying processes occur in N;). In pure CiFg
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this "tail” is not immediately clear, especially at low E/p, due to
the increased stabilization of unstable negative ions upon collisions
with CyFg molecules. Examples are given in Fig. 5.7.2. Furthermore,
under certain experimental conditions, the measured avalanche current
waveform in pure C,Fg shows a double exponential behavior (see
Verhaart and van der Laan, 1983). This double exponential behavior is
a clear indication of the occurrence of electron detachment and ion
conversion processes {compare also with the simulation shown in
Fig. 3.3.6 in chapter 3).
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Figure 5.7.1
Typical electron component of the measured avalanche current
waveform for low pressure C,yFy (4 Torr) in a high pressure buffer
gas N, (746 Torr). Here d=1.0 cm, E/p.r=30.92 V/cmTorr (p.], is the
total pressure of the mixture at 20°C). The unit at the vertical
axis is 44.6 pA.

The two-parameter model cannot adequately describe the electron
current waveforms, either in CyF./N, or in pure CyFg. because the
swarm parameters thus derived show abnormal pressure dependences. The
four—parameter model should therefore be applied.

The results for CyFg in a buffer gas N, have been presented as a
conference contribution at the 5th Int. Symp. on High Voltage
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Engineering, Braunschweig, CGermany (24-28 Aug., 1987). The results
for pure CyF, have been presented at the IEEE Int. Symp. on
Electrical Insulation, Boston, USA (5-8 June, 1988).
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Figure 5.7.2
Examples of the electron component of the avalanche current
waveforms measured in C;F,. Here pyo=50 Torr, d=1.0 cm, E/pay
{(V/emTorr): (a) 87.62, (b) 92.62, {(c) 97.62, (d) 102.62. The

unit at the vertical axis {(pA) is: (a) 2.14, (b) 12.5, (c) 68.3,
{d) 175.0.

I. Detachment and conversion processes in CoFe

Analysis ond observation from fast swarm experiments
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DETACHMENT AND CONVERSIOR FROCESSES IN C3Fg
ANALYSIS AND OBSERVATION FROM FAST SWARM EXPERIMERTS
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ABSTRACT

A medel 1s presented describing the avalanche growth
in gases that exhibil detachment and conversion next
1o ionization and attachment. The effecl of detach-
ment and conversion on the electron distribution and
on the current waveform 1s illustrated. Swarmparame-
ters are derived from measurements in C3Fe/Np; mix-
tures. Within the pressure-range covered the "real”
effective iontzation coefficient agrees with scaling
laws. The obtained détaclment amd conversion para-
meters are anaiysed and discussed.

KEYWORDS: Insulating gases, avalanches, detachment,
conversion, hexaf luoropropens.

INTRODUCTION

In recent years hexafluoropropéns (Cng) has Dbeen
studied by several investigators as a possible ga-
seous dislectric for high voltage insulation The
breakdown voitage in C3Fg unlike that in many other
insulating gases, does not follow Paschen’s law 1t
increases more rapidly with pressure than with elec-
trode separation {i1-5], Below a pressure of four bar
this behaviour can not be accounted for by the
effect of compressibifity {6]. In addition it was
found from swarm experiments that neither the
pressure  reduced  effective tonization  coeffi-
cient (G-n)/p nor the electron drift velocity v, are
unlque functions of E/p (7). However, the limiting
E/p-values {where a:n} derived from swarm experi-
ments were found to be consistent with the observed
breakdown voltage {1).

These observations suggest that the question: “why
does C3Fg geviate from Paschen’s law® could be re-
phrased as: "why are ve and (a-1)/p mot unique
functions of E/p 1n the case of C3Fg™.  Indeed seve-
ral authors have ascribed the observed breakdown
behaviour to 3 strong pressure dependence ot the
apparent attacrement process {3, 7-10).

As to the cause of this pressure dependence, a
reaction scheme [(nvoiving detachment and conversion
has been proposed by Hunter et at [8]. Verhaart and
van der Laan, who eariier performed a quantitative
analysis of humid air [11], proposed the same pro-
cesses from the observed analogy between time resol-
ved measurements in CzfFg and 1n air [5).

In this paper it i$ shown how detachment and conver-
sion processes affect the spatial distribution of
charge carriers in the avaianche and, as a result,
the current waveform The derivation of swarmparame-
ters from the avalanche current will be discussed.
The negiect of detachment and conversion jeads o
incorrect values for the effective 1onization coef-
ficlent and, in some cases, even to incorrect values
for the electron drift vetocity. Ve therefore dis-
tinguish between real and apparent coefficlents {see
alss [8])  The extended modei wncluding detachment
and conversion 15 applied to the measurements per-
formed in C3Fga/Np muxtures.

THEORETICAL MODEL

Tne theoretical model, described earlier by Verhaart
et al, [13], 1ncorporates detachment and conversion,
next to the commonly used fonization and atlachment
processes. Secondary emission and diffusion are not
considered. Apart from neutral molecules four spe-
¢€ies are invoived: electrons (index e), positive
ions (index p), unstable negative ions (index mu}
and stable negative jons {index ns) The unstable
ions have a relatively shert lifetime and are able
to release their electron within the ton's  transit
time. Unstable negalive 1008 <an be converted into
stable ones that do not release their eleciron with-
in the transit time

Ionization and attachment processes are denoted by
the coefficients « and v, defined as the mean number
of tonmizing or attaching cottisions of one electron
traveling L cm In the field direction The coeffi-
clents & and (b describe detachment and conversion
and are defined as the mean number of detachment or
conversion €vents per unstable negative ion in  the
time that an electron travels { cm in the field
direction Hence all coefficients relate 1o the same
time scale governed by the electron drift velocity
This choice is were conventent for the study of
avalanche growth than the conventional defipitions
{12,13) that relate & and § to the 1on drift velo-
City.

The above mentioned definitions and comditions
result in a set of linear first order differential
equations for ULhe temporal evolutlon of the {four
components. For times not exceeding one elgctiron
transit  time (Tesd/ve} an analytical solution was
presented earller (11}, For the electrons, for
example {assuming that ng primary electrons are
reigased from the cathede In an infinitely short
time interval}, 1t was found that:

n
R .
ne(r.; H A1' Ag [Azssn’)] exp(Alvet)
- [Az’a*ﬁ]expmavet)] {1}

1
[a-n's»f} + [to-n-6-p1°- 4-(m-aﬁvu6;]3] @)

i which:

. 4
Mo

For times exceeding T, one should account for the
loss  of charged particles at the electroges. This
tnvolves not only the number of particles n,(tL)
{integrated over the gap), but also their density
distributien pJ(x, ) fumt: cm“)‘ ¥ith the defini-
tions and condlitions mentioned above these densities
can be described by the partial differential equa-
tions {3}-{b}.

In order to solve this set of equations Verhaart et
al. {41) developed a mumerical model. Swarm coeffi-
cients were determined from experiments by a (Lime-
CONSUMINE) Comparison beiween measured and simulated
waveforms,
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In this paper we present an analytical selution

valid also for t>Te. The method of solving the set
of the equations was published earlier by Llewellyn-
Jones [12) and Meek and Craggs (13), however with
somewhat different defimitions of the coefficients
used. In this method delayed and undelayed electrons
are treated separately. Application to our set of
equations ylelds for the delayed part [14]:

del n y-ef
Pe(x.‘-) lm‘ll()’) (7}
n.nv ef
- Y € .
Pu(® by = o — lO(Y) (8}
e nu
in which: 1
s —& - - 2
Y = 2g—[ms v t-x)x-v 1]2 (9)
€ nu
Ve
t: g llemx-v 1) - (Bep)(v t-x)] (10)
€ nu

1.(y) 1s the J"h order modified Bessel function:

J o 2k
- |Y 1
1) = [E] .kfo['““““"[%] ] Ty
The solution 1s valid for Y t ¢ x ¢ vel 1 f vel sd

u

< <
and for Vnul $x <d 1f Vet >d

The densities of positive 1ons and stable negative
1ons can easlly be derived from the expressions for
electrons and unstable negative ions, with the ap-
propriate boundary conditions.

The undeiayed part of the solution {(for electrons)
1s given by:

pund(x,t) = n,D(x-v t)-expl(a-n)v_t) (v ted)

e Y e e e

und ue)
Pe (x,t) = 0 (vet>d)

Here D stands for the Dirac-function The distribu-
tion of ions left behind by the undelayed electrons
serves as an initial condition for the solution of
the delayed particle equations ([14].

The electron and ion components of the current are
finally obtained from

e'ne(t)‘ve e'ne(t)
xe(t) g T — (13)
€
. n ()
LU S En (v e Q:p oy ns)  (14)
' 4y I

d
where nJ(t) : er(x,tmx (J:e,p.nu,ns)  (15)
4]
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IMPLICATIONS OF DETACHMENT AND CONVERSION
t. The avalanche electron distribution
In the "classical” description of swarms, with ioni-

zing and attaching collisions only, it {s assumed
that all electrons are contained in the avalanche

head. Due to detachment however swarms may have a
distinct tail of electrons. An example 1S given 1in
Figure 1.

cm-1 Aigthumid)
cm-2 p=?

-0 cml
327.8 cmo}
Te:84 ns

undelayed o

deiayed\

£278 kV/Cm
d=1 zm

T,

Fig.1 Example of avalanche electron aistribution in
humid air (see also [11}). Umaelayed part s
reduced for clarity.

¥hen breakdown 1s governed by the Townsend mechanism
any experiment or model that resuits 1n the correct
number of eiectrons {(integrated over the gap) will
be consistent with the breaKdown flelid strength In
case of streamer breakdown however the breakdown
fi1eld strength depends on the field distortion due
to the swarm and thereby on the spatial distri-
bution of electrons. In that case detachment and
conversion processes should be taken into account.

2. Ihe current waveform

The model presented 1ilustrates the effects of de-
tachment and conversion processes. In Figure 2, &
and  values are varied at constant values of a (11
cml) and n (12 em1).  In all examples the electron
current 1s shown, and the "apparent" effective ioni-
zation coefficient G, 1s compared to the “real”
value (a-n)g, where the apparent @ 1s derived from

=1
a,: gin[1 (T /1 (0) ] (16)

In Figures 2a-2¢, & 1s varied at a high value of
(22 cm™}). Detachment acts as a secondary ionization
mechanism that strongly affects the slope of the
current waveform (Gia> Gg). Figures 2d-2f(5 = 1 cm-1)
and 2g-2i (5 = 7 cm™l) clearty demonstrate that con-
version reduces the growth Further 1t 1s shown that
detachment may affect the apparent transit time

(defined as the time at which the current reaches
1ts maximum value).

The 1ncrease of the apparent transit time (or de-
crease of the apparent drift velocity) occurs at

nigh values of the product né because of consecutive

attachment and detachment processes: the actual
drift velocity does not change, but the electrons
are mmobilized during some time. This effect 1s

counteracted by conversion processes, SI1nce conver-
sion reduces the number of unstable negative 1ons,
and as a consequence the number of detached (1. e.
delayed) electrons.



In many cases the effect of detachment and conver-
sion 1s not easily recognized from the current wave-
form The neglect of such processes results 1n appa-
rent values for the effective ionization coefficient
(> ag) and the electron drift velocity (< Vg R).
This may obscure physical interpretation and seem-
ingly violate Known scaling laws. When examining
such processes experimentally, a good time reso-
lution (=1 ns or better) 1s of paramount importance.

8=1 B=22 §=5_ B=22 §=15  B=22

1.0

a
°DL T gore O
8=1 8=0 1 8=1 8=15
20 wp=-1. Tg=-1.0
T=1.8 5,=-0.29
1
t
° 0645
8§27 8=7
100{5-0.1 ORI w8

L ...l ¢
Te 80t (ns) o

) Te 80t{ns} ° 0

Fig.2 Electron current waveform at varjous & and (¢
values (unit: cori, a=1t card, n=12 card,
Te:56 ns). For comparison real and apparent
effective lonization coefficients are given.

3. Swarm coefficients from measured waveforms

Swarmparameters are obtained from the measured elec-
tron current by means of a fitting program Evalua-
tion of the electron current expressions, however,

reveals that the parameters occur in three comblna-
tions, Viz:

Cyzan ; Cp =8¢ ; C3:=nd

Hence, a unique identification of the 1ndividual

parameters 1s not possible from the electron current
only. MNevertheless these three quantities fully
describe the electron avalanche growth A physical
interpretation would therefore be useful.

Cyza-n is easily 1dentified as the (real or primary)

effective tonization coefficient, which differs from

the ~apparent” value obtained from a model including

onlty ionization and attachment. Cp:8+) describes the

v (the primary re-

and 1s inversely proportional

C3=n§ may be interpreted as a

describing

the number of attached electrons which are still
being released.

sutt of attachment),
to their lifetime.

Relating the avalanche growth to collisional proces-
ses requires a separation of the three quantities
into 1ndividual parameters. This can be accomplished
by extending the analysis to the ion current. This
1on component of the current involves different
positive and negative 10ns, each having their own
driftvelocity, which complicates the analysis. As-
suming all 1on driftvelocities equal, one can derive
the individual parameters quite easily from C;, Cp
and C3 by regarding the ratio of measured electron-
and 1on-current components at t:Ta: l1a(Te)/i)(Te)
[14].

EXPERIMENTAL RESULTS

The setup used does not differ substantiaktly from
the one described earlier (15). The most important
feature 1s the timeresolution of 1.4 ns, which
results from 1) an Np-laser with an 0.6 ns puls
duration (FWHM), 2) a subdivided measuring electrode
{reduction of stray capacitance), 3) a careful lay-
out of the connection between measuring electrode
and cable, and 4) a fast 9 bit transient digitizer
{Tektronix 7912 AD).

The choice of experimental conditions, such as to
allow verification of our model, 1s restricted: at
high C3Fg pressure the electron drift velocity may
not directly be derived from the current waveform
Further the electronic current component will be
small, and the tonic component high Al low C3Fg
pressure diffusion may no longer be neglected. The
present experiments have been performed at a low
partial C3Fg pressures (4:10 Torr) in a high pres-
sure buffer gas (Np, around 750 Torr). Np 1s chosen
because it is a non-attaching gas that has extensi-
vely been studied before.

Figure 3 shows the measured etectron drift velocity:
1t is affected even by the small addition of C3Fg
(0. 5+ 1.37). This is ascribed to the large collision
cross section of C3Fg as compared to Np.

From the measured electron waveforms the three com-
binations Cy:za-n, Cp=8+0 and C3=nd are derived
Since Cy also contains a nitrogen contribution it is
first corrected using a-data for Np readily avai-
lable from literature and from our experiments. All
C3Fe quantities are plotted versus E/Piora], Where
Ptotal 'S corrected for ambient temperature
variations. We hereby implicitly assume that the
drift velocity depends only on E/Piorai- At high
C3Fg pressure this assumption i1s no longer valid
(Figure 3. )

The following reactions are assumed to be respon-

sibie for ionization, attachment, detachment and
conversion:

e+C3Fg %5 cyFg’ s2e =2> WP ypg * FolE/P)
e+C3Fg 0, cyre " 2 Ve g T (E/P)
C3Fg "+C3Fg 24> 2-CFg + € 2> 81/PC pee 15, (E/P)

CaFe "eCaFe L (CaFe); = O/Pe s * fp(E/P)
Here CaF(,"‘ stands for the excited negative ion The
pressure dependencles follow from evalution of the
reaction rates and from the definitions of a4 0, &
and . The reaction schemes for conversion and de-
tachment are proposed by Hunter et al.[8) who
suggest that a short-living dimer-ion 1s formed that
either detaches ils electron or can be converted to
a stable negative dimer ion Of both two-stage pro-
cesses only the i1nitial and final products are given
above,

With these dependencies in mind, pressure reduced
coefficients have been plotted 1n Figures 4-6. From
Figure 4 it 1s seen that, given some scatter, the

"real” (a-n)/pc3fe does not depend on the partial
C3Fg pressure, 1n contrast to the "apparent" effec-
tive 1onization coefficient, n Figure 5

(6+40)/Pc3Fe, and 1n Figure 6 n8/pSc3pe turn out to
be 1ndependent on the partial C3Fg pressure above 6
torr. This 1S consistent with the reaction schemes
mentioned above and indicates that at relatively
high partial pressure (above 6 torr) detachment
invoives collisions with C3Fg molecules (8:6y).

The pressure dependence observed at lower C3Fg pres-
sure suggests a detachment mechanism without inter-
ference of a C3Fg moiecule (autodetachment, or upon
coflision with a Np molecule). In that case we find
(al constant nitrogen pressure):

S2 = fg, (E/R)
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The large scatter found at [ow partial C3Fp pres-
sures 15 ascribed to the naccuracy in the mixang
ratioc.

CONCLUSIONS

1. Detachment and conversion processes affect the
electron distribution n the avalanche and may
thereby influence the streamer breakdown thres-
held.

2. The neglect of these processés in the analysis of
swarm  experiments results in  "apparent” values
for the effective ionization coefficient and the
electron draft velocity that may substantially
differ from the "real” values. This obscures
physical inmterprelation and seemingly violates
Known scaling laws.

3. Experimental observalion of detactment and con-
Version processes from swarm experiments requires
a time resolution in the order of 1 ns or better

4. The “real" pressure reduced effective ionization
coefficient 1n C3Fp {G-N)c3re/PC3Fe 1S a unique
function of E/Pygpa; 3N Lhe pressure range cover-
ed. This t5 not true for the “apparent” vajues.

5 The present observations of the detachment proces
can be explained by the domnating effect of
coliisrons with C3Fg molecuies above 4 c¢ritical
C3Fg pressure of about 6 Torr.
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ABSTRACT-Fast swarm measurements have been performed in
Hexafluoropropene, 1-ChFy (hercafter abbreviated as
CyFy). with pressures p ranging from 20 to 200 Torr and
E/p values from 80 to 110 V/emTorr. The “apparenmt”
swarm parameters, derived {rom a simple model
{ionization and attachment only}, confirm the pressure
dependences reported in the literature. The existence
of detachment has been clearly identified from the
observed time resolved avalanche current waveforms. A
model that includes detachsent and conversion in
addition te ionization and attachment processes has
been applied to derive the "real” swarm parameters in
C,Fs. The present work iIndicates that two-body
collisional detachment and three-body stabilization of
the transient anion CSF,,'“ are responsible for the
observed pressure dependence of the dielectric strength
of Cg}‘ﬁ.

1. INTRODUCTION

Much effort bas been spent on the search for new
gases or gas mixtures with insulating cheracteristics
superior to SF,. Among the gases that have been
investigated so far. CsF,, as a possible new high
voltage insulant, is interesting because its inherent
dielectric strength (E/p)um (the limiting value of
electric field strength E over gas pressure p}
fncreases considerably with increasing gas pressure,
and because it shows a positive synergism when mixed
with SF,, or with several other gases (see Ref.[1] and
the Refs. therein).

Literature[2,3] shows unexpected pressure
dependences of the measured electron drift velocity and
the pressure-reduced effective ionization coefficient
in this gas. The explanations of these pressure
dependences are still incomplete, though several
authers have ascribed these pressure dependences to
“electron trapping” and to the observed stromgly
pressure dependent apparent attachment process in this
gas[1-4]. We feel that @& f{urther quantitative
identification of the various processes, such as
detachment and conversian processes. associated with
the apparent attachment in this gas will contribute to
the wunderstanding of the above-mentioned pressure
dependences. In opur previous work[5]. we have reported
on the analysis of fast swarm measurements perf{ormed
with low pressure CoF, in a high pressure N, buffer
gas. We there used a four parameter model including
ionfzation, atwachment, detachment and conversien
(stabilizationfcharge transfer). The thus derived real
effective ionization coefficient G/p for CyFg has been
shown to be pressure independent within the pressure
range covered (4~i0 Torr}. This is consistent with
scaling laws. In the present paper. our previous work
is extended to the case of pure C,F, at higher
pressures. Fast swarm measurements” have been perfeormed
and analysed. The derived swarm parameters are
presented and discussed.

The experimental setup has been presented
elsewhere[5.6]. It is a slightly modified version of
the seiwup described earlier by Verhaart and van der
Laan{7] and features an overall time resolution of
about 1.4 ns. The vessel _is evacuated with a
turbomglecular pump down te 1077 Torr before filling in

high purity {99X} CyFs gas (supplied by Ventron, West
Germany)}. All pressure measurements were performed at
room temperature {arcund 22°C) and reduced to 20°C.

3. RESUL’ DISCUSSIONS

3.1. Electron drift velocit

The apparent electron drift velocity at various
CyFg pressures bhas been determined f{rom the measured
electron current waveforms, and is shown in Fig.1. Also
shown in this figure are the results of Aschwanden[3]
and the results that we derived from the measurements
performed earlier by Verhaart and van der Laan[8).
These three sets of results show a very good mgreement.
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Fig.l. The apparent electron drift velocity
v, versus E/p in C,yFq.

e This work. x derived from [#]. o [3].

Temporary trapping of the electrons, due to
formation of unstable negative ivn complexes. has been
proposed[1-3] to account for the reduction of the
electron drift velocity in this gas. Earlier, when
analysing the reported decrease of vg with p in H, and
N, at very high pressures, Frommbold[{9] assumed that
the apparent electron drift velocity ve is related to
the so-called “zero-density” drift velocity vgo (the
averaged velocity in between two trapping collisfons)
by:

-1 -4
vl E v {1+kp) {1}

e

where k is a proportionality factor {unic: Torr™'}. For
a specific gas vg, depends only on E/p and on the gas
temperature. From our measurements in CyF, at various
pressures. this linear relation {Eq.{1}} has indeed
been observed as shown in Fig.2. When we sultiply v,;'
by vE/p . as also shown in Fig.2. we obtain a unique,
and linear, relationship. This indicates that the “zero
density” drift wvelocity vgp indeed depends only on

p. From an extrapolation of the curve ve'VE7p versus

CH2391 0/88/0000 103 $1.60 1983 IEEE
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p to the "zero pressure”, we derive:

Veo = 1.88x10° vE/p (2)

in the range 80CE/p<110 V/cmTorr and p<200 Torr.
Equation -(2) is consistent with the apparent electron
drift velocity at very low pressures (0.5 and 1 Torr)
reported by Aschwanden[3] in the range 80SE/pS110
V/cmTorr. At very low pressure, the probability for
electron trapping is significantly reduced, and
therefore the appareént electron drift velocity
approaches the real value. This "zero-density" electron
drift velocity veq 1s. in our opinion, the real drift
velocity in C,Fg and should be used in the derivation
of the other swarm parameters.
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Fig.2. v;‘ or v;‘\&:_/p versus p in CyFg.

3.2. Effective ionization coefficient

From our measurements apparent values of the
effective ionization coefficient @3/p have been derived
by a simple model that includes only ionization and
attachment (see e.g. Ref.[3] or [7]). The results are

shown in Fig.3. Also shown in this figure are the
T T T T
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Fig.3 The apparent cffective ionization coefficient
da/p versus E/p in CyF,.
e This work. x derived from {§].

o (3].

resulis of Aschwanden[3] and the results that we
derived from the measurements of Verhaart and van der
Laan[8]. The three sets of measurements show an
excellent agreement except at p=200 Torr, where our
values are larger than those of Aschwanden.

The real effective ionization coefficient has been
obtained with the four parameter mode! presented
earlier[5.10] and is shown in Fig.4 (right side). Also
shown in this figure are the results that we derived
previously for low pressure C;F, in a N, buffer gas(5]
(left side). From the present measurements in pure CyFg
only those with pressures > 50 Torr have been analysed,
in order to allow the neglect of diffusion in our four
parameter model.

01 T T T T
o EH 61’.
T =021 / J
w
o
)
=
‘e
3_0‘4_ pure C,Fg
a
3 ™ 4~ 10 Torr [5]
{in a N2 buffer gas)
-06
! I L |
20 40 60 80 100

E/p (V/CmTocr)

Fig.4 The real effective ionization coefficient
@/p versus E/p in CyFe.

In the present evaluation, for pressures up to 100

Torr. the real drift velocity as derived from Eq.(2)
has been used in the curving fitting procedure. The
results show a unique dependence on E/p, as was

expected from scaling laws. The values derived at 200
Torr seem to disagree with these laws. The 200 Torr
results, however, have been determined with a drift
velocity derived from the time interval needed for the
electron current waveform to reach its maximum value.
This was done because the real drift velocity veg
failed to give an accurate fitting between measured and
calculated waveforms.

Also the previously performed experiments[5] at
low CyF¢ pressures (below 10 Torr) in a N, buffer gas

give a real effective ionization coefficient that
depends only on E/p (left side in Fig.4). These
measurements were performed at E/p values up to 36

V/cmTorr, whereas the present ones cover the range from
80 to 110 V/cmTorr. The intermediate range is not yet
covered. The left and the right side of Fig.4 do not
necessarily relate to one unique curve since, for low
pressure C,F, in a N, buffer gas, the velocity
distribution might be different from the one in a pure
C,Fs environment.

3.3 Detachment and conversion coefficients

As described carlier{5,10] the four parameters a,
n, 6 and B can only be derived from the electron
current component in their combinations a-n. 6+ and
n6. The results for &+f and §6 are shown in Figs.5 and
6 respectively (right side). Also shown are the results
that we derived previously for low pressure C,F, in a
N; buffer gas[5] (left side).
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HNo pressure dependence occurs in Fig.6. This
indicates that both »/p and &8/p depend only on E/p and
relate to two-body collisfons. The pressure dependence
in Fig.5 for E/p exceeding 80 VAcmTorr then implies
that /p in pure C,Fy depends not only on E/p but also
on p. This indicates that a three-body collision is
involved in the conversion process. Whether this three
bedy collision is the only contributing process. can
only be decided when the three combinations of the
coefficients are further split into the four individual
coefficients. From the study of Hunter et al.[1] it is
assumed, however., that the three-body collisional
process is the most likely mechaniss to provide a
stahle negative ion.

The above discussion is consistent with the
following simplified reaction scheme for CyFy:

ionization a: e+C,Fg —2 M:,F:
attachment n: e+CoFy — CoFp

detachment 8: CaFo 4CyFs = [{CoFe)s ] = 2CaFete
conversion [

CaFS 4 20,Fg = [(CaFe)s HiaFel™ (CaFq)a+CaFetenergy
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This reaction scheme is sufficient to explain the
observed pressure dependences. Furthermore a more
complicated and refined reaction scheme can not be
verified by the techniques employed in the present
work.

In the above reaction scheme an electron is
assumed to attach to a C,Fg molecule to form an
unstable negative ion CyF, . This unstable negative
ion can either lose 1its electron hy collisional
detachment {possibly via subsequent dimer ion {CoFe)s™
formation and autodetachment) or it can be stabilized
by three~body conversion {possibly via dimer ion
{€4F, )2 " formation and a subsequent collision with &
CqF, gas malecule).

The comparison of the present results {right side
in Figs.5 and &) in pure CyFg with those derived
earlier[5] for low pressure CF, in a N; buffer gas
{lefr side} 1is, again., not straightforeard. The
possibly different velocity distriburion has been
mentioned before. Further at pressures below 10 Torr
the three-body conversion process in the above-reaction
scheme is not likely, and has not been observed. A
three~hody conversion process involving a N, molecule
way play a role but this will not show up as &
dependence on the CyF, pressure. Ailso for low pressure
CyFs in a N, buffer gas. collisional detachment
involving & N, molecule may play a role. however only
at CyF, pressures below 6 Torr(5]. The study of the
region between 36 and 80 V/cmTorr would require a wodel
that incorporates diffusion, next to the four
coefficients a. 0. 6 and B, Such a model is not
available at present. Further, the low signal to noise
ratio encountered at low E/p in pure C,F, makes an
accurate analysis diffteult.

From the above reaction scheme, the apparent
attachment coefficient n, can be rejated to the real

coefficients n. & and § as follows:

KN

] (33

When we assume that the real and the apparent
jonization coefficients a and a are identical. i.e..
when a/p depends only on Efp, the apparent effective
fonization coefficient Ea can be written ast

a:K_!f
a

6
Ko ®

Equation {4) has been checked, for all measurements
performed, by applying both the two parameter model and
the four parameter model. Excellent agreement has been
found.

Since the analysis on attachment 7n. detachment §
and conversion B indicates that both attachment and
detachment are two-body processes and that a three-body
collision is invelved in the conversion process. a
simple analysis on Egqs. {1} and {4) shows that the
pressure-reduced apparent attachment coeflicient 7/p
increases, and the pressure-reduced apparent effective
fonization coefficient Hy/p decreases with increasing
pressure p.

The sbove reaction scheme is similar to the one
proposed by Hunter et al.[1] but only accounts for the
most dominant processes involved, and can explain the
ohservations in the present work.
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CONCLUSTONS

1. Fast swarm experiments have been performed for pure
C,Fg in the pressure range of 20 ~ 200 Torr and the E/p
range of 80 ~ 110 VemTorr in a unilorm gap. The
apparent values for the electron drift velocity and the
effective ionization coefficient, derived from a two
paraveter model (a and 0, only}. confirm the pressure
dependences of the swarm parameters reported in the
literature.

2. The real electran drilt velocity veq in pure CyFg
has been extrapolated from the measured apparent
velocity by taking into account electron trapping.

3. A four parameter model that includes detachment{8})
and conversion{#} besides fonization{e) and
attachment{n} has been applied to derive the real
coefficients in their combinations a-n, 5+8 and nd. Up
to 100 Terr both (a—n)/zp {the real effective lonization
caefficient) and nd/p” depend only on E/p. However
{&+P)/p increases with pressure.

4. The apparent attachment process is influenced by the

counteracting detachment and conversion processes.
Their different pressure dependences { two-body
detachment versus three-body stabilization of the
unstable negative ion C4Fq ") can explain how the

apparent ny/p increases. and how

decreases with pressure.

the apparent &/p
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5.8 Octafluorocyclobutane

5.8.1 Introduction
Octafluorocyclobutane (c-C,Fg)} has several unusual properties:

{2} it has a high dielectric strength (Berril and co-workers, 1987:
Christophorou and co-workers, 1987);

{b) it shows unexpectedly large values for the figure of merit M
{which is inversely proportional to the sensitivity of the gas to
the electrode surface-roughness) at relatively high pressure
(Berril and co-workers, 1987);

(c) it shows a positive synergism when mixed with 1-C3Fs (James and
co-workers, 1980)}; and

{(d) it has an abnormal pressure dependence of both the breakdown
voltage and the pressure-reduced effective ionization coefficient
{Berril and co-workers, 1987; Tagashira and co-workers, 1987).

To understand these observations, fast swarm experiments have
been performed in c¢-C,Fg both at low and at relatively high
pressures. The results at low pressures (1~5 Torr} have been
contained in a conference contribution presented at the IX Int. Conf.
on Gas Discharges and Their Applications, Venezia, Italy (16-23
Sept., 1988). The observations at higher pressures {5200 Torr) have
been published in IEEE Trans. on Electrical Insulation, Vol. 24,
No. 1, 1989, pp.143-149. Both contributions are included in section
5.8.2.

5.8.2 Fast swarm experiments in c-C.F,

I. Swarm parameters in octafluorocyclobutane
{c—~C,F3) and its mixtures with N,
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ABSTRACT

Fast swarm experimenta have been performed in
Octaf luorocyclobutane {¢-Cy Fg) and 1ts mixtures with N,
at low pressures (below 10 Torr)}. Swarm parameters,
such as the electron drift velocity and the apparent
effective fonization coefficient, together with
{E/p}lim have been determined. The results are
presented and discussed with reference to other
investigations.

JIRTROBUCT JON

Much effort has been spent on the search for new gases
or gas mixtures with insulating characteristics
superior to $F,. In this context, several fluorocarbon
gases have been found to have higher dielectric
strengths than that of S§F, (James and co-workers, 1978;
James and  co-workers, 1980) and, due to the
non-toxicity and thermal stability of several of these
gases (Bouldin and co-workers, 1984), they are clearly
of interest as possible high voltage insulants.

¢~-CyFg, amongst the fluorocarbon gases that have been
investigated so far. is interesting because of the
following reasons, Firstly, its inherent dislectric
strength (E/p)lim (defined a&s the value of E/p
{electric field strength E over gas pressure p) at
which breskdown occurs at high values of pd {pressure
tiwes gap distance d)) is high (about .22 times that
of §Fg (Berril and co-workers, I987; Christophorou and
co-workers, 1967}). Secondly, contrary to most strengly
electronegative gases, the reported values of the
figure of merit K are unexpectedly large at relatively
high pressures (Berril and co-workers, 1967}. The
figure of merit K is a measure of the sensitivity of
the gas to the surface roughness of the clectrodes, a
large M-value corresponds to a3  low  sensitivity.
Thirdly, ©<CFg. when wixed with 1-CoFe, exhibita a
positive synergism, i.e., the breakdown strength of the
wixture s bigher than that of either one of the
constituents (James and co-workers. 1980}, All of
these observations muke o-C,Fy particularly suitable
for high voltsge insulation applications.

The pressure dependence in the Faschen curve recently
fourd by Berril and co-workers (1987} and Tagashira and
co-workers {1967}, and the pressure deperdence of the
pressure~reduced effective fonization coeffictent
observed by Tagashira and co-workers (1987} in pure
¢~CyFy are, however, not yet understood in terms of the
bastc physical processes involved, and wertt further
study.

In this paper, we repart on fast swarm experiments
performed both in oC,Fe and 1n oC,Fe/N» mixtures at
low pressures {below 10 Torr}. The swarm parameters,
such as the electron drift velocity and the apparsnt
effective ionlzation coefficient. have been determined.
The inherent dielectric strength (E/p)lim of this gas
and fts wixtures with N, has been obtained from the
apparent effective lonfzatlon coefficient, The results
are presented and discussed with reference to other
investigations. .

EXPERINENTAL TECHNIQUES

The wethod which we used for the avalanche current

measurement 1is the so called Time-Resolved-Townsend
method: the avalanche is initiated with a K, laser
pulse of short duration {0.6 ns). The experimental
setup has been presented elsewhere {Wem and
Wetzer, 1988a: Wetzer and Wen, 1967; Wetzer and
co-workers, 1988}. It {5 a slightly modified version of
the setup described earlier by Verhaart and wvan der
Laan (1982) and features an overall time resslution of
about 1.4 ns. The wessel is evacuated with a
turbomolecular pump down to 1077 Torr before filling in
high purity c-C.Fg {99.9%) and N, (99.999X} (supplied
by Hoekloos. Holland). The gas pressure was measured by
a Pennwalt pressure gauge {0 ~ 50 Torr) with a stated
accuracy of 0.3X. All pressure measurements were
perfogned at room temperature {around 22°C) and reduced
to 20°C.

RESULTS AND DISCISSTONS

Like in our previous work {¥en and Wetzer, 1988a 1988h:
¥Wetzer and Wen, 19687} we distinguish between apparent
and real swarm parameters. The apparent parameters are
derived from wmodels including only flonization and
attachment processes; the real parameters are derived
from wodels that also account for detachment and
conversion processes.

Results in pure c¢-C,Fy

The present experiments in pure c-C,Fq have been
performed only at low pressures (below 10 Torr). Above
10 Torr, we were not able to clearly observe the
electron component of the avalanche current waveform
during the electron transit time (which Is in the order
of several tens of nanoseconds) even at electric fields
close to breskdown. This may be ascribed to a very
dominant attachment process, and/or to the interaction
of ¢C,Fq mwolecules with the cathode surface, which
hinders the release of sufficient primary electrons.
Even below 10 Torr, the fon current contribution to the
measured avalanche current has been observed to be very
large, Figure 1 shows, for instance. the measured
avalanche current waveforms at a pressure of 3 Torr.
Such a high lon current contribution supports the idea
of & very dominant attachment process, whereas the
increasing fon current in Fig. lb is an indication of
detachment processes.

The wmodels that we use to evaluate the avalanche
current require that we separate the waveiorm into an
electron contribution and an fon contribution. For
waveforms such as shown in Fig. lb this separation is
not straightforward. and requires a priori knowledge of
the processes involved. So far. we have therefore only
analysed the experiments performed at I Torr. Here the
fon contribution is small and can be corrected for. At
such a low pressure. diffusion of the electrons camnot
be neglected and shouid be taken into account when we
derive the electron drift velocity from the measured
electron current waveform. This has been achieved by
deriving an equivalent electron current waveform which
has no diffusion but has the same e-folding time and
the same charge as the measured current wavefora
(Aschwanden, 1985; Brambring. 1964}. An example of this
approach is shown in Fig. 2.

The electron drift velocity in pure ¢-C,Fy at I Torr is
shown in Fig. 3. Also shown in this f{igure are the
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results measured by Naidu ard co-workers {1972} with
the Time-~of~-Flight method and those calculated from the
Bolizmann equation by Novak and Frechétte {1984}, Our
results are sbout 10X lower than those of Haldu and
co-workers at low E/p {(200 V/emTarr} but seem to be
consistent with the tendency of their resulis at high

E/p values (X225 V/ewTorr}. Our results are also
compatible, when exirapolated to low E/p {125
V/ewTorr), with those calculated by Novak and
Fréchette,

Due to electron diffusion, the identification of the
possible processes responsible for the formacion of
negative ions in pure c-CFy from the presently
weasured electran  current  waveforms is not
straightforward, At these low pressures, any sign of.
for instance, delaying processes {{f there are any) on
the current waveform will be masked by the large effect
of the electron diffuston. Further. basic knowledge
about the detatled processes in pure o(C,Fy cannot be

found in the literature. We have therefore in the
tine [nsl
c
Fig. 1. Measured avalanche current waveforms in c-CF,y

at a pressure of 3 Torr: d=1.0 cm.
{a} E/p=176.2 V/emTorr, Yert: 5.2 ph/div;
{b}. {¢) E/p=183.8 V/cmTarr, Yert: 8.4 pA/div.
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Fig. 2. An example of measured electron current
wavefore, and equivalent waveform used for the
dertvation of the electron transit ttn Tp and
the electron drift velocity v, (=d/Tp}.
p=1 Torr {c-C,Fa). d=l .0 om, E/p=176 4
V/eoTorr, Vert: 3.8 pA/div.
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ww- Novak and Fréchette (1984}
30 calculated from the Boltzmann 1
equation. /
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Fig. 3 ¥, versus E/p in oCoFg.
present work only derived the apparent effective

ionization coefficient & 7p for ¢-C.JFy which is showm
in Fig. 4. Alsc shown in Fig. 4 are the results
reported by Naldu and co-workers (1972) {derived from
their individual vatues of « /p and ny /p. Alsa cheir
results should be regarded as apparent values since no
processes other than lonization &nd attachment are
considered). Again our values are swaller than those of
Naidu and co-workers at low E/p (<200 V/cmlTorr) but are
closer tp the tendency of their values at higher Efp
values {>200 V/cwTorr}. The (E/p)lim-value derived from
the present curve rxa/p ~ E/p {defined as the E/p value
a’t 'hich & a/P=0) ts 143.1 VemTorr. From the measured
curve & /p ~ E/p by Naldu ard co-werkers {1972} the
(E/p)l(m is found to be 118.3 VemTorr. Our value is,
however, 1in a8 good agreement with the values of
142.7-144 V/coTorr derived from precision breakdown
measurements (uniform-field} by Berril and co-workers
(1987} at much higher pressures (75 ~ 450 Torr). A
value of 144.7 V/cmTorr found by Christophorcu and
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co-workers {1987) with uniform-Tield br
measurements at 522.8 Torr {s also compatible with the
presently derived (E/p)}lim value.
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Fig. 4.

an/p versus E/p in c-C,Fq. For comparison also
tﬁz BFg curve is shown.

For comparison, the effective ionization coefficient in
SF¢ measured by us at pressures between 1 and 20 Torr
is alse shown in Fig. ¢ by the dotted line. It s
observed that the slopes k of the curves &a/p ~ E/p in
the neighbourhood of (E/p)ltm in SFy; and in low
pressure {1 Torr) <C,Fy are approximately the same.
Since this slope is inversely proportiomal to the
figure of merit M, it is a weasure of the sensitivity
of the gas to the electrode surface roughness. The low
sensitivity of ¢-C\Fe at relatively high pressures {375
Torr) as follows from the large values of the figure of
merit N measured by Berril and co~workers {19687} is not
observed in the present low pressure swarm experiments.

The apparent effective ionization coefficient does not
necessarily obey scaling laws and may, as in the case
of 1-C4F, {Wen and Wetzer. 1988b: Wetzer and Wen.
1987). strongly depend on gas pressure. The fact that
the breakdown voltage increases with the c—C,Fy gas
pressure at a [fixed pd as observed by Berril and
co~workers {1987} and Tagashira and co-workers {1967)
indicates that the apparent effective ilonization
coefficient {pressured-reduced) decreases with
increasing pressure. This has indeed been observed in
recent measurements of Ea/p in c-C,Fy by Tagashira and
co~-workers {1967) {Steady-State-Towmnsend method). They
also found that both the (apparent) 1ionjzation
coefficient a/p  and the (apparent) attachment
coefficient n,/p decrease strongly with the ¢~C,Fy gas
pressure. ¥hen we take into account that the measured
{E/p}lim value in ¢C.Fy is almost constant over the
‘pressure range 75 ~ 450 Torr {Berril and co-workers.
1967} and that we have derived the same {E/p)iim at |
Torr. we believe that the apparent e—xa/p versus E/p in
¢ CyFy near {E/pllim for different pressures follows
the behavicur as indicated in Fig. 5. When the oC.F,
gas presgure increases, (E/p}iim does not change
substantially. while the slope k of the curve t'xa/p ~
E/p decreases. This is consistent with the observations
by Berril and co-workers (1987) that the figure of
merit B increases with ¢-C,Fg gas pressure. The Ea/p at
three dtfferent E/p values measured by Tagashira and
co~workers {1987), as also shown in Fig. 5. supporcs
the above suggestion. Their (E/p)lim value 1s, however.
about 120 VZemTorr. What processes are responsible for
this pressure dependence in c-C,Fy, 1is not clear at
present and merits further investigation,

-,—'; U (&p)itn = 1431 VzcTorr
EP e

~ hypothetical}. J

‘J!.Ol-
x & Torr
& 20 Torr } Neasured by Tagashira
o 80 Torr 2 and others (19687).

1 1 i i
50 100 150 200 250 300

£ /p (VWem Tore)

Fig. §, Hypothetical aal’p versus E/p in c-CFgq. Alse
the measured &,/p by Tagashira and co-workers
(1987} is shown in this {igure.

Resules jn c-CoFa/M, Wixtures

The apparent effective jonization coefficient has also
been determined for o-C,Fg/N; mixtures with a total
pressure of 1 Torr. The results are shown in Fig. 6.
The liwmiting E/p values derived from the curves &y /p ~
E/p in Fig. 6 are shown in Fig. 7. Also shown in Fig. 7
are the uniform-field breaskdown measurements by James
and co-workers {1978} and those calculated by Novak and
Fréchette {1984) from the Bol czmann equation, The
agreement among the three different approaches is good.

.0 Y T T T
cLFe X
& 0
- o 40
1o 20 x &0 “
& 4 80
B e 100
'€
M
o 10 7
r'g
o /
A7 070
2 YAV
/‘{/5"
-10 L 1 1 1
§0 100 150 200 250 300
Elp (Vicm Tory)
Fig. 6. l;a/p versus E/p in c-C,Fy/N; mixtures ac a
total pressure of 1 Torr.
LS 8 corona_discharges in ¢

During the experiments, sudden rises of the DC current
in the high volitage lead have been observed
occasionaily. This may be ascribed 1o coronz discharges
initiated from protrusions on the aluminum electrodes
since complete breakdowns were not observed. Inspection
of the electrode surface with an optical microscope
indicated that the electrode surface was eroded by the
corona discharges. This surface crosion
affects the primary electron emission but ppt the
nvalanche current waveform. This waveform is governed
by processes that occur while the swarm moves through
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Fig. 7. {(E/p}iim versus c-CiFo X in Ny at a total
pressure of 1 Torr.

the gap. The reach of field distortions caused by the

eroded surface is limited to & few um's, which 1s short
compared to the gap distance. The surface erosion may
be the result of o-C,F, decomposition products forwed
in corooa discharges. This puts forward the question of
stability of ¢-C,Fp. It was further observed that the
erosion reduces the number of primary electrons which
can be released from the cathode by UY fllumination.
Moreaver, the local field enhancements caused by the
eroded surface may influence the breskdown voltage.

COHCLUS TORG
1. Swarm experiments in c-C.Fs at pressures above 10

Torr are hindered by the absence of a clearly
distinguishable electron contribution to the avalanche

current, which indicates a very dominant attachment
process.
2. At lower pressures {below 10 Torr} the

identification of the possible i{ndividual {atiachwent,
detachment and conversion) processes that may
contribute to the negative lon forwation in ¢~C,Fy is
fmpeded by electron diffusion.

3. The electron drift velocity, the apparent effective

ionization coefficient, and (E/p}itm have been

determined from time resclved Tomnsend experiments for

€-C Fq and ¢~C,Fo/N, mixtures at a {total) pressure of

1 Torr. Our results are (n reasonable ogreement with
© the observations by others.

4. The {E/p}lim observed in oC.Fu ut low pressure
{1 Torr}) is consistent with the uniform-field breakdowmn
measurements by Berril and co-workers (1987} at much
higher pressures {75 ~ 450 Torr}. This indicstes that
{E/p}lim does not depend on pressure over a wide
pressure range.

S. The large values of the figure of wmerit M. observed
by Berril and co-workers (1987} at relatively high
pressures (75 ~ 450 Torr) are not reproduced in our.
low pressure, swarm experiments. This confirms that the
figure of wmerit N exhibits =n strong pressure
dependence in c-CFq. .

6. Corona discharges in ¢-C,Fy cause surface erosion of
the aluminum electrodes. which hinders the release of
sufficient primary electrons (from the cathode} in the
swarm experiment. This surface erosion does not affect
the avalanche current waveform, but may influence the
breakdown voltage.
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Time-resolved Avalanche Current

Waveforms in Octafluorocyclobutane

C. Wen and J. M. Wetzer

High-Voltage Group,
Eindhoven University of Technology,
The Netherlands,

ABSTRACT

Avalanche currents have been measured by means of a time-
resclved swarm method in ¢-C4F5 at pressures between 0.7 and
27 kPa. The recorded avalanche current waveforms are, in com-
parison with those of most insulating gases, unusual. Whereas
in most gases avalanche current waveforms are characterized
by a clear distinction between the electron contribution (high
amplitude, short duration) and the ion contribution (low am-
plitude, long duration), the waveform in ¢-C,F; is significantly
different. During the first electron transit time an electron
component can only be observed at low pressure (below 1.3
kPa) and even then is strongly intermixed with the ion con-
tribution. Above ~ 1.3 kPa the waveform seems completely
ion-dominated.

INTRODUCTION

T HERE has been recent interest in the use of octaflu-
orocyclobutane (¢c-C4Fg) as a high-voltage insulant,
primarily in view of its high dielectric strength [1-5].

Several observations related to the breakdown char-
acteristics of this gas have been reported earlier {2,3,6]
and can be summarized as follows. The uniform-field
breakdown voltage in ¢-C4Fg at constant pd (pressure
times gap distance) values has been found to increase
with gas pressure {2,3]. In agreement with this, the

measured pressure-reduced (apparent) effective ioniza-
tion coefficient decreases with gas pressure [3]. More-
over, the measured value of the figure of merit M in
c-C4Fg increases with p and is unexpectedly large at
relatively high pressure 2.

To understand these observations in ¢-C4Fg, more
fundamental and direct information about the possible
physical processes involved is obviously required. As an
extension of our previous work [6], we present here fast
time-resolved swarm experiments in ¢-C4Fg at pressures

0018-0367/80/0200-14381.00 © 1980 .IEEE
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between 0.7 and 27 kPa. The recorded avalanche current
waveforms show an unusual behavior in comparison with
those commonly encountered in insulating gases such as
N3, SF¢, dry air, and 1-CaFe.

EXPERIMENTAL TECHNIQUES

#e method which we used for the avalanche current

measurement is the so-called time-resolved swarm
method, which is based upon the detection of the to-
tal displacement current due to the drifting electrons
and ions across a parallel-plate discharge gap under the
influence of the applied electric field. To ensure a suf-
ficient time resolution of the whole measuring system,
the avalanche is initiated with an N; laser pulse of very
short duration (0.5 ns), and the measuring cathode is
subdivided. Furthermore, a Tektronix 7912 AD digitizer
(with 7A29 and 7B10 units) is employed for recording
the current waveforms. The time resolution of the whole
system is about 1.4 ns. A detailed description of the
present setup can be found elsewhere [7-10].

The vessel is evacuated with a turbomolecular pump
down to 1.3x1075 kPa before filling in high purity (99.9%)
¢-C4Fg gas (supplied by Hoekloos, Holland). The gas
pressure was measured by two Pennwall pressure gauges
(0 ~ 6.7 kPa and 0 ~ 53 kPa). All pressure measure-
ments were performed at room temperature {(~ 22°C)
and reduced to 20°C.

OBSERVATIONS

rra fast time-resolved avalanche current measure.

ments, one may identify delaying processes (if
any), such as electron detachment and ion conversion,
in addition to the more commonly recognised ionisation
and attachment processes. This often requires a care-
ful analysis of the electron component of the avalanche
current at relatively high pressure. Figure 1 shows.
for instance, the recorded electron component of the
avalanche current waveform in dry air at 98.82 kPa.
From such a waveform, the occurrence of delaying pro-
cesses can be identified clearly since the current peak
at one electron transit time T, does not drop to zero
{as would be the case without delaying proces’sea) but is
followed by a so-called ‘aftercurrent’. At low pressure,
this kind of identification is usually difficult due to elec-
tron diffusion which also results in an ‘aftercurrent’ (see
Figure 2).

‘The jonic component of the avalanche current wave-
form is not only more difficult to interpret {because dif-
ferent jons with different drift velocities are involved),
but also often provides little information on delaying

Wen et al.: Time-resolved avalanche current forms
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Measured electron component of the avalanche
current in dry air at high pressure. p = 98,82
kPa,d =10 cm. E = 25.94 kV¥/cm.
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Figure 2.

Measured electron component of the avalanche
current in dry air at low pressure. p = 0.65 kPs,
d=10cm, E=3244 Vicm.

processes. Figures 3a and 3b show, for example, recorded
ion currents in dry air, which is known to exhibit detach-
ment and conversion processes as well as ionization and
attachment processes, and in Ny, which is known to ex-
hibit only ionization processes. It is clear that these two
significantly different gases exhibit more or less similar
ion current waveforms.

For avalanches in which only ionization and attach-
ment processes take place it was shown earlier [11} that
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rents in dry air and in N3, which show Little dif-
ference. p = 9874 kPad = 10 cm, E = 270
kV/cm,

the jon current is a strictly decreasing function of time
after the firat electron transit time. The electron and ion
components of the avalanche current can usually be eas.
ily separated due to the quite different drift velocities of
electrons and ions, and because the electron transit time
usually can be identified from the current waveform.

The recorded avalanche current waveforms in ¢
C4Fg deviate, however, from the ‘normal’ waveforms
described above. Firstly, at relatively high pressures
(above ~ 1.3 kPa), no distinct electron current could be
observed during the first electron transit time {(which
is usually in the order of several tens of ns). After this
period, the cuirrent has been obeerved to increase gradu-
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ally and then decrease. Some typical current waveforms
of this type are shown in Figure 4. The increasing part
of the current lasts for us and should therefore be in-
terpreted as a large ion contribution superimposed on a
relatively small electron component. Although the elec-
tron component cannot be clearly distinguished from
the ion component of the current, the long production
time for ions can only be explained if a small electron
component is present.

Secondly, at low pressures (below 1.3 kPa}, although
the electron current could be observed during the first
electron transit time, the ‘aftercurrent’ is not ‘normal’.
1t increases to a certain value, which may even be higher
than the electron peak, and then decreases. Figure 5
shows some typical current waveforms of this type. Both
types of current waveform, as shown in Figures 4 and
5, demonstrate the presence of delaying processes in ¢
C4Fs. As will be shown, such delaying processes could
be electron detachment and ion conversion as is the case
in air and in 1-C3Fs.

DISCUSSION

HE observations above strongly indicate ion produc-

tion processes after the first electron transit time.
Similar delayed production processes have also been ob-
served in othet gases, such as air [8,11], 1-CaFs [7,9]
or even SFg [12,13], but usually extend for only a few
times the electron transit time. The very pronounced
presence of delayed ion production, combined with the
apparent absence of an electronic contribution in ¢-C4Fg
at pressure above ~ 1.3 kPa can be explained by a com-
bination of a strong attachment process (almost no free
electrons during the first electron transit time) and a
lifetime of the unstable negative ion formed that is large
compared to the electron transit time. As a result, elec-
trons are continuously produced from unstable negative
ions even long after the first electron transit time. The
drift and the production of these delayed electrons may
result in an increasing after-current provided that the
ion conversion/stabilization rate is not very high com-
pared with the electron detachment rate. This increas-
ing after-current will finally decrease due to, (a) the
neutralization at the anode of those unstable negative
ions which have not yet lost their electrons and, (b)
the ion convcrsionfstabiliza:tion effect. This interpreta-
tion is consistent with the observed current waveforms
as shown in Figure 5.

Moreover, the delayed electrons may again produce
ions. The production of these delayed ions may last for
several us if the lifetime of the unstable negative jon is
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Measured avalanche currents in ¢-C¢Fy at relati

vely high pressures. d = 1.0 ¢m, (a) p = 1.3 kPs,

E = 1.50 kV/cm; (b) p = 6.7T kPa, E = 7.30 kV/em; (<) p = 10.7 kPa, £ = 1170 kV/em; (d)

p =200 kPa, E = 21.90 kV/cm.

much longer than the electron transit time. This may
explain why in Figure 4 the current continues to increase
during a time in the order of 1 to 10 ps.

1t is obvious that one cannot simulate the current
waveforms as shown in Figures 4 and 5 by the conven-.
tional two-patameter model which includes only ioniza-
tion and attachment (see for example {11]}. Also in these
circumstances the ionization and attachment coefficients
obtained from a steady-state Townsend method (3] are
apparent parameters and certainly not real ones at all.

WAVEFORM SIMULATION

o understand the avalanche waveforms presently
measured in ¢-CyFg, we have performed some pre-
liminary simulations of both electron and ion currents
using a model which includes detachment and conver-
sion in addition to jonization and attachment processes.

The model has been described earlier [7,8,11] and is sum-
marized below.

Apart from neutral molecules, four species are con-
sidered: electrons (index €], positive ions (index p}, un-
stable negative ions (index nu) and stable negative ions
(index ns). For simplicity, it is assumed that all negative
ions formed via electron attachment processes are unsta-
ble ions, which can either release their electron (via elec-
tron detachment), or can be converted into stable ones
(via ion conversion). Furthermore, secondary emission
from the cathode and diffusion of both electrons and ions
in the gas are excluded. Experimental conditions often
can be chosen such that these assumptions are justified.

Tonization («) and attachment (n) coefficients are
defined as usual, while detachment () and conversion
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Mensured avalanche currents in ¢ CyFy at low
pressure. p = 0.67T kPa, d = 1.0 em, (8) E =
950.0 V/cm: (b) £ = 1.00 kV/em. Note the
difference in time scale.

(B) coefficients are defined as the mean number of de-
tachment or conversion events per unstable negative ion
in the time that an electron travels unit length in the
field direction. These definitions for § and @ are more
convenient for the study of avalanche growth than the
conventional definitions [14] which relate § and S to the
ion drift velocity.

For a parallel-plate gap of separation d {cathode at
z = 0, anode at z = d}, the mentioned above definitions
and conditions then result in the following set of partial
differential equations for the densities of electrons and
ions {8}
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Bp,(z,t Gp.{z,t
—ﬂ%t_) +v¢—£a%—2 = (=)0 (2, 1) + Ve prulz, 1)

H
Bpp(z, 8pp(z,
—ex(gt—t) - uP—EgLE—Q = avep.(z,1t) (2)
Bpnu(z, 1) +u Fpnu(z,1) _
E g (3)
Mepe(z, ) - (8 + ﬂ}v,p,..,(z,t)
et o 2B i) @

where p;(z,1) is the density distribution across the gap
{unit: cm™!} and v; is the drift velocity of species j
(7 = e,pnu,ns). From these equations, and the ap-
propriate initial and boundary conditions, the density
distributions of the different species can be calculated
as a function of position and time. In a recent article
[8] we have presented a general analytical solution.

The ¢lectron and ion comp of the avalanche
current in the external circuit can be written as (8]

4
W=l e @
CI en;(t)
i) = 2; “‘T"}—-
©

e 4
=Z—f pi(z,t)dz  j = p,nu,ns
T, Jo

where e is the elementary charge and T; = dfv; is the
transit time of species j (7 = e, p,nu,ns).

The model presented above can be used to simulate
avalanche current waveform for a given set of swarm
parameters (o, 7, §, B, v,, vp, Ngy and vy, } and the gap
separation d. Furthermore, the model has also been used
in a curve fitting procedure in order to derive swarm
parameters from measured avalanche current waveforms

. [7-8). The model described is in principle applicable

to all electronegative gases which exhibit detachment
and conversion processes in addition to ionization and
attachment processes. The interpretation of the swarm
parameters depends however on the processes involved,
If for example more than one process is responsible for
detachment and conversion (multi-stage or simultaneous
processes), the coefficients § and f should be interpreted
as ‘apparent’ values for the resulting overall process.

To our knowledge, a detailed reaction scheme, es-
pecially for the formation and destiruction of negative
ions, is not available for ¢-C4Fg. As a first approxima-
tion, we assumne that all negative ions formed in ¢-C,Fq
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are unstable ions that can undergo either detachment
or conversion during their drift towards the anode. For
simplicity we also assume that all ions (positive, unsta-
ble and stable negative ions) have the same drift velocity
v; = d/T;, where T; is the transit time of jons.

Two typical simulations denoted *high pressure’ and
‘low pressure’ respectively are shown in Figure 6. In
both cases the electron transit time is chosen to be 50
ns and the ion transit time is 10 us at a gap separation
of 1 crn. Hence E/p values are the same for both simula-
tions. The coefficients o, . 8 and [ are chosen such as
to obtain waveforms similar to the observed waveforms
shown in Figures 4 and 5. The similarities between the
simulated current waveforms and the observed current
waveforms seem to support the idea that electron de-
tachment and ion conversion processes do take place
in ¢-C4Fg. Further analysis using this four-parameter
model is in progress.

. CONCLUSION

HE avalanche current forms recorded in ¢-CyFy

are unusual in comparison with those in most in-
sulating goses. At low pressures (below ~ 1.3 kPa) the
electron component of the current is followed by a large
and increasing ‘aftercurrent’. At higher pressures {above
~ 1.3 kPa), however, the electron component of the
current could not be observed during the first electron
transit time while the jonic component of the current
is comparatively large. Both types of current waveform
indicate that electron detachment and ion conversion
processes do take place in ¢-C4Fyg, in addition to ionisa-
tion and a very strong attachment process. This is fur-
ther supported by the preliminary simulations of both
eleciron and ion currents using a model which includes
detachment and conversion as well as jonization and at-
tachment processes.
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5.9 Dichlorodif luoromethane

5.9.1 Introduction

Dichlorodifluoromethane (CCI;F,;) has a slightly higher dielectric
strength than SFg, and is much cheaper (less than 1/7 of the cost of
SF¢ (Cookson, 1980))}. In the present work, fast swarm experiments
have been performed in CCl,F, over a pressure range of 50~198 Torr
(20°C) and an E/pyq range of 117~124 V/emTorr.

5.9.2 Swarm parameters in OCl,F,; preliminary results
The experiments have been performed at relatively high pressure

in order to observe whether or not delaying processes such as
electron detachment occur in CCl,F,. Figure 5.9.1 shows some typical
avalanche current waveforms measured in CCl,F,.

As was the case for SF,. the measurements do not provide clear
evidence of delaying processes: no tail shows up in the electron
current waveform. The fall of the electron current waveform after one
electron transit time, however, is too long to be explained by
diffusion. This again indicates significant detachment, strongly
counteracted by stabilization processes.

In spite of the presence of delaying processes, the electron
component in SF, could well be described by a two-parameter model.
Because of the strong resemblance between the waveforms measured in
SF¢ and in OCl;F,, we again, as a first approximation, apply this
two-parameter model to the present measurements. If this
two-parameter model is applicable, the technique presented earlier
for the separation of the electron and ion component of the current
waveform is valid. Figure 5.9.2 shows the resulting electron
component corresponding to the waveform in Fig. 5.9.1d.

The obtained electron drift velocity Ve and the effective

ionization coefficient a« are shown in Figs. 5.9.3 and 5.9.4
respectively.

In contrast to the results obtained for SF,. both the electron
drift velocity Ve and the pressure-reduced effective ionization

coefficient ;/on show a marked decrease with increasing pressure,

which tends to saturate at high pressure. At pressures above
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150 Torr, the pressure

................

e
time [nsl

.........

dependence is no longer observed.

208

Figure 5.9.1
Avalanche current waveforms measured in CCl,F, at relatively
high pressure. Here pyo (Torr): (a) 49.9, (b) 99.4, (c) 148.9,
(d) 197.9, E/pyo (V/cmTorr): (a) 121.25, (b) 123.13, (c) 123.45,
(d) 123.04. The unit at the vertical axis (pA) is: (a) 11.4,

(b) 8.33, (c) 3.73, (d) 5.94, d=1.0 cm. The electron component of
the waveform in Fig. 5.9.1d is shown in Fig. 5.9.2.

time [ns]

To the author’s knowledge, such a strong pressure dependence in

CCl,F, at pressures below 150 Torr has not been reported before,

although Boyd and co-workers (1970) also reported a slight decrease

in E/pzo with increasing pso.
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Electron component of the avalanche current waveform shown
in Fig. 5.9.1d. The unit at the vertical axis is 3.75 pA.
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The apparent electron drift velocity Ve in CCl,F,.
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The apparent pressured-reduced effective

ionization coefficient a/psg in CCl,F,.

With respect to the observed pressure dependences, CCl,F,
resembles 1-CyoFg. In 1-C3Fg, however, clear evidence of delaying
processes was found for low pressure 1-C;Fg in a high pressure buffer
gas N, (to avoid diffusion). Similar measurements in a CCI,Fo/N,
mixture did not reveal such evidence.

A possible explanation for the observed behavior in CCl,F, is
that the detachment and stabilization processes active in CCl,;F,
introduce an abnormal pressure dependence as a result of the
different pressure dependences of the individual processes. At
sufficiently high pressure, ion conversion becomes so dominant that
detachment processes no longer produce delayed electrons to a
significant amount.

The four-parameter model should bevapplied to obtain more
detailed information on these processes. This calls, first of all,
for a separation of the total current waveform into an electron—- and

an ion—- component. The separation technique applied to SFg, however,
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is based on the two-parameter model. As stated earlier (in the case
of 0,) this technique has not yet been developed for “complex”
{four-parameter} gases. Note that in 1-C;F; the ion current is low
and separation eof the waveform into an electron- and an ion-
component is not required.

Further study is required to, first of all, derive the electron
component of the current waveforms in “complex" gases, and secondly
to obtain more detailed information on the delaying processes in
Cl1,F5.
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5.10 Overview of avalanche types
From the results and discussions in the previous sections, we can

summarize the types of avalanches encountered in this investigation.

Firstly, avalanches can be subdivided into two significantly
different categories, namely electron—dominated avalanches and
ion—dominated avalanches. Electron-dominated avalanches show a clear
electron component in the avalanche current waveform. This electron
component has a much higher amplitude and a2 much shorter duration
than the ion component. This type of avalanche has been observed in
all gases studied in this thesis except in ¢c—C,Fg. In ¢-C,Fp at low
pressure the electron and ion components are strongly intermixed, and
above about 10 Torr, the electron component can no longer be
recognized and the waveform is completely ion—dominated.

Secondly, in the category of electron-dominated avalanches, we
distinguish between avalanches with and without delaying processes.
For avalanches in which no attachment processes occur {i.e., where no
negativge ions are formed), all electrons reach the anode at the same
time (no electrons are delayed). This corresponds to a steep fall in
the electron component. This type of avalanche has been observed in
Nz, and in principle shoud be observed in all non-attaching gases.
For avalanches in which attachment processes occur, not all electrons
arrive at the anode at the same time if the negative ions formed
undergo subsequent detachment processes. This type of avalanche has
been cobserved in all attaching gases studied in this thesis.

Thirdly, for electron-dominated a\}alanches with delaying
processes, we can distinguish between situations with a low and a
high conversion rate. If the conversion rate f{or conversion
coefficient) is low, delayed electrons can be clearly observed from
the electron current waveform. At a low or moderate detachment rate
the electron current shows a steep drop after one electron transit
time, followed by an aftercurrent. Examples are air, O, and a mixture
of low pressure 1-CsF, in a high pressure buffer gas N,. At high
detachment rate the éteep drop after one electron transit time can no
longer be recognized and an apparent decrease in drift velocity is
observed. If the conversion rate is high, the detachment process is
strongly counteracted, which results in a decrease in the number of

delayed electrons. The waveform then resembles that of a gas without
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delaying processes, but usually. shows a fall time, around the
electron transit time, that is too long to be explained by diffusion
only. In spite of the presence of delaying processes, the electron
current waveform may, in some cases, still be correctly described
with a "simple” model that does not include delaying processes. An

.

example is SFg. For other gases, however, the "simple” model results
in abnormal pressure dependences of the coefficients obtained {1-CyFg

and CCl,F,)
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CHAPTER 6
COONCLUSIONS

Swarm studies provide information on the processes responsible
for the avalanche growth, and on the resulting charge
distribution of the avalanche, and are thereby an important tool
for the understanding of breakdown in insulating gases.

Compared to the steady-state Townsend method, the time-resolved
swarm method provides more detailed information on processes in
avalanches, and their effect on the avalanche growth, and thereby
allow the verification of more complex models. The difference is
especially important for the understanding of streamer breakdown
where the charge distribution is crucial.

Electron detachment and ion conversion often play an important
role in the avalanche growth because they affect the charge
distribution, and may introduce an abnormal pressure dependence
in ’the “apparent” drift velocity, and in the Tapparent”
attachment coefficient.

The observation of the development of an avalanche during its
transit, and in particular the observation of electron
detachment, ion conversion and electron diffusion, requires a
time-resolution in the order of 1 ns or better. Such a
time-resolution can be achieved by the use of a pulsed laser with
a short pulse width, by a subdivided measuring electrode, by
taking into account the effects of stray capacitance and
inductance, and by a careful selection of the measuring
equipment.

The evaluation of time-resolved avalanche current waveforms
requires the application of an adequate model that takes into
account all relevant processes. The use of too simple models
results in "apparent” values for the swarm parameters that may
substantially differ from the "real"” values. This obscures
physical interpretation and seemingly violates known scaling
laws.

With the coefficients for ionization («), attachment (7).
detachment (&) and conversion (8) as defined in this work, the



10.

11.

12.

electron current waveform can be fully described by the following
three sets of swarm coefficients: «a-n (the "real” effective
ionization coefficient), &+8 (which describes the loss rate of
unstable negative ions), and 76 (a secondary, delayed. ionization
parameter).

When applying a two—parameter model to a gas that exhibits all
four processes mentioned above, the derived “apparent”
coefficient (a-n) is related to the "real” coefficients as:
(a-n)appa,em=(a-n)real+n6f {6+8).

If the observation of the electron transit time is obscured by
electron trapping, the low pressure (“zero-density”) drift
velocity should be derived, and used in the determination of the
other swarm parameters.

Clear evidence of delaying processes was found for dry air, 0,,
1-C5Fg and ¢—C Fg. Swarm parameters have been determined for dry
air and 1-CgFg, as well as for a mixture of low pressure 1-CyFg
in a high pressure N, background with a four-parameter model.
These swarm parameters have been interpreted in terms of the
responsible collisional processes. An explanation is given for
the abnormal pressure dependence of the "apparent™ drift velocity
and the "apparent” effective ionization coefficient in 1-C,Fq. It
is found that the corresponding “real” values show no abnormal
pressure dependence up to a pressure of 100 Torr.

An indication of delaying processes was found in SF, and CCl,F,.
For SFg the electron current can, nevertheless, be described by
the two-parameter model (ionization and attachment only). For
Cl,F, such an approach results in an abnormal pressure
dependence in both the electron drift velocity and the "apparent”
effective ionization coefficient, for pressures below 150 Torr.
Of the gases studied, N, is the only gas in which no indication
of delaying processes was found. Nitrogen is also the only non-
attaching gas studied in this work.

Of the gases studied, only N, and SF, can be adequately described
by a two-parameter wodel. The swarm parameters derived on the
basis of this "simple” model are in good agreement with those
reported in the literature.
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13. In c-C,Fg delaying processes dominate the avalanche current
waveforms. At low pressure (up to 10 Torr) the electron component
of the current is strongly intermixed with the ion component. At
higher pressure no distinct electron component can be observed.
This behavior can be explained by a very strong attachment
process, and a lifetime of the unstable negative ion formed that

is large compared to the electron transit time.
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APPENDIX

DERIVATION OF THE ELECTRON DENSITY DISTRIBUTION OF AN AVALARCHE
IN WHICH IONIZATION, ATTACHMENT, DETACHMENT, OCONVERSION AND
ELECTRON DIFFUSION PROCESSES OOCUR

To solve Egqs. (3.5.2a) and (3.5.2b}) in chapter 3 (section 3.5), we
employ the Laplace and Fourier transform techniques. The definitions

of these two transforms for a function f{t) (t20) are:

40
Laplace: L[f{t)] = f(s) = Jexp{-st)f{t}dt {A.1a)
o
ctio
Inverse Laplace: L"‘[W] = f(t) = 271ri Iexp(st)Wﬂs {(A.1b)
c—jiw
$0
Fourier: F[£(t)] = £(w) Jexp(—uot}f{t)dt {A.1c)
400
Inverse Fourier: F-'[f(w)] = = L Jexp(iwt)mdm {(A.14)

The following approach for solving Eqs. (3.5.2a) and {3.5.2b) is
based on the method used by Ritchie and Turner (1967). Their model,
however, is extended here to include also ionization and conversion
processes.

Applying the laplace transform to both Egs. {3.5.2a) and (3.5.2b)
with respect to t, we find:

_ s
spe(x,s) - pe(x,O) + er = av p, (x,s) + bvepnu(x s)
a pe(x.si
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sp_(x.85) - p_ (x.0) = m _p_(X.5) - (5+B)v _p_(%.8) (A.2b)

If we assume that no unstable negative ions are present at t=0, i.e.,
pnu(x,O):O, then from Eq. (A.2b) we obtain: '

[— w —
P (x:8) = —;_(%We(x's) (A.3)

Substitution of Eq. {A.3) and the initial condition pe(x,0)=noD(x).
where D(x) is the Dirac function (unit: cm™'), inte Eq. {A.2a)

yields:
o7 (5.5)  3p (%.5)
D 2 - Wr B - I‘pe(x,s) = - noD(x) {(A.4)
where
_ név:
F'z=8 = Qv = s {A.5)

e s + (6+ﬁ)ve

Applying the Fourier transform to Eq. {A.4) with respect to x, we
obtain:

—wzl)pe(w.s) - imere(m.s) -Tpe(w.s) =0,
or

n
Pa—— o
pe(w,s) T Do® + iwrw + T

(A.6)

Here pe(w.s) denotes the Fourier transform of function pe(x,s)

according to Eq. (A.1c). The inverse Fourier transform of pe{w.s)

will yield pe(x,s)t
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Here

p(x.5) =

I
f_-\
g
~
P
§
Yt
‘D
A
€
m
v
.
€

+00
_ Do exp{iox]
T LA do
R R N
)
_ _Dg j exo{ iwx) do
(o - wg){o — ©z)
—£0

wr r r
Q1.2=i( ﬁi ﬁ' D_')

and ©, takes the positive sign.

(A.T)

(A.8)

The complex integration in Eq. (A.7) is performed by the choice of

an integration contour that consists of an

infinite semi-circle

enclosing the upper half of the complex w-plane and the root wy.

Application of the residue theorem (see,
Snider, 1976) gives:
P (5.5) = —P2 +oni. Jexp{ivgx)
e\’ 2xD (0 - w3)
Substitution of w@,,, into Eq. (A.9) gives:
Wrx exp( - = W:
noexp(55-) Wi T
p(x.5) =
€ 2V D W
DT

for example,

Saff and

(A.9)

(A.10)

Finally from the inverse Laplace of pe(x,s), we can write pe(x.t)

as:
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cHiw

p(x.t) = gm Iexp(st)p (x,s) ds
c—jw
Wrx X Wr
noexp(5n™) cri® exp(st- g5+ T )
= dS (A.ll)
4rivh ]

c-fw 411; +#T
Equation (A.11)}), in a complex integral form, gives the electron
number—-density distribution at any position x (0<{x<{d) and at any time
t (gre).

To check the validity of Eq. (A.11), we consider the following two

situations. Firstly we consider a situation without electron

detachment, i.e., &=0. From Egq. (A.5) we obtain T=s~;ve. and
Eq. (A.11) can be written as:

. ctio exp(—a . )
pe(x,t) = Aﬁi—‘{ exp(st)'_"\;s—"?—{)““'ds
c—im
» exp(-avs + b)
= [——m— {A.12)
where
\? X
noexp( ) w2
= m— = X . = b - 7
A= : a_\,ﬁ_, b'éD oV, (A.13)
When we apply the Laplace transform property:
L~ [T(5%0)] = exp(-ct)L~*[T(s)] (A.14)

where ¢ is a constant, and if we further apply the Laplace transform
{Spiegel, 1968):
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2
, exp(-avs)  exp(- %;
L ] = (A.15)
Vs VRt

Equation (A.12) (and hence Eq. {A.11)) becomes:

exp(-avs)

It

P (x.t) = Aexp(-bt)L™"[

3

_a
4t
t

L}

Aexp(—bt)e (A.16)

Substitution of A, a and b from Eq. {A.13) into Eq. (A.16) gives:

noexP(EVet) (X'wrt)z
pelxt) = ——*—expl- —g5r—] (A-17)

This solution is identical to Eq. (3.4.5) derived in section 3.4
where only ionization, attachment and electron diffusion are
considered.

For a second check we consider the situation without electron
diffusion (D=0). Equation (A.11) should now yield the same solution
that was derived in section 3.3.

Since D=0, and thereby Wrzve4ED=ve. Eq. {A.6) becomes:

—— n
N o
pl0.s) = W (A.18)
Equation {(A.7) can then be written as:
1 +wn;_,c.axp(i(.)}t;) n, e exp{iwx)
p(xs)_znfww_}rdw: 2xivj _ir_dw {A.19)
—00 € @7y
e

Complex integration results in:
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[E— No
pelis) = Sen(- -5;*3 (A.20)

Substitution of I' from Eq. (A.5) into Eq. (A.20) gives:

2

ng cav, x
pe(x.s) = —;—exp(c,x)exp[(s T~ S 1 (A.21)
e e e
vhere
Cy =N ; Cy=5f;: ¢y =1nd {A.22)

The electron number density pe(x.t) is obtained by taking the inverse

Laplace transform of pe(x.s) {(Eq. (A.11)):

— ——1 P e
Po(xt) = L[5 (x:5)]
n Cny V %
= —Cexp(cyx)L {exploros - (sreavg) + eav, 1)
e e
CyV X

——exp(c,mzx)L {exp[-;,,—fv—-- (steav, )—]} (A.23)

Applying Eq. (A.14), we can write Eq. (A.23) as:

CaVv X

n
po(x:) = Pexplesx-ea (v, =) L [exp( S0l (e

For f(s)-exp( i x) and h —TETL———f(s , We can write (Spiegel,1968):
L=[h(s)] = h(t) = Io(v4cav xt) (A.25)

wvhere Is(y) is the zero order modified Bessel function (see
Eq. (3.3.17)). Since h(0)=1 (Eq. (A.25)). we obtain:
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Cav X

L~ [T(s)] = L~ [exp(— )]

f(t)

L—*[sh(s)] = L~*[sh{(s) - h(0) + h(0)]
= L='[sh(s) - h(0)] + L' [h(0)]

- %—1(:2)-'!' D(t)

C3V X

= | == L(VAcav xt) + D(t) (A.26)

t

where I;(y) is the first order modifed Bessel function (defined in
Eq. (3.3.17)) and D(t) is the Dirac function.

We now apply the theorem that, if f{s)=L[f(t)]. then:

L~ [exp(-tos)f(s)] = p(t) (A.27)
where

p(t) =0 for O<t<tq (A.28)
and

p(t) = f(t-to) for t2tg (A.29)

From Egs. (A.24) and {A.26), we then obtain for 0(t<—§- (i.e.
e
x>vet)0) that:

p(x.t) =0 ' (A.30)

and for tz—%— (i1.e., xgvet) that:
e
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No

pe(x.t) = ——explesx-ca(v t=x)1E(t - 3-)
e e
n y exp(f ) n :
= ey 1) * —v—:m - 3Dep(e) (A.31)
where
Yo = Wcs(vet—x)x {A.32)
fo = c,x—cz(vet—x) (A.33)

This solution is identical to the summation of Egs. (3.3.13) (for the
delayed component} and {3.3.10a) (for the undelayed component), if we
assume that v =0.

nu
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{15

The boundary condition that presumes a zero density of the charged
particles at all times at the electrodes of an avalanche setup, as
was used by, for example, Huxley and Crompton (1974), is inconsistent
with the currents observed in the external circuit.
Huxley, L.G.H., and R.¥. Crompton (1974). The Diffusion and Drift of

Electrons in Gases. John Wiley & Sons, New York.
This thesis, chapter 2.

<2

The mechanism for the positive synergism observed in the gas
mixture 1-CiFg/c—Cy Fg, as proposed by Hunter and Christophorou
{(1985), is incomplete because of the neglect of unstable negative
ions in ¢c-C4Fy which have been found to be present in considerable
numbers.
Hunter, S.R., and L.G. Christophorou (1985). I. Appl. Phys., Vol. 57,

No. 9. pp.u377-4385.
This thesis, chapter 5.

3>

The swarm parameters determined by Naidu and co-workers (1972) for
cC4Fg at very low pressures cannot be extrapolated to higher
pressures because of the pronounced occurrence of electron detachment
and ion conversion processes.
Kaidu, M.S.., A.N. Prasad, and J.D. Craggs (1972). . Phys. D: Appl.

Phys., Vol. B, pp.74l1-746.
This thesis, chopter 5.

{4

The critical remark of Phelps (1987) on the discrepancy between
the values for the effective ionization coefficient in humid air
calculated by himself, and the values found experimentally by
Verhaart and van der Laan {1984}, is not significant because Phelps
disregards the difference between the ‘“real™ and "apparent”
coefficients.
Phelps, A.V. (1987). In L.G. Christophorou, and D.W. Bouldin (Eds.),

Gaseous Dielectrics V. Pergamon Press, New York, pp.1-9.
Verhaart, H.F.A., and P.C.T. van der Laan (1984). J. Appl. Phys.,

Yol. 55, No. 9, pp.3286-3292.
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5>
As in mixtures of some insulating gases where a positive synergism
has been observed (the dielectric strength of the mixture is higher
than that of either of the constituent gases, see chapter 5 of this
thesis), an optimum political system may be found by properly mixing

socialism and capitalism.

<6>
The intention of avoiding mathematical equations in "A Brief
History of Time"” (1988, Bantam Press, London) by Stephen W. Hawking
is overdone; when combined properly, mathematical equations and
physical interpretations can describe science and technology more

easily and more clearly than either of the two.

<7
In science management one should bear in mind the statement of
Feshbach (1986): "The arrogant pronouncement that some field is no
longer interesting has been made often and has been wrong just as
often.”.

Feshbach, H. (1986). Physics Teday, June, 1986, p.7.

<8>
Competition of any kind may or may not be beneficial to the
development of society, but is certainly harmful to the competitors,
both physically and psychologically, if they have to spend most of

their time and effort on the competition itself.

<9
The letter of the "College van Bestuur" {1989) concerning "Beleid
ter voorkoming van ongewenste intimiteiten” may make people feel
uncomfortable at dealing with normal relationships.
College van Bestuur (1989). No. CuB 163, 410 d.d. 12.06.1989.

<1

Real democracy and freedom c¢an only be achieved through a

non—-violent approach.

e e e e



1D
Music is an empty box in which you can put your own feeling,
emotion and imagination, and get a full box which might be completely

different from the one that somebody else has obtained.

12>
The abbreviation of terms both in daily life and in technology
often leads to misunderstanding and should be limited in use. For
example, NS can mean Nederlandse Spoorwegen or Never Stop; Chinese
Airlines Always Cancel (Crash!) is certainly not the original meaning
of CAAC {Civil Aviation Administration of China); and Ph.D (Doctor of
Philosophy) means more than only Pain, Headache and Disease. For

myself, I will never abbreviate my own name!

Eindhoven, 26 September 1989.
Wen, Chuan



