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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 N2 laser (wavelength 337.1 nm) with a 

very short pulse duration {0.6 ns) for releasing primary electrons 

{106 -107
) from the cathode; {2) a subdivided measuring electrode 

which favors both sensitivity and frequency response; {3) a fast 9 

bit digitizer (bandwidth Q-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 N2 , SF6 , dry air, 

0 2 , l-c3 F6 , c-c4 F9 and C:Cl 2 F2 • Depending on the gas under study, 
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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 l-c3 F6 and c-c4 F8 • 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. 
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SAIIENVATIING 

Isolerende gassen, zoals toegepast in de energietechniek. kunnen 

ongewenst elektrische doorslag vertonen. Deze doorslag is bet gevolg 

van een buitensporige aangroei van lading. Hierbij zijn verschillende 

botsings-processen betrokken. Kennis over deze processen, alsook over 

de transport-grootheden van elektronen en ionen, is daarom van groot 

belang voor een goed begrip van doors lag in gassen. Doe I van di t 

promotie-onderzoek is om de processen te onderzoeken die 

verantwoordelijk 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 bet 

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 bet huidige meetsysteem zijn: (1) elektronen (1~10 

miljoen) worden uit de kathode vrijgemaakt met behulp van een TEA N2 

laser (golflengte 337.1 nm) met een korte pulsduur (0.6 ns); 

(2) gevoeligbeid en bandbreedte zijn 

een opgedeelde meetelektrode: (3) de 

een snelle 9 bit digitizer 

(4) elektromagnetische storingen, 

optimaal door bet gebruik 

golfvorm wordt vastgelegd 

(bandbreedte ~~ GHz): 

lopende-golf effekten en 

van 

met 

en 

de 

effekten van parasitaire kapaciteiten en zelfindukties zijn minimaal 

door een zorgvuldig ontwerp van bet meetsysteem. De tijdoplossing van 

de meetopstelling is 1.4 ns. 

Een hydrodynamlsch 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 bet komplete model, en voor 

enkele speciale gevallen (met en zonder diffuste, met en zonder 
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vertragende processen). Fitting programma's zijn ontwikkeld om 

lawine-parameters te bepalen uit de golfvorm van de gemeten stroom, 

en in bet bijzonder uit de elektronen-komponent van deze stroom. 

Tijdopgeloste lawine-metingen zijn uitgevoerd in N2 , SF6 , droge 

lucbt, 0 2 , l-c3 F6 , c-c4 F8 en 0Cl 2 F2 • Afhankelijk van bet bestudeerde 

gas zijn lawine-grootheden, zoals de driftsnelbeid en de 

longitudinale diffusie-koefficient van 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 l-c3 F6 en c-c4 F8 . Volgens de 

literatuur worden deze twee gassen gekenmerkt door abnormaal 

dielektrisch gedrag: ze vertonen een onverwachte druk-afhankelijkheid 

in de doorslagveldsterkte en in de "scbijnbare" 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 gebracbt). Met de bier gerapporteerde tijdopgeloste metingen is 

bet 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 bet 

gerapporteerde abnormale dielektriscbe gedrag. 
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a:IAPTER 1 

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 

may, 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 may 

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, 1990). 

At present, sulphur hexafluoride, SF6 , is commonly used in GIS 

systems. This gas has, however, its 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 SF6 are 

being considered as replacements of, or admixtures to, SF6 (James and 

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

5 



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 

d~scription of these collisional processes is presented in chapte't 2. 

Ionization 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 tai 1. This wi 11 

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 often 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 (1988a} for 1-c3 F6 ). 

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 study of avalanches in insulating gases 

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 
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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, OC, 

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 inhibition 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 ToutSend ~~ethod (SST). This method (see. for 

instance, Meek and Craggs, 1978) detects the 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. 
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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 resolution, 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 often 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. 

TtJRe-resolued SIDI1rll JRetlwd (TRS). This method (also called 

electrical method or pulsed Townsend discharge method (Christophorou. 

1984; Raether. 1964}) is 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 ultraviolet source in a very short time interval (this 

work), or are produced in the gas by a short pulse of 7-radiation 

(Schmidt and co-workers, 1980). 
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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-c3 F6 {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 ~aetfuxl (~). 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 is 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 

uncertainty 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 
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necessarily represent the distribution within a single avalanche. 

Ti11e of flight 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-resolved 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, 1988}. 

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 macroscopic, 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 Boltzmann equation 

analysis or the Monte Carlo simulation. 

1ne BoltZlll£llll'l equation analysts (BEA). In the Boltzmann equation 

analysis (see, for instance, Huxley and Crompton, 1974), a set of 

cross sections of relevant elastic and inelastic collisions is 

collected for the gas under consideration, ba.sed 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. 

1ne .lante Ou-lo sbiUlattan (JKS). An alternative theoretical 
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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 is required to check whether the set of cross 

sections used is correct and complete. 

Jacroscopic aodel. 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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<liAPTER 2 

FUNDAMENTAL <Dll...ISIOOAL PROCESSES IN AVALAN<liES 

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. 
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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: 

hv + A~ A+ + e {2.2.1) 

This is called photoionization and is 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 Ionization by electron impact 

When electrons move through a gas under the influence of the 

applied electric field, they can coli ide 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 due to electron impact by the 

following reactions: 

single: e + AB ----+ AB+ + 2e 

dissociative: e + AB ----+ A+ + B + 2e 

{2.2.2) 

(2.2.3) 

Dissociative ionization, as well as double or multiple ionization 

(Mark, 1984) requires, however, a higher electron energy than single 

ionization. 

The ionization coefficient for ionization by electron impact, a, 

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 em. 

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 

Dissociat iue attachment. When an electron col1 ides 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: 

{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: 

(2.3.5) 

or molecule B may become a negative ion upon charge transfer: 

(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 ~ns to 

represent all attachment processes that produce stable negative ions 

(the reactions in Eqs. (2.3.1) and (2.3.2)) and another coefficient 

~nu to represent all attachment processes that produce unstable 

negative ions (the reaction in Eq. (2.3.4)). Both coefficients ~ns 

and ~ are defined as the mean number of attachment processes nu 
produced by one electron traveling 1 em in the direction of the 

field. The total attachment coefficient is ~ns~nu· 

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 ~ used 

there is ~ns· 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 ~ used there is ~nu· The 

incorporation of direct stable negative ion formation {i.e., ~ns~) 

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 f3 which is defined as the mean number of 

conversion processes per unstable negative ion in a time an electron 

trauels 1 em in the direction of the field. 

Note that the above definition of the conversion coefficient f3 {as 

well as the definition of the detachment coefficient b that will 

follow) is different from the definition used in the literature {see, 

for instance, Llewellyn-Jones, 1967; Meek and Craggs, 1978) where f3 

and bare related to the ion drift velocity. For avalanche studies it 

is more convenient to relate f3 and b 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 

Autodetacluaent. An unstable negative ion may spontaneously lose 

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

not collisionally stabilized: 

{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). 

Colltstanal detachaent. When an unstable negative ion AB-* 

collides with a gas molecule C, several kinds of collisional 

detachment processes may occur: 

direct detachment: 

associative detachment: 

AB-* + C - AB + C + e 

AB-* + C - ABC + e 

dissociative detachment: AB-* + C - A + B + C + e 

(2.3.8) 

(2.3.9) 

(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, b, is defined as the mean number of detachment processes 

per unstable negative ion in a time an electron travels 1 em in the 

direction of the field. 

Photodetachment. Photodetachment can be expressed as: 

hv +A-*- A+ e (2.3.11) 

This process is, 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 in 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 0 2 by 

Teich and Morris (1987a, 1987b)). 

2.4 Drift and diffusi-on 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 I i g h t ( t = 0) 

.... 
E 

I 
I 

0 
I~X 

d 

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 SF6 , and 

Figs. 5.6.1a and 5.6.1b for 0 2 in chapter 5). This peak, that is not 

observed in non-attaching gases such as N2 , 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 
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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 v is defined as the averaged velocity of all 
e 

electrons in the swarm. 

Another drift velocity also important for the description of 

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

w -~ 
r - dt 

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

(2.4.1} 

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 v in the presence of 
e 

ionization and electron diffusion is in general smaller than the 

center-of-mass drift velocity W . Their simulations in both N2 and Ar . r 
suggest that this difference can be as high as 25% at high E/p 

(electric field over gas pressure). 

When 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 vi much smaller 

than the electron drift velocity v . 
e 

The motion of ions is normally described in terms of the ion 

mobility, K., where K.=v./E. The mobility is usually referred to 
1 1 1 

standard conditions of temperature and pressure (s.t.p) by (Meek and 

Craggs, 1978) : 

(2.4.2) 
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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: 

J -D•vpe {2.4.3) 

where J is the number of electrons passing a unit area per unit time 

and pe is the electron number density. The minus 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, ll· describes the diffusion of 

the swarm in the direction parallel to E. These two components can be 

expressed by (Tagashira, 1981): 

(2.4.4) 

(2.4.5) 

where rd and xd are the averaged distances from the center of the 

cloud of electrons, as shown in Fig. 2.4.1. 

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, the diffusion perpendicular to the 
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E-field direction <Dr> is therefore less important than the diffusion 

parallel to the E-field direction (I\_}. Moreover, at atmospheric 

pressure, the velocity distribution of the electrons in the gap is 

nearly isotropic, and the difference between Df and DL is negligiple. 

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 is 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 no longer 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}: 

-+ ..,. ..,. I f{r, v, t} -+ = 0 
, ron S 

for cosO = _!_.ri > 0 
I; I 

{2.4.6} 

-+ -+ 
where f(r, v. t} is the velocity distribution function of the charge 

carriers, i and; are the position and velocity vectors respectively, 

ri is the unit vector normal to S and directed away from the 
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electrode, and 9 is the angle between the velocity vector ~ and the 

unit vee tor ri. 
The condition in 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, t)l~ = 0 
r on S 

(2.4. 7) 

~ 
where p(r, 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) is 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 S we may state 

that: 

II <:t + ~>·ciS = o (2.4.8) 

s 

where J is the material current density and ~ is the displacement 

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 
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closed surface (through 8 1 ) equals the charge leaving the closed 

surface (through 8 2 ). If we choose surface 8 1 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 
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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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CliAPI"ER 3 

THEORY OF JF.NSI1Y DISTRIBUTICXiS AND TRANSIENT 

aJRR.ENrS OF ELECf'RONS AND ICXiS IN AVAI..ANCHEE 

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=O 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 valid 

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 5). 

The approach described in this chapter is different from earlier 

work reported in the 1 i terature in three respects. Firstly. the 

25 



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=D, 

n
0 

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 parallel-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) 
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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 ion, 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 p.(x,y,z,t) {unit: cm- 3
) as the number density of 

J 
species j (j=e, p, nu, ns) present in the gap at time t and at 

location (x,y,z}. Integration of p.(x,y,z,t} over y and z will yield 
J 

the number density p.(x,t) (unit: cm- 1
}: 

J 

pj(x,t} = JJ pj(x,y,z,t)dydz (3.1.1} 

yz 

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

d 

nj(t) J p/x.t)dx 

0 

(3.1.2} 

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 q=enj(t), moving with a constant 

drift velocity v j, over a distance dx, during a time interval dt 

equals qEdx=en.(t}Ev.dt, where we have used the relation vj=dx:/dt. 
J J 

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)Ev.dt = Ui.(t}dt 
J J 

{3.1.3) 
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i .( t) 
J 

where Tj is the transit time of species j. 

en.( t) 
= -~J~­

Tj 
(3.1.4) 

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: 

ap (x, t) 
e 
at 

ap (x,t) 
e 

ap (x.t) ap (x,t) 
p - v p ( t) at p 8x = avepe X, 

(3.2.la) 

(3.2.lb) 

(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 ~ 

are the coefficients for ionization and attachment defined in 

chapter 2. Note that here ~ns; only stable negative ions are formed 

because detachment is not accounted for. All velocities v j 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.la) are: 

p (x,O) = n D(x) e o (3.2.2a} 

(t>T } e 
(3.2.2b} 

where n
0 

is the number of primary electrons released from the cathode 

at time t=O and D(x} is the Dirac function (unit: cm- 1
}, T =d/v is · e e 

the electron transit time. Equation (3.2.2a) states that the primary 
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electrons are released at time t=O 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-vet=constant, one does 

not have to account for the electron drift, and the left-hand-side of 

Eq. {3.2.la} 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-v t=h =constant. 
e e 

Formally. this transformation is performed by introducing a variable 

substitution: 

x=h +vt e e 
t = t 

{3.2.3a} 

(3.2.3b} 

The characteristic lines (h =constant) are shown schematically in 
e 

Fig. 3.2.1. The line h =0 (or x=v t) corresponds to the electrons 
e e 

released at t=O. The lines h >O (not shown in Fig. 3.2.1) and h <O e e 
corresponds to earlier (t<O) and later (t>O) electrons respectively. 

X 

d 
' '-d-Vet 

' ' 'Te 0 t 
' ' 'I , .. 

' ' 
., I ) 

' ' ' "t,_ 
~ 

' ' I illl ::. <I ' 
-vet-', 

' 
Cal (b) 

Figure 3.2.1 

The characteristic lines of Eq. (3.2.1a} for 

the electrons within the region: O~x~d and t~O. 
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In the new (he,t) system, the electron number density pe(x,t) can 

be written as: 

A 
p (x,t) = p (h +v t,t) = p (h ,t) e e e e e e (3.2.4) 

where p (h , t) and p (x, t) have identical values if x and he are e e. e 
related according to Eq. (3.2.3a). 

8p (h • t) 
Th "ld" i ee e part1a er1vat ve Bt is related to the partial 

8pe(x,t) 8pe(x,t) 
derivatives 8x and at (see, for example, Bronshtein and 

Semendyayev. 1985) by: 

8p (h .t) 
e e 
8t 

8pe(x.t) 8x 8pe(x,t) Bt 
ax ·-a-t- + at at 

With this substitution. Eq. (3.2.la) becomes: 

8p (h ,t) 
---'e"-;;8:-:-te;;;..__ = ( ~-Tl )v p (h • t) e e e 

(3.2.5) 

(3.2.6} 

For any constant value of he' and for an electron cloud starting at 

t=O, the solution of Eq. (3.2.6) is: 

p (h ,t) = p (h ,O)exp((a-ij)V t] e e e e e (3.2.7) 

Transformation to the original coordinate system (x,t) according to 

Eq. (3.2.3) gives: 

pe(x,t) = p (x-v t.O)exp[(~-Tj)v t] e e e 
(3.2.8) 

for O~x~d and t20. 

The solution shows that the number density of electrons at 
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position x and at time t is caused by the exponential growth of the 

electrons at position x-v t and at time t=O. 
e 

The application of the initial condition in Eq. (3.2.2a} to this 

general solution gives the specific solution: 

p (x,t} = n D(x-v t)exp[(~}v t] e o e e (3.2.9) 

As a result of this initial condition, a solution different from zero 

is found only along the special characteristic line x-vet=O, 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 p (x, t) can finally be 
e 

written as: 

[ 

n D(x-v t)exp(av t) , o e e 
pe(x,t) 

0 

(3.2.10a} 

(t>T ) e 
(3.2.10b} 

where ~ is the effective ionization coefficient. With this 

solution for pe(x, t), also the number densities for positive and 

(stable) negative ions can be obtained by solving Eqs. (3.2.1b} and 

(3.2.1c}. 

The solution of Eq. (3.2.1b) for positive ions is obtained 

similarly along the 

characteristic lines 

Fig. 3.2.2. 

characteristic lines x+v t=h =constant. The p p 
for positive ions are shown schematically in 

After transformation to the (h ,t) coordinate system the solution 
p 

is obtained as: 

t 

p (h ,t) = av JP {h -v T,T}dT p p e e p p {3.2.11} 

0 

From Fig. 3.2.2b we can derive that for each constant h , with 
p 

hp~d+vpTe' positive ions exist only 

{3.2.11} can therefore be written as: 

for Qh /(v +v ) . Equation 
P e p 
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X 

(a) 

p ·(h -v T,T)dT e p p 
h 

____£_ 
V1+V 

e p 

Figure 3.2.2 

(3.2.12) 

Te+Tp 

(b) 

The characteristic lines of Eq. (3.2.1b) for the positive 

ions within the region: O<x~d and O~t~T +T . - ~ e p 

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

t 

p (x,t) = av J p (x+v t-v T,T)d-r p e e p p 
x+v t 

p 
v +v 

e p 

Substitution of Eq. (3.2.10a) into Eq. (3.2.13) yields: 
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t 

= ~ Jn D(x+v t-v T-v T}exp(av T)dT e o p p e e 
x+v t 

p 
v +v 

e p 

~n x+vt 
= e o (- p 

v+v xp~ev+v 
e p e p 

(3.2.14) 

The validity regions for pp(x,t) can easily be seen from 

Fig. 3.2.2 as: O~x~vet if t~Te and O~x~d-vp(t-Te) if Te<t~Te+Tp. Here 

Tp=d/vp is the positive ion transit time. 

In the same way we obtain the solution of Eq. (3.2.lc) for the 

negative ions. The characteristic lines are x-vnt=hn=constant, and 

are shown schematically in Fig. 3.2.3. We find: 

p (x,t} 
n 

(3.2.15) 

for vnt~x~vet if t~Te and vnt~x~d if Te<t~Tn. Here Tn=d/vn is the 

negative ion transit time. 

X 

O Te Tn t 

(a) (b) 

Figure 3.2.3 

The characteristic lines of Eq. (3.2.1c) for the negative 

ions within the region: O~x~d and O<t~T . - n 
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The numbers of electrons n {t}, positive ions n {t) and (stable} e . P 
negative ions n {t} present in the gap at time t can be obtained by 

n 
integration, taking into account the regions in which these densities 

are valid. 

For t~Te' we obtain: 

For t>T , e 
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n (t) = In D{x-v t)exp(av t}dx e o e e 

n (t) p 

0 

= n exp(av t) o e 

v t e 

=I 
0 

(XV n x+v t 
eo - p 

v +v exp((Xl/e v +v 
e p e p 

001 vv 

)dx 

o - - e p -= -::=:Iexp((Xl{et)-exp(a v +v t}] if a#.) 
a e p 

n (t) n 

v 
=a e nvt 

v +v o e 
e P 

v t e x-v t 

=I 
TfVeno - n 
v -v xp((Xl{e v -v 

v t e n e n 
n 

11flo -
= ~exp((Xl/ t)-1] - e a 

= T[Venot 

we obtain: 

}dx 

ifii"¢0 

(t~Te) 

ifii'=o 

ne(t) = 0 , (t>T ) e 

{3.2.16) 

(3.2.17a) 

(3.2.17b) 

(3.2.18a) 

(3.2.18b) 

{3.2.19) 



n (t) 
p 

d-v (t-T ) 

I 
P e Ot.V n x+v t 

= _V___;::_V..;:O:....e:xp(av e V +; 
0 

e p e p 

v 
= a e n [d-v (t-T )] v +v o p e 

e P 

x-v t 
- n 

xp( Ot.V e v -v )dx 
e n 

)dx 

if~ 

(3.2.20a) 

(3.2.20b) 

(3.2.21a) 

(3.2.21b) 

Finally, the electron and ion components of the avalanche current 

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

en (t) 
i (t) = -.:;:e __ 
e T 

e 

en.(t} 
1. ( t} = }1,.._-!:TJ --

1 j j 

{3.2.22) 

(j=p, n) {3.2.23} 

The present expressions for n (t} and n {t} are more complete than 
P n 

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<O. ~ 
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and a>O. The corresponding currents are shown in Fig. 3.2.5. 
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d d 

Cb> <X-o 

Figure 3.2.4 

Number-density distributions for electrons (p ), positive ions e 
(p ) and (stable) negative ions (p ) in the gap for an avalanche 

P n 
with only ionization and attachment. Here Te is the electron 

transit time. 



ie( t) 

'--'--____;::-... t 
Te.Tp 

(a) (i<() 

o~----~--t o~----~--t 
Te 

......_..__ __ ......... _t 

Te+ Tp 

(b) ii=O Cc> a>O 

Figure 3.2.5 

Electron (i ), positive ion (i ) and (stable) negative ion (i ) e p n 
components of the avalanche current in the external circuit for an 

avalanche with only ionization and attachment. Here i =en IT . o o e 
i =i (T ) and 1 =i (T ). The index m denotes the maximum value. 
pmpe runne 

Note that, for clarity, in the figures for i (t) and i (t) the 
p n 

period ~Te 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 T e, 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<T ) is neglected (Verhaart, 1982: Verhaart and 
e 

van der Laan. 1984): 

dt 
(~)v n (t) + bv n (t) e e e nu 

(3.3.1a) ---= 

dn (t) 
~ = av n (t) 

dt e e 
(3.3.1b) 

{3.3.1c) 

(3.3.1d) 

Here n.(t) is the total number of species j (j=e, p, nu, ns) present 
J 

in the gap at time t~Te' a, ~. b and p are the ionization, 

attachment, detachment and conversion coefficients, as defined in 

chapter 2. Note that here ~ and 11 :.{) since all negative ions nu ns 
formed through attachment are assumed to be unstable. 
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We assume that n primary electrons are released from the cathode 
0 

in an infinitely short time interval, i.e .• n (0) = n. For times not e o 
exceeding T . one does not have to account for the neutralization of 

e 
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): 

Here 

and A1 takes the positive sign. 

The solutions for n (t), n {t) and n (t) for times t up to Te p nu ns 
can also be derived from Eqs. (3.3.1a) ~ (3.3.1d) as: 

n {t) 
p 

n (t) nu 

n (t) ns 

a{6+J3)n 
0 (3.3.4) 

{3.3.5) 

The electron and ion components of the current in the external 

circuit can then be written as: 

en {t) 
i (t) =_'""eo--
e T 

e 
(3.3.7) 
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en.(t} 
i.(t} =I -~J __ 

1 j Tj 
(j = p, nu, ns} (3.3.8} 

where T , T and T are the transit times of positive ions, p nu ns 
unstable and stable negative ions, respectively. 

For times exceeding T e 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 t~Te' 

the number densities of electrons and ions are described by the 

following set of partial differential equations: 

Bp (x,t} 
e 

-"-:a=-t-- + v e (3.3.9a} 

8p (x,t} 8p {x.t} 
pat - vp pax = avePe(x.t} (3.3.9b} 

Bpnu(x,t) Bpnu(x.t} 
-""";:8,..-t-- + v -'""'~"'---- = TfV p (x, t) - {b+/3)v p (x, t) nu vA e e e nu (3.3.9c} 

(3.3.9d) 

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 analytical solution valid 

also for t>T . This analytical solution can be obtained by solving e 



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 p (x,t) and p (x,t). 
e nu 

The method to solve Eqs. (3.3.9a) and (3.3.9c) 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 attac~ed, or those produced by other undelayed electrons 

through ionization. Hence all undelayed electrons are found in the 

head of the avalanche (x=v t). Delayed electrons are the result of 
e 

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
0 

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): 

und 
pe (x, t) n D(x-v t)exp[(a~)x] , o e (3.3.10a) 

und 
pe (x,t) = 0 , (3.3.10b) 

Here D(T) is the Dirac function (unit: cm- 1
). 

The region where delayed electrons and unstable negative ions are 

found is given by vnut~x~vet if t~Te and vnut~x~d if Te<t~Tnu (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=v e t 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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p (v t,t) 
nu e 

X 

Tl! 

norrve 
-v-=-_-v::......exp[ ( a-7] )vet] 

e nu 

Figure 3.3.1 

(vet~d} (3.3.11} 

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=vnut 

are those formed by attachment at t=O that have not yet undergone 

detachment or conversion, hence (see also Llewellyn-Jones, 1967; 

Raether, 1964): 

nrrv 
p (v t,t) = 0 e xp[-(b+P)v t] 

nu nu v -v e (3.3.12) 
e nu 

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): 
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Here: 

del 
p (x,t) 

e 

p (x,t) nu 

v 

n yexp(f} 
0 

= 2{v t-x) I 1 (y) 
e 

n TfV exp(f} 
o e I ( ) 

v -v o Y 
e nu 

y = 2 e / 7JO(v t x)(x v t) v -v e nu 
e nu 

f 

(3.3.13} 

(3.3.14} 

(3.3.15} 

(3.3.16) 

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

"" (....L_)n }: 1 (....L..
2 

)2k 
2 k=O k! (k+n)! 

(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 

Pnu(x,t) 

be derived from p (x,t) 
e 

with Eqs. (3.3.9b} and 

und del 
(note that pe=Pe +pe and 

(3.3.9d}, and the appropriate 

boundary conditions, as: 

t 

p (x,t) = av IP (x+v t-v T,T}dT p e e p p (3.3.18} 

0 

t 

= Pv IP (x-v t+v T,T}dT e nu ns ns (3.3.19} 

0 

These solutions are derived along the characteristic lines 

x+v t=h =constant 
p p of Eq. (3.3.9b} and x-v t=h =constant ns ns of 
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Eq. (3.3.9d}. These characteristic lines are shown in Fig. 3.3.2 and 

Fig. 3.3.3. 

X 

(a) (b) 

Figure 3.3.2 

The characteristic lines of Eq. (3.3.9b} for the positive 

ions within the region: O~x~d and O<t~T +T . - p nu 

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: 

vnst~x~vet if t~Te and vnst~x~d if Te<t~Tns· For the positive ions in 

Eq. (3.3.18} we obtain the validity range (see Fig. 3.3.2} as: 

O~x~vet if 

T <t<T +T nu - p nu 
are zero. 

t~Te, O~x~d if Te<t~Tnu and O~x~d-vp(t-Tnu) if 

For regions outside the validity ranges all densities 

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

integration limits: 

for 
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t 

p (x,t) = ~ JP (x+v t-v T,T)dT p e e p p 

O<x<v t - - e if 

x+v t p 
v +v 

e p 

for O~x~d-v ( t-T ) 
P e 

(3.3.20) 

if T (t~T +T e p e 



{characteristic lines starting from X=Vet. 

Fig. 3.3.2), and: 

t 

or h ={v +v )t, 
P e P 

in 

pp{x,t) = av Jpdel{x+v t-v T,T)dT 
e e p p 

{3.3.21) 

t- d-x 
v 

p 

for max[O,d-v (t-T )] S: x S: min[d,d-v {t-T )] if T <tS:T +T p e p nu e p nu 
(characteristic lines starting from x=d, or h =d+v t, in Fig. 3.3.2). p p 
Here max[A.B] and min[A,B] are the maximum and minimum values of A 

and B respectively. 

~X-Vn5t=hns\ 

X 

(a) (b) 

Figure 3.3.3 

The characteristic lines of Eq. {3.3.9d) for the stable 

negative ions within the region: OS:xS:d and OS:tS:Tns· 

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

fjv I p (x-v t+v -r.-r)d-r e nu ns ns (3.3.22} 

x-v t ns 
v -v e ns 

for vnst~~vet if t~Te and for vnst~x~d if Te~t~Tns (characteristic 

lines starting from x=v t, or h =(v -v }t. in Fig. 3.3.3). e ns e ns 
The total numbers of electrons and ions in the gap are finally 

obtained from: 

d 

nj(t} =I pj(x,t}dx. 
0 

(j=e. p, nu, ns} (3.3.23} 

where pj(x,t}=O for x and t values outside the validity ranges 

mentioned above. 

One may also incorporate the valid! ty ranges in the integration 

limits: 

min[v t,d] 

ne{t) =I p:(x.t}dx 
v t nu 

min[v t,d,d-v (t-T )] 

I 
e p nu 

np(t} pp(x.t) 

0 

min[v t.d] 

n (t) = Ipe (x,t)dx nu nu 
v t nu 

min[v t,d] 

nns(t} =I p:s(x,t}dx 
v t ns 

for t20 (3.3.24) 

for t20 (3.3.25) 

for t20 (3.3.26) 

for t20 (3.3.27) 

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 
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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 Eqs. (3.3.24) - {3.3.27)) and the one 

limited to t~Te (Eqs. (3.3.2)- (3.3.6)), agree for t~Te. 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 l.aan (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 l.aan (1984): 

a=9.2 cm- 1 rr=7. 7 cm- 1
, 6=1.03 cm- 1

, and {j is varied from 

2.82- 19.95 cm- 1 for water vapor pressures from 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 il'IBIIobilizes 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}. 

0.5 LO 

Figure 3.3.4 

The influence of detachment and conversion processes on the 

electron distribution across the gap in humid air. Here 

E=28.00 kV/cm, p=778 Torr. d=1.0 em, T =80 ns, a=9.2 cm- 1
, 

e 
~=7.7 cm- 1

, and 6=1.03 cm- 1
• Note that, for clarity, the peak of 

undelayed electrons is reduced in height. The corresponding 

electron currents are shown in Figs. 3.3.51 to I. 

(a} PN
20

=0.05 Torr, P=2.82 cm- 1
; 

(b) PN
20

=0.85 Torr, P=4.66 cm- 1
; 

(c) PN
2
o=1.79 Torr. P=6.82 cm- 1

; 

(d) PN
2
o=7.5 Torr, P=19.95 cm- 1

• 

3.3.3 Effects of detachment and conyersion 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 b and f3 at constant 

values for a=9.2 cm- 1 and ~7.7 cm- 1 as in the previous example are 

shown in Fig. 3.3.5. 

6-o. /3•2.82 6-0.26. {3•2.82 6-1.03. /3•2.82 6-2.06, .B-2.82 

4 ieltl 
;;: -1.5 5 12 O:a·4.74 v ;;: -2.16 ;;: -3 55 20 a a a . 

2.4 

0.8 a t (ns) b 
0 80 160 0 0 

6-3.09. /3•2.82 6-5.15. /3•2.82 6-6.18. /3•2.82 6-7.21. /3•2.82 
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P=2.82 em-' ::=:=::=; 6 increase 

6-1.03. /3•4.66 6-1.03. /3•6.82 6-1.03. /3•19.95 

10 ;;: -2.90 a 

----P increase 

Figure 3.3.5 

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- 1
, ~7.7 cm- 1

, and at T =80 ns. Here 
e 

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

Figs. 3.3.5i 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 detaclunent is shown at a 

relatively low conversion coefficient ~-2.82 cm- 1
. Detachment acts as 

a secondary ionization mechanism which strongly affects the slope and 

the magnitude of the waveform, even after the electron transit time 

T e. With increasing detaclunent coefficient, the current slope and 

magnitude rise accordingly. 

The effect of detachment on the apparent transit time is shown in 

Figs. 3.3.5e to h. At high detaclunent coefficients or, more 

correctly, at high values of the product TJ{>, 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 counteracted 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 6 is kept constant at 6=1.03 cm- 1
• 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 {3 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 attaclunent 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. 

With a two-parameter model, without detachment and conversion. 

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

electrons ne that reach the anode, we find: 

1 ne 
a = a - ~ = -ln(-) a a a d n 

0 

(3.3.28) 

The total charge, Q , that flows in the external circuit as a result 
e 
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of these electrons moving through the gap is then given by: 

o.a 

i ( t) Q.6 
e 
io Q.4 

o.z 

(I) 

0 -I 
en 

Q = i {t)dt = ~exp{~ d)-1] {3.3.29) e e - a 
0 ~ad 

80 160 240 

t (ns) 

Figure 3.3.6 

An example showing the double 

exponential shape of the electron 

current (see Eq. {3.3.2)). Here 

a--6.14 cm- 1
• ~7.7 cm- 1

, 

o=l.03 cm- 1
, ~=2.82 cm- 1 and 

T =80 ns. 
e 

With our four-parameter model {~. ~. o and ~) we can determine ne' 

or Q . for any set of parameters. and calculate a from Eq. {3.3.28) e a 

or Eq. {3.3.29), which give identical results. This apparent value a 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 {~). In some cases a may still describe the avalanche 
a 

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 t-c3 F6 {Wen and Wetzer, 1988a) that the 

apparent ionization coefficient ~ is related to the four parameters 
a 

~. ~. o and ~ through: 
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(3.3.30) 

The validity of this relation is not restricted to l-c3 F6 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: 

(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 1 =a-17 is easily identified as the "real" effective iontzatton 

coefficient, which differs from the "apparent" values obtained 

from a model including only ionization and attachment. 

c2=6+~ describes the_loss rate of unstable negative ions which were 

formed by attachment. 

c 3 =176 may be interpreted as a secondary, delayed, tontzatton 

parameter, describing the number of attached electrons which 

are released. 
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3.4 Avalanches in which ionization. attachment and electron diffusion 

proc:;esses 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 ions (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): 

ap (x,t) ap (x,t) ap (x,t) a2 p (x,t} 
e + v e =avo (x,t)- (d) e + D---'e'----
at e 8x e: e 8x 8x2 

(3.4.1a) 

ap (x,t) ap (x,t) ap (x,t) 
p - v P = cxv J' e ( x, t) - OO),.......;e:;,_ __ 
at P ax ax 

(3.4.1b) 

apn(x,t) ap (x,t) ap (x,t) 
__.:;:...__ + v n = Tf'l o ( x, t) - 1)D...__:;e;___ 

at n 8x e: e 8x 
(3.4.1c) 

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

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

and attachment coefficients, ~~ is the effective ionization 

coefficient, D is the electron (longitudinal) diffusion coefficient. 

All coefficients are defined in chapter 2. Note that ~ used here 

equals ~ since only stable negative ions are considered (no ns 
detachment) . 
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The second terms on the right-hand-side of Eqs. (3.4.la) ~ 

(3. 4. lc) reflect the (second order) effec1: 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: 

(3.4.2) 

where W =v +00>; Tagashira (1985) calls this quantity the 
r e 

center-of-mass drift velocity of the electron swarm. Note that this 

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

averaged electron drift velocity v if a=o or D=O. e 
To solve Eq. (3.4.2) with the initial condition p (x,O)=n0 D(x), e 

where D(x) is the Dirac function (unit: cm- 1
), we first consider the 

situation of ~. The solution of the equation (where U represents pe 

for this particular case): 

OU(x.t) BU(x,t) 8 2 U(x,t) 
--- + W --- = D.,__ __ _ 

at r ax 
(3.4.3) 

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

n (x-W t) 2 

U(x,t) = ~xp[- 4D~ ~ 
v'41rDt 

(3.4.4) 

For a#Q it can be shown that U(x,t)exp(~ t) satisfies Eq. (3.4.2} if 
e 

U(x, t) satisfies Eq. (3.4.3). Therefore the solution of Eq. (3.4.2) 

is: 

(3.4.5) 

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

ne(t) =I pe(x,t}dx 
0 

- d 
n0 exp(av t) I 

= e exp[-
..; 41rDt 0 

(x-W t) 2 

r 
4Dt ]dx 

It was shown by Brambring (1964} and Gilardini (1972) that one can 

replace the lower integration limit 0 by -ro without introducing a 

significant error. We then find: 

where 

n (t) 
e 

noexp(av t) 
____ e;:..._-erfc(A) 

2 

w t-d ( v +Gill) t-d 
A = _r __ = _e::._ __ _ 

../4Dt ..; 4Dt 

(3.4.6) 

(3.4.7) 

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

"" 
erfc(A) = _g_ I exp{-u2 )du 

.Jii A 
(3.4.8) 

To check the validity of Eq. (3.4.6), we consider a special 

situation with D=O. For D=O, A- -ro if v t~d and A- +"" if v t>d. e e 
Since erfc(-ro)=2 and erfc(+<><>)=O. Eq. (3.4.6) becomes: 

n (t) = n0exp(~ t) , e e (t~ ) e 
{3.4.9a) 

(3.4.9b) 

This result is identical to Eqs. (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 
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circuit is again: 

en (t} 
e 

ie(t) = -T-
e 

(3.4.10) 

with ne(t) as in Eq. (3.4.6). 

56 

p ( x,tl 
e 

Pe<x,tl 
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(c) Ci>O 

Figure 3.4.1 

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 W equals v only r e 

when ii=o or D=O. 

Figure 3.4.1 shows the electron number density distribution 



p (x,t) for three different situations: a<O. ~ and a>O. The 
e 

corresponding electron currents are shown in Fig. 3.4.2. 

calculated electron current!~) 
160 J\ ... . 

p .. . 
i \, . 
1 · .. •., 
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Figure 3.4.2 

-1 em 

-1 em 

The electron component of the current waveform for an avalanche 

in which ionization, attachment and electron diffusion occur. 
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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 ~used in the following equations is ~nu· 

The following partial differential equations are used to describe 

the number-density distributions of electrons and ions: 

ap {x,t) ap {x,t) ap {x,t) 
P _.....~:P=--- { ) __ n __ e=..,..--- v = ocvepe x, t ....., "'-· at p 0x VA 

ap (x,t) nu 
---'::..::..,a:;-:t-- + v nu 

- {b+P)v p (x,t) 
e nu 

{3.5.la) 

{3.5.lb) 

(3.5.lc) 

(3.5.ld) 

Here p.{x,t) and vj (a positive value) are the number density and the 
J -

drift velocity of species j (j=e, p, nu, ns), a, ~. b and P are the 

ionization, attachment, detachment and conversion coefficients, ~ 

is the effective ionization coefficient and D is the electron 

{longitudinal) diffusion coefficient. All coefficients are defined in 
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chapter 2. 

The second terms on the right-hand-side of Eqs. (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 electrons. 

The solutions for the distributions of electrons and unstable 

negative ions are, however, coupled. We therefore solve Eqs. (3.5.1a} 

and (3.5.1c) simultaneously. It is estimated that, for times in the 

order of the electron transit time T (O<t<2T ) , the drift term e - ~ e 
op (x,t) op (x,t) 

vnu n~ and the diffusion term ~D ~ in Eq. (3.5.1c) are 

negligible compared to the other terms in the same equation. 

Equations (3.5.la} and (3.5.lc} can be rewritten as: 

where W =v +CdJ. r e 

(3.5.2a) 

(3.5.2b) 

The solution for the electron number density p (x,t) can be e 
obtained from Eqs. (3.5.2a) and (3.5.2b} by means of the Laplace and 

Fourier transform techniques (see the appendix) as: 

Wx X~ r c+im exp(st-vi)~ + r ) noexp(2D ) 

pe(x,t) = J ds 
4x1vfl c-iao J~ + r 

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

7Jl>V2 
e r = s - <XV e - -s--:+--,.( l>+~/J;";:)_v_ 

e 

(3.5.3} 

(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: 

and: 
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ne(t} =I pe(x,t}dx 

0 

(3.5.5} 

(3.5.6} 



EXPERDIENTAL SETUP FOR TDIE--RFSLVED SWARII IIEASlJREMENT 

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 coli is ions 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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Figure 4.2.1 

Schematic diagram of a time-resolved swarm method. 

Cp1 

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, i (t), 
rn 

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), C is the gap g 
capacitance and cpl. cp2 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 i {t) and i(t) in the frequency-domain m 
as: 

(4.2.1) 

The current i(t) in the gap due to the motion of the charged 

particles produces a corresponding current i ( t) in the external m 
circuit which can be measured. 

The amplitude and the phase shift of i ( t) as compared to i { t) , 
m 

however, strongly depend on the circuit parameters R , Rd' C . C 1 m g p 
and C 2 . These circuit parameters should be chosen such that i (t) p rn 
represents i(t) as accurately as possible. The damping resistor Rd is 

chosen very large {in our setup Rd=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 ~Rdcp1 >>1, and Eq. (4.2.1) simplies to: 

where 

I m 
I 

c c c 
{1+--cf--J + j~R (C +C 2 + ~C2 ) 

pl m g P pl 

c 
I pl 

= ___ c....~P.:.:l:...+C_g!2.__ 

l+j~R C m eq 

(4.2.2) 
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c eq 

c 
1
c 

p g c 
c +C + p2 
pl g 

(4.2.3) 

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 T=R C must be small. The measuring resistor Rm cannot be m eq 
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 C should be as small as possible. 
eq 

As can be seen from Eq. (4.2.3), this calls for the same condition 

CP1>>Cg and also for a small cp2 . All these requirements led Verhaart 

and van der Laan (1982) to the development 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, cp2 is taken zero and Cpl 

is simply denoted by C . When applying this concept to the avalanche 
p 

setup, the different stray capacitances Cpl and cp2 are accounted 

for, together with the inductances in the circuit. 

4.3 Bandwidth limitations of the time-resolved swarm method 
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BANDWIDTII LIMITATIONS OF GAP CURRENT MEASUREMeNTS 

J.M. Wetzer, c. Wen, P.C.T. van der Laan 
High-Voltage Group 

Eindhoven University of Technology 
The Nether lands 

The b.andwidth litnitat.ions which affect gap current 
measurements, and which are particularly important for 
pulsed swam experiments, are analyt:ed. Such limita­
tions are caused by the electrode geometry# geometry 
imperfections and the components and equiplftent used for 
siqnal 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 "''echnoloqy; where a time resolution of 1.2 to 
1. 4 ns has been achieVE~d. 

IMTROOUCTION 

Charge carrier motion betwe~n electrodes induces 
currents in the electrode leads. Rapid chan9es of the 
discharge, as they occur in the early phases of break­
down~ in corona and in parti,\1 discharges, m.;ty or may 
not show in the external current. When a discharge 
i"s to 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 swam experiments, where a high time 
resolution is necessary for the analysis of fast pro­
cesses such as ionization, attachmentt detachment or 
diffusion /1/. 

A fundamental bandwidth limitation is related to the 
electrode qeoll\etry. This limitation is, in general, not 
sufficiently understood. In this paper we considl"!r 
closed current paths with their impedances to' find the 
high frequency response of gap current experiments. 
Based on this concept a high frequency equivalent cir­
cuit is presented and ~valuated for two types of pulsed 
swarm setups~ the conventional type, and the- EUT-ver ... 
sion with a subdivided electrode. 

Other causes for bandwidth lir:~itation include imperfec­
tions of the setup~ or of the components used. Elec­
troaes may not be strictly parallel, or may have 
surface irregularities. The pulse width of the light 
source, used for the release of primary electrons, 
limits the time resolution. Further, not only ampli­
fiers and oscilloscopes~ but also coaxial cables and 
connectors impose bandwidth limitations. 

GEOMETRY RELATEO 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 released from the cathode, in our case 
by a The DC HV voltage source is 

close to t~:r~~~~e. a ;~~g:v:~:;~; c~~:!~~0~s =gas::~~ 
b-y means of resistor ~m. the from 
anode to ground, C l.S an 
circuit. P 

To calculate the currents induced in the electrode 
leads we consider two closed surfaces A1 ilnd as 
shown in Fig .1. From Maxwell t s laws we may that 
for any closed surface A 

1-1. • • + 'jf (J + 30/Ct) •n dA .. 0 

A 
(l) 

In case of A1 ~ find the current in the lea4, lm' to 
be -a'f Al/3t where the fluM through Al changes because 
of the electron motion. For surface 

2 
we learn from 

Eq.l that the same current ! also has to flow through 
C • The damping resistor Rd Ts large so that it carries 
oRly a DC current. 

The above description with surface A
1

, holds also at 
the moment that the swarm passes through this surface. 
ThA steep increase of the material c~1rr('nt when the 
electrons move out is fully compensated by a simulta­
neous di$placement currE>nt. Tht> t>Xt"f'rna l rurn·n~ r is 
ti•ftcrrnined only by the gr.:ldual change in flux tow~rds 
the cathode. 

Cathode 

~ 
~~ 
'v·~c; 

._!__ hdt 
cg o 

fiq.:i Ei\"JlC circ~.,;it of i_~ulsed avalar,che set.Jil ill<...str.:~ 

ting closed current concept. 

since C closes the current path it is an essential 
part ofpthe avalanche circuiL For the basic circuit of 
Fig.l the relation between measured current Im and 
avalanche current I is given by: 

(21 

Por low frequency I approaches I, and the current is 
tielivered by the so~rce. For fast pulsed experiments 
the hf-current should not be delivered by the source 
but by the locc!ll circuit. in which C is essential. For 
thiS frequency range ( wRdCrJ> ll we Pobtain: 

Im/I "" (1 + jwRmCg + Cg/Cp) -l (afRrlCp»l) {3) 

In order to optimize both amplitude and bandwidth 
should choose C /C » L Note that by this choice ~ 
becomes independ~ntgon C?. Resuming, we state: 

l '. C .is an essential part of the circuit, and should 
~ chosen large compared to c . Without C no high .. 
frequency current is measured? p 

2. Since we have to consi4er closed current loops that 
e11:tend outside of the inductance effects should 
be taken into account, minimized. 

T"l.e a;valancht~ setup 

2 shows two types of avalanche measuring setups. 
conventional one and the one with subdivided elec­

trode. The advantages of the latter will be illustrated 
later. 

CH2594-0/88/0000-355 $1.00 @1988 IEEE 
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t'ilj. 2 Avalan<;he Masuring setups, left half; subdivided 
type; riqht half: conventional type. 

:~t i~!~~!~~~~d b~~e d~!~~ib~~:~i ~::C:am~PAoi~s i~or f~~= 
inductance associat"d with each current path. In our 
analysis they have been lumped to one capacitance C 

1 and one inductance L
1

, which is reasonable consideriRg 
that dimensions are small compared to the wavelengt~s 

~:~~::~;d, FU~~:: t~e ==~~~t=~=y f~:::!::~=~n~P~le~~ 
trade to ground, and a second inductance L

2 
added by 

the measuring circuit. The current source representing 
the avalanche current, with parallel capacitance, is 
transformed into a voltage source with series 
tance, with the help of Thevenin's theorem {see 
Fig.ll. The equivalent network used in the present 
analysis is finally qiven in Fig.JE and may be applied 
to both types of setup. 

C • C!ICPl 
e C9 +Cpl 

R, --cr-T"' 
V C •• L. \v• 

'---J..L~-'-----'---L-~---- ]~) ~ 

Fiq. 3 ~etwork ~t~odel of avalanche setup. 

For the analysis of the network response an .. idealized" 
current waveform is introduced as the electron current 
without diffusion or avalanche growth. The current then 
takes the fotlll of a square wave • 

(4) 

Here T is the electron transit HI'IIEI (gap dist,.nce d 
dividede by electron drift velocity v l, U (t) is the 
unit stepfunction and I is the electrSn current ampli­
tude. When tranaforminS the current source with paral­
lel capacitance into a voltaqe: souice with series capa­
citance, we findt 

v- (5) 

In order to compare calculated and measured wavefortli$, 
the finite bandwidth of the measuring equipment has to 
be taken into account. This was approJtimated by the 
addition of an integ:rating: network consisting of one 
r~sistor Ri and one capacitance Ci (dotted Lines in 
Fl.g.3). Ri 1s cJ:losen lar9e compared to Rm. 
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C;spacitance effects 

Without inductances in the network of Fig.3, th~ res­
p: .. sa to the "idealized" avalanche current shows a 
response time: 

For the sake of both sensitivity (as discussed earlier) 
and response time~ c 1 should be chosen larqe compared 
to C • and c 

2
-shou~d be minimized. depends to a 

large9extent of? the clearances and required 
to withstand the applied voltaqe and to ensure field 
ho1T109eneity. 

subdividing the electrode we arrive at lower C and 
values and at a hiqher c 

1 
value, all of 9wnich 

both response time and si?nsitivity. 

values obtained with subdivided cathode are: C 
C 

1 
> 30 pF, and C "" 15 pF. With an ~ of sB 

OM &8-time is 0.8 ns ~~00 MHz bandwidth). ~or a 
conventional setup typical values achieved (for example 

~~~~i:~e~w~~h .. 5~0 of!• r~i:!sto!~ ~~~/~~eiB~ 1.!~ _:. ~: 
KHz bandwidth). !n 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 related to step response risetimes by: 

t 10_90, = RC (lnc10~~~0)-lnl10~~~0 l J = 2.2•RC {7) 

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

The most inductance in the network is L
1

• 
First of all as opposed to depends to a larqe 
eJttend on the and required, ami 
cannot easily be minimized. Secondly the circuit con­
t.aininq L

1 
is primarily formed by the capacitances C ~ 

C 
1 

and c 
2

, and by L
1 

itself. Because no daJI'Ipi~q 
r~sistor isppresent, oscillations can be excited. The 
oscillation frequency is given by; 

CqCptCp2 
(8) 

With a subdivided electrode, C approaches C , since C 

<<Cpl'cp
2

• For a conventional setup, C wi119be larger~ 

values have been estimated with a concentric cylin­
approxirnation: 

r, 
.. (200 nH/m} 1~ ln (-} 

rl 
(9) 

Here J.. is the cylinder length~ r
1 

and r 
2 

are the radii 
of inner and outer conductor respectively. For the 
subdivided type we find a value in the order of 5 ... 10 
nH, for the conventional type a value of over 25 nH is 
obtained~ The oscillation frequE!ncy 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 att~nuates the resonances. Additional fil­
tering would slow down the response time. It ie there­
fore essential that f is well above the relevant 
frequeney range. This galls for minimization of 
Alsq in this respect. subdivision of the electrode 
advantageous~ 

Model calculations confirm the oscillation frequency 
found in Eq. (8), but also show some da.napinq as a result 



of the meaaurinq circuit containing R • An incnase of 
L

1 
results in a lower f

0 
(see Eq, <efl ~ and a hiqher 

.-plitude. 

=~u:~~ :!r=~~::i~:=~l c!~:~~::s Llor ha~yp~:~ 
leta of pa.rUiieters vith varying L2• It vaa found that, 

::!~o ~ ~=o:v!~o:X~: :;!~~!~: ~it!~te~10: 
higher value of L2 tends to reduce the oscillation 
UIPlitud.et however at the cost of band\(idth. 

EUT-avalanc::he ~ 

Fiqure 4 shows the siaulation of the step response for 
the avalanche setup of the Eindhoven University of 
Technology /2/, ...,hich is of the subdivided type. The 
capacitance values are Naeured, whereas inductance 
values are estimat.ed from Eq. (91. ln the experiment the 
SO Ohm meas\l..t.'ing cable is terminated at both ends to 
avoid reflections, thus qivinq an Rm of 2S Ohm. 

Time {ns) 
Fiq.4 Simulated response of EUT-avalanche setup with 

subdivided cathode. Upper trace without filter, 
lower trace with filter. 

The aimu.l.ation shows a (10-90\} risetime of 1.37 ns, 
which is consistent ...,ith the experimentally observed 
rise time of L4-L5 ns /1,4/, especially when ._. con­
sider the additional bandwidth limitations to he dis­
cussed later. Another feature observed from the experi­
ment is a certain linewidth of the screen trace, which 
ia not observed vh.en the equipment is tested with a 
fast pulse qenerator. According to our calculations 
this linewidth is caused by oscillations in the ava­
lanche circuit. The oscillations are partly suppressed 
by the filter tRC c 0.5 ns, bandwidth 320 MHzi, and ~y 
be tnJppressed further, however not without a loss in 
bandwidth. 

Simulations for typical parameter sets for a conventio­
nal (not subdivided) setup show a slower response, 
oscillations at a lower frequency and with a larqer 
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 65 
MHz). According to Eq. (1) this will result in riset.imes 
larger than 5 ns. 

GEOMETRY IMPf!~TIONS 

An electrode qeoNtry used for avalanche experilnents 
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may have non parallel electrodes er .;urface irregulari­
ties on its cathode. Fiqure 5 shows two examples~ As a 
result of these imperfections, electrons leavinq the 
cathode at the same time, arrive at the anode with a 
time difference AT • 'This causes a '"diffusion-like'" 
distortion of the cu,rent waveform. Obviously also the 
size of the surface irreqularity, an compared to the· 
avalanche width, is important. 

..,.,.. 
~ 

1 r Ad d, d, .....__ 
d X0 • d/ko 

E, E• 

F'ig.S T\oll? examples of geometry impP.rfections. 

In the first situation with slightly non parallel 
electrodes {.Ad/d « 1) the field is still almost homo .. 
geneous. A simple analysis yieldB: 

d d d) 
Te "' ;;- - 'bE • bv (10) 

:::~: ~ c~~~:a!~ ::s~~=~~~;n t:b!~!!~ 1 fi~!e~a~~!ti:~ 
in"jjlved. For a typical electron drift velocity ve = 
10 cm/s, a lid of 100 vm results in a AT "" 2 ns. A 
falltime of 2 ns corresponds to an RC-time o~ 0.91 ns~ 
or a bandwidth of 175 MH:. Note that the risetime is 
not affected. 

1"o treat surf'ace ripples with shorter wavelength {see 
Fig.S, right hand side), we have to calculate the 
distorted field. For Ad« d we obtain: 

1+ •k.,.Ad/d 

Ad d 1-ex~(-4•kol } (ll) 
""' d {1+ Ad ln 

1
_ 1'1lt

0
Ad/d 

1-exp(-4"1k.<~l 

If we further assume that expt-4 1fk
0

) << 1, which holds 
for k > 0.5 or x < 2d, ._. find: 

0 0 
ATe Ad {11k 0 M/d)., {'lflt.oAd/d) 4 

112 ) r;-.., d (l+ --,-- + --5-- + ···] 

Hence this result is 1 to a first approximation~ identi­
cal to the long wavelength solution of Eq. (10). 

The irregularities mentioned may arise from machininq, 
or from the polishing that is required 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 nitroqen. · 

! , I ; ..... ·1·-·r· ·-, , . 
• /, I ·j ,j 
~· =r 1· 1 

! ! ! I 

Fig.6 Avalanche current waveform with smooth surface 
(left t.d < 10 tun), and with irregular surface 
(right, 6d < 300 1#11 within avalanche width). 
Nitrogen: p .. ?50 Torr, d "' 10 rmn. 

E/p"' JS.3 V/cm,Torr, 20 ns/div. 
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from the geometry and its imperfections, several 
may limit the bandwidth. We mention 

of the laser used to release the prima­
and the signal transport and storage 

The pulse duration of the laser determines the size of 
the primary electron swarm and thereby limits the time 
resolution. The used in the EOT avalanche 
setup has been in our group according to 
the desi9n of Patel 151. lnstead of parallel plate 
capacitors, however • the plates are mounted 
on an aluminum to a compact design. 
Measurement of laser power versus time shows a 
pulse width (FWHH=full width half maximum) of 0.6 ns. 
The minimum risetime of the avalanche current will then 
be 0.65 ns which to an RC-t.une of 0.3 ns, 
or a bandwidth o£ S40 

The signalS are stored on a Tektronix {7912 J\0) digiti­
zer.. The minimum risetime observed when supplying a 
fast pulse from a mercury wetted reed relay is 
0.6 ns. bandwidth in this case may he limited 
either by the digitizer, The 
di9itizer however at least SBO MHz 
(which correspOnds to an 0.6 ns risetime). 

Due to the skineffact also the 50 Ohm coaxial cable 
used causes bandwidth limitations (see for example 
161) ~ This contribution has been investigated by 
repeating the experiments with the Nrcury wetted reed 
relay for different (RG 58 l)lnd RG 214) and dif-
ferent lengths of Fig.?). Other cables will 
be investigated in the near future. A cable contribu-
tion to the risetirne can be by the choice of 
the type of the cable, by th'! reduction of the 
cable length. It was further found that BNC connectors, 
even in large numbers, did not have a measurable effect 
on the rise time. 

" c 5 
~ 

4 ~ 
+' 
~ 

3 " .. 
~ 2 
"' 
~ 1 

0 
0 

fig. 7 Risetimes Vt:nH.s c.lble-lr:nqth for RGS8 and PG214 
SC ohm co?otial cable, 

The risetime of the complete 
tributions mentioned, has been 
by performing an experim!;'t in vacuum~ i.e~ 
vessel pumped down to 10 Torr. Under OC 
electron released £.rom the cat hod~ 1 or 
released simultan-eously, indu<.:e a linearly 

~~~::n: t;:::~~r:im::O~!l ~he"' e~~:t~~::) f?2~h H:~: m and 

e are the electron's mass ind cha~ge re;spectiv~ly~ In 
<)Ut: <'Xpcrimcnt we used E .. 10 kvlcm ,;tnd d "' 1 em, 
resulting in a transit tim~ T .. 0":"34 ns. This is 
sufficiently short to ensure thai this current waveform 
acts as an impulse excitation of the setup. The mea­
sured imp<Jlse respor.s~ is inte9rated t.o obtain t.he step 
response. Figure 8 shows the measured impulse waveform 
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and the derived by integration. The over-
all risetime is 1.42 ns, which corresponds to 
a bandwidth of 251) M.HZ. 

tions on 
mated by; 

(131 

'fhe geomet.ry contribution {1.37 m;) with the 
laser contribution {0,65 ns) yields a of 1.52 
ns. In combination with a di9itizer contribution o£ 0.6 
ns, this yields a risetime of 1.63 ns. Presumably 
however, this digitizer contribution is overestimated* 

CONCLUSIONS ANO RECOMH£N0ATIONS 

1. Analysis of the bandwidt.h of 
ments involves the evaluation 
paths. The electrode geometry, 
and inductances play a decishe 

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

3, After optimization of the with 
high frequency response. 
current measurements is limited by the stray 
tance in parallel ttl the measuring: resistor. 

4. Geometry imperfections, such as non 
trv<Jes or irregular surfaces, cause 
waveform distortions. 

S. Apart from the oscilloscope also the 
of coaxial cable should be carefully 
nanosecund risetime measurements are made. 

6. A liisL'r trigg<crud pult>cd uvalanche setup has been 
developed with an overall risetime of 1.4 ns, cor­
Nsponding to a bandwidth of 250 HH.;o;. The risetime 
of the electrical circuit (i.e. when disregardin9 
the finite pulticwidt~ of the laser) is 1.26 ns, 
which corresponds to a 280 MHz bandwidth. 
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4.4 1be 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}. 

STEP­
MOTOR 

Figure 4. 4. 1 

The experimental setup. 

glass­
window 
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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 hy a turbomolecular pump 

(Pfeiffer, type TPH170) with an electronic drive unit (Pfeiffer. type 

TCP300} down to 1o-7 Torr before the gas under consideration is 

admitted. The vacuum pressure is measured by a cold cathode gauge 

(Balzers, type PKGOlO, range 5xlo-B~100 Torr) or a digital pressure 

meter (Balzers, type TPG300, range 1~ 1~1000 mbar (=750 Torr}). 

When filled with gas, the pressure is measured by several pressure 

gauges: five Penwalts, type FA-160 {range ~20 Torr. ~ Torr, ~100 

Torr, (}v45() Torr and 400v800 Torr} and one Balzers, type APG010 

{range ~1200 mbar}. 

The aluminum anode inside the vessel has a Bruce profile (Bruce, 

1947} and a 17 em diameter. The aluminum cathode is a subdivided disk 

with a total diameter of 22 em with a central measuring part of 4 em 

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., Cp2 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 hy a precision meter {Mi tutoyo, range 0.01~10 Dill). 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 em diameter the maximum gap distance is 

1.0 em. The gap distance is fixed at 1.0 em throughout the present 

study. 

A TEA (transversely excited atmospheric} N2 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 ITD11 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 cm2 (for a gap distance of 1 em) 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 Cp1• 

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~l 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 

Ov1 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 lN-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 em with a Philips RLC meter (type 

PM6303). The values obtained are: C =1.1 pF, C 1=42. 2 pF and 
g p 

C 2=16.1 pF. The equivalent capacitance C of the whole measuring 
p ~ 
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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=R C =0.43 ns 
m eq 

which corresponds to a risetime of 0.95 ns (2.2R C ). As mentioned 
m eq 

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. 
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Figure 4.4.2 

Schematic diagram of the complete measuring system. 
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GIAPTER 5 

EXPERIIIENTAL RmJLTS AND DlsaJSSIOOS 

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 (N2 ), sulfur hexafluoride (SF6 ), dry air, oxygen (02 ), 

hexafluoropropene (1-c3 F6 ), octafluorocyclobutane (c-c4 F8 ) and 

dichlorodifluoromethane (OC1 2 F2 ). 

These gases are, or can be used as, electrical insulants. Air and 

SF6 are widely used in practical power systems. The gases l-c3 F6 , 

c-c4 F8 and 0Cl 2 F2 have a higher dielectric strength at practical 

pressures, and may be promising contenders in the future, as a 

replacement of, or an admixture to, SF6 • 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 used. The two models are sometimes referred to as the 

two-parameter model (a and ~) and the four-parameter model (a. ~. b 

and J3). 

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 employed 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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In order to choose the dppropriate model. and the 
relevant swam parar:1eters, for the analysis of ava­
lanche current wavefoms, a distinction is made 
between avalanches without 
lanches with delaying processes 
avalanches. This distinction is based cr. the appear­
ance of the tine-resolved current waveform. we pre­
sent the different approa.ches required for the ana-

of the different of avalanches. App-
of an inadequate may result in appa-

rent values for the swarm paraneters, includir:g the 
electron drift velocity¥ .... ·hich do not agree with 
scaling laws. 

In the study of swam of insulating 
gases we expect from laws that, at least 
over a considerable range of pressure p and electric 
field E: 
1. the electron drift velocity, ve, is a function of 

E/p; 
2. the pressure reduced effective ionization coeffi­

cient, 0./p, is a function of F./p; 
3. the lini ting E./p is a constant. 

This is indeed true for a number of gases (N
2

, 

:!~~~ur!or other h!!:ct!~~ ~~:~:~~t:: 
have shown ea.rlier /2,4/ that a derivation of swarm-

fn~~~=rs de~~~~~~~ =~d th~o~~~~~v~!s~o~d;;~ce::!:~ 
next to ionization and attachment leads 
to results that agree with the laws. 

The evaluation of avalanche currents in l-c
3

F' 
6 

based on the extended model indicated that the pres­
sure dependence of v versus E/p is caused by 

elect.roo trappi~q. This r0sults in an 
below the drift velocit.y. The pressure 

dependence in {;jp versus E/p is caused b:• 
the use of the incorrect drift and partly 
by the neglect. of detachment and conversion proces­
ses /5/. 

In case of Townsend breakdown, .;> Sir.'lplified 1'!\odel 
that neglects detachment and ion-conversion correct­
ly predicts the li:niting E/p since the total number 
of electrons is important. Scaling however is not 
possible and the understanding is poor. 

In case of streaner breakdowr., such a sir:.plified 
nodcl generally no longer predicts the corr<"ct hml­
tJ.ng E/p because the spatial distribution of elec­
trons is only correctly described 1f delaying pro-

. cesses, such as detachment, are inc:orpoJ:oted. 
Usually the electron the current, 

which can be easil~, from the ior: ccn-
ponent by the difference in amplitude and duratior., 
is analyzed. Recent experiments in 
have shown avplanche currents where compo­
nents are strongly intemixP.d /3,6/, As a result, 
the interpretation of avalanche currents iron the 
electron only 1 becomes inpossible. The 
analysis of ion component, hO\•h:ver, is not 
straightforward because many different ion species 
may be involved. 

The choice o: the appropriate model can be pade 
on the basis of the observed wavefom. Ne ;.•ill make 
a distlnction between electron avalanches with or 
without delaying processes. We will illustrate hO'<r.' 

the delaying processes can result in "ion-dorr.inate:d 
avalanches ••. 

THE AVALANCF.E CURRENT WAVEFORM 

The method which we used for the avalanche 
current measurement is the so-called time-resolved 
swarm nethod. To ensure a sufficient tine r.:solu-
tlon, the avalanche is initiated with a laser 
pulse o! very short duration {0.6 ns), th•"! 

electrode is subdivided. The waveforn. is 
with a TektrOnlX 7912 AD The 

time 
detailed description of the 
the experinental setup can be 
/7,8,9/. 

f'or the choice of an appropriate oodel, we dis­
tinguish between avalanches without delaying proces­
ses, avalanches with delaying processes, and the 
.. ion-dominated avalar.ches". Figures 1-3 show typical 
measured waveforms for each kind of avalanche« 

Avalanches without delaying processes 

Figure 1 shows a current wavefonn of an avalanche 
without delaying processes 1 measured in /10/. 
Such waveforms are characterized by the 
drift velocit~· and by the ioniz.ation and attachrn€nt 
coefficier.ts. At low the waveform r:~a~· De 
affected by diffusion~ it re~uires a good 
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tirte resolution to distinguish between diffusion and 
processes such as detachment. Secondary 

may cause second generations. 
ln avalanches without processes all 

electror.s are containt;;d in the and 
reach the anode at the sar.~e tine, aside fran the 
effect of diffusion. This results in a sharp drop of 
the ;;urrent after the electron transit time. 

Avalanches with delaying processes 

Figure 2 shows a current waveforr.; of an avalanche 
with delaying processes, measur~d in dry air /11/. 
This kind of waveform may be charactenzcd b~· the 
electron drift velocity and the swarm coeffi-
cients for ionlzat.ton, detachment and 
ion conversion. ht 
again be affected b;• 
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Avalanches with delaying processes cont:a~n 
trons not only in the head but also l.n the r.;;;U 
the avalanche, which shows up in the 
current as an 1'afterc"..Jrrent,. /5/. rt. sharp Crop 
the current after one electron trar.si t tl.::~e :.s o!:­
served only if the avalanche head still contains a 
number of undelayed electrons. :a not, an ar;:are:::t 
decrease of drift velocity is observed /2/. 

Detachr:lent acts as a "secondary 1 delayed, ior,izc-
tion Ion conversion stabilizes the 
tive forr:1ed by attachment., and ther~by reduc2s 
the probability o: detachment /5/. 

Ion-dominated avalanches 

Figure 3 shows a =urrent waveforn of 
dominated avalanche", neasured in 
kind of waveform deviates from the 

/6/. 1'hlS 
,.;avi'l'f::::.rn 

of avalanches with delaying processes in two res­
Firstly, at pressures above 1.3 kPa {1G 
no distinct electron current is obse-rved. 

the current has been observed i;;c.rease 
r1icroseconds be fore decreas1ng ~om-31-

ly, the electron transit t..ime 1 c:.trrer.t is 
a strictly decreasing f:.tnction of time /12/. ~1-

though we call this kind of avalanche 
nated" because of the 
tronic contribution, tir.,e fvr 
ions observed, can only be at least a 
small electron component is present. 

The avalanche currents described can be expla.lned 
by the corrtbination of a strong attach.r.lent r-rocess, 
and a lifetime of the unst..able negative 1on formed 
that is large compared to the electron transit tin.::. 
The ion conversion rate should not be high coM~areC 

to the electron detachment rate /6/. 

For an adequate avalanche model we require that: 
1. the number of paraneters is lif'lited~ 

2~ the paraneters are 
3. the nodel fully dt:scrihes 

and the current waveform 
4. the set of paraneters allows experll':lental vcrlfl­

cation. 

The 

nodels than, for example, 
A detailed descript1on 

to analyze avalanche current waveforns is pres€":nted 
elsewhere /5,10/, Secondary enission and d::.!'f'...lsio:: 
are not considered but can be incorporated !10/. 
Apart from neutral molecules, four species o.r"' in­
volved: electrons, _positive l.ons, unstable negative 
ions and >:>table ions. In contrast to stable 
negative ions, unstable negative ions are :::.=.ole 
either to release their electrons, or to be co!'wcr­
ted into stable ones. within the ion's transl.t tl.ne. 
The processes considered in our nodel are ioni::at:...:m 
(coefficient a.), (}ttachnent {fj) 1 detachment (6), :;..;:;,;, 
conversion (1.5) and drift. 

The model descr1bes, for a parnllel-.e:lat? .;a;:, 
the ternpordl evolution of the density distrib;_;_tior.s 
of all species, over the gap r;rm:ides, 
for each species, number of contained 
in the gap as a function of The .:wala!".cht: 
curre:.t 1s obtained from these nu.r.l.bers and the cor­
responding drift vclocltles. With the r.IDd2l one c.'l!". 
simulate the current waveform for ctny given s2o: of 
swarm parameters, or one can derive the s .... ·arn ~ara­
meters from experinents by fitting the sir:>'..llat!2~ 

waveforn to the measured one. 
The interpretation of avalanche current "''a\·efoiT.Is 

is based on the electron col':'lponent of tT.e 
current, it involves only one spec1es "''l.t!'. 
one drift velocity. As was shown earli(:-r, :::r01'1. the 
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cur:rer.t)/11/ 

Right : 
apparent (from transit , and real value (corrected for electror. trappir.g) 121 
from transit tirne {can only be observed at low pressure) /3/ 

electron current only, the four 
derived l.ndividua.lly, but only 
/5/' 

+ B ( 1) 

Here :..s the «real" effeCtive ionization coef-
ficient, descrl.bes the loss rate of unstable 
negative and c

3 
is a secondary, delayed, ioni-

zation parameter. 
Application of a "si~:~plified 01 model, without de­

tachraent a.nd iOn conversion, to the (electron compo­
nent of the) avalanche current results in an "a:f)pa­
rent" effective ionization para~;~eter for which we 
have shown earlier /2/ that 

{u-nJ apparent "" (<l-n) real + \2) 

HAVEFOR..~ ANALYSIS 

Based on the nu.rriber of parameters involved we 
make a distinction between a two paraneter 1:10del 
(a and nl and a four para1v;:ter model { a • r.~ 5 and 
IH. Before the appropriate model to the 

electron drift velocity should 
and the electronic and ionic contri­
waveforn should be separated. 

that are not strongly attaching, the 
component of the C".lrrent is rn·.1ch larger 

than the ionic part, and during (a few times) the 
electron transit time the ionic contribution can be 
neglected. For strongly attaching gases the ionic 
component r.1ay become considerable and a separation 
of the waveform into the two contributions becoQC:s 
essenual~ For dvalanches without processes 
a technique has teen developed for separation 
on the basis of the two parameter model /10,13/. 
Such a techniq·.1e has not yet been developed for 
avalanches with delaying processes) n.nd as a result 
the electronic contribution should be estirnated. The 
uncertainty introduced is lil'lited ~f <1 distir.ct 
electron component is 
avalanches, the 

Derivation of the eLectron drift velocity 

The determination of the electron drift velocity 
is crucial for the analysis of avalanche current 
waveforos. An ir.correct drift velocity results l.n an 
incorrect deternination of other swam parameters, 

If the avalanche head contnins a ccr:sidera.bl"' 
number (or allJ of the undelayed electrons, a shar~­

drop in the current is observed after or:e elf':::trcr. 
tren~sit time, wh1ch to the >J'lectro:'. 
drift velocity. Dry air given as a:': exiir.;lo:: 
(waveforn Fig.2E drift velocity left). ..." 
most or all electron's are delayed, "zerc-dec.si-
ty" drift velocity should be deternined ir. or:i~r to 
correct for electron /2/. In 
the apparent and real velocities 

'given as an exanple. For ion·doninated 
the electron drift velocity cannot be derh•e::i frc::< 
the observed wavefom. As a result the electrc~ 

dri!t velocity in c-~4F8 can only be derived at 1.::--..' 
pressure, where a d1-st1.nct electro:r. cor.pone:::t: 
still present (Figure 4, right) . 

Derivation of the swarn paraneters 

For gases where the two yaraneter ood-?1 is ap;Jli­
cable (N

2
, SF 

6
). the effective ionizatic:. coc£­

ficier.t ~s derived d1rectly :fror.1 the slope o: :h.;;. 
electron current waveforn /S,l0,12,13F. 

For gases that exhibit detachment and iun Co:tver­
sion processes next to ionization and atts.::f> .... -:12c.r: 

the three combinations o£ F~raneters 

- n.O + 8 and n.6) are derived from a. fiL bet"'."'"'" 
the measured and calculat~d waveforms {provided t.:-dL 
the wavefonn is not ion~dominated}. Exar.ples are 
(dry or humid) au and For -a1r 
results are given in 
results in terns of 
their pressure dependencies 
/11/. A similar analysis has be~n per .formed 

C)F j:0~ 2 i!~:doninated avalanches <l fir:tin:.; 
becones inaccurate because next to t.he 

also the drift velocities, .;.ire t.::-.k.r.o ... ;:. 
simulation of the current waveform, with ass~.d 

values for all involved, shows th-at ::.h.::: 
kjnd of observed in c-c

4
r

8 
could be ~x-

plained on the basis of the four parameter ;:~~del 

/6/. An example is given in Figure 8. 
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Dry air (100-750 !orr) /J 1/ 

I •• 

CONCLUSIONS 

l.From the observation of time-resolved current 
"Waveforms, we can distinguish between avalanches 

:t~~ou~e~=~~~~n=r~~:~:::e~d;~2 ~nd SF ~~id av:~;~ch~~ 
' ;:~a:!~:~:!~~~ed:n~~~!~~~h~:t!~~:~~}. and 

ion conversion besides ionization and attachment, 
in principle describes all three kinds of ava­
lanches. 

3.Anal'jsis of avalanches with delaying 
with a model that does not include 
ion conversion, results in apparent values 
electron drift velocity and the effective ioniza­
tion coefficient which do not follow scaling laws. 

4.An evaluation of avalanche waveforns with the four 
parameter modeL and with the electron drift velo­
city corrected for electron trapping 1 shows that 
the "real" electron drift velocityt and the "real .. 
effective ionization coefficient in air and in l­
c3F6 agree with scaling laws, 

The authors gratefully acknowledge the contri­
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5.3 Nitrogen 

5.3.1 Introduction 

Nitrogen is used as an admixture to SF6 , 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 N2 in the past decades and a wealth of swarm data is 

available. In this work N2 is a typical example of what we call 

"simple" gases. Our evaluation of the measured avalanche current 

waveforms in N2 demonstrates how to derive swarm parameters for 

"simple" gases. The swarm parameters determined include the electron 

drift velocity ve' the ionization coefficient a and the electron 

(longitudinal) diffusion coefficient D. 

The N2 used in the present work was supplied by Hoekloos 

(Holland) and has an analyzed volume composition of nitrogen: 

~99.999 X, OXYgen: <5 ppm, water: <5 ppm, argon: <1 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 Elp20 range covered is 11~ V/cmTorr (E is the electric field 

and p20 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 N3 

For avalanche current waveforms in N2 the ion component of the 

current is negligibly small. The measured waveform then equals the 

electron current waveform. Typical waveforms in N2 at high pressure 

are given in Fig. 5.3.1. Later (in section 5.4.1 for SF6 ) 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 N2 . This corresponds to a steep fall of the 

electron current waveform at the electron transit time T : all e 
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 component of the measured avalanche current 

waveforms in N2 at high pressure. Here p20=750 Torr, d=l.O em, 

Elp20 (V/cmTorr): (a) 25.3, (b) 33.3, (c) 40.0. The unit at the 

vertical axis (~) 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 is caused by 

ionization. The second pulse in Fig. 5.3.1c is caused by secondary 

emission due to photons. Secondary emission due to positive ions 

reaching the cathode, 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 ~ in this model is considered 

zero for N2 • The determination of swarm parameters from these 

waveforms is straightforward. The duration of the (primary) current 

pulse gives the electron transit time Te' from which the electron 

drift velocity ve=d/Te is determined. The high time-resolution 

ensures an accurate determination of the electron drift velocity ve' 

which is important for the determination of the other swarm 

parameters. 

The ionization coefficient a can be determined by the ratio: 

i (T )/i =exp(ad) (see Verhaart, 1982). where i (T ) is the electron e e o e e 
current at T • and i is the initial current. A more accurate e o 
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 R.=av . 
1 e 

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 N2 at low pressure. Due to 

electron diffusion, the swarm is 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 transit time 

T (and hence the electron drift velocity v ) is not possible. For e e 
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. 

'' '' ''' '(\' 
I '\ : 

I 1 I I,. I I l l I I I I 1 1 1 1 t : 

} 
I 

'(::. 
1 9 

tiMe [nsl 
Figure 5.3.2 

Electron component of the measured avalanche current waveform 

in N2 at low pressure. Here p20=1 Torr, d=l.O em, Elp20=181.7 

V/cmTorr. The unit at the vertical axis is 18.5 ~-

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: 

where 
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T 
e i 

=I i exp{R.t)dt = Ro [exp{R1T )-1] 

0 
o 1 

1 
e 

en 
0 1o = -T­
e 

= i T o e 

{5.3.1a) 

for R
1
=0 (5.3.lb) 

(5.3.2) 

(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 timeT . 
e 

The charge of the measured current is obtained from the 

integration of the measured electron current: 

ro 

Qem = I iem(t)dt 
0 

(5.3.4) 

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: 

Qem 
= --i-

0 

(5.3.5a) 

(5.3.5b) 
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The ionization frequency Ri and the initial current i
0 

are found 

from the slope of the logarithmic plot of the measured electron 

current: 

ln[i (t}] = ln(i ) + R.t em o 1 
(5.3.6) 

An accurate determination of R. requi,res a time interval in which 
1 

both the finite risetime of the setup, and the electron diffusion, 

have a negligible influence (see Fig. 5.3.3). 

With the present evaluation we simultaneously obtain the 

ionization coefficient from: 

(5.3.7} 

For the determination of the electron (longitudinal) diffusion 

coefficient D. the model described in chapter 3, section 3.4 is 

employed. With v e, R
1

, i
0 

and a derived as described above, the 

coefficient D can he 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. 

The above described approach for the determination of swarm 

parameters from the measured electron current waveforms in N2 is 

actually a general one and applicable to any "simple" gas. In the 

general case, however. the ionization coefficient a and the 

ionization frequency R
1 

should be replaced by the effective 

ionization coefficient cx=:a-T/ and the effective ionization frequency 

Ri=Ri-Ra. Here ~ 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 N2 • Here p20=1 Torr, d=l.O em, E/p20=142.6 V/cmTorr. The 

parameters obtained from the curve fit are: ~1.20 em~. 

T =24.2 ns, i =28.5 ~and D=l.55xl06 cm2 /s. e o 

5.3.3 Swarm parameters in N2 ; experimental results 

Swarm parameters such as the electron drift velocity ve. the 

ionization coefficient tx and the electron (longitudinal} diffusion 

coefficient D for N2 have been determined. For the electron drift 

velocity and the ionization coefficient, the pressure p20 was varied 

from 1~750 Torr to cover as wide an E/p20 range as possible. Within 
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the experimental accuracy of ±2% no abnormal pressure 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 K • which is defined as K =v IE, is e e e 
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/p20 ranges 

they have covered. 
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Figure 5.3.5 

The electron drift velocity ve in N2 • 
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5.4 Sulfur hexafluoride 

5.4.1 Introduction 

Sulfur hexafluoride {SF6) 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 SF6 

over a pressure range of 1~49 Torr {20°C) and an E/p20 range of 

11~292 V/cmTorr. The SF6 used in the present work was supplied by 

Hoekloos {Holland) and has an analyzed volume composition of 

SF6: ~99.8%, air: <500 ppm, CF4 : <500 ppm, H2 0: (15 ppm, HF: <1 ppm. 

The fast swarm measurements in SF6 , 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 SF6 because no clear "tai 1" 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 timeT is not as 
e 

steep as that in N2 {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 {b=1.03 em~). and 

by the simulation shown in Fig. 5.4.1 below for a high detachment 

coefficient {b=7.21 em~). In both simulations the conversion 

coefficient is chosen high {19.95 and 22.56 em~ respectively). 

Electron detachment and ion conversion processes in SF6 have been 

considered in the literature {see, for instance, Hansen and 

co-workers, 1983; 0' 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). 

24 

0 

t(ns) 

160 

Figure 5.4.1 

Electron current waveform calculated with the four-parameter 

model with a high detachment coefficient (o=7.21 em~) and a 

high conversion coefficient (~=22.56 c~). Here a=9.2 em~. 

TF-7. 7 em~ and T =80 ns. 
e 

Although detachment and conversion processes are likely to occur 

in SF6 , neither the electron drift velocity v nor the 
e 

pressure-reduced effective ionization coefficient atp, 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 SF6 but is effectively counteracted by conversion 

(stabilization). We can therefore quite adequately describe the 

avalanche current waveform in SF6 by the two-parameter model for 

"simple" gases, and the procedure described for N2 can also be 

applied to evaluate the electron component of the measured avalanche 

current waveforms in SF6 • 

When electron attachment is appreciable and the gas pressure is 

high, the ion compon~nt becomes considerable. Figure 5.4.2 shows an 

example of a measured avalanche current waveform in SF6 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 
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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 SF6 showing a 

considerable ion contribution. Here p20=49.2 Torr, 

E/p20=121.50 V/cmTorr. The unit at the vertical axis is 

4.9 ~. The separated electron and ion components of this 

waveform are shown in Fig. 5.4.3. 

We consider an avalanche in which only ionization and attachment 

processes 

component 

i (t) and 
p 

occur. The total current it(t) is composed of an electron 

i ( t) and two ion components (the positive ion component e 
the negative ion component i (t)): 

n 

it(t) = i (t) + i (t) + i (t) e p n 
(5.4.1) 
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From the expressions of these currents given in chapter 3 

(Eqs. (3.2.16}, (3.2.17), (3.2.18), (3.2.22} and (3.2.23)), the 

following relation is obtained for tiT : 
e 

where 

i ( t) e 

C=av +TfV p n 

Differentiation of Eq. (5.4.2) gives: 

(5.4.2} 

(5.4.3) 

(5.4.4) 

Since the current is measured in digital form, it is convenient to 

write Eq. (5.4.4) as: 

it(tk) - it(tk-1 ) 
At 

i (tk) - i (tk-1) 
e e + Ci {t ) 

At e k (5.4.5) 

where At=~-tk-l and k=1, 2, ••••••. From Eq. (5.4.5), ie(tk) can be 

written as: 

(5.4.6) 

Equation (5.4.6) shows how the electron component ie(tk) can be 

calculated from its previous value ie( tk_1) if the constant C is 

known. This constant C is obtained by an iterative procedure. in 

which C is varied until the calculated i (t) from Eq. {5.4.6} 
e 

satisfies the following conditions: 

{5.4. 7} 

(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 SFr;; experimental results 

Figure 5.4.4 shows some typical electron component of the 

avalanche current waveforms measured in SF6 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 
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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 SF& at low pressure. Here p20=1 Torr, 

d=1.0 em, E/p20 (V/cmTorr): (a) 118.81, {b) 175.89, 

(c) 211.43, {d) 261.27. The unit at the vertical axis (~) 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 SF& 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 is strongly 

counteracted by conversion processes. As a result the description of 

94 



SF6 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. 
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Figure 5.4.5 

Typical avalanche current waveforms measured in SF6 at higher 

pressure. Here p20=30 Torr, d=1.0 em. E/p20 (V/cmTorr): 

(a) 117.43, (b) 121.47, (c) 122.49. (d) 123.50. The unit at the 

vertical axis (~) 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 ~p20 • For 
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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/p20)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/p20 range. 

The pressure-reduced effective ionization coefficient R/p20 is in 

good agreement with that derived by other investigators for the E/p20 

range covered. The limiting {E/p20 )lim value, at which ;{E/p20 )=0, is 

119.6 V/cmTorr, 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 ve or 

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

iX and the real one are different, the measured iX 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. 
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5.5 Dry air 

5.5.1 Introduction 

Fast swarm experiments in dry air have been performed in an E/p20 

range from 10 to 45 V/cmTorr. The pressure p20 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 {1Q-14 July, 1989). 

5.5.2 Determination of swarm parameters in drv air 1rl th a fast time­

resolved swarm technique 

98 



{£) 1989 ICPIG. Reprinted, with permission. from Proceeding XIX 
International Conference on Phenomena in Ionized Gases, Belgrade, 
July 10-14, 1989, Vol. 3, pp.592-593. 

UETERl!lNATION OF SWARM PARAIIE'IERS IN DRY AIR WITII A FAST TIKE-RESOLVF.D SWARM l'EDINIQUE 

C. Wen and J.M. Wetzer 

High-Voltage Group, Eindhoven University o£ Technology, Eindhoven, The Netherlands 

INTRODUCTIOH 

Aa continues to he the subject of investigation 

because it serves as an insulating medium for open atr 

substations and overhead transmission 1 ines. Recent 

photodetachment swarm studies in air, o
2 

and 0
2
/N

2 
mixtures [1-4] show clearly the need to re-examine the 

li ternture on swarm data. especially on electron 

detachment and ion conversion coefficients, because of 

the poor agreement among the various 1 i terature data 

and che unsuccessful simulation or measured discharge 

currents based on such data. 

As far as the time-resolved swarm study is 

concerned, the major dHficulties encountered tn 

accurately determining swarm parameters in air 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 resolution tn the order of 1 

ns) performed in dry air in the pressure range from 

200 to 750 Torr and the E/p (electric field over gas 

pressure) range from 10 to 45 V/cmTorr. Swarm 

parameters have been determined from the measured 

avalanche current waveforms in terms of a model which 

accounts not only for ionization and attaChment but 

also for detachment and conversion. 

EXP£RIMF1ITA!. TEQJ!!IQ\!ES 

The time-resolved swarm method is used for the 

avalanche current measurement. The experimental setup 

is basi cal iy the same as the one described in (5] and 

has been used previously for other studies (6-10]. The 

a.va.lanche is initiated with a. TEA N
2 

laser pulse of 

very short duration (0.6 ns, FWHM). the avalanche 

current waveform is rec(.n·ded by .n. fast 9 bit Tektronix 

7912 AD digitizer (with 7A29 and 7BIO plug:~in units). 

The time resolution of the whole measuring system is 

about 1.4 ns. The vessel is evacuated with a 

turbomolecular pump down to IQ-7 Torr before the dry 

air was admitted in, The dry air, supplied by Hoekloos 

(Holland). has an analyzed volume composition of 

nitrogen: 0.78. oxygen: 0.21. argon: 0.0096. carbon 

dioxide: <400x:Io-", water; <25xlo-", hydrocarbon: 

<5xlo-", 1be gas pressure was measured by two Penn1m.l t 

pressure gauges (ranges r rom 0 ""' -450 and 400 - 800 

Torr. respectively). All pressure measurements were 

carried out at room temperature (around 22°C) and 

reduced to 20°C. 

RESULTs MD DISOJSSIOO 

Figure 1 shows a typical electron component of 

the avalanche current waveform measured in dry air 

with the present setup. The long tall after one 

electron transit time Te clearly indicates the 

occurence of electron detachment. Also shown -ln Fig, 1 

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 believt:td 

to be dominant in dry air for the pressure and the E/p 

ranges covered: 

ionization o:: e + N2(02) 2e + n;co;) (I) 

attachment 71: e + 0
2 

o-"+ o (2) 

detachment 6: 0_,.+ o
2

(N
2

) 0 + o
2

(N
2

) + e (3) 

conversion p: o--+ o2 ----+ o; + o (2-bo<ly) (4) 

o--+ 20
2 

____.. o; + o
2 

(3-bo<ly) (5) 

where o-• denotes an unstable negative oxygen ion 

which can undtrgo etther detachment (Eq. (3)} or 

conversion (£qs.(4) and (5)). 

In the above reaetton scheme, coefficients « and 

11 are defined as usual, while coefficients Q and J3 are 

defined as the mean number of detachment and 

conversion events ))E!r unstable negative ion (O-w) in a 

Hme that W'l electron travels l em in the fid.d 

direct ton. 

By fitting the calculated and the measured 

electron component of the avalanche current waveforms 

as is shown in Fig.l. swarm parameters such as the 

electron drift velocity ve' the .. real .. effective 

ionization coefficient «-1), and the det.achment and 

conversion coefficients in the combinations 6+J3 and 1)6 

can be determined. These results arc shown in Figs.2 

to 5 respectively. 

AI though the coefficients a, '11· Q and {} cannot be 

determined separately from the electron component 

only (6,10]. the derived CO!Dbinations of these 

parameters as shown in Figs.3 to 5 fully describe the 

electron current. In Fig.3 {a-TJ)/p shows no pressure 

dependence over the whole range of E/p covered. 
tmplylng that both Q:/p and .,Yp are pressure 
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independent. This 1s consistent with reactions (1} and 

(2). Similarly the la<:k of a pressure dependence in 

l}6/p2 in Fig.4 (given some scatter} indicates that 6/p 

is independent of pressure over the Elp Nl.l'lge covered. 

This is consistent with reaction (3). In Fig.5 a clear 

pressure dependence ls observed for (6+~)/p, 

especially if f/p is below 3S V/cmTorr. As 6/p is 

independent or pressure. this indicates a three-body 

conversion process as described by reaction (5). For 

lower pressure the pressure dependence becomes )ess 

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 0 2 

molecules. In addition, the understanding of the collisional 

processes in 0 2 is important for the study of ozone production. 

Although collisional processes, in particular electron attachment 

and detachment, in 0 2 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 0 2 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/p20 range of 1(}v120 V/cmTorr. The 0 2 

used in the present work was supplied by Hoekloos (Holland) and has 

an analyzed volume composition of 0 2 : 99.7 %, water: ~6 ppm and 

methane: ~25 ppm. 

5.6.2 Fast swarm experiments in 0 2 

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 

SF6 • 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. 
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Figure 5.6.1 

Typical electron current waveforms measured in 02 at low 

pressure. Here p20:5 Torr, d:l.O em, Elp20 (V/cmTorr): 

(a) 30.00, (b) 50.00. {c) 80.00, (d) 110.0. The unit at the 

vertical axis (fl,A) is: {a) 1.68, (b) 3.31, {c) 11.4, {d) 59.6. 

Figure 5.6.2 shows some typical avalanche current waveforms 

measured in 02 at relatively high pressure. At such high pressure 

diffusion does not play a significant role. 
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Figure 5.6.2 

Typical avalanche current waveforms measured in 0 2 at 

relatively high pressure. Here p20=300 Torr. d=l.O em, 

E/p20 (V/cmTorr): (a) 37.00, (b) 37.50, (c) 37.75, 

(d) 38.00. The unit at the vertical axis (~) is: (a) 2.16. 

(b) 2.80, (c) 4.07, (d) 6.90. 

The steep drop of the current waveforms indicates that a number 

of electrons reaches the anode without having been attached. The 

interval between the steep rise and fall gives the electron transit 

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 0 2 under the present conditions 
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are the following: 

ionization: 

attachment: 

detachment: 

conversion: 

--* e+02--:>o +0 

--* 0 +02 --:>0+02 +e 

(5.6.1) 

(5.6.2) 

(5.6.3) 

(2-body} (5.6.4} 

(3-body} (5.6.5} 

--* Here 0 denotes an unstable negative ion which can undergo either 

detachment or conversion. 

For pure 02 at high pressure, also electron attachment and 

detachment of the negative ion o;* are possible processes (Frommhold, 

1963: O'Neill and Craggs, 1973a}: 

attachment: (5.6.6) 

detachment: (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 02 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 0 2 ), and 

detachment is more pronounced because of the reaction: 

--* 0 + N2 --> 0 + N2 + e 
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5.7 Hexafluoropropene 

5.7.1 A review of the liter-ature study on 1~3F6 
There has been a growing interest recently in the possibility of 

using hexafluoropropene 1~3F6 {abbreviated as C3 F6 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 C3 F6 with SF6 , S02 or c~4F8 have a higher breakdown 

strength than that of either of the constituent 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% C3 F6 and 25% 

SF6 gives a dielectric strength about 1.9 times that of SF6 and 1.7 

times that of C3 F6 {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 C3 F6 /SF6 • C3 F6 /S02 

mixtures. and in some other gas mixtures 

Hunter and Christophorou {1984, 

such 

1985) 

or C3F6/c~4Fe 

as SF 6 /S02 and 

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 ~f{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 u8 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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(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: 

(5.7.2) 

Here U0 is a constant voltage and (Eip)
1

. is the limiting (E/p) 
1m 

value at which breakdown occurs. At very high gas pressure, u
8 

can 

vary more than linearly with increasing p for a fixed d because of 

the compressibility of the gas. 

The reduced breakdown field strength E:B/p or (E/p) lim of C3 F r. 

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 C3 F6 (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 or S1r3.I'III J!!!:l'allleters fr0111 

scaligr;; laws (similari£[ laws) 

According to scaling laws the pressure-reduced ionization 

coefficient a/p or the pressure-reduced effective ionization 

coefficient a/p, as well as the electron drift velocity v e 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 a/p and v e in ~F6 

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 

for v and a/p are "apparent" values, involving different kinds of e 
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 ~a'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 C3F6 in a buffer gas (N2 or Ar): 

v2=1/-ra1 
------"'::.:....;>C3 F6 +e ( 1) 

..-----':;...;o....--'>CxF; +C3-xF6-y (2) 

l>7:1/-ra2 

C,F;;"<C,F .--l<._>(C,F6 );" < ::: >2C3F6+e 

>(C3F6);+energy 

>2C3F6+e 

(3) 

(4) 

{5) 

(6) 

(7) 

Here C3F~ and (C3F6};* denote an unstable negative C3F6 ion (with a 

life time -ra1) and an unstable negative C3F6 dimer 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 9i by k1=91ve/Na {Na is the number density of 

C3F6). 

From this reaction scheme, the apparent attachment rate constant 
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k ( =11 v IN ) can be expressed as: a a e a 

k (N , M) a a (5.7.3) 

provided that both dissociative attachment (reaction {2)) and parent 

negative ion formation (reaction (3)) are negligible. From 

Eq. (5. 7 .3) it can be seen that k in general depends on the C3 F6 a 
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 ~F6 • 

To explain the observations of the large decrease in ve with very 

high p in H2 and N2 by GrUnberg {1967, 1968), Frommhold {1968) 

assumed that the correction of the electron drift velocity ve at high 

pressure has the form: 

veo 
(5.7.4) 

1 + V'I" 

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 Tare constant, v 

is the collision frequency for unstable negative ion formation, and -r 

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 C3 F6 . 

5.7.2 Fast swarm experiments in C.F,. 

The present experiments have been performed both in C3 F6 1N2 

mixtures and in pure C3 F6 • The electron component of the measured 

avalanche current waveform for low pressure C3 F6 in a high pressure 

buffer N2 gas (as given in Fig. 5.7.1) shows a clear "tail" after one 

electron transit time T . This indicates the presence of delaying 
e 

processes in C3 F6 (no delaying processes occur in N2 ). In pure ~Fr. 
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this "tail" is not inunediately clear. especially at low E/p, due to 

the increased stabilization of unstable negative ions upon collisions 

with C3 F6 molecules. Examples are given in Fig. 5.7.2. Furthermore, 

under certain experimental conditions, the measured avalanche current 

waveform in pure C3 F6 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). 

1 t I I I J I j I I I 1
1

1 I I I l,.f 1 

i /I 
1 l' I 

'''' .. ' '''. y"·' '·\. 
,/: 

Figure 5.7.1 

Typical electron component of the measured avalanche current 

waveform for low pressure C3 F6 (4 Torr) in a high pressure buffer 

gas N2 (746 Torr). Here d=l.O em, EIJ>.r=30.92 V/cmTorr (J>.r is the 

total pressure of the mixture at 20°C). The unit at the vertical 

axis is 44.6 J,LA. 

The two-parameter model cannot adequately describe the electron 

current waveforms, either in C3 F6 /N2 or in pure C3 F6 , because the 

swarm parameters thus derived show abnormal pressure dependences. The 

four-parameter model should therefore be applied. 

The results for C3 F6 in a buffer gas N2 have been presented as a 

conference contribution at the 5th Int. Symp. on High Voltage 
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Engineering, Braunschweig, Germany {24-28 Aug., 1987). The results 

for pure C3 F6 have been presented at the IEEE Int. Symp. on 

Electrical Insulation, Boston, USA (5-8 June, 1988). 

. ' .... ·~~~~~·!· ... ' '.' ' ... \ .... ~. ~1 ........... ; : : : : . : : : ·A: 11 . . .. " : . ' . . . ' . . . . . ' 
! 1 1 < l 111' It j I I' I I! I I I I I I 1 'I I I ! I!! 1 l I If It I • I 0 

l . , ;4 ~ ... ] ~, ... ~. , 280 

tiMe [nsl 

! I ..... (·· T\·····b ... 

10B 2 B 
t.iMe [nsl 

110 

.. '.' ' .. '. 'l''' '.' '' '' ': 
' ' . ' ' ' ' ' ' ' ·l :1· ' ' ' ' ' ' ' ' ' ' ' : 

.... "" )·: ' ' ' '. ' . ' ' '' : 

.. / .ur ... ~ .. 

10 2 B 
tiMe [ns] 

Figure 5.7.2 

2 B 
the [nsl 

Examples of the electron component of the avalanche current 

waveforms measured in C3 F6 . Here p20=50 Torr, d=1.0 em, EIP2o 

(V/cmTorr): (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 C:.F,. 

Ana.lusis and observation froa fast SDJ.ra expertaents 
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DETACHMENT AND CONVERSION PROCESSES IN c 3r 6 
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J. M. Vetter and c. Wen 
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A model u presented describmg the avalanche growth 
1n gases that eXhlbi t detactunent and conver.uon next 
to tonuauon and attactunent. Ttle effect of detach~ 
ment and converSion on the electron dtstr1butlon and 
on the current waveform ts illustrated. SWarmparame­
ter-s are dtH'lVed from measurements ln C3fofH2 mix­
tures. ~flth1n the pressure-range covered the "reaJ• 
effective ionuatJ.on coefftcumt agrees wtth scalmg 
laws. The obtained detactunent and conversion para­
meters are analysed .md diScussed. 

IEYYOROS: Insutatmg gases, avalanches. detachment, 
converSl¢0, hexaf luoropropene. 

IHTRO~ICff 

In r-ecent years hexaftuoropropene (C3F6) has been 
stU<lied by severat tnvestlgators as a ~sslble ga­
seous dtelectrtc for- hi.gh voltage lnsulatlon. The 
breakdown voltage m C3F6, unlike that 1n many other 
tnsu1at1ng tases, does not follow P.aschen~s taw: 1t 
tncre.ases more rapidly with pressure than wlth elec­
trode separation (1-5), Below .a pressure of four bar 
thU behaviour can not be accounted. for by the 
effect of compresstbttlty (6]. In ad:dition 1t was 
found from swarm experunents that netther the 
pressure reduced effective tonuation coeff i­
ctent (a-n)/P nor the electron <Jrl'ft vetoclty ve are 
unique functtons of E/p {7). However, tne l1mitlng 
E/p-vatues (Where et:fl) derived from swarm experi­
ments were found to be cons utent wt th the observed 
breakdown voltage [t). 

These observations sugge.n that the questton: *Why 
does C3F6 deviate from Paschen~s JaW* could be re­
phrase<~ as: •wny are Ve and (a-nJ/P Mt unique 
functions of E/P tn the case of c 3r6"· Indeed seve­
ra 1 authors have ascr 1 bed the observed bN"aiCdown 
behavtour to a strong pressure dependence of the 
apparent attacnment process {3, 7-10). 

A$ to the cause of ttus pressure dependence, a 
react1on scheme 1nvo1v1ng detacllment and conversJon 
has been proposed by HUnter et at (8). verha.art and 
van der Laan. wno earlter performed a quantitative 
a.naly.su of humtd atr (11). proposed the same pro­
cesses from the observed analogy between tlme resol­
ved measurements in C3F(> and tn atr (5). 

rn thts paper l t IS shown oow detachment and conver­
ston processes affect the spatlal dutrtbuUon of 
charee ca.l"rlers 1n the avauncne ancl, as a result, 
the current wa.vefonn The dertvatton of swarmparame­
ters fNm the avalanche current Wtll be ducussed. 
The neglect of detacrunent and conversion leads to 
1ncorrect values for the effective tonuatlon coef­
flC tent and, In some cases. even to mcorrect values 
for the electron dr-dt velocttY- ve therefore dts­
ttnguuh between rea! and apparent coefflCHents {See 
al.so {~] ). The extended tmdei tnctudtng detactaent 
and convers1on ts applted to the measurements per­
formed m C3fofll2 mtxtures. 

nliDRET!CAL KlDEL 

The theoretical roodel, deSCr'lbed eart1er by Verhaart 
et aL (11]. tncorporates detachment and conversion, 
next to the conrnonty used 1onitatton and attact"Vne-nt 
processes. secondary emus1on and d1ffusion are not 
considered. APart from neutral molecuJes four spe­
Cies are involved: electrons (lndex e). posttlve 
1ons ( tndex p ), unstable negat1ve 1ons (index nu) 
and stable negative 1ons (Htdex ns). The unstable 
tons have a relatively short lifetime and are able 
to reJease thelr electron wtth.tn the ton's transtt 
time. Unstable negatlve 10ns can be converted into 
stable ones that do not release the1r electron wtth­
in the transtt tune. 

Ionuation and attachment processes are denoted by 
the coeff1c1ents a and n. deflned as the mean number 
of iomuOM or attaching cottutons. of one electron 
traveltne 1 ern m the fteld ~llrectton The coefft­
Clents 6 and 0 describe detachment and converston. 
and are def tned as the mean number of detachment or 
converswn events per unstable negative ton tn the 
tune that an electron travels 1 ern m the fleld 
direction Hence aH coefftcJ.ents relate to the same 
time scale governed by the ele-ctron drift veloctty. 
nus chotce is more convement for the study of 
avalanche growth than the convent tonal def lnttions 
(tZ, 13) that retate 6 and() to tne ton dnft velo­
city. 

The above mentioned def tnltlons and conclttions 
result tn a set of ltnear f1rst order d1fferentJal 
equatiOns for the temporal evolution of the iour 
components. for tunes not exceedtng one etectron 
transit time {Te:d/vet an analytlCal solutton was 
presented earlier [lt}. For the electrons, for 
example (assunnng that no prtmary electrons are 
released from the cathode tn an tnftnltely short 
time interval}, lt was found that: 

ne(t) 'A~~ A
2

·[[A1+5•(l]·exp(A1v0 t) 

- [A2•5•0] ·exp!A2vetl] 
In wtnch: 

I 

A1, 2' Ha-•H-o! [ra-~-6-012 - •· ttm-all-alil]
2 J 

(1) 

(2) 

for ttmes exceeding Te one should account for the 
Joss of charged parttcles at the electrOdes. This 
tnvoJves not only the number of parttcles nJ{t) 
(mtegrated over the gap}, but also thetr density 
dutr1bUt1on PJ(x, tl (umt: cm-1), Wtth the d.eftm­
ttons and condlttons menttoned above these dens1ues 
can be descrtbed bY the parttat differential equa­
ttons {3)·(61. 

rn order to solve uus set of equa.ttons Verhaart et 
al. (HJ developed a nume-rtcal model. swarm coefft­
c tents were determined from experiments by a (tune­
consunung) compartson between measurE<d and surolated 
waveforms. 
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a•.<x. q a•.<x. tl 
_a_t __ + •.-ax-- ' (a-'1)V p (X. t) + ~v p (X. t) 

e e e ru (JJ 

app<x. q aPPix. q 
_a_t __ - vp-ax-- = avepe(x. t) (4) 

apru(><.tl apru(><.t) 
_a_t __ + •ru-a-.-- = flVePe<x. t) - (~tp)vepru(x. ~~~ 

apns(><. t) apns(><. t) 
_a_t __ + •ns-a-.-- = OVePru<x. tl (6) 

In this paper we present an analyttcal solutton 
valid also for t>Te. The method of solvms the set 
of tne equations was published earlter by Llewellyn­
Jones (12) and Meek and Crasss (13), however With 
somewhat different def 1m t1ons of the coeff tc tents 
used. In thiS method delayed and undelayed electrons 
are treated separately. APPI icatlon to our set of 
equations yields for the delayed part [14]: 

1n whtch: v 
1 

, 2·v-:f-[~o(vet-x)(x-v0utl]2 e nu 
v 

(7) 

(8) 

(9) 

' v -~ [1<>-'l)(x-v0ut) - lo•O)(vet-xl] (10) 
e nu 

IJ(Y) IS the }h order modified Bessel function: 

l/Yl' [ff·k~Jk!(!+J)![ffk] (11) 

The solution IS valid for vnut 

and for vnut 

x 5 vet 1f vet 5 d 

x<d tfvet>d 

Tile densttles of poslttve tons and stable nesattve 
tons can easilY be dertved from the expresstons for 
electrons and unstable negattve tons, wtth the ap­
proprute boundary conditions. 

Tile undelayed part of the solution (for electrons) 
ts gtven by: 

p~nd(x, t) :. n0ocx-vet> exp((0.·'1)Vet) 

p~nd(x, t) :. 0 
(12) 

Her-e D stands for- the Dtr-ac-functton The dutrtbu­
tton of tons left behmd by the unde layed electr-ons 
serves as an tmtul condltton for the solution of 
the delayed particle equattons (14]. 

Tile electron and ton components of the current are 
finally obtamed from: 

e·ne (t > 
_T_e_ 

t
1
(t): ~-L n (t)v : e·L n~(t) 

d J J J J J 

d 
where nJ(t) =

0
fpJ(x, t)dx 
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(13) 

(J :p, nu, ns) (14) 

(J:e, p, nu, ns > (15) 

IMI'L!CAT!OIIS OF DETAat!Ein' AND CXIIVERS!OO 

1. 'Ille ayalanche electron dtstrtbyqon 

In the "classtcal" descrtptton of swarms, with tom­
zing and attaching colltstons only, it 1s assumed 
that all electrons are contamed tn the avalanche 
head. fue to detachment however swarms may nave a 
dtsttnct tall of electrons. An example 1s g1ven 10 
Figure 1. 

undelayed-

Aar<hw111dl 
p:'i?B·T~~r 

p~~~~l ;orr 
E•1BkV/c. 
d•l:: .. 

Fig. f ExdiiJfJle of avalanche electron dJstrJbUtion in 
f'JuiiJid air (see also [ft}). UncteJaye<J part Js 
reaucea for clarity. 

When breakdown ts governed by the Townsend mechanism 
any exper tment or mode 1 that resu Its 10 the correct 
nwnber of electrons (Integrated over the gap) Will 
be consistent wtth the breakdown field strength. In 
case of str-eamer- br-eakdown however the breakdown 
fteld strength depends on the field dtstortlon due 
to the swarm, and thereby on the spatul dtstn­
button of electrons. In that case detachment and 
conver-ston processes should be taken mto account. 

2. The current waveform 

Tile model presented Illustrates the effects of de­
tachment and conversion processes. In Ftgure 2, 0 
and p values are varied at constant values of o. (tt 

cm-1) and, (12 cm-1). In all examples the electron 
current u shown, and the "apparent" effective 1001-
zatlon coeffiCient O:A IS compared to the "real" 
value (a·'1h~· wnere the apparent QA 1s dertved from: 

(16) 

In figures 2a-2c, 0 ts varted at a hl8'h value of p 
(22 cm-1 ). Detachment acts as a secondary tomzatlon 
mechanism that strongly affects the slope of the 
current wavefoi-m (CiA> Ci'Rl· figures 2d-2f(O : 1 cm-1) 
and 2g-21 (0 :. 7 cm-1) clearly demonstrate tt:.at con­
version reduces the growth. further tt ts shown that 
detachment may affect the apparent trans 1t tlme 
(def tned as the tlme at which the current reaches 
Its maxun . .un value). 

Tile mcrease of the apparent transit tHne (or de­
crease of the apparent drtft velocity) occurs at 
hiBh values of the product ,& because of consecutive 
attactunent and detachment processes: the actual 
drift velocity does not change, but the electrons 
are tmnobiiiZedduringsomettme. ThiS effect lS 
counteracted by conversion processes, since conver­
sion reduces the number of unstable negative tons, 
and as a consequence the number of detached ( 1. e. 
delayed) electrons. 



In many cases the effect of detachment and conver­
SIOn IS not easily recogmzed from the current wave­
form. The neglect of such processes results 1n appa­
rent values for the effective tomzatton coefftctent 
(> aR) and the electron drift velocny (< ve Rl· 
ThiS may obscure physical tnterpretatlon and seem­
ingly vtolate known scaling laws. When exanumng 
such processes exper m~ntall y, a good tune reso­
lution (::1 ns or better) 1s of paramount Importance. 

Fig.2 Electron current w.Jveform .Jt various 6 dJ)(J fJ 
values (unit: carl, a::11 carl, rt=12 carl, 
Te=56 ns). For comp.aruon real and apP.Jrent 
effective ionization coeff ic1ents .Jre g1ven. 

3. swarm coeff tc tents from measured waveforms 

swarmparameters are obtained from the measured elec­
tron current by means of a fltttng program EValua­
t ton of the electron current expressions, however, 
reveals that the parameters occur tn three comlnna­
ttons, vu: 

Hence, a umque identtftcatlon of the IndlVldUal 
parameters lS not possible from the electron current 
on I y. Nevertheless these three quanti ttes fully 
descrtbe the electron avalanche growth. A physical 
tnterpretatton would therefore be useful. 

C1:a-11 is eastly tdentlfted as the creal or prtmaryl 
effecq ve tonuatloD coeff tqeot whtch d 1 ffers from 
the "apparent" value obtained from a model tncludlng 
only tontzatlon and attacnment. Cz:li+() descrtbes the 
loss rate of unstable nesaqve tons (the prtma.ry re­
sult of attachment), and IS Inversely proportional 
to the 1r 11 fetlme. C3=1l6. may be mterpreted as a 
secondary delayed tonuaqon parameter describing 
the number of attached electrons whtch are still 
.betng released. 

Relating the avalanche growth to colltsional proces­
ses reqUires a separation of the three quantities 
Into tndlVldual parameters. This can be accomplished 
by extending the analyslS to the IOn current. ThiS 
ton component of the current Involves different 
positive and negative IOns, each having thetr own 
drtftveloc1ty, which compllcates the analysiS. As­
swmng all ton driftvelocities equal, one can derive 
the individual parameters qulte eastly from c 1, Cz 
and C3 by regard tog the ratio of measured electron­
~~~J. Ion-current components a-t t=Te: le<Tel/ii<Tel 

EXPERIHEXI'AL RE5UL TS 

The setup used does not dtffer substantiallY from 
the one descrtbed earlier (15). The most Important 
feature IS the tuneresolutlon of 1. q ns, Which 
results from: t) an Nz--laser Wlth an o. 6 ns puis 
duration (FWJ+f), Z) a subdiVIded measuring electrode 
(reductton of stray capacitance), 3) a careful lay­
out of the connection between measuring electrode 
and cable, and 4) a fast 9 bit transtent dLgttner 
(TektrOniX 791Z AD). 

The chotce of experuoental conditions, such as to 
allow verification of our model, ts restricted: at 
htgh C3F6 pressure the electron drtft velocity may 
not dtrectly be derived from the current waveform 
Further the e lectromc current component wtll be 
small, and the 1o01c component high. At low C3F6 
pressure d 1 ffus ton may no longer be neglected. The 
present experiments have been performed at a low 
partial C3F6 pressures (£~.:..to Torr) tn a high pres­
sure buffer gas (Nz, around 750 Torr). Hz as chosen 
because it IS a non-attaching gas that has extensi­
ve 1 y been stud ted before. 

Ftgure 3 shows the measured electron delft velocity: 
1 t ts affected even by the sma II add 1 tlon of C3F6 
(0.5..,. 1.3Y.). This ts ascribed to the large collision 
cross section of C3F6 as compared to Nz. 

From the measured electron waveforms the three com­
btnauons Ct :a-'1, Cz=li+f) and C3='16 are derived. 
Since Ct also contains a mtrogen contrtbutton 1t IS 
first corrected us1ng a-data for Hz readilY avai­
Jab le from 11 terature and from our experiments. All 
C3F6 quantttles are plotted versus E/Ptotal• where 
Ptotal ts corrected for ambient temperature 
var1at1ons. Ve hereby tmplicttly assume that the 
drift velocity depends only on E/Ptotal· At htgh 
C3F6 pressure this assumption IS no longer valtd 
(Figure 3. 1 

The following reactions are assumed to be respon­
Sible for tomzation, attachment, detachment and 
conversion: 

a • e+C3F6 -> C3F6 +Ze 

e+C3F6 !L> C3F6 -II 

C3F6 -II +C3F6 ~> Z ·C3F6 + e 

C3F6-'•C3F6 Q_> (C 3F6 ); 

~' > CJ/pC3F6 ~ 

"' ~/PC3F6 
"' 6t/PC3F6 

"> 0/Pc3F6 

fa(E/P) 

f~(E/p) 

t
61 

(E/P) 

t
0

(E!PI 

Here C3F6-• stands for the excited negative 100. The 
pressure dependencies follow from evalutlon of the 
reaction rates and from the def lni t tons of a, 11. 6 
and f). The reaction schemes for converston and de­
tachment are proposed by fb.Jnter et at. [6) wno 
suggest that a short-llVIng duner-ton ts formed that 
either detaches 1ts electron or can be converted to 
a stable negative dtmer 100. Of both two-stage pro­
cesses only the IDitlal and final products are given 
above. 

VI th these dependenc tes 10 mtnd, pressure reduced 
coefficients have been plotted tn Ftgures 4-6. From 
Ftgure q It 1s seen that, gtven some scatter, the 
"real" (a-'1)/Pc3F6 does not depend on the partial 
C3F6 pressure, 1n contrast to the •apparent" effec­
tive tonizatton coeff tc tent. In Ftgure 5 
(6+f))/Pc3F6• and tn Figure 6 1lli/P2C3F6• turn out to 
be Independent on the partial C3F6 pressure above 6 
torr. Tilts IS consistent with the reaction schemes 
mentioned above and indicates that at relatively 
high part aal pressure (above 6 torr 1 detachment 
Involves collisions with c 3F6 molecules (6:6 1 1. 

The pressure dependence observed at lower C3Fb pres­
sure suggests a detacnment mechamsm without Inter­
ference of a C3F6 molecule (autodetacnment, or upon 
colliston wtth a Hz molecule). In that case we ftnd 
(at constant nitrogen pressure): 

6z ' t 6/E/P) 
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,• 

Fig.ll RtMJ effective ionization coeffic1ent ta~rt) 

The Jarse scatter found at low part1al c3r{) pres­
sures 1s ascrlbed to the 1naccuracy m the m1X1n1 
rat1o. 

1. Detachment and convers ton processes affect tne 
electron dlstrtbutton 10 the avalanche ana may 
thereby Inf tuence tne streamer breakdown tnres­
nold. 

2.. The neglect of these processes 1n the analysu of 
swarm expernnents results tn .. apparent• values 
for the effective tonUatlon coeffiCient and the 
electron drlft veloctty that may substantlallY 
dtffer from the •real'" vatues, This obscures 
PhYSICal Interpretation and seemtngty vtolates 
known sea 11ng 1 aws. 

3. Experunentat observatton of detacf'lment and con­
verston processes from swarm experunents requtres 
a tune l"esoiutJOn in the oMer of 1 ns or better. 

4. Tile .. real .. Pressure reduced effeetlve 1onuat1on 
eoefftctent tn c 3Ft;. (U·11ic3n/Pc3F6• 1s a umque 
funct10n of E/Ptotai tn the pressure range cover­
ed. Tilts ts not true for the "apparent" values. 

!i The present observattons of the detachment proces 
can be exp1atned by the domtnattne eifect of 
col!Istons wtth C3F6 molecules above a cr1t1cal 
C3F6 pressure of about 6 Torr. 

The authors gratefully acknowledge ttle contr1but10n 
of thetr col leagues from ttle Hagn Voltage Gr<>up. , fn 
part1cular we ttlank Prof. dr. P. C, T. van der Laan, 
for hts encouragerrent and paructpat ton tn many 
dlSCUSSJOns, A J. Aldenhoven and fng. R. NOJJ tor 
the u· techmca 1 ass uta nee, and rr. V. H. A E.. 
Verhagen for hts collaboratlOn durtng experunents 
and ana1ys1s 1n an early stage of this work. 
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SWARII PARAIIEI"ERS IM HEXAFLOOROPROPE!IE 1-c,F 6 

C, Wen and J, M. Wet:zer 

.High-Voltage Croup, Dept. of ElectJ"ical Engineering. 
Eindhoven University of Technology, Eindhoven. the Netherlands. 

ABS1R.A(d-F'ast swarm raeasurements have been performed in 
Hexafluoropropene. I-c3 F6 (hereafter abbreviated as 
C:~F6 ), with pressures p ranging from 20 to 200 Torr and 
£/p values from 80 to 110 V/cmTorr. The ·•apparent" 
swann parwneters. derived from a simple model 
{ionizathm and attachment only). confirm the 
dependences reported in the literature. The 
of detachment has been clearly identified from the 
observed time resolved avalanche current waveforms. A 
fi'Ode1 that includes detachment nnd conversion in 
addition to ionization and attachment processes has 
been applied to derive the "real" swarm parameters in 
C:JF6 • The present work indicates that two-body 
colliSional detachment and three-body stabi liza.t ion of 
the transient anion C3 f 6 ~- are responsible for the 

pressure dependence of the dielectric strength 
of 

l . !l<TR(lJJUCT!OO 

Much effort has been spent on the search for new 
gases or gas mixtures ll'ith insulating characteristics 
superior to SF6 • Among the gases that have been 
investigated so far. C::aF6 , as a new high 
vol tuge insuJant. is interesting its inherent 
dielectric strength (E/p)Hm (the limiting value of 
electric field strength E over pressure p) 
increases considerably with gas pressure. 
and because it shall's a positive synergism when mixed 
with SFt .. or with several other gases (see Ref .(1] and 
the Refs. therein). 

Literature[2,3] shows une>.'peCted 
dependences of the measured electron drift 
the pressure-reduced effective ionization coefficient 
in this gas. The explanations of these pressure 
dependences are still incomplete, though several 
authors have ascribed rhese pressure dependences to 
''electron trapping*' and to the observed strongly 
pressure dependent apparent attachment process in this 
gas[l-'4). We feel that a further quantitative 
:identification of the various pi-ocesses, such as 
detachment and conversion associated with 
the apparent attachment in gas will contribute to 
the understanding of the above-mentioned pressure 
dependences. In our previous work[5). we have reported 
on the analysis of fast sll'arm measurements performed 
'With low C.:.FI!> in a high pressure N2 buffer 
gns. We used a four parameter model including 
ionization, attachnK'nt, detachment and conversion 
(stabilization/charge transfer). The thus derived real 
effective ionization coefficient Ci/p for C::aF6 has been 
shown to be pressure independent within the pressure 

covered (4-10 Torr). This is consistent with 
la'ol's. In the present our previous '«lrk 

is extended to the case pure C::~F6 at 
pressures. Fast swarm measurements' have been 
and analysed. The derived swarm parameters 
presented amf discussed. 

The experimental setup has been presented 
elsewhere(5.6J. It is a slightly mod Hied version of 
rhc Selup described earlier by Verhaart and van der 
Lann('7) and features an overall time resolution of 
obout 1.1 ns. The vessel evacuated with a 
turix-molecular pump down to Torr before fi II ing in 

high purity (9!3%) C3 f'6 gas (supplied by Ventron, West 
Gerl'W1ly). All pressure measurements Were performed at 
room temperature (around 22"'C) and reduced to 20•c. 

3. RESULTS AND Disa!SSIOOS 

3.1. Electron drift velocity 

Tile apparent electron drift velocity at various 
C.3f6 pressures has been determined from the measured 
electron current waveforms. and is shown in Ftg.l. Also 
shown in this figure are the resuJ ts of Aschwanden(3] 
and the results that we derived from the measurements 
performed earlier by Verha.art and van der L.aan(S]. 
These three sets of results sho'<~' a very good agreement, 

"' ..... • ," e 
,: 

2~ro---------r---------.--------, 

t8 

1.6 

1.4 

!.2 L..J. ________ _,_ ________ _._ ______ _ 

80 90 !()0 

E/P (V/cmTorr) 

f'ig.l. The apparent electron drift velocity 
v e versus E/p in C::aF6 . 

• This work. x derived from (8], 0 (3]. 

!1() 

Temporary trapping of the electrons, due to 
fornntion of unstable negative ion complexes. has been 
proPQsed(l-3) to account for the reduction of the 
electron drift velocity in this gas. Earlier, when 
analysing the reported decrease of ve '<~'i th p in H2 and 
N2 at very high pressures, Frommhold(9] assumed that 
the 'lpparent electron drift velocity ve is related to 
the so-called "zero-density" drift velocity v90 (the 
averaged velocity in between two trapping collisions) 
by: 

{!) 

where k is a proportioroality factor (unit: Torr- 1
). For 

a specific gns veo depends only on Elp and on the gas 
temperature. From our measurements in C.;~F6 at various 
pressures. this 1 inear relation (Eq.{l}} has inde!~ 
been observed ns show·n in Fig.2. When we multiply Ve 
by vE/P , as also shown in Fig,2. we obtain a unique, 
and linear, relationship. This indicates that the "z.ero 
density" drift velocity Veo indeed 
vDj}. From an extrapolation of the curve 

CIU.;01 0/SS/0000 lOS $!.00 (i)!OSS II':Ef: 
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p to the ''zero pressure", we derive: 

v eo = 1. 88xl0
6 vE/P (2) 

in the range SO~E/p:O 10 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 SO~E/p~llO 
V/cmTorr. At very low pressure, the probability for 
electron trapping is significantly reduced, and 
therefore the apparent electron drift velocity 
approaches the real value. This "zero-density" electron 
drift velocity Yeo is, in our opinion. the real drift 
velocity in C:1F6 and should be used in the derivation 
of the other swarm parameters. 

• E/P=92 V/cmTorr 
94 
98 
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\._ v;'JE!ii 
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4 oL __ --,sj_o---,~o-:co----,,c!s'::o----:,:col...o--' 0 . 

p (Torr) 

Fig.2. v;
1 

or v; 1vE/P versus p in C:lF6 • 

3.2. Effective ionization coefficient 

From our measurements apparent values of the 
effective ionization coefficient 0:8 /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 

a:20 Torr 

bo50 L c:100 
do150 

e:200 ~ 
~ 0.1 

;. ..-·/ ,a' 
:~. 6'.a;.~~J!!"",O:~/ 

0.2 

- 0~----~~~~.-~~-------~ 
0. ~ f" / ,0 ,:tJ' 
'e~~ a9' b c ' e 
'0 

-0.1 

70 80 90 100 110 
E/p (V/cm. Torr) 

Fig.3 The apparent errective ionization coerricient 
0:8/p versus E/p in C:1F6 • 

• This work, x derived from (8]. o (3]. 

resul i:s of Aschwanden(3] and the results that we 
derived from the measurements of Verhaart and van der 
l..aan(B]. 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 model presented 
earl ier(S.lO] and is shown in Fig.-1 (right side}. Also 
shown in this figure are the results that we derived 
previously for low pressure C:1F6 in a N2 buffer gas(S] 
(left side). From the present measurements in pure C:1F6 

only those with pressures ~ 50 Torr have been analysed, 
in order to allow the neglect of diffusion in our four 
parameter model. 

0.1,----,----,,----,.----,--

0~-----------~~~-

·~ 
~-0.4 

pure C:1F6 

0. 
,";) 

-0.6 

20 

"\ 4 - 10 Torr (5] 

(in a Nz buffer gas) 

40 60 80 

E/P IV/cm Torr 1 

o: SO Torr 
X: 7 5 
A: 100 
0' 200 

100 

Fig.4. The real effective ionization coefficient 
ii/p versus E/p in C:1F6 • 

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 Yeo 
failed to give an accurate fitting between measured and 
calculated waveforms. 

Also the previously performed experiments(S] at 
low C:1F6 pressures (below 10 Torr) in a N2 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 
SO 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;:~F6 in a N2 buffer gas, the velocity 
distribution might be different from the one tn a pure 
C;:~F6 environment. 
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3.3 Detachment and conversion coefficients 

As described carlier(S.IO] the four p.•:tra.meters a, 
T), 6 and {J can only be derived from the electron 
current component in their combinations a-t). b+(J and 
T)6. The results for b+IJ and T)6 are shown in Figs.S and 
6 respectively (right side). Also shown are the results 
that we derived previously for low pressure C3 F6 in a 
N2 buffer gas[S] (left. side). 
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No pressure dependence occurs in Fig.6. This 
indicates that both T}.lp snd 6/p depend only on Elp and 
relate to two-body collisions. The dependence 
in Fig,5 for Elp exceeding 00 then implies 
that tvp in pne C3 F6 depends not only on Elp but also 
on p. This indicates that a three-body collision is 
involved in the conversion process. Whether this three 
body collision is the only contributing process. can 
only be decided when the three combinations of the 
coefficients are hrrther split into the four individual 
coefficients. From the study of Hunter et al.[l] it is 
assumed. however. that the three-body collisional 
process is the most likely mechanism to provide a 
stable negative ion. 

The above discussion is consistent with the 
following simplified reaction scheme for C3F6 : 

ionization a: et<':3 F6 -) 2.e--te3F! 

attachtnent n= e+C3 F& -) c,r;* 

detachment 6: C::~F;"+C3F6 -> {(~F6 );'""] -> 2C::rF6+e 

conversion fJ: 

C3F~J\2C3F<> -> [(C3 F6 );
14+e3F6 ]-> {C::,f6 );+C:~F&+energy 

liS 

This reaction scheme is sufficient to explain the 
observed. pressure dependences. Furthermore a more 
<::Oft1Pl icated end refined reaction scheme can not be 
verified by the tecluliques employed in the present 
work. 

In the above reaction scheme an electron is 

:::=e ~t\~:h io~0 c:F6~~~6 Th'7~e:~~abtte !:;ti: 
ion can either lose Hs electron by coil isional 
detachment (possibly via subsequent dimer ton {C~F6 h _.., 
formation and autodetachment} or it can be stabi 1 bed 
by three-body conversion (possibly via dimer ion 
{C3 Fr.):z _.., formation and a subsequent collision with a 
C3 Fr. gas molecule). 

The comparison of the present results (right side 
in Figs.5 and 6) in pure C:,F6 with those derived 
earHer[5] for low pressure C:,F6 in a M2 buffer 
{left side) is, again. not straightforward. 
possibly different velocity distribution has been 
mentioned befo,.e. Further at pressures below 10 Torr 
the th,.ee-body conversion process in the above-reaction 
scheme is not likely, and has not been observed. A 
three-body conversion process involving a N2 molecule 
may play a ,.ole but this wi 11 not show up as a 
dependence on the C3F6 pressure. Also for lo• 
C3 Fr. in a N2 buffer gas, collisional 
involving a N2 molecule may play a role. however only 
at C0 F6 pressures below 6 Torr(5]. The study of the 
region bet"Wflen 36 and 80 V/cmTorr would requi,.e a tnOdel 
that incorporates diffusion, next to the four 
coefficients a, 't). 6 and tL Such a tnOdel is not 
available at present. Further, the low to noise 
ratio encountered at low Elp in pure makes an 
accurate analysis difficult. 

FTom the above reaction scheme. the apparent 
attachment coefficient lla can be related to the real 

coefficients 11. 6 and 13 as follows: 

(3) 

When we assume that the real and the apparent 
ionization coefficients a and «a a,.e identical. i.e .• 
when alp depends only on E/p, the apJlElrent effective 
ionization coefficient tia can be written as: 

{4) 

Equation {4) has been checked, for all measurements 
performed, by applying both the two parameter model and 
the four pa.ra.meter !IKldel. Excellent agreement bas been 
fo>.ond. 

Since the analysis on attachment n. detachment 6 
and conversion 13 indicates that both e.ttachtnent and 
detachment are two-body and that a three-body 
coil is ion is involvOO the conversion process. a 
simple analysis on F..qs, {3) and { 4) shows that the 
pressure-reduced appa.rent attachment coefficient lla/p 
increases, and the apparent effective 
ionization decreases with increasing 
pressure p. 

The above reaction scheme is similar to the one 
proposed by Hunter et al, [l] but only accounts for the 
most dominant processes involved. and can explain the 
observations in the: present work. 
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<IlNQUSIONS 

I Fast swar1n .experiments have been perforl'lled for pure 
C3 F6 in the pressure of 20 "' 200 Torr and the E/p 
range of SO - 110 in a uniform ga_p. The 
apparent values for the electron drHt velocity and the 
effective ionization coe££icient, derived from a two 
parameter model (a and Tla only), confirm the 
dependences of the swarm parameters in the 
literatUre. 

2. 1be real electron drift velocity in pure C:JF6 
has been extrapolated from the app."trent 
velocity by taking into aeeount electron trapping. 

3. A four parameter model that includes detachrncnt(6) 

and conversion(ll) besides ionization{a) and 
attachment{Yi) has been applied to derive the real 
coefficients in their combinations o:-11, 6+/) and n6. Up 

~:ei~c~:~~)bo!d (~~~~~ ~:~~ea~0~:fe~0ti~p1.on~:~!~~ 
{6+1])/p increases with pressu~e 

4.. The apparent attachment process is influenced by the 
counteracting detachment and conversion processes. 
Their different pressure dependences {two-body 
detactvnent versus three-body stabili7.ation of the 
unstable negative ion C3 F6 _.,.) can explain how the 
apparent TJaiP increases. and how the apparent iiaiP 
dec,:reases with pressure. 

The authors would like to thank Prof. Dr. P.C.T. 
van der Laan for the stimula~ing discussions and Mr. 
A.J. Aldenhoven for his excellent technical assistance 
during the experiments. 
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5.8 Octafluorocyclobutane 

5.8.1 Introduction 

Octafluorocyclobutane (c-c"F8 } has several unusual properties: 

(a} 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-c3 F6 (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"F8 both at low and at relatively high 

pressures. The results at low pressures (1~ Torr) have been 

contained in a conference contribution presented at the IX Int. Conf. 

on Gas Discharges and Their Applications, Venezia, Italy (19-23 

Sept., 1988}. The observations at higher pressures (~200 Torr} have 

been published in IEEE Trans. on Electrical Insulation, Vol. 24, 

No. I. 1989, pp.143-149. Both contributions are included in section 

5.8.2. 

5.8.2 Fast swarm experiments in ~.Fa 
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(£} GOBS. Reprinted. with permission, 
International Conference on Gas Discharges 
Venezia, Sept. 19-23. 1988. pp.367-370. 

from Proceeding IX 
and Their Applications. 
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SWARM PARAMETERS IN OCTAFLUOROCYCLOBUTANE (c-C4Fg) AND ITS MIXTURES WITH Nz 

C. Wen and J.M. Wetz;er 

Htgb-Voltage GrOup. Dept. of Electrical F.ngtneerlng. Eindhoven University of Technology. 

P.O.IlOX 513, 5600MB Eindhoven, The "ether lands. 

Fast swan~~ experiments have been perforMed In 
Octafluorocyclobuta::ne (e-c4 F8 ) and its mixtures with N3 
at lmr pressures (below 10 Torr). Swarm parameters, 
such as the eleetron drift velocity and the apparent 
effective lonl:z:atlon coefficient, together with 
(E/p)ltm have been determined. The results are 
presented and discussed •I th reference to other 
investigations. 

Much eftort has been spent on the search for new gases 
or p.s mixtures with lnsulatlnc: eharaeterlstles 
superior to SF6 • In this context. several fluorocarbon 
gases have been found to have hlgher dielectric 
stret13ths than that of SF6 {J&.Iftes and co-workers, 1918: 
.}arDes and co-workers, 1980) and. due to the 
non-toxicity and thermal stability of several of these 
gases {Bouldin and eo-workers, 1984), they are clearly 
of lnter~st as possible high vol u,.ge lnsulants, 

e-c4 F8 , amongst the fluorocarbon gases that have been 
investigated so far. is interesting because of tM 
following; reasons. Firstly. its Inherent dlelectrle 
strength (F/p)ll• (defined "" the value of F/p 
{electric field strength E over gas pressure p) at 
which breakdown occurs at high values of pd (pressure 
tiDOS - distance d)) Is high (about 1.22 ti..,. that 
of SF• (Be.rril and co-workers. 1981; Olrtstophorou and 
co-workers. 1981)). Secondly, contrary to 110st strongly 
eleetronepttve gases, the reported values of the 
tigure of merit M are tlnf:lxpe<:tedly large at relatively 
high pressures (BerrU and co-workers. 1981). The 
figure of merit M is a eeasure of the sensitivity of 
the gas to the surface roughness of the electrodes. a 
large M-value corresponds to a low sensitivity. 
Thirdly, c-c,.F.. when •lxed with t-c,.F6 , exhibits a 
po~ltlve syn;ergln. I.e .• the brea.kdown strength of the 
atxture Is higher than that of e1 ther one of the 
constituents (james and co-workers. 1~). All of 
these observations lll&ke c-c4 F• particularly suitable 
for high vol tap Insulation applications. 

The pressure dependence in the Paschen curve recently 
found by llerrll and eo-workers (1987) and T-shira and 
co-workers ( 1981), and the pressure dependence of the 
pressure-reduced effective lonhatlon eoefflclent 
observed by Tap.shlra and co-workers {1987} In pure 
c-<.::4 F• are. however. not yet understood ln teras of the 
basic physical processes involved, and lll!f:rit further 
study. 

In this paper, we report on fast swarm experiments 
perforliled both ln c-c,.F. and in c-C,..F.IM2 alxtures at 
low (below 10 Torr), The swarm parameters, 

as the electron drtft velocity and the apparent 
effec:tlve h:mizatlon coefficient. have been deter•ined. 
The inherent dlelectrte nrength (Eip} llm of this ps 
and Ha •txtures with Na has been obtained from the 
apparent effe<::tlve ionization coefficient. The results 
are presented and dlscusse<l with reference to other 
investlptlons. 

The lll!f:thod which we used for the .avalanche current 

.easur~nt Is the so called 'l'ime-Resolved-T01tllsend 
method: the avalanche ls lnltlated wlth a lC:t laser 
pulse of short duration (0.6 ns). The expedamt.al 
setup bas been presented elsewhere (Wen and 
letzer. 1988a; Wetz.er and len. 1987; letzer and 
eo-workers, 1988}. It is a slightly lbOdifted version of 
the setup described earlier by Verbaart and van der 
Laan (1982) and features an overaJ l time resolution of 
about 1.4 ns. The vessel is evacuated with a 
turbotnolee\llar pump down to 10-7 Torr before filling in 
high purity c..C4 F8 (99.9%) and 112 (99.999%) (supplied 
by Hoekloos. Holland). 'The gas pressure was taeaSUred by 
a Pennwalt pressure gauge (0 .... 50 Torr) with a 11tated 

=~ :: .!:;em!lr~t!:e{:::OO ~e:t:ed=: 
to 20°C. 

!!mJL'!'S NlD WSUISSI!IIS 

Like in our previous work (len and letzer. 1988a 1988b; 
letzer and len, 1987} we distinguish bet11Jeet\ ~ent 
and real swara parameters. The apparent panwetera are 
derived from 1DOdels including only lonlza.tlon and 
attachment prOcesses; the real parameters are derived 
{rot) IIOdels that also account for detacbiDent and 
conversion processes. 

lgulta in oore c-c,F. 

The present experiments in pure c-C:4 Fe have been 
perfon.ed only at low pressures (below 10 Torr). Above 
10 Torr. we were not able to clearly observe the 
electron COIIpOflent of the avalanche current wavefon1 
durlnc: the electron transit tlrne (whiCh Is in the order 
of several tens of nanoseconds) even at electric tlelds 
close to breakdown. This liB)' be ascr t bed to a very 
dominant att.acbment process, and/or to the interaction 
of c-C,.F. 110lecules with the catbod.e surlace, which 
hinders the release of sufficient pri11111ry electrons. 
Even below 10 Torr. the ion current contribution to the 
..aured a¥alanche current has been observed to be very 
large. Figure 1 shows, for instance. the measured 
avalanche current waveforas at a pressure of 3 Torr. 
Such a high ton current contribution supports the idea 
of a very d011lnant attachment process. whereas the 
Increasing ion current in Fig. lb is an indication of 
detachlaent processes. 

The lbOdels that we use to evaluate the avalanche 
current requlre that we separate the wavelor• into an 
electron contribution and an ion contribution. For 
waveforas such as shown in Flg. lb thls separation Is 
not straightforward. and requires a priori knowledge of 
the processes involved. So far. we have therefore only 
analysed the experinents performed at I Torr. Here the 
ton contribution is small and can be corrected for, At 
such a tow pressure. diffusion of the electrons cannot 
be neglected and should be taken Into account when we 
derive the electron drift velocity from the aeasured 
electron current waveform. This has been achieved by 
deriving; an equivalent electron current wavefonD which 
has no diffusion but has the same e-folding tllll!f: and 
the same: charge as the mca.sured current wavefora 
(Asch-anden. 1985; Brantbrlng. 1961}. An exasple of this 
approach h shown In Fig. 2. 

The electron drift velocity tn pure e-c4 F8 at I Torr h 
shown In Fig. 3. Also shown ln thts figure are the 
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results measured by Naidu and co-workers (1972) with 
the Time~of-FH.c;ht ~~ethod and those ealcutated froa the 
Bolt""""" equation by Novak o:nd Frechette {1981) .. filr 
results are about lOX lower than those of Matdu and 
co-workers at low Elp (<2(X) V/cmTorr) bYt seem to be 
consistent with the tendency of their results at high 
Elp values (>225 V/cm1orr). OJr results are also 
COBipl!ltlble~ when extrapolated to low Elp (<125 
V/emTorr), •ith those calculated by NiOV'I'i.k and 
Frkhette. 

D..ie to electron diffusion. the identification of the 
possible processes responsible for the formation of 
negative ions in pure c-c,.F. ft"Om the presently 
.asured electron current wavefonas Is not 
straightforward. At these lOll' pressures+ any sign of. 
for instance, dela;ylng processes (if there are any) on 
the current waveforM wltl be masked by the large effect 
of the electron diffusion. Further. basic knowledge 
about the detailed processes in pure c<.Fa cannot be 
foWld tn the literature. We have therefore in the 

1119 2 
tiMe [nsl 

a 

. . 
.... ,.~ 

b 

c 

Fig. l. Measured avalanche current waveforms in c..C•F• 
at a pressure of 3 Torr~ d=l .0 em. 
(a) Elp;J76.2 V/cmTorr. Vert: 5.2 JLA/div; 
(b). (c) Elp=IS3,8 V/cmTorr, Vert: 8.4 JLA/dlv. 
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Ftg. 2. An example of ~neaSured electron current 
wavefona. and equivalent waveform used for the 
derivation of the electron transit title Te and 
the electron drlft veloeity ve (=dll'e}· 
p=l Torr (c...C4 F8 ), d=l.O Cit, E/p=l76.1 
V/cmTorr, Vert: 3.8 JLA/div. 

4.o..-----.-----.,.-----,---.,----, 
• present work at 1 Torr. / 
- Maldu o:nd others ( 1972) 

at 0.67 and 1 Torr. 
--- novak and Frechette ( 198'1) 

3.0 calculated from the BoltzaennT 
equation ~ 

/ 
~ ,/" 

1JI ,.... ........... 
•' 

so 100 ISO 200 250 300 

Elp !VIcmTorrl 

Fig. 3. ve versus E/p in c-c,.F •. 

present work only derived the apparent effective 
tonim.tion coefficient i,/P for e...C,.F8 which is shown 
in fig. 4. Also shown in fig. 4 are the results 
reported by Natdu and co-workers (1972) (derived from 
their indlvidual values of «,a'P and Q

3
/p. Also their 

results should be regarded as apparent values stnce no 
processes other than ionization and attacb.ent are 
considered). Again our values are P'Jaller than those of 
Matdu and co-workers at low E/p {<200 V/cmiorr) bYt are 
closer to the tendency of their values at higher Elp 
va)ues (>2(X) V/CI'IIiorr). The (E/p)lht-value derived from 
the prese'!_t curve ii~p - Elp (defined as the E/p value 
at which Ol8/p=O) is 143. I V/cmTorr. From the .asured 
curve <i:3 /p ... Elp by .Haidu and co-workers ( 1972} the 
(Eip)lim ls found to be 118.3 V/c.m.Torr. Our value Is. 
however, in a good agreement wl th the values of 
142.7-144 V/em:Torr derived from pr~ision breakdoW't"' 
measurements (untform-fie1d} by Berril and co-workers 
(1987) at r!'UCh higher pressures (75 - i50 Torr). A 
value of 1"14. 7 V/cmTorr found by Olrhtophorou and 



co-workers {1987) with unifornt-field breakdown 
measurements at 522.S Torr ts also compatible with the 
presently derived {E/p)lim value. 

~or----,,----,-----.---.~----, 

_,"",/ 

2.0 

' / 
/ 

/ 
/ 

' ' 

// 
/' 

/I 

fc-<~F'• (~t~=~~~ =ko~~e~sT(~~2) 
at 0,67 and l Torr. 

Sf'111 present t~~ork at I ... 20 Torr. 

-tOSO,L;;---;-100~--;clS!-;;Oc--oc200~-"'""""'2SO!-::---dlOO 

Elp (VIcm Torr) 

Flg. 4. ;lt/p versus E/p in c-c11Fe. For ~rison also 
the sr .. curve is shown. 

For c~rison. the effective ionization coeffleient in 
SF6 M:a.Sured by us at pressures betWeen 1 and 20 Torr 
is also shown in Fig. 4 by the dotted line. It 1s 
observed that the slopes k of the curves tt

3
/p ,.., E/p in 

the neighbourhood of (Eip)llm In SF 6 8.nd In low 
pressure (1 Torr) c-<:4 F8' are approximately the ....e. 
Slnce this slope ts inversely proportional to the 
figure of aerit K. H h a measure of the sensitivity 
of the gas to the electrode surface roughness. The low 
:sensitivity of c..C.,F8 at relatively h1gb pressures (>75 
Torr) as follows from the large values of the figure of 
mert t K Measured by Berril and co-workers {1987) is not 
observed tn the present low pressure swarw expert•nts. 

The apparent effective ionization coefftetent does not 
necessart ly obey scaling laws and may. as in the case 
of l..C:1F6 (Wen and Wetzer. 198Sb; Wetzer and len. 
1987). strongly depend on gas pressure. The fact that 
the breakdown voltage increases wt th the c-c1 Fa gas 
pressure at a !lxed pd as observed by Berril and 
co-workeTs (1987) and TagashtTa. and eo-workers (1987) 
tnd.icates that the apparent eHecttve tonlzatio:n 
eoeftlcient (pre8sured-reduced) decreases wtth 
increasing pressure_ This has tnd.eed been observed ln 
recent teea.Sure-ments of ;;alp in c..C4 Fa by Tagasht ra and 
eo-workers ( 1967) (Steady-State-Townsend. method). They 
also found that both the (apparent) ionization 
coef'Cicient «.,'P and the (apparent) attac:bment 
coeHieient f1_,lp decrease strongly with the c..C4 F• gas 
pressure. When we take into acct)Unt that the a.easured 
{£/p)Hm value tn c-c4 F8 is aliJIOst constant over the 
"pressure ra.J¥!e 75 '"" 150 Torr {Berril and eo-workers. 
1981) and that we have derived the same (Eip)ltm at l 
Torr. we belteve that the apparent a./P versus E/p in 
c-c4 F8 near {E/p)Hm for different pressures follows 
the behaviour as indicated in Fig. 5. When the c-c4 F8 

gas pres.ure increases. (E/p) Jim does not change 
substantially. while the slope k of the curve ti.,tp"" 
Elp decreases. This 1s consistent wtth the observations 
by Berrtl and co-workers (1987) that the figure or 
mert t K increases- w1 th c..C4Fa gas pressure. 11\e i

3
/p at 

three ditferent Elp values measured by Tqashira and 
co-workers (1981). as abo shoWI"l in Fig. 5. supports 
the above :suggestion. Their (Eip)lha value ts. however. 
about 120 V/cMTorr. What processes are responsible for 
this pressure dependence in c..C4 F8 ts not clear at 
present and IM:rtts further tnvesttgatton. 
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"'it 
~ 

'e 

Pt 

1.0 

! Pt<Pz<p, 
;rto (hypothetical). 

50 

x 5 Torr ! 
• 20 Torr Measured by Tagashtra 
o SO Torr and others ( 1987). 

100 ISO 200 

E lp !V/cm TOIT I 

250 300 

Ftg. 5, Hypothetical Q
3
/p versus £/p in c-c4F8 . Also 

the neasured ii3 /p by TagasMra and co-workers 
(1981) is shown in this tlgure. 

Results lfl e..C4 F.fH2 Mixtures 

The apparent effective Sonlzation eoetflctent has also 
been determined for c-c4 F8 Jl(3 aix.tures wt th a total 
pressure of 1 Torr. The resul t:s are shown In Fig. 6. 
The thai ttng E/p YS.lues derived fro. the curves iia'P "" 
Elp in Fig. 6 are shown in Ftg. 7. Also shown tn Fig. 7 
are the uniform-field breakdown ~~ea.SU.rements by ,Jaaes 
and co-workers ( l97S) and those calculated by Novak and 
Frkhette (1984) from the BoltzmolVl equation. The 
qreement amon& the three different approaches ts good. 

l.O.-----,-----,-------,-----,-----, 

Elp ( Vlcm Torr) 

Fig. 6. iiaiP versus £/p tn c-c.,F.Jl(2 ~ntxtures at a 
total pressure of 1 Torr. 

Electrgde erosion bv corona dt scharges tn e=C.F. 

Durtng the experiments. sudden rises of the OC current 
tn the high voltage lead have been observed 
occasional Jy. Thts no.y be ascribed· to corona discharges 
Initiated f'r0111 protrusions on the aluminum eiectrodes 
since COmplete breakd01ms were uot ob:served. Inspection 
of the electrode surface with an optical microscope 
lndica.ted that the electrode surface was eroded by th~! 
corona discharge~. Titis surface 4!rosion 
aHects the prlno.ry electron emission btlt mu th~! 

avalaru:he current wavetorm. This wave for• 1 s governed 
by processes that occur while the swar-. MOves thr~ 
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140 

20 

0 

• present work at a total 
pressure of 1 Torr. 

0 ~·and others {1978) 
bree.kdown measureaents. 

Novak and Frechette (1994) 
calculated from the BoJ tzwmn 
equation. 

80 

Fig. 7. (E/p}lt• versus c-c4 F8 X tn H2 at a total 
pressure of 1 Torr. 

100 

the p.p. 1be reach of field distortions caused by the 
eroded surface ts lha.lted to a few J,UD·s. which ts short 
compared to the gap dtst.am:::e. The sur!ace erosion may 
be the result or c-c4 F• decomposition products for!Ded 
tn corona discharges. Thls puts fonrard the question of 
stahilhy of c--c,.F •. It was further observed that the 
erosion reduces the nuaber of prt•ry electrons which 
can be released !rom the cathode by UY tllualnatlon. 
Moreover. the local Held enhancements caused by the 
eroded surface tlla)' Influence the breakdown voltage. 

l. Swant experiments ln c-c,.Fe at pressures above 10 
Torr are hindered by the ab!ieflee of a clearly 
dtsttnguishable electron contribution to the avalanche 
current, which indicates a very dominant attachment 
process. 

2. At lower pressures (below 10 Torr} the 
tdentUtcatton of the possible tlldiYtduaJ {att.achalent. 
detachment and eonverston} prC'JoCesses tMt my 
eontrtbute to the negative ton fonatlo:n tn c...C4 F• ts 
hnpeded by el«tron dUfuston. 

3. The electron drift velocity. the appe.rent eHectt.ve 
hmlzatton coerrtctent, and (EI'p}lt• have been 
detendned fror1 t1ae resolved Tmmsend expertaents for 
e<.,Fa and e<4F.IM2 atxtures at a (total} pressure of 
1 Torr. G.!r results are 1n reasonable qree.ent wtth 
the observations by others. 

1.. The (E/p}ll• observed tn e-c .. r. at low pressure 
{1 Torr} ts consistent wtth the unifonD-!ield breakdown 
~~Measurements by Berrt 1 and co-workers ( 1967} at DJch 
higher pressures (75 ..... 450 Torr). This indicates that 
(Eip}ll• does not depend on pressure over a wtde 
pressure range, 

5. The large values of the figure o! t~erlt X. observed 
by Berri l and co-workers (1987) at relatively high 
pressures (75 - "'SS Torr} are not reproduced in our. 
low pressure, swar. expertmrnts. Thh eonflntS that the 
figure of aertt M exhibits a str.,.. pressure 
dependence in c<4 F 8 • 

6. Corona discharges tn c<,.r. cause surface erosion of 
the aluatnum electrodes. whteh hinders the release of 
.sufficient prtmry electrons (fr()G't the cathode) tn the 
swar• expert11MmL Thts surface erosion does not affect 
the avalanche current waveform, but my influence the 
breakdollnl vo I tage. 
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The Netherlands. 

ABSTRACT 

Avalanche currents have been measured by means of a time­
resolved swarm method in c-C,Fs 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 gasCs avalanche current waveforms are characterized 
by a dear distinction between the electron contribution (high 
amplitude, short duration) and the ion contribution (low am­
plitude, long duration), the waveform in c-C,Fs 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. 
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INTRODUCTION 

T HERE has been recent interest in the use of octallu­
orocyclobutane (c-C,Fs) as a high-voltage insulant, 

primarily in view of its high dielectric strength [1-5]. 

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-C4 Fs increases with p and is unexpectedly large at 
relatively high pressure (2]. 

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 c-C,Fs at constant pd (pressure 
times gap distance) values has been found to increase 
with gas pressure (2,3]. In agreement with this, the 

To understand these observations in c-C4 F a, more 
fundamental and direct information about the possible 
physical processes involved is obviously required. As an 
extension of our previous work 16], we present here fast 
time~ resolved swarm experiments in c-C4 F 8 at pr~sures 

0018-9367/89/0200-14311.00 © 1989.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 
N2 , SF6, dry air, and l-C3F6· 

EXPERIMENTAL TECHNIQUES 

T HE 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 2 laser pulse of very 
short duration (0.6 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 l.3xlO-• kPa before filling in high purity (99.9%) 
c-C4 F8 gas (supplied by Hoeldoos, Holland). The gas 
pressure was measured by two Pennwalt 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 

W ITB 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 a.nalysis 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 
(1111 would be the case without delaying processes) 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 ionic component of the avalanche current wave­
form ill not only more difficult to interpret (because dif­
ferent ions with different drift velocities are involved), 
but also often provides little information on delaying 
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Figure 1. 

Measured el~ctron component of the avalanche 
current in dry air at high prnsure. p :;:;:; 98.82 
kPa, d = !.0 em. E = 25.94 kV /em. 

1.5 

9.5 

Figure 2. 
Measur-ed electron component of the avaJanche 
current in dry air at low prc:•eure. p 0.65 kPa, 
d = !.0 em, E = 324.4 V /em. 

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 N2, which is known to ex­
hibit only ionization processes. It is dear that these two 
significantly different g ... es exhibit more or less simila.r 
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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Meaaorcd ion component of the avalanche cur .. 
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the ion current i.e a strictly decreasing function of time 
after the first electron traneit 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 c­
C4F8 deviate, howevert from the 'normal' waveforms 
described above. Firetly, at relatively high pressures 
(above- L3 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 current has been observed to increaae 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 JU' 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 L3 kPa), although 
the electron current could be observed during the first 
electron transit time, the 'aftercurrent' is not 'normal'. 
lt 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 c­
C,Fa. As will be shown, such delaying processes could 
be electron detachment and ion conversion as is the caae 
in air and in 1-CaFs. 

DISCUSSION 

T HI! observations above strongly indicate ion produc­
tion processes after the first electron transit time. 

Similar delayed production processes have also been ob­
served in other gases, such aa air [8,11], 1-C3 Fs [7,9] 
or even SF 6 [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 c-C4 F8 

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 conversion/stabilization 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 p.s if the lifetime of the unstable negative ion is 
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Figure 4. 

Measured avalanche currents in c~C4 Fe at relatively high pressures. d 1.0 em, (a) p = 1.3 kPa, 
E ; ).50 kV /em; (b) p = 6.7 kPa, E 1.30 kV /em; (c) p = 10.7 kPa, E = 11.70 kV /em; (d) 
p = 20.0 kPa, E 21.!10 kV /em. 

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 p.s. 

It is obvious that one cannot simulate the current 
waveforms as shown in Figures 4 and 5 by the conven­
.tional two-parameter model which includes only ioniza­
tion and attachment (see for example [11]). Also in these 
circumstances the ionization and attachment cO<':fficients 
obtained from a steady-state Townsend method [3] are 
apparent parameters and certainly not reat ones at alL 

WAVEFORM SIMULATION 

T o understand the avalanche waveforms presently 
measured in c-C4 Fs, 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 ionillation and attachment processes. 

The model ha.s been described earlier [7,8,11] and is sum­
marized below. 

Apart from neutral molecules, four species are con­
sidered: electrons (index e), positive ions (index p), un­
stable negative ions (index nu) and stable negative ions 
(index n•). For simplidty, 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. 

Ionization (a:) and attachment ('I) coefficients are 
defined as usual, while detachment (6) and conversion 
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Measured avalanche currents in c~C4 F • at low 
presoure. p = 0.67 kPa, d = 1.0 em. (a) E = 
950.0 Vfcm: (b) E = 1.00 kV/cm. Note the 
difference in time seale. 

{/3) 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 6 and f3 are more 
convenient for the study of a.valanc"'e growth than the 
conventional definitions (l4j which relate 6 and {3 to the 
ion drift velocity. 

For a. parallel-plate gap of separation d (cathode at 
" = 0, anode at "' = d), the mentioned above definitions 
and conditions then result in the following set of partial 
differential equations for the densities of electrons and 
ions [8J 
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op,( "· t) op,( "· t) -at--+ v,-a;- =(a- 'l)v,p,(z, t) + 6v,p,..(.,, t) 

op,..(z,t) op,..(z,t) 
--at-- + v,..--a-.,-- = 

'IV,p,(z,t) (6 + f3)v,p,..(z,t) 

op,.,(z,t) op,.,(:~:,t) , ( ) --at-- + Vnt --(j-.,-- = J-FVe.Pnu z:, t 

(I) 

(2) 

(3) 

(4) 

where p1 (:~:,.t) is the density distribution across the gap 
(unit: cm- 1) and Vj is the drift velocity of species j 
(j = e, p, nu, n• ). 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 arlide 
[8] we have presented a general analytical solution. 

The electron and ion components of the avalanche 
current in the external circuit can be written as I8J 

i.(t) = en,(t) 
T, 

e fa 
T; Jo p,(z, t)d:e (5) 

(6) 
= L.!:.. 1

4 

p;(z,t)dz 
i T, Jo 

p,nu, n.s 

where e is the elementary charge and Ti 
transit time of species j (j = e,p,nu,ns). 

d/v; is the 

The modd presented above can be used to simulate 
avalanche current waveform for a given set of swarm 
parameters (a, 71, 6, {3, v., v,, flt.u and v,.,) 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 
[7-9j. The model described is in principle applicable 
to all electronegative gases which exhibit detachment 
and conversion processes in addition to ionisation and 
attachment processes. The interpretation of the swarm 
parameters depends however on the processes involved. 
If for example more than one proce88 is responsible for 
detachment and conversion (multi-stage or simultaneous 
processes), the coefficients 6 and fJ should be interpreted 
as 'apparent' values for the resulting overall process. 

To our knowledge, a detailed reaction scheme, es­
pecially for the formation and destruction of negative 
ions, is not available for c-C4Fs. As a first approxima­
tion, we assume that all negative ions formed in c-C4 Fa 
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are unstable ions that can undergo either detachment 
or conversion during their drifi towards the anode. For 
simplicity we also assume that all ions (positive, unstar 
ble and stable negative ions) have the same drin velocity 
v; = d/Tj, where T; is the transit time of ions. 

Two typical simulations denoted 'high pressure' and 
'low preasure' respectively are shown in Figure 6. In 
both cases the electron transit time is chosen to be 50 
no and the ion transit time is 10 p.s at a gap separation 
of 1 em. Hence E/p values are the same for both simular 
tiona. The coefiici<:nts a, "'· 6 and f3 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 c-C4Fs- Further analysis using this four-parameter 
model is in progreas. 

CONCLUSION 

T BE avalanche current waveforms recorded in c-C4 F s 
are unusual in comparison with those in most in­

sulating gases. At low preasures (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 ionic component of the current 
is comparatively large. Both types of current waveform 
indicate that electron detachment and ion conversion 
proceases do take place in c-C4 Fs, in addition· to ionisa­
tion and a very strong attachment procesa. This is fur­
ther supported by the preliminary simulations of both 
electron and ion currents using a model which includes 
detachment and conversion as well aa ionization and at­
tachment processes. 
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5.9 Dichlorodifluoromethane 

5.9.1 Introduction 

Dichlorodifluoromethane {OC1 2 F2 } has a slightly higher dielectric 

strength than SF6 , and is much cheaper {less than 117 of the cost of 

SF6 (Cookson, 1980)). In the present work, fast swarm experiments 

have been performed in OC1 2 F2 over a pressure range of 5e:r-198 Torr 

(20°C} and an E/p20 range of 117~124 V/cmTorr. 

5.9.2 SWarm parameters in OC12 Fzi 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 OC1 2 F2 . Figure 5.9.1 shows some typical 

avalanche current waveforms measured in 0Cl 2 F2 • 

As was the case for SF6 • 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 SF6 could well be described by a two-parameter model. 

Because of the strong resemblance between the waveforms measured in 

SF6 and in OC1 2 F2 , 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 v and the effective 
e 

ionization coefficient a are shown in Figs. 5.9.3 and 5.9.4 

respectively. 

In contrast to the results obtained for SF6 • both the electron 

drift velocity ve and the pressure-reduced effective ionization 

coefficient a/p20 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 dependence is no longer observed . 
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Figure 5. 9.1 

Avalanche current waveforms measured in OC1 2 F2 at relatively 

high pressure. Here p20 (Torr): (a) 49.9, (b) 99.4. (c) 148.9, 

(d) 197 .9, E/p20 (V/cmTorr): (a) 121.25, (b) 123.13, (c) 123.45. 

(d) 123.04. The unit at the vertical axis (~) is: (a} 11.4, 

(b) 8.33, (c) 3.73, (d) 5.94, d=1.0 em. The electron component of 

the waveform in Fig. 5.9.1d is shown in Fig. 5.9.2. 

To the author's knowledge, such a strong pressure dependence in 

OC1 2 F2 at pressures below 150 Torr has not been reported before. 

although Boyd and co-workers (1970} also reported a slight decrease 

in a/p20 with increasing p20 • 
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Electron component of the avalanche current waveform shown 

in Fig. 5.9.ld. The unit at the vertical axis is 3.75 ~· 
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The apparent electron drift velocity ve in OC1 2 F2 . 
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Figure 5. 9.4 

The apparent pressured-reduced effective 

ionization coefficient a/p20 in CC1 2 F2 . 

With respect to the observed pressure dependences, CC1 2 F2 

resembles l-c3 F6 • In l-c3 F6 • however, clear evidence of delaying 

processes was found for low pressure l-c3 F6 in a high pressure buffer 

gas N2 (to avoid diffusion). Similar measurements in a CC1 2 F2 /N2 

mixture did not reveal such evidence. 

A possible explanation for the observed behavior in CC1 2 F2 is 

that the detachment and stabilization processes active in CC1 2 F2 

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 be applied 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 SF6 , however. 
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is based on the two-parameter model. As stated earlier (in the case 

of 02 ) this technique has not yet been developed for "complex" 

(four-parameter) gases. Note that in 1-c3 F6 the ion current is low 

and separation of 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 

0:!12F2. 
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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 a much shorter duration 

than the ion component. This type of avalanche has been observed in 

all gases studied in this thesis except in c-c4 F8 . In c-c4 F8 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 

negative 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 

N2 , 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 observed in all attaching gases studied in this thesis. 

Thirdly, for electron-dominated avalanches with delaying 

processes, we can distinguish between situations with a low and a 

high conversion rate. If the conversion rate (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, 02 and a mixture 

of low pressure l-c3 F6 in a high pressure buffer gas N2 • At high 

detachment rate the steep 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 

138 



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 SF6 • For other gases, however, the "simple" model results 

in abnormal pressure dependences of the coefficients obtained (1-c3 F6 

and OC1 2 F2 } 
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aiAPrER 6 

1. 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. 

2. 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. 

3. 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 "apparent" 

attachment coefficient. 

4. 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. 

5. 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 di.ffer from the "real" values. This obscures 

physical interpretation and seemingly violates known scaling 

laws. 

6. With the coefficients for ionization (a), attachment {~). 

detachment {b) and conversion (~) as defined in this work, the 
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electron current waveform can be fully described by the following 

three sets of swarm coefficients: CX-71 (the "real" effective 

ionization coefficient), b+{3 (which describes the loss rate of 

unstable negative ions), and ~b (a secondary, delayed. ionization 

parameter). 

7. When applying a two-parameter model to a gas that exhibits all 

four processes mentioned above, the derived "apparent" 

coefficient (CX-71) is related to the "real" coefficients as: 

(cx-~)apparent=(CX-71)real~0/(b+{3). 
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. 

9. Clear evidence of delaying processes was found for dry air. 02 , 

l-c3 F6 and c-c4 F8 . Swarm parameters have been determined for dry 

air and l-c3 F6 , as well as for a mixture of low pressure l-c3 F6 

in a high pressure N2 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 l-c3 F6 • It 

is found that the corresponding "real" values show no abnormal 

pressure dependence up to a pressure of 100 Torr. 

10. An indication of delaying processes was found in SF6 and CC1 2 F2 • 

For SF6 the electron current can. nevertheless, be described by 

the two-parameter model (ionization and attachment only). For 

CC1 2 F2 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. 

11. Of the gases studied, N2 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. 

12. Of the gases studied, only N2 and SF6 can be adequately described 

by a two-parameter model. 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-c4 F8 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 

DERIVATI<l'f OF TilE EI..ECTRCif DENSTIY DlsrR.IBUTI<l'f OF AN AVAI...ANCHE 

IN WHIOI IafiZATI(l'(, ATTAOIMENT, DETAOIMENT, <DNVERSIM AND 

El..ECT'R.(l'( DIFFUSI<l'f PROCI.:SSES <XXlJR 

To solve Eqs. (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) (t~O) are: 

Laplace: 

...... 
L[f(t)] = f{s) = I exp{-st)f(t)dt 

0 

c+ioo 

Inverse Laplace: L~[f{s)] f(t) = ~i I exp(st)f(s)ds 

c-ioo 

...... 
Fourier: F[f(t)] = f(w) = I exp{-iwt)f(t)dt 

__.., 

...... 
Inverse Fourier: ~[f(w)] f{t) = ~ I exp(iwt)f(w)dw 

__.., 

(A.la) 

(A.lb) 

(A.lc) 

(A.ld) 

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 Eqs. (3.5.2a) and (3.5.2b) 

with respect to t, we find: 

= av p (x,s) + bv p (x,s) e e e nu 

8 2 p (x.s) e 
+D ax2 (A.2a) 
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sp (x,s) - p (x,O) = ~ p (x.s) - (O+P)v p (x,s) nu nu ee enu (A.2b) 

If we assume that no unstable negative ions are present at t=O, i.e., 

p (x,O)=O, then from Eq. (A.2b} we obtain: 
nu 

(A.3) 

Substitution of Eq. (A.3) and the initial condition p (x,O)=n D(x), e o 
where D(x) is the Dirac function (unit: em-'-). into Eq. (A.2a) 

yields: 

Bpe(x.s) 
- W - fp (x s) = - n D(x) r 8x e ' o 

(A.4) 

where 

(A.5) 

Applying the Fourier transform to Eq. (A.4) with respect to x. we 

obtain: 

or 

-w2 Dp (w,s) - iwW o (w,s) -fp (w,s) = -n e re e o 

p (w,s) e 

n 
0 

= Dw2 + iW ~ + r 
r 

(A.6) 

Here p (w,s) denotes the Fourier transform of function p (x,s) e e 

according to Eq. (A.lc). The inverse Fourier transform of p (w,s) e 

will yield pe(x,s): 
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+00 

pe(x,s) = ~ I exp{iwx)pe(w,s)dw 
_.., 

+00 

--2!!L I exp( iwx) d 
= 2xD W w 

2 • r r 
-~ w + l~ +-o-

+~ 

_ --2!!L I exp( iwx) 
- 2xD {w - w1 )(w (A.7) 

_.., 

Here 

(A.S) 

and w1 takes the positive sign. 

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 w1 • 

Application of the residue theorem (see, for example, Saff and 

Snider, 1976) gives: 

(A.9) 

Substitution of w1 , 2 into Eq. (A.9) gives: 

as: 

Wx 
noexp(~ ) exp( -- r ) X~ vir4D +f 

(A.lO) 

Finally from the inverse Laplace of p (x,s), we can write p (x,t) 
e e 
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c+i"" 

pe(x,t) = ~i I exp(st)pe(x,s) ds 

c-i"" 

c+i"" 

I 
c-i"" 

x.~ 
exp(st-vfFJ4fi- + r ) 

J~ + r 

ds (A.ll) 

Equation (A.ll), in a complex integral form, gives the electron 

number-density distribution at any position x {O~x~d) and at any time 

t {<2T ). 
- e 
To check the validity of Eq. (A.ll), we consider the following two 

situations. Firstly we consider a situation without electron 

detachment, i.e.. 6:0. From Eq. (A.5) we obtain f=s-~e' and 

Eq. (A.ll) can be written as: 

c+ i"" exp( -a..JS+b) 
Pe(x, t) = A~i I exp(st)• ..JS+b ds 

c-iro 

where 

exp(-a..JS+b) 
= AL-1[ ..JS+b ] 

J X 
r 

n0 exp(2D ) 

A=---- X a=-; 
vi) 

When we apply the Laplace transform property: 

{A.12) 

(A.13) 

(A.14) 

where c is a constant, and if we further apply the Laplace transform 

{Spiegel. 1968): 
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Equation (A.l2) (and hence Eq. (A.ll)) becomes: 

a2 
exp(- -) 

= Aexp( -bt )---4::..;t;.... 
,.fit 

(A.15) 

(A.16) 

Substitution of A, a and b from Eq. (A.l3) into Eq. (A.16) gives: 

p (x,t) e 

noexp(av t) (x-W t) 2 

= ___ ..:..e--exp[- 4D~ ] 
J 41rDt 

{A.l7) 

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=O). Equation {A.ll) should now yield the same solution 

that was derived in section 3.3. 

Since D=O, and thereby W =v +aD=v , Eq. (A.6) becomes: 
r e e 

P (6l,s) e 

n 
0 

= -=-1 v_6l....;:;_+-=-r 
e 

Equation {A.7) can then be written as: 

+<"' +<"' 

1 I n0 exp{16lX) n0 I exp{16lX) 
pe(x,s) = "2j( iv w + r d6l = 2xiv tr d6l 

e e 6l --
_.., -<10 v 

e 

Complex integration results in: 

(A.lS) 

(A.19) 
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no r 
pe(x,s) == -yexp(- ""'V") (A.20) 

e e 

Substitution of f from Eq. (A.5) into Eq. (A.20) gives: 

(A.21) 

where 

(A.22) 

The electron number density pe(x,t) is obtained by taking the inverse 

Laplace transform of p (x,s) (Eq. (A.ll)): e 

p (x,t) = L~[p (x,s)] e e 

(A.23) 

Applying Eq. (A.14), we can write Eq. (A.23) as: 

(A.24) 

c 3 v x 
1 For f{s)=exp(--e-) and h(s}:-=---{(s), we can write (Spiegel,196S): s s 

where l 0 (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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[sh{s) - h{O) + h{O)] 

[h(O)] 

= ~~t) + D(t) 

(A.26) 

where It(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: 

(A.27) 

where 

p(t) = 0 for O<t<to (A.28) 

and 

p(t) = f(t-t 0 ) for t~t0 (A.29) 

From Eqs. (A.24) and (A.26). we then obtain for O<t<~ (i.e. 
ve 

x>v t>O) that: 
e 

p (x,t) = 0 e 

X 
and for t~-y- (i.e., x~vet) that: 

e 

(A.30) 
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no x 
pe(x,t) = -y-exp[c 1x-c2 (vet-x)]£(t- -v-> 

e e 

(A.31) 

where 

(A.32) 

(A.33) 

This solution is identical to the summation of Eqs. (3.3.13} (for the 

delayed component) and (3.3.10a} (£or the undelayed component), i£ we 

assume that v =0. nu 
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<I> 
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.i. 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-c3 F6 /c-c4 F8 , as proposed by Hunter and Christophorou 

(1985), is incomplete because of the neglect of unstable negative 

ions in c-c4 F8 which have been found to be present in considerable 

numbers. 

Hunter, S.R., and L.G. Christophorou {1985). J. AppL. Phys., VoL. 57, 

No. 9, pp.4377-4385. 

This thesis, chapter 5. 

{3) 

The swarm parameters determined by Naidu and co-workers (1972) for 

c-c4 F8 at very low pressures cannot be extrapolated to higher 

pressures because of the pronounced occurrence of electron detachment 

and ion conversion processes. 

Naidu, M.S., A.N. Prasad, and ].D. Craggs {1972). J. Phys. D: AppL. 

Phys., VoL. 5, pp.741-746. 

This thesis, chapter 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. vander Laan (1984). 1. AppL Phys .. 

Vol. 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 Today, 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 intimi tei ten" may make people feel 

uncomfortable at dealing with normal relationships. 

College uan Bestuur (1989). No. CvB 163, 410 d.d. 12.06.1989. 

(10) 

Real democracy and freedom can only be achieved through a 

non-violent approach. 

---2---



<11> 

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! 

---3---

Eindhoven, 26 September 1989. 
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