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SUMMARY 

This work is an experimental and theoretical study of the initial stages of are 

formation in a uniform electric field. For conceptual purposes, three stages are distin

guished and labeled as the avalanche phase, the space charge dominated avalanche 

phase, and the streamer phase. Two gases are studied, nitrogen as an example of a 

•simpte gas' and dry air as an example of a 'complex gas'. The label 'simpte' or 

'complex' refers to the capability to form negative ions. For are development in under

volted gaps we apply both an experimental and theoretical study. The resulting model 

is applied to over-volted gap breakdown. 

The experimental study includes both electrical and optical measurement of la

ser initiated discharges. For electrical measurements, the time-resolved swarm metbod 

is used to accuratety record the current waveforms. A TEA N2 laser with a putse width 

of approximately 0.6 ns at half maximum to release the initia! etectrons. A subdivided 

catbode system is used for enhanced time resolution. The signa! is stored by a high 

speed digital oscitloscope with a sampling rate of 2 Giga-samples/sec. For the optical 

measurements, a gateable ICCD (image intensified charge coupled device) camera is 

used to obtain spatial information about the electron density present in the gap. The 

minimum shutter time ofthe camera is 20 ns. 

The numerical study required the development of a computational algorithm 

capable of solving the coupled set of partial differential equations descriptive of the 

spado-temporal development of the discharge species. These continuity equations 

coupled with the Poisson equation were solved in two-dimensional cylindrical space 

(p,z). The flux corrected transport algorithm is applied to accurately handle the con

vection term of the continuity equation since direct application of a differencing 

scheme results in severe numerical errors. Algorithms were also developed to incorpo

rate both local and non-Jocal souree terms, diffusion, and the space charge field. 

Regardless of the fundamental ditTerences between the two gases, both show 

sirnilar pattems of discharge development. Are breakdown requires that two mecha

nisms be present, creation of a space charge and the formation of secondary or 

'delayed' electrons. Delayed electrans are electrans that are present anywhere between 

the catbode and the main body of the space charge. The net positive ion space charge 
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created by the initial electron avalanche gives rise toa local enhancement ofthe electric 

field on the catbode side of the distribution. This leads to an increased rate of ioniza

tion for any delayed electron present. The eventual result of the interaction of these 

two mechanisms is the formation of a conductive channel bridging the catbode and an

ode. 

The avalanche phase is considered to be from the release of the initial electron, 

or electrons, until significant space charge is generated ( or until the electrans exit the 

gap at the anode). The transition from the avalanche to the space charge dominated 

avalanche phase is rather arbitrary. For an over-volted gap the space charge dominated 

avalanche phase may even be omitted. In the avalanche and space charge dominated 

avalanche phases the dominant mechanism for producing delayed electrans differs for 

the two gases (cathode photoelectron emission for nitrogen, detachment for dry air). 

The transition from the space charge dominated avalanche phase to the streamer phase 

is clearly distinguishable in the results. The dominant mechanism for producing delayed 

electrans in the streamer phase is gas-phase photoionization. 

In ~dition to the above work, an experimental study of electron avalanches in 

dry air and nitrogen bas been performed with emphasis on secondary photoelectron 

emission from the catbode surface. Three catbode matenals (nickel, copper and alumi

num) were used in this study, and in all cases secondary electron emission is observed. 

Comparison between our data and literature suggests that photons with an energy ex

ceeding 7 e V are created in discharges in N2 and air, and play a dominant role in the 

secondary photoelectron emission process. 

Finally, we have applied the model to gain insight into the physical mechanisms 

bebind pardal discharges in voids in polyethylene. Primarily, we have investigated the 

feasibility of secondary photoelectron processes as the mechanisms bebind discharge 

inception. In addition, the observed quenching of the discharge is due to the reduction 

of the electric field resulting from the accumulation of electrans trapped in the poly

ethylene void surface. 
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SAMENVATTING 

Dit proefschrift beschrijft een experimentele en theoretische studie naar de eerste 

stadia van een elektrische ontlading in een homogeen veld. V oor de begripsvorming onder

scheiden we drie fasen, de "lawine-fase", de "ruimteladings-fase", en de "streamer-fase". 

Twee gassen zijn onderzocht, stikstofals voorbeeld van een "eenvoudig" gas en droge lucht 

als voorbeeld van een "complex" gas. De aanduidingen "eenvoudig" en "complex" geven 

aan of negatieve ionen gevormd kunnen worden. Het ontstaan van een ontlading bij span

ningen beneden de doorslagspanning wordt zowel experimenteel als theoretisch bestudeerd. 

Het resulterende model wordt ook toegepast op ontladingen bij spanningen boven de 

doorslagspanning. 

Het experimentele onderzoek maakt gebruik van elektrische en optische metingen 

aan ontladingen. Deze ontladingen worden ingeleid met start-elektronen, vrijgemaakt uit de 

kathode door een lichtpuls van een TEA N2 laser, met een halfWaardebreedte van 0,6 ns. 

De elektrische meting bestaat uit de detektie van de ontladingsstroom in het externe circuit. 

V oor een goede tijdoplossing wordt een opstelling met een onderverdeelde kathode ge

bruikt. Het signaal wordt geregistreerd met een snelle digitale oscilloscoop met een sam

pling rate van 2 Gsamples/s. De optische metingen worden uitgevoerd met een ICCD 

(unage intensified charge coupled device) camera, en leveren informatie over de ruimtelijke 

verdeling van elektronen. De minimale sluitertijd bedraagt 20 ns. 

De ontwikkeling van de ontlading in ruimte en tijd wordt beschreven door een stel

sel gekoppelde differentiaalvergelijkingen. Voor de theoretische studie is een rekenpro

gramma ontwikkeld om, in een tweedimensionale, cylindersynunetrische ruimte (r,z), de 

oplossing te bepalen van deze continuYteitsvergelijkingen in combinatie met de Poisson ver

gelijking voor het elektrische veld. Het direkte gebruik van differentieschema's leidt tot 

grote numerieke fouten. Om dit te ondervangen wordt voor de convectieterm in de con

tinuiteitsbetrekking het "flux corrected transport"-algorithme gebruikt. Ook werden algo

rithmen ontwikkeld om lokale en niet-lokale brontermen, diffusie en het ruimteladingsveld 

te beschrijven. 

Ondanks de belangrijke verschillen tussen stikstof en lucht, ontwikkelt de ontlading 

in beide gassen zich op vergelijkbare wijze. Twee mechanismen zijn nodig voor doorslag, 

de vorming van ruimtelading en het vrijkomen van secundaire of "vertraagde" elektronen. 
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V eetraagde elektronen zijn elektronen die zich bevinden tussen de kathode en de ruim

teladingsconcentratie. De eerste lawine produceert een ruimtelading van (netto) positieve 

ionen waardoor het veld aan de kathodekant van de ruimtelading lokaal versterkt wordt. 

De daar aanwezige "vertraagde" elektronen zullen dan in versterkte mate bijdragen aan de 

ionisatie. Door de interactie tussen deze mechanismen ontstaat uiteindelijk een geleidend 

kanaal dat anode en kathode verbindt. 

De "lawine--fase" start met het vrijkomen van het eerste elektron, of de eerste elek

tronen, en duurt totdat voldoende ruimtelading is gevormd om het veld lokaal aanmerkelijk 

te verstoren (of totdat de elektronen de anode bereiken). De overgang van de "lawine--fase" 

naar de "ruimteladings-fase" is enigszins willekeurig. Bij spanningen boven de doorslag

spanning gaat de "lawine--fase" zelfs direkt over in de "streamer-fase". In de "lawine--fase" 

en in de "ruimteladings-fase" is het mechanisme voor de produktie van vertraagde elek

tronen afhankelijk van het gebruikte gas: foto-emissie aan de kathode in stikstof, en de-

tachment in lucht. Tijdens de. "streamer-fase" is voor beide gassen ionisatie in het gas 

verantwoordelijk voor de produktie van vertraagde elektronen. 

In aanvulling op het hierboven beschreven werk, is een experimenteel onderzoek 

gewijd aan lawines in stikstof en lucht waarbij met name secundaire pboto-emissie van het 

kathode oppervlak onderzocht is. Drie kathode--materialen zijn bestudeerd (nikkel, koper en 

aluminium) en in alle gevallen is secundaire emissie waargenomen. Een vergelijking tussen 

onze waarnemingen en beschikbare literatuur geeft aan dat in ontladingen in stikstof en 

lucht fotonen worden geproduceerd met een energie groter dan 7 eV. Deze fotonen spelen 

een belangrijke rol bij de secundaire emissie van kathode oppervlakken. 

Tot slot is het beschreven model toegepast bij een onderzoek naar het fYsische 

mechanisme van ontladingen in gasgevulde holten in polyetheen. Hierbij is gebleken dat 

secundaire foto-emissie aan de holtewand bepalend is voor het uitgroeien van een lawine 

tot een holtedoorslag. Als gevolg van de opbouw van oppervlaktelading aan het polyetheen 

oppervlak van de holte, zakt het veld in en dooft de ontlading. 
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LIST OF SYMBOLS 

Throughout this report the term 'species' is used quite freely. The discharge 

species are electrons, positive ions, unstable and stabie negative ions, and atoms or 

molecules excited to an energetic state. The background gas species refers to the 'cold' 

atoms andlor molecules that make up the gas environment. When these species are re

ferred to as species densities, we imply the number of particles per unit volume (cm-3) 

as in the case of electron species density (N.) below. When referred to as species num

ber, the total number of particles is implied (Q.). The following list of symbols is pro

vided to further assist the reader. 

a. ionization coefficient (cm"1
) 

A laser illumination area of catbode ( cm2
) 

5m excitation coefficient for excitation to the mlh electronic level (cm"1
) 

&c,11t increment inspace (cm), increment in time (s) 

D. electron diffusion tensor (cm2/s) 

DL.T longitudinal, transverse diffusion coefficient (cm2/s) 

s energy ( eV) 

s. characteóstic energy ( e V) 

Spa positive ion - negative ion recombination coefficient (cm3/s) 

Spo positive ion -electron recombination coefficient (cm3/s) 

s.. permittivity offree space (8.854xl0"14 F/cm) 

e electronic charge (1.6x10"19 C) 

e unit vector (dimensionless) 

E electóc field (V/cm) 

E.. Ramo-Shockley field (V/cm) 

F energy distóbution factor (dimensionless) 

r generalized species flux (species/cm2·s) 

r. electron flux (electrons/cm2·s) 

g gap width (cm) 

11 Townsend energy factor (dimensionless) 

11.... electron attachment coefficient to forma unstable, stabie negative ion {cm"1
) 

xi 



radial cell index 

I discharge current (A) 

j axial (or rectangular) cell index 

J current density (Ncm2
) 

K mobility (cm2N·s) 

k Boltzmann's constant (8.617xl0.5 eV/K) 

kc unstable negative ion to stabie negative ion conversion frequency (s"1
) 

k...i,... unstable, stabie negative ion detachment frequency (s"1
) 

N general species density (cm"3
) 

Ne electron species density ( cm"3
) 

N"_ positive, unstable negative ion, stabie negative ion species density ( cm"3
) 

N* m density of excited species to the mth electronic level (cm"3
) 

p pressure (Torr) 

pq quenching pressure (Torr) 

Q quantum efficiency for photoelectron emission (# photoelectrons/# photons) 

Qc number of electron species 

p radial component ofthe cylindrical coordinate system (cm) 

r generalized position vector (cm) 

a. surface density ( cm·2) 

S(p,z) spatial response ofmeasuring catbode (s-1
) 

't time constant of excited species (s) 

T..., generalized species, electron temperature (K) 

T811 background gas temperature (300 K) 

U,.. Ramo-Shockley voltage (V) 

Vc electron drift velocity (cm/s) 

Vp,- positive ion, and unstable and stabie negative ion drift velocity (cm/s) 

w generalor electron velocity (cm/s) 

W background gas or ion velocity (cm/s) 

x x component ofthe rectangular coordinate system (cm) 

z axial component ofthe cylindrical coordinate system (cm) 
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CHAPTER 1 

INTRODUCTION 

The application of an electric field to a gas environment may result in a com

plete, or partial, breakdown resulting in a conductive medium consistins of free elec

trens and ions. This conductive medium is commonly referred to as a plasma. Several 

factors such as the field strength, gas type and pressure, gas impurities, initial electron 

number and density, as well as the electrode material and geometry, influence the 

probability ofthe occurrence ofbreakdown1
. We will refer tothese factors as break

down parameters. Depending on the particular application, a gas breakdown may be 

either a favorable or an undesired process. For example, processes such as plasma 

etching and deposition, and partial breakdown in corona reactors, favorably employ the 

elevated electron energies found in plasmas. In these particular applications the gas, or 

gases, as well as their respective partial pressures are chosen to suit the required 

chemical processes at hand. On the other hand, when the gas is intended to be an insu

lating medium, its breakdown is an undesirable process. Consequently the properties of 

the gas, or gas mixtures, are chosen to minirnize the probability of breakdown. Al

though the applications differ, the need to acquire an understanding of the underlying 

fundamental processes goveming the behavior of a gas upon the application of an 

electric field is common to both. 

The objective of this work is to gain insight into the spatio-temporal develop

ment of an are discharge, or spark channel1
. Two gases are studied, nitrogen and dry 

air. Are discharges usually occur at pressures exceeding 100 Torr, and are character

ized by an electron density approachins 1017 cm·3 and a Debye length between 10-4 to 

10-6 cm 2
• Uniform gaps stressed to voltages above (over-volted) and below (under

volted) their intrinsic breakdownstrengthare studied. Fora gas in a uniform electric 

field, its intrinsic strength is documented from the Paschen curve3 
• These curves plot 

1 J.M. Meek and J.D. Craggs, (editors), Electrical Breakdown ofGases (Wiley, New York, 
1978). 
2 E. Nasser, Fundamentals ofGaseous lonizalion and Plasma Electronles (Wiley, New Vork, 
1971). 
3 E. Kuffel and W.S. Zaengl, High Voltage Engineering Fundamentals (Pergamon, Oxford, 
1984). 
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the breakdown voltage of a gas as a function of pressure multiplied by distance, and 

are based on initial electron emission through natural sourees (i.e. single electron 

emission). Initiation of a breakdown in an under-volted gap condition requires that a 

large number ofinitial electrans is generated in a small area by some extemal means. In 

this study a pulsed N2 laser is used to release 2xl08 or more electrans in an area of0.2 

cm2 from the catbode surface. 

We have approached the study of the development of an are discharge both 

experimentally and theoretically. Because direct interpretation of the underlying physi

cal mechanisms is difficult from the experimental results, computer simulations were 

necessary. The accuracy of the simulations was determined by directly camparing the 

simulated and measured cuerent wavefarms as well as the luminosity profiles. The ex

perimental study includes both electrical and optical measurements of laser-initiated 

discharges. For the electrical measurements, the time-resolved swarm metbod is used 

to accurately record the current waveforms. For the luminosity measurements, a gate

able ICCD (image intensified charge coupled device) camera is used to obtain spatial 

information about the excited species density present in the gap. The theoretical study 

required the development of a computational algorithm used to describe the spatia

temporal evatution of the discharge species. Since we are only interested in the forma

tion of an are no gas dynamic effects are included in the theoretical study. 

Regarding the study of are development in an under-volted gap both .experi

mental and theoretica! studies were employed. The resulting model is applied to study 

breakdown in over-volted gaps. Furthermore, we have extended both the experimental 

and theoretica! studies to gain insight into secondary photoelectron emission processes 

as well as to partial discharges in voids imbedded in polyethylene. 

As an introductory sketch of the formation of an are discharge we examine the 

measured waveform presented in Figure 1.1. This wavefarm is recorded in a parallel 

plate electrode geometry in nitrogen at a pressure of760 Torr, gap width of 1 cm, and 

at a voltage of 28.5 kV. Because the intrinsic breakdown strength of nitrogen at this 

pressure and a gap width is 31 kV, Figure 1.1 is an example of an under-volted gap 

breakdown. The discharge is initiated at t = -10 ns by the release of approxirnately 

3xl08 photoelectrons from the catbode surface by a N2 1aser of putse duration of0.6 

ns (full width at half maximum). We can distinguish the arrival of the primary ava-

2 
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Figure 1.1 Example of a current wavefarm of an under-volted gap 

breakdown in N2 . The time of occurrence of the three stages is nol 

constant but depends on the breakdown parameters. 

lanche electroos at the anode at t = 55 ns (resulting in a gap transit time of 65 ns), the 

arrival of the secondary electrons at the anode at t ""' 110 ns, and the inception of the 

are breakdown at t""' 210 ns. The secondary or delayed electrans are released from the 

catbode surface by photons generated during the primary avalanche. 

For conceptual purposes, in Figure U we distinguish three phases teading to 

the formation of an are. We label the phases as avalanche, space charge dominated 

avalanche, and streamer. Note that the underlying fundamental processes in each phase 

remain unchanged although they have different consequences. The transition from the 

avalanche to the space charge dominated avalanche phase is rather arbitrary as indi

cated by the overlap of the two regions in Figure l.I. The transition to the streamer 

phase is relatively sharp. A sketch of the distribution of electron (Ne) and positive ion 

(Np) densities during the three phases is provided in Figure 1.2. Figure 1.2 can be con

sidered to accompany the current waveform in Figure l.I. 

3 



anode anode 

primaiy onset ofthe primacy electrans 
avalanche electrans space charge electrons & phase 

pasitive dominated pos. ians 
i ons avalanche positive ions 
secondary phase seoondary 
electrans electrans 

cathode cathode 

anode anode 

space charge electrons & streamer electrons & 
dominated pos. ions phase 
avalanche 
phase 

seoondary 
electrons secondary 

electrons 

cathode cathode 

Figure 1.2 Sketch of the stages leading to an under-volted gap breakdown in nitrogen. 

This ft gure has been developed from the simu/ation results presenled in chapter 5. Note 

that the sketch is not drawn to scale. 

The avalanche phase, in the simplest terms (i.e. fora uniform electric field) is 

the exponential growth ( or decay) of electrons in time resulting from ionizing collisions 

(or attaching collisions) with the background gas. Whether the rate of ionizing colli

sions exceeds that of attaching collisions depends on the electric field, pressure, and 

gas (some gases do not undergo electron attachment). The avalanche phase is consid

ered to start with the release of the initia! electron, or electrons, and lasts until signifi

cantspace charge is generated (or until the initia! electrans leave the gap at the anode). 

Because a finite amount of space charge is always present, the transition from the ava

lanche phase to the space charge dominated avalanche phase is rather arbitrary. De

pending on the breakdown parameters the avalanche phase may last a fraction of an 

electron gap transit time. During the avalanche stage two important processes occur: 

L The formation of a localized space charge. 2. The formation of delayed electrons. 

The term detayed electrons applies to any electrons that are present on the catbode side 
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of the space charge region. Delayed electrons result from secondary mechanisms such 

as gas-phase photoionization and photoelectron emission from the catbode surface, as 

well as from the primary mechanism of detachment from negative ions. 

Although a finite amount of space charge is always present, ionization and at

tachment can be considered constant for a uniform field. Once space charge becomes 

significant, the rates of these processes become functions of space and time. Depending 

on the breakdown parameters the transition from the avalanche to the space charge 

dominated avalanche phase may occur prior to the arrival of the primary electrons at 

the anode surface (as in the case sketched in Figure 1.2). The space charge dominated 

avalanche phase is an intermediate step. lts duration is determined by the time required 

to form a sufficient positive ion space charge capable of distorting the electric field, 

and initiate a streamer. During the space charge dominated avalanche phase two impor

tant processes occur: 1. Further development of a localized space charge teading to a 

heavily distorted electric field. 2. Increased ionization growth of the delayed electrons 

in the region of enhanced field. The increased ionization growth also enhances the for

mation of additional delayed electrons through detachment and secondary processes. 

The space charge dominated avalanche phase may last anywhere from a fraction of a 

nano-second for an extremely over-volted gap, up to the gap transit time for positive 

ions (approximately two orders of magnitude larger than the electron transit time). 

The third stage teading to an are is the streamer phase. Two types of streamers 

occur, the anode directed streamer (not shown in Figure 1.2) and the catbode directed 

streamer. The catbode directed streamer is found to preeede any are formation, regard

less of the conditions. Whether also an anode directed streamer is observed depends on 

the breakdown parameters. The anode and catbode directed streamers are rapidly 

propagating plasmas which have been explained on the basis of gas-phase photoioniza

tion and enhanced ionization and drift in the space charge distorted electric field4 5 
• 

Streamers have been the topic of intensive studies using both experimental6 7 and theo

retical8 9 10 11 approaches. Gas-phase photoionization is the dominant mechanism re-

4 L.B. Loeb and J.M. Meek, J. Appl. Phys., Vol. 11, p. 438, (1940). 
5 H. Raether, Electron Avalanches and Breakdown tn Gases (Butterworths, London, 1964). 
6 J.M. Meek and J.D. Craggs, (editors), E/ectrlcal Breakdown ofGases (Wiley, New York, 
1978). 
7 K.H. Wagner, Z. Pbys., Vol. 189, p. 465, (1966). 
8 A.J. Davies, C.S. Davies, and C.J. Evans, Proc. lEE, Vol. 118, p. 816, (1971). 
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sponsible for the propagation of both streamer types. In an over-volted gap, theory 

states that a catbode directed streamer will form when a single electron grows to a to

tal number of 108
• As sketched in Figure 1.2, in an under-volted gap only the catbode 

directed streamer develops. The over-exponential growth in current in Figure 1.1 is 

characteristic of streamer propagation. 

A brief <>utline of the contents of this thesis is as follows: 

In chapter 2 we introduce the underlying fundamental processes occurring in a 

gas discharge. We begin the chapter by defining the macroscopie (or swarm) transport 

terms drift (or convection) and diffusion. From these terms the concept of the charac

teristic energy is introduced leading to a brief overview of the distribution of the spe

cies energies in a gas discharge. Next, the macroscopie processes excitation, ioniza

tion, relaxation, attachment, detachment, conversion, and recombination are pre

sented and discussed. These mechanisms are considered souree terms as they directly 

influence the discharge species densities. In the final section of this chapter the possible 

mechanisms of secondary electron production are introduced. 

In chapter 3 we start with the denvation of the equation of matter conserva

tion, the zeroth moment continuity equation, from the Boltzmann transport equation. 

Wethen define the termflux from which the souree terms are introduced into the con

servation of matter. After a presentation of the equations descriptive of the spatio

temporal evolution of the discharge species we introduce the numerical algorithm used 

to solve them. This includes convective and diffusive transport in the axial direction, 

extension into the radial coordinate system, coupling of the axial and radial compo

nents, and incorporation of the souree terms. Next we discuss the algorithms used to 

introduce the mechanisms of secondary electron production, and the space charge 

field. We conclude this chapter with a discussion ofthe simulation conditions used in 

the present study. 

In chapter 4 we introduce the experimental facilities. Both electrical and optica! 

studies are performed. We also derive the discharge current in terms of the flux term 

defined in chapter 3. This is foliowed by a more detailed examination of the measured 

9 L.E. Kline, J. Appl. Phys., Vol. 45, p. 2046, (1974). 
10 S.K. Dhali and P.F. Williams, J. Appl. Phys., Vol. 62, p. 4696, (1987). 
11 E.E. Kunhardtand Y. Tzeng, Phys. Rev. A, Vol. 38, p. 1410, (1988). 
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discharge current, including a study of the frequency and spatial response of our sys

tem 

In chapter 5 we present the results obtained with the electrical and optical di

agnostics, combined with numerical simulations. We discuss the development of an are 

at voltages below and above the intrinsic breakdown strength. Using an experimental 

and numerical approach we study under-volted gaps first. We begin the chapter with 

nitrogen and examine the avalanche, space charge dominated avalanche and strearner 

phases of are development. Similarly, we examine the phases teading to are develop

ment in dry air. Next we exarnine the development of an are in an over-volted gap, us

ing the model derived. 

In chapter 6 the model and electrical measurements are applied to obtain 

quantitative information regarding secondary electron emission from the catbode sur

face in nitrogen and dry air. Information about the excitation coefficient, time constant, 

quenching pressure, and quanturn efficiency has been obtained. 

In chapter 7 the model and electrical measurements are applied to the study of 

the mechanism ofpartial discharges in polyethylene voids. We present the results in the 

form oftwo publications on this subject. 

Finally, in chapter 8 the conclusions ofthis research will be presented. 
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CHAPTER2 

COLLISIONAL AND RADIATIVE PROCESSES IN ELECTRON 

AVALANCHES 

In this chapter, the mechanisms that describe the transport, and the rate of 

growth of electrons, positive and negative ions, and excited species will be presented. 

These mechanisms are described with a microscopie kinetic theory based on the con

servalive exchange of energy and momenturn between colliding species. We distinguish 

elastic and inelastic collisions. If there is no change in the intemal energy of either 

species during the collision, the collision is termed elastic. Otherwise, it is termed ine

lastic. Collisional processes are govemed by collisional cross sections and energy 

distributions. When averaged over a suftkient number of collisions we can obtain a 

macroscopie (or commonly referred to as a fluid or hydrodynamic) description. In this 

work such a macroscopie description involving the so called swarm parameters is used 

primarily because it greatly simplities the partial differential equations goveming the 

transport and growth of the discharge species. These partial differential equations are 

presented in chapter three of this work. The macroscopie parameters result from the 

ensemble average of all elastic and inelastic collisions for the discharge species occur~ 

ring per second. These parameters describe the evolution of the discharge species over 

time and are grouped into two categories: transport and growth. Transport regards 

species motion due to ditfusion and drift. Both wil! be further discussed in this chapter. 

Since ditfusion and drift are interrelated through the average species energy a brief dis

cussion regarding the energy distribution of ions and electrons will be presented. 

Growth involves the mechanisms that result in a change in number of a specific spe

cies. Notice that the term growth is used for both gain and toss of species number. 

Examples of growth mechanisms are: attachment, ionization, detachment, recombina

tion, and secondary electron catbode processes. Each of these mechanisms will be 

presented and discussed in this chapter and a summary of the growth processes can be 

found at the end of this chapter. These growth mechanisms determine whether a self

sustained discharge (or breakdown) ensues from an electron avalanche. 

In all cases, the coefficients for the above processes can be written in terms of 

the background gas density N, or pressure p, and the electric field, E. The reduced 
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electric field, EIN or Elp, corresponds to the average energy gained by the electron 

between collisions in the background gas. In this work p and Elp are preferentially 

used over N and EIN even though the latter are more fundamental. A listing of the 

swarm data used in this work can be found in Appendix A. With regards to the mate

rial covered in this chapter, unless otherwise referenced, the texts by Huxley and 

Crompton1
, Meek and Craggs2

, Loeb3
, and Nasser4 have been used. Fora more de

tailed description the reader is referred to the original texts and the references therein. 

2.1 Dift'usion, drift, and enem distribution 

Drift and diffusion of charged particles are related through the kinetic theory of 

gases, and will therefore be treated together. In this section, diffusion will be discussed 

first, as it pertains to both charged and uncharged species. Secondly, we wiJl present 

drift, which pertains only to charged particles. Finally, the relationship between the two 

transport processes will be mentioned along with an introductory discussion regarding 

the energy distribution of the discharge species. 

Diffusion and drift. Diffusion can be defined as the spreading out of an arbi

trary species A as a result of its random thermal motion. The motion is such that the 

density of species A eventually becomes uniformly distributed amongst an arbitrary 

uniformly distributed background of species B. Due to the continuous exchange of en

ergy through collisions, after a period of time species A and B will acquire the same 

temperature and wil! be in thermal equilibrium. The constant of proportionality be

tween the rate of diffusive flux raiffof species density NA (or diffusive current density 

Jaiff if A carries a charge), and its concentration gradient is termed the diffusion coeffi

cient DA (cm2/s): 

(particles/ cm 2sec) (2.1.1) 

1 L.G.H. Huxley and R.W. Crompton, The Dtjjûsion and Drift of Electrons tn Gases 
(Wiley, NewYork, 1974). 
2 J.M. Meek and J.D. Craggs, (editors), Electrical Breakdown ofGases (Wiley, New York, 
1978). 
3 L.B. Loeb, Basic Processes of Gaseous Electronles (University of Califomia Press, Berkeley 
and Los Angeles, 1961). 
4 E. Nasser, Fundamentals ofGaseous lontzation and Plasma Electronles (Wiley, New 
York, 1971). 
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Figure 2. 1 Spatio-temporal evolution of an electron swarm undergoing 

drift and anisatrapie diffusion. At t=O electrans originate as a pulse jrom 

cathode surface. 

where V is the gradient operator. It is important to note that DA is a tensor since the 

concentration gradient and the rate of flux are both vectors. If no electric field is pres

ent and ifboundary effects are disregarded, D is an isotropie quantity and is designated 

as Dm where the subscript stands for thermal ditfusion. If an electric field is present, 

and species A carries a charge, D becomes anisotropic and is represented by the coef

ficients Dr. and DT for longitudinal ditfusion (parallel to the field) and transverse 

ditfusion (perpendicular to the field) respectively. The transverse ditfusion coefficient 

is larger than the longitudinal ditfusion coefficient. The difference depends on E/p. As 

E/p~O both DL and DT approach Dm. The anisotropy occurs for both ion and electron 

ditfusion. 

We regard the drift of a charged species A in a background of species B in an 

electric field, E. Drift is defined as the net displacement of the center of mass of the 

population of species A in the direction of the electric field per unit time, averaged 

over several mean free paths. The constant of proportionality which relates the drift 

velocity v drift of a charged species A to the electric field is termed mobility, here repre

sented by ~ (cm2N·s). 

vAidn.ft=KA·E (cm/sec) (2.1.2) 

r Aldr!fi;;;: (KA· E)N A (charged particlest cm2sec) (2.1.3) 

The flux due to the drift of species rdrift, is simply the drift velocity multiplied by the 

density of species A. The mobility is a tensor but in a gas it can be considered isotropie 
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(K ~ K). Figure 2.1 outlines the drift and diffusive motion of an electron swarm origi

nating ftom the catbode in a uniform electric field condition. 

Characteristic energy. For an arbitrary energy distribution function, an esti

mate of the mean kinetic energy of the charged species can be obtained via the 

transverse ditfusion coefficient and mobility. The characteristic energy, e., is given by: 

( · ki · ) 1 2 (3 kT. ) FDT ec = spectes mean netic energy =2mw =t"J 2 gas = Ke (2.1.4) 

Here, Fis a factor between I and 1.5 depending on the energy distribution function, 

and eis the electrooie charge. Regarding the other terms ofEq. 2.1.4, mis the species 

mass, w 2 is their respective mean squared speed, kis Boltzmann's constant, Tgas is the 

temperature ofthe background gas, and tJ is the dimensionless Townsend energy fac

tor (a function of Elp). The Townsend energy factor is defined as: 

fkJS 
lkT. 
2 gas neutral background gas 

(2.1.5) 

where M and W 2 are the background species mass and mean squared speed respec

tively, and T. is the species temperature. If we assume a Max:wellian distribution for 

the species then F = 1.5 and Eq. 2.1.4 becomes the Nemst-Townsend relationship (or 

Einstein formula): 

Dr 
-e=kTs 
K 

(2.1.6) 

Equation 2.1.6 states that the species characteristic energy is equivalent to the most 

probable energy for a Max:wellian energy distribution, kT •. A Max:wellian energy dis

tribution (also termed the classica! energy distribution) is ofthe form: 

f(s)IM.".e/1. =2 0 ~•(k ~)3 exHk~)] (#leV) (2.1.7) 

In the classica! limit all species regardless of mass ( or charge) obey this distribution if 

no extemal electric field is present5 
. If an electric field is present or if inelastic colli

sions occur then the energy distribution function for charged species deviates ftom its 

5 C. Kitteland H. Kroemer, Thermal Physics (Freeman, San Francisco, 1980). 
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'zero-field' Maxwellian shape. Only fora low reduced field (E/p)low can the charged 

species be considered to be in thermal equilibrium with the background gas. This 

(E/p )Jow condition is satisfied when the energy gained between two successive collisions 

is much less than the most probable energy ofthe background gas, kT sas: 

eE k.Tga -« Ncr s 
(2.1.8) 

Assurning a cross section, G, ofthe order of 10'18 m2 this condition is fulfilled for Elp< 

.06 V/cm·torr at 300 K. 

Jnelastic collisions. Due to the large difference in mass between an electron 

and an ion, the inelastic callision efficiencies for transfer of incident kinetic energy into 

potential energy of the target partiele are also different. The target partiele is assumed 

to be the background gas species. Using both the conservation of energy and momen

turn relationships, and assuming that the target partiele is initially at rest, the efficiency 

ofkinetic to potentiat energy exchange is at its maximum when the foltowing condition 

is met: 

w m 
=-- (2.1.9) 

w0 m+M 

Here, Wo and w are the veloeities of the incident partiele before and after the collision, 

and m and M are the respective incident and target partiele masses. Because the 

masses of an ionized and neutral gas species are nearly identical, Eq. 2.1.9 states that 

the target species accrues a maximum potential energy when the ratio ofthe ion's final 

to initial velocity is .5. When the incident partiele is an electron, the target species ac

crues a maximum potential energy when the velocity ratio of Eq. 2.1.9 is 

approximately zero. This implies that during an inelastic collision, an electron wil! lose 

nearly all of its kinetic energy to the gas species, while an ion cannot lose more than 

half ofits kinetic energy as potential energy. Therefore, electrans can be considered to 

be far more efficient than ions in exciting or ionizing the background gas species. Fi

nally, it should be stated that an inelastic callision between an electron and gas species 

does not always result in the electron being free after the collision. This type of colli

sion, resulting in the formation of a negative ion, is termed electron attachment. For 

certain gases below a specific value of Elp attachment is the predominant type of ine

lastic collision. 
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Elastic collisions. The application of the conservation equations for energy and 

momenturn also provides insight into the kinematics of elastic collisions. It is easy to 

deduce that when the two colliding particles are of similar mass, then in a simple head

on ooilision they exchange velocities. If the mass of the target partiele is much larger 

than that of the incident particle, .then the incident partiele simply "bounces" off the 

target partiele with little change in its speed. The speed of the target partiele can be 

assumed to rernain unchanged during such a collision. In summary, it can be accepted 

that electroos do not Iose much of their kinetic energy u pon an elastic collision with a 

background gas particle. On the other hand, ions readily exchange kinetic energy with 

the gas particles during elastic collisions. 

Energv distribution. If the conditions for thermal equilibrium are not met the 

energy distribution is not Maxwellian. Determination of the correct energy distribution 

function for electroos and ions employs either a Monte Carlo simulation or a direct 

evaluation of the Boltzmann transport equation. Both methods assume that a complete 

set of callision cross sections is known. A direct measurement of the energy distribu

tion for electroos and ions under pre-breakdown conditions is also difficult and has not 

often been attempted. Even though the exact energy distribution function is difficult to 

obtain and generally does not have a simple analytica! form, successful approx.imations 

can be used. With regards to ions, because of the similarity in mass with the back

ground species, their distribution in energy may be approximated by that of a 

Maxwellian distribution, Eq. 2.1.7. Electron energies, on the other hand, are more ac

curately approximated by a Druyvesteyn distribution. A Druyvesteyn energy 

distribution has the form: 

J(e~Druyv =104~6J.g e+s{;J] (#leV) 

where &avg. is the average energy for a Druyvesteyn distribution. Since &avg differs from 

the average energy for a Maxwellian distribution only by a constant we assume that: 

eflvrgv. ~ e~f· = 1 kTe = &c (2.1.11) 

where &c has been defined in Eq. 2.1.4. Fora Druyvesteyn distribution the factor F in 
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Figure 2.2 Maxwellion (dark) and Druyvesteyn (light) electron energy distribution 

functionsfor two different characteristic electron energies (Eq. 2.1.4). The character

istic electron energies of 2 and 3. 2 e V correspond with Elp va lues of 40 and 60 

Vlcm·torr respectively for N2 at ambient temperature6
• 

Eq. 2.1.4 is equal to 1.312 6
• A comparison ofthe Maxwellian and Druyvesteyn energy 

distribution functions can be found in Figure 2.2 (note that Figure 2.2 is for electron 

energies only). Finally, it must be noted that both the Maxwellian and Druyvesteyn 

distributions are derived under the assumption that only elastic collisions occur. The 

cross section for momenturn transfer is assumed proportional to w'1 for the Maxwel

lian, and independent of w for the Druyvesteyn distributions. 

From Figure 2.2 it is observed that, with respect to a Maxwellian distribution at 

the same average electron energy, a Druyvesteyn distribution yields a higher probabil

ity for the species to have an energy in the intennediate energy range (approximately &c 

to 3e.,) and a smaller probability in both the lower (< ec) and higher(> 3&c) energy re

gions of the distribution. Intuitively, this is in agreement with the prior discussion 

regarding elastic and inelastic collisions between two species of greatly different 

masses. That is: 

6 . 
J. Dutton, A Survey of Electron Swarm Data, J. Phys. Chem. Ref. Data, Vol. 4, No. 3, pp. 

577-856, (1975). 
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1. Electroos are able to accuroulate their energy gained from the electric field because 

of their inefficient transfer of energy when undergoing elastic collisions with the 

background gas. 

2. The accumulation of the electron energy does not continue indefinitely. Upon an 

inelastic collision the electran's kinetic energy is effectively reduced to zero. Note 

that inelastic collisions are not included in the Druyvesteyn distribution, but that 

they wiU also deplete the tail ofthe distribution. 

The combined effect of the two ooilision processes leads to an enhancement of the 

probability for an electron to have an energy located in the relevant intermediate en

ergy range. Similarly, the assumption that ions show a Maxwellian distribution is 

supported by tbeir efficient transfer of energy during elastic collisions, and inefficient 

energy transfer during inelastic cotlisions. Finally, it must be reemphasized that both 

energy distributions are only approximations, and their validity depends on the type 

and density of the gas, and range of Elp values considered. 

The simultaneous and ongoing process whereby electroos are 'beated' (i.e. ac

cumulate energy) by the electric field, and 'cooled' by inelastic collisions with the 

background gas can be viewed as a state of dynamic equilibrium. A similar state of 

equilibrium exists between ions and tbe background gas. In any experimental setup, a 

region of non-equilibrium occurs adjacent to the boundaries. When electroos are re

leased from the catbode surface some distance is required before a steady-state energy 

distribution is developed. In addition, depending on tbe conductivity of tbe anode, tbe 

neutralization or accumulation of electroos at its surface again leads to a non

equilibrium condition. Tbe non-equilibrium region adjacent to the catbode was indi

rectly observed by Wen7 in SF6 and 02 (electron attaching gases) whereby a peak at 

time 0 is observed. This peak is attributed to the initial photoelectrons baving a smal! 

value of kinetic energy resulting in a large rate of electron attachment. This peak was 

not observed in N2 wbich is a non-attaching gas. Non-equilibrium may also occur if 

tbe electron energies become too large. This so called electron run away is due to the 

decline in the ionization cross section with increasing electron energy after reaching its 

maximum value. For most gases the ionization cross section maximum lies between 60 

7 C. Wen, Time resolved swarm studies in gases with emphasis on electron delachment and 
ion conversion, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
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and 200 eV, with H2 and Ne having the lowest and highest values respectively. This 

decrease in the cross section reduces the 'cooling' of the electroos located in the 

high-energy tail of the distribution, resulting in electrons that may energetically run 

away. Until relativistic effects set in, runaway electrons wiJl constantly be accelerated 

by the electric field. Using Monte Carlo simulations in N2, runaway effects were ob

served to occur at the head of the anode directed streamer if the pressure reduced field 

exceeded 500 V/cm·torr8
. 

2.2 Excitation and ionization by electron impact 

Excitation and ionization result from inelastic collisions between electrons and 

the background gas. Primarily the electroos at the high energy side of the electron en

ergy distribution (see Figure 2.2) are responsible for these processes. Even when an 

electron has sufficient energy it wil! not always ionize or excite a gas species. The 

probability is govemed by the specific cross sections for the partienlar inelastic proc

ess. looization and excitation can in general be expressed by the following equation 

where the terms a and 5 are the ionization and excitation coefficients respectively . 

They will be further defined later in this section. 

a or 6 • N L ft (L,o-) j(e} de ( excitations (ionizations)) (2.2.l) 
p V drift Q ffie cm · torr 

Here, NL is the Loschmidt number (3.53xl016 # background species/torr·cm3
), m., is 

the electron mass, eis energy,j{e) is the electron energy distribution function, and Vtirlft 

is the electron drift velocity. The summation is taken over all the relevant cross sec

tions a for excitation or ionization. 

Excitation. The process of excitation can be defined as the quantized increase 

in internal potential energy of the background species following an inelastic collision 

with an electron. Excitation can be sub-classified as either electronic, vibrational, rota

tional or spin. Electronic excitation is the transition of an electron situated at one 

8 E.E. Kunhardtand Y. Tzeng, Kineffe Investigation of Avalanche and Streamer Develop
ment, L.G. Christophorou and M.O. Pace, (editors), Gaseaus Dielectrics IV, Pergamon Press, 
New York, pp. 146-153, (1984). · 
9 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-72/05, (l972). 
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electronic state to another state of higher energy. The other excitation processes, es

pecially the latter two, contribute to the fine structure of the electronic excitation 

bands. Their role in gaseous discharges is limited because ofthe low energies involved. 

An (incomplete) listing of excitation processes can be symbolically presented 

as: 

(1) 

(2) 

(3) 

e· + AB~ AB* + e· 

e· + AB~ A + B• + e· 

hv +AB ~AB· 

( electronic excitation) 

(dissociative excitation) 

(photoexcitation) 

Here, e· represents an electron, AB represents an atomie or molecular species, and the 

*superscript indicates that the species is excited. Note the following comments regard

ing excitation: 

a) Species AB does not have to be in its ground state. 

b) The kinetic energy of the electron on the right-hand si de of expression 1 is lower by 

the ditTerenee in energy levels between AB and AB*. For expression 2 the energy 

lost by the electron equals the energy required for both dissociation of AB and exci

tation ofB. 

c) Photoexcitation is also known as photon absorption. 

The excitation coefficient, 5m (cm·\ represents the mean number of exciting 

collisions to a particular electronic state, denoted by the subscript m, of one electron 

travelinga unit length in the direction ofthe electric field. From comment (a) above, 

Om =.Lon~m 
n 

(2.2.2) 

where n represents the electronic state prior to excitation to state m, and the summa-

tion is taken over all electronic states of energy less than that of m. For molecular 

gases, the vibrational subbands of electronic states m and n should be included for 

completeness. Therefore, 

om =.L.L.Lon·~m· 
, , I J 

(2.2.3) 
n 1 J 

where i and j represent the vibrationallevels of electronic states n and m respectively. 

Experimentally, 5m is determined by a spectroscopie measurement of the number 

(intensity) and energy of the photons released as the excited species relaxes to a state 

17 



oflower energy10
• Thus, spectroscopie studiescan only determine the integrated exci

tation to state mj where j is the vibrationallevel G=O for atomie gases). 

Finally, it should be mentioned that metastable species are a result of electronic 

excitation. As will be mentioned later, due to their relatively long lifetime, metastables 

play an important role in the process of ionization and secondary electron emission. 

Metastables are electronic states that cannot directly return to a lower electronic en

ergy level because it would violate quantum-mechanical selection rules. Their only 

means of reaching an electronic state of lower energy is by first gaining a state of 

higher energy, for instanee by collisional excitation, from which a direct transition is 

allowed. The lifetime of metastable states is in the order of 10"3 to 10"8 sec, much 

long er than that of normal excited states. 

lonization. Ifthe energy ofthe excited species exceeds its ionization potential 

the formation of a positive ion - electron pair may occur. The ionization potential can 

be defined as the energy required to displace an electron from its location in the species 

ground state contiguration to infinity. 

as: 

(1) 

(2) 

An (incomplete) Iisting of ionization processes can be symbolically presented 

e· + AB --+ AB+ + 2e" 

e· + AB --+ A + B+ + 2e· 

(ionization) 

(dissociative ionization) 

Here, e· represents an electron, AB represents an atomie or molecular species, and the 

+ superscript indicates that the species is a positive ion. Note the following comments 

regarding ionization: 

a) Species AB doesnothave to be in its ground state. (AB mayalso represent a posi

tive ion, then AB+ would represent a doubly ionized species). 

b) The kinede energy ofthe electron on the right-hand side of expression 1 is lower by 

the difference in energy levels between AB and AB+. For expression 2 the reduction 

of electron energy equals the energy required for both dissociation of AB and ioni

zation ofB. 

c) Direct ionization of AB from its ground state contiguration is more probable at 

larger E/p values (see Figure 2.2). 

10 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-72/05, (1972). 
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d) Metastable excited states are important in ionization processes. looization from 

excited states is termed stepwise ionization. 

The ionization coefficient, a (cm"1
), represents the mean number of ionizing 

collisions of one electron traveling a unit Jength in the direction of the electric field. 

Occasionally, a is referred to as Townsend'sflrst tonization coefficient. Similar to the 

excitation coefficient the ionization coefficient represents the integrated sum of all the 

various types of ionization processes occurring as the electron travels through the gas. 

For a large number of gases alp as a tunetion of Elp has the following form: 

a (·Bp) p-=Aexp E (
ionizations) 

cm torr 
(2.2.4) 

indicating that alp is strongly dependent on E/p. The coefficients A 

(ionizations/cm·torr) and B (V/cm·torr) are unique for each gas type and arealso de

pendent on Elp. An appropriate set of A and B is required to make Eq. 2.2.4 valid for 

a large range of Elp values. The form of Eq. 2.2.4 is also applicable for the pressure 

reduced excitation coefficient o.Jp. The ratio o.Ja usually exceeds one, unless Elp is 

very high, since the excitation energy is much smaller than the ionization energy. The 

ratio alE is termed the ionization efficiency (V1
): 

a _ Ap (-Bp) (ionizations) ---exp-
E E E V 

(2.2.5) 

This ratio represents the number of positive ions produced by electron collision per 

unit potendat difference. By differentiating Eq. 2.2.5 with respect to Elp and setting 

the derivative to zero, the maximum ionization efficiency can be found to occur at E/p 

= B. At Elp values below B, alp rises quickly with Elp. The decline in the ionization 

efficiency at Elp values exceeding B is a direct consequence of the reduction in the 

ionization cross section as electron energies become relatively high. As mentioned in 

the latter part of section 2.1, this leads to a non-equilibrium condition termed 'run 

away'. 

2.3 Relnation of excited gas species 

After a period of time characteristic of the electronic state of the excited gas 

species it wilt undergo either an increase or deercase in its potential energy. As dis

cussed in section 2.2 an increase, either by a collision with another excited species, a 
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photon, or an electron, may lead to excitation to a higher electronic band or ionization. 

If a decrease in potential energy occurs then the species is said to relax to a state of 

lower energy. Relaxation can be achieved either by emission of a photon (spontaneous 

relaxation) or through a collision with another gas species whereby part or all of its 

potential energy is transferred to the colliding species11 
• This latter relaxation process 

is termed quenching. In molecular gases, two types of quenching can occur, vibrational 

deactivation and electronic deactivation. In atomie gases only the latter can occur. Of 

the two processes, electronic deactivation is more important and results in a large re

duction ofthe number ofphotons emitted. Vibrational deactivation results in relaxation 

to a lower vibrational band of the same electronic level. It has no effect on electronic 

deactivation and only alters the intensity ratios between different vibrational bands of a 

system. The reduction effect by quenching is more pronounced at high pressures as the 

naturallifetime of the excited species, 1:', may be larger than the mean free time be

tween kinetic collisions of the gas species, 'to. If N'(p) is the pressure dependent 

number of excited species that wil! undergo spontaneous relaxation and N'(O) is the 

number at 'zero pressure' (i.e. 'to~ oo) then: 

N'(p)= N'(o)( ro ,) .... or .... N'(0{-
1 

] 
ro+r l+_e__ 

Pq 

(2.3.1) 

Here, the term pq is the quenching pressure which inversely scales with the time con

stant of the excited state, t'. Eq. 2.3 .l stat es that spontaneous relaxation dominates at 

pressures below pq, whereas collisional relaxation begins to dominate at pressures 

above pq. Ift'<<to then N'(p) = N'(O), and if'to<<t' then N'(p)::: 0. Because t' is pres

sure independentand to is inversely proportional to the pressure, the two parts ofEq. 

2.3 .1 are equivalent. 

From the above discussion N'(p) is the fraction ofthe total number ofexcited 

species (at that particular excitation level) undergoing relaxation through emission of a 

photon. Only those excited species having a natura! lifetime less than the mean free 

time between collisions can be considered to undergo relaxation via pboton emission; 

otherwise, they wil! undergo collisional relaxation. Therefore, the excited species time 

11 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-12/05, (1972). 
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constant,;' should undergo a similar sealing as does N'(O) in Eq. 2.3. 1. This can be ex

pressed as: 

,. "(p) =r ·[-
1 

] 
1+~ 

Pq 

(2.3.2) 

where 't" is the pressure scaled time constant. Because of the distributed veloeities of 

the background gas species the accuracy ofEqs. 2.3.1 and 2.3.2 may be in question 

when 'to-S.< 1:' < 'to+s.. Here s. is the standard deviation in the time between collisions 

of the background gas species. Since the background gas species have a Maxwellian 

velocity distribution it can shown that for N2 at 300°K the accuracy of Eqs. 2.3 .I and 

2.3.2 may be questionable when I Torr < p < 5 Torr. 

Relaxation via pboton emission is the mechanism responsible for the observed 

luminosity of gas discharges. In addition, if the pboton energies are high enough, pho

toelectron emission off roetal and dielectric surfaces, photoionization of the gas 

species, and photodetachment of electrons from negative ions may occur. These three 

pboton induced processes will be discussed in the next few sections. 

2.4 Gas phase photoionization 

Even though this processis an additional mechanism ofionization (section 2.2-

ionization) it is treated separately because of its importance for the avalanche to 

streamer transition and streamer propagation. Photoionization can be considered the 

reverse process ofradiative electron-ion recombination (section 2.6), and can be repre

sented as: 

(1) (photoionization) 

Here, AB can be either a molecular or atomie gas species. Note the following com

ments regarding photoionization: 

a) AB doesnothave to be in its ground state. If AB is excited then step photoioniza

tion may occur. Step photoionization is especially likely if AB is in a metastable 

state. 

b) If AB is molecular, pboton induced dissociative processes occur. Examples are: dis

sociative ionization, dissociative excitation and dissociation, (see oomment (d) of 
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section 2.2 - excitation). The latter two do not directly lead to ionization but are 

mentioned for completeness. 

c) The pboton 'hv' may originate from: AB (neutra! or positively ionized), some dis

sociative form of AB (neutral or positively ionized}, a gas impurity, or an extemal 

sou ree. 

d) In gas mixtures, the pboton may be from a gas species different than AB. This is an 

important photoionization process as one of the species of the mixture may have an 

electronic state higher in energy than the ionization potential of another gas species 

in the mixture. This particular process is termed Penning ionization. 

For pboton sourees extemal to the gas discharge (e.g. UV laser or lamp) a 

photoionization coefficient k; (cm'1) as a function of pboton energy has been deter

rnined experimentally12 13 
• If, on the other hand, the photons are created from the 

discharge itself then a coefficient relating photoionization at some particular site with 

the rate of positive ion production at another site, bas been determined experimentally 

for N2, 02, and dry air as a function of the di stance between the two, and pressure14 
• 

Due to the inherent difficulties in obtaining and interpreting photoionization results 

only a very limited supply of available data exists in the literature. 

2.5 Negative Ion- formation, conversion, and loss 

Formation. As mentioned insection 2.1, electron attachment toa gas species 

and the subsequent formation of a negative ion is a inelastic collision process. The term 

electro-negalive gases is often used to label these atomie and molecular gas species 

that form negative ions. These gaseaus species usually have a one or two electron de

ficiency in their outer shell. Except for the process of dissociative attachment, the cross 

sections for electron attachment have their maximum at relatively low electron ener

gies. Because of the electrostatic repulsion between a negative ion and electron no 

doubly charged negative ions have been found in a gaseaus state. We distinguish two 

types ofnegative ions occurring in a gas discharge, stabie and unstable. The totalen

ergy of a stabie negative ion is lower, and of an unstable negative ion higher, than that 

of the species in its neutral, ground state configuration. Therefore stabie negative ions 

12 N. Wainfan, W.C. Walker and G.L. Weissler, Phys. Rev., 99, p. 542, (1955). 
13 . 

G.R. Cook and P.H. Metzger, J. Chem. Phys., 41, p. 321, (1964). 
14 G.W. Pelllley and G.T. Hummert, J. Appl. Phys., 41, p.572, (1970) 
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have a Jonger relative lifetime and cannot undergo an electron detachment process 

terrned autodetachment. 

as: 

(1) 

(2} 

(3) 

An (incomplete) listing of attachment processes can be symbolically presented 

e· + AB~AB· 

e· + AB~A + B" 

e· + ABt+ ABz ~ABt.+ ABz 

(au achment} 

( dissociative attachment} 

(three-body attachment) 

Here, e· represents an electron, AB represents an atomie or molecular species, and the 

- superscript indicates that the species is a negative ion. Note the following comments 

regarding attachment: 

a) Species AB, A and B, on the right-hand side of the above expressions will either 

have an energy Jarger than (unstable) or smaller than (stable) its characteristic 

ground state energy. 

b} Fora stabie negative ion, the difference in total energy between the negative ion and 

its neutra!, ground state value is terrned the electron affinity of that particular spe

cies. This energy is released as a quanturn and passed on as: a pboton in expression 

(1 }, the energy needed to disassociate species AB in expression (2}, or kinetic 

andlor potential energy to species AB2 in expression (3). 

c) Three-body attachment is a function ofboth Elp and p (or EIN and N). The first 

two attachment processes are functions of Elp only. 

d) ABt and AB2 do not have to be the same species. 

e) In the next section negative ion conversion will be presented requiring a more de

tailed description of expression (3}. 

The unstable attachment coefficient, Tlu (cm"1
), represents the mean number of 

unstable attachments of one electron traveling a unit length in the direction of the 

electric field. It is an integrated quantity covering all the various methods of formation 

of unstable negative ions. A similar definition exists for the stabie attachment coeffi

cient, Tl• (cm"1
). The total attachment coefficient Tl equals Tls+flu. Regarding both 

attachment coefficients, Eq. 2.2.1 is applicable if the cross sections for attachment are 

inserted for cr. 

Conversion. The process of conversion, or stabilization, is the transition of 
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negative ions from their unstable to their stabie form. The usual mechanism is charge 

exchange. The conversion frequency, kc, (sec)"1 is defined as the number of negative 

ion conversions occurring per second per unstable negative ion. Rewriting the right

hand side of expression {3) from above, conversion can be symbolicaUy presented as: 

{3) AB~-·+ AB2 ~ AB1- + AB2• .... or .... ~ AB1• + AB2-

Here the ·• superscript indicates an unstable negative ion. The reason for this nomen

dature is that an unstable negative ion can be viewed as a negative ion excited tosome 

particular energetic state. Note that an identical set of expressions could be written if 

AB2 was the unstable negative ion rather than AB~, and that AB could be either a mo

lecular or atomie gas species. FinaUy, conversion is a three-body process and therefore 

its reaction frequency is a timetion ofboth Elp and p. 

Loss (electron detachment). Loss of negative ions occurs via two mecha

msms: collisional detachment and autodetachment. The cross sections for collisional 

electron detachment processes are related to the electron attachment cross sections 

because the two processes are reversible. Collisional detachment, as the name implies, 

occurs through an inelastic colli si on of the negative ion with another gas species, or 

photon, resulting in an increase intheions internal energy. This increase in the poten

tial energy results in the release of the attached electron and subsequent neutralization 

of the negative ion. Autodetachment, on the other hand, employs its own elevated in

tema! energy for the release of the additional electron. Because additional energy is 

required to free the electron from a stabie negative ion it can only undergo collisional 

detachment. The electron detachment processes can be symbolicaUy presented as: 

(1) AB"+C ~e-+AB +C (direct detachment) 

{2) AB-+ C ~ e· +ABC ( associative detachment) 

(3) AB"+C ~ e·+ A+B +C (dissociative detachment) 

(4) AB"+ hv~e-+AB (photodetachment) 

(5) AB··~e-+AB ( autodetachment) 

Here, e· represents an electron, A, B, AB and C represents atomie or molecular spe

cies, ABC is a molecular species, and the - superscript indicates that the species is a 

negative ion. Note the following comments regarding attachment: 

a) Species AB- may be either a stabie or an unstable negàtive ion. 
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b) Species AB, A, B, C, and ABC do not have to be in their ground state. 

c) Autodetachment, expression (5), is valid only for unstable negative ions. 

d) If AB" is an unstable negative ion then the energy released is passed on as: kinetic 

energy to the free electron; potential energy to AB, A, B, C, or ABC; or dissocia

tion energy as in expression (3). 

e) If AB" is a stabie negative ion then the energy is used to raise the neutral species to 

its ground state energy level. Any additional energy is passed on to the reaction by

products (see note d). 

t) The first three expressions are three-body processes and therefore are a function of 

both Elp and p. 

The electron detachment frequency for unstable negative ions, kud, (sec)"1 is 

defined as the net number of electron detachment events from unstable negative ions 

occurring per second per unstable negative ion. It is an integrated quantity covering all 

the various mechanisms of electron detachment from unstable negative ions. A similar 

definition exists for k..t, the electron detachment frequency for stabie negative ions. A 

more fundamental description of collisional detachment can be inferred from the fol

lowing equation15
. 

kud orsd = pNS t• (Iuud orsd )g(&) <Z 
0 m; 

(
events) 

sec 
(2.5.1) 

Here, NL is the Loschmidt number (3.53x1016 #background species/torr·cm3
), m; is the 

negative ion mass, eis energy, g(e) is the negative ion energy distribution function, 

and the summatien is over all the relevant cross sections cr for detachment. Depending 

on the gas species and pressure, unstable negative ions may have a relatively long life

time. This results from the pressure dependenee of three body processes and thus at 

relatively low pressures collisional detachment may become negligible. Also, large 

complex molecules such as SF6 and the aromatic hydrocarbons have relatively long 

lifetimes (> 1 ~-tsec) 16 This is thought to be due to the excess energy being shared 

amongst the many degrees of freedom of the molecule. Therefore, a relatively long 

time is required before the intemal energy becomes concentrated on one electron re-

15 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-72/05, (1972). 
16 W.T. Naff, R.N. Compton, and C.D. Cooper, J. Chem. Phys., 54, p. 212, (1971). 
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sulting in its release. 

2.6 Recombination 

The recombination of a positive ion and either an electron or a negative ion is 

the only gaseous loss mechanism for positive ions. In addition to electron detachment, 

it is the only other gaseous toss mechanism for negative ions. Recombination occurs in 

two stages: The first stage, termed the approach period, whereby the Coulomb attrac

tion of the two species results in an execution of an elliptical or hyperbolic orbit about 

their common center of mass. The second stage is the charge transfer period eventually 

teading to species neutralization. Because some time is required for recombination a 

'fast' electron will have a very low probability of being captured by a positive ion. 

Therefore, only the 'very slow' electrons, those occupying the low energy side of the 

energy distribution (see Figure 2.2), are available for recombination. On the other 

hand, due to the relatively similar veloeities of positive and negative ions their interac

tion time is Jonger resulting in a high probability of neutralization. The process of 

recombination can be symbolically represented as: 

(1) AB-+ CD+~ AB+ CD+ 'energy' (ion-ion recombination) 

(2) e- +CD+~ CD+ 'energy' (electron-ion recombination) 

where, AB and CD are atomie or molecular species. The 'energy' on the right-hand 

side ofthe above expressions may be in the form of; a) photon, b) potential and/or ki

netic energy of AB and CD, c) dissociation energy of AB and/or CD. This energy is 

equivalent to the (kinetic+ionization) energies for electron-ion recombination. For sta

bie negative ion - ion recombination the energy is equivalent to the (kinetic+ionization 

+electron affinity) energies. Although not represented above three-body recombination 

processes also occur in gaseous discharges, predominantly at relatively high pressures. 

The ion-ion recombination coefficient &pn, is defined as the net number ofposi

tive ion - negative ion recombinations occurring per second per unit density of positive 

and negative ions. It is an integrated quantity covering all the various mechanisms of 

ion-ion recombination. A similar definition exists for Bpe, the positive ion - electron re

combination coefficient. Because of the relatively low species densities recombination 

can usually be neglected in electron avalanche studies. If species densities are greater 

than 1016 cm-3
, such as inside spark channels, then recómbination effects become im-
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portant. 

2.7 Catbode processes- secondarv electron emission 

Secondary electron emission is the process whereby an energetic partiele col

lides with the catbode surface and liberates an electron. Secondary electron emission 

can be viewed as a positive feedback mechanism for electrons. It is the mechanism re

sponsible for a Townsend breakdown. This breakdown mechanism requires that for 

every electron liberated from the catbode surface at least one secondary electron must 

be liberated from the cathode. Essentially, if the total energy of the species exceeds the 

work function of the catbode material then there is a finite probability that secondary 

electron emission wil! occur. Three types of species are capable of causing secondary 

electron emission; metastables, positive ions, and photons. A more detailed discussion 

of these three process can be found in sections 4 and 5 of chapter 3. Because of its 

positive bias, secondary electron emission from the anode surface is unlikely to occur. 

Secondary electron emission due to metastahles. This is the slowest of the 

three secondary electron processes because metastables cannot undergo drift due to 

their neutrality. By thermal ditfusion only a small fraction of the metastables wiJl reach 

the cathode; a large ftaction will diffuse to the anode or chamber walls, or relax to 

their ground state prior to reaching the cathode. The time scale for secondary electron 

emission by metastables is relatively large (>50 llS fora gap of 1 cm at 1 atm pressure). 

Under streamer breakdown conditions this time will become much shorter because of 

the proximity of the catbode directed streamer to the catbode surface. Secondary elec

tron emission ftom metastables is not included in this work. 

Secondary electron emission tlue to positive ions. Under normal conditions 

this process occurs on a time scale on the order of the time required for positive ions 

to drift and diffuse across the discharge gap (::: tens of microseconds fora gap of 1 cm 

at 1 atm pressure). Similar to the case of metastables, streamer conditions would sig

nificantly reduce this time. Both ditfusion to the anode or chamber walls and 

recombination reduce the number of positive ions reacbing the catbode surface. At 

atmospheric conditions and excluding any recombination it can be assumed that their 
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entire population will arrive at the cathode surface. 

Secondary electron emission due to photons. Under normal conditions this 

process occurs at a time scale on the order of the electron transit time of the discharge 

gap (::: tens of nanoseconds for a gap of 1 cm). Two conditions must be met for pho

toelectron emission from the cathode surface to occur: First of all the discharge has to 

produce photons of sufficiently high energy, and secondly the gas bas to be relatively 

transparent to these photons. 

2.8 Summarv of the swarm growth processes 

SPECIES GAIN LOSS1 

Electrans ionization, detachment, attachment, recombination 
catbode emission 

Positive Ions ionization recombination 
Unstable Negative Ions unstable attachment detachment, conversion, 

recombination 
Stabie Negative Ions stabie attachment, detachment, recombination 

conversion 
Excited states excitation relaxation, step ionization2 

I. Electrode surfaces are considered as efficient neutralization centers. Dielectric 

surfaces are considered as efficient trapping centers (no neutralization). 

2. This process has not been included in this work but is listed here jor completeness. 
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CHAPTER3 

THEORETICAL DESCRIPTION OF COLLISIONALLY 

DOMINATED ELECTRON SW ARMS 

In the previous chapter the swarm parameters governing the evolution of elec

trons. ions, and excited species in a swann were presented. The two transport proc

esses, ditfusion and drift, were defined, as well as the gain and toss mechanisrns. These 

parameters are macroscopie quantities. based on the integration of the relevant cross 

sections over energy (e.g. Eq. 2.2.1 for ionization). 

In this chapter, the set of equations that describe the spado-temporal evolution 

of the discharge species are presented. These equations represent a fluid description of 

the development of the discharge species and are therefore termed either the fluid, hy

drodynamic, or continuity equations. In addition, the Poisson equation is required to 

incorporate space charge effects. The swarm parameters presented in the previous 

chapter are the coefficients for these equations, determining the transport, growth and 

loss of the discharge species. The metbod used to solve these equations will be pre

sented later in this chapter. In addition, the incorporation of the secondary processes,. 

gas-phase photoionization, and secondary electron emission will be presented in the 

final secdons ofthis chapter. 

3.1 Denvation ofthe continuity eguation 

The continuity equations describe the conservalion of charge (or mass), mo

mentum and energy. In this worlc, only the conservation of charge is essential in tbe 

description of the spatio-temporal evolution of a discharge. Continuity equations are 

often introduced without further justification. In fact the continuity equations are based 

on an evaluation of the Boltzmann transport equation. We will bere present the more 

rigarous approach and discuss the validity of the continuity equations used. 

In the previous chapter we have discussed that the energy ( or velocity) of the 

discharge species is distributed over a range of values and that the drift velocity is the 

net velocity ofthe species' centroid. Only a kinede approach can provide information 

on the energy distribution function, either from an evaluation of the Boltzmann trans-
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port equation1 or through a Monte Carlo technique2
. Both approaches are analytically 

or numerically intensive and require a complete set of collision cross-secdons which is 

often not available. If, however, the discharge is viewed as a continuurn or fluid, which 

restricts the available information to that ofthe collective behavior ofthe species only, 

then the continuity equations can be used. This approach greatly simplifies the analyti

ca! or mimencal calculations required, at the expense of losing microscopie informa

tion. For the fluid description to be valid, the discharge must be collisionally dominated 

so that the macroscopie parameters (density, drift, diffusion, ionization, etc.) are 

uniquely defined. For a collisionally dominated discharge the mean free time between 

partiele collisions is much smaller than the characteristic time scale for macroscopie 

changes. This also is the requirement for maintenance of a state of dynamic equilib

rium. Essentially this implies that the fluid description is valid only for pd values 

(pressure times distance) not too far below the value ofthe Paschen curve minimum3
• 

Derivation ofthe continuitv equation from the Maxwell Boltzann equation. 

The Boltzmann transport equation describes the spario-temporal evolution of the ve

locity distribution function1
: 

IJ f(r, w, t) " çr ) F " çr ) (IJ f(r, w, t) ) (l ) "' +w· vr~\r,w,t +-· VWL\r,w,t = "' .1.1 
v t m " t collisions 

Here, fis the density of particles in the phase space (i.e. rx,ry,rz,Wx,Wy,wz) as a function 

ofposition r, velocitywand timet. f(r,w,t)drdw is the number of particles lying within 

the spatial volume dr ( dr=dr ,.dr ,dr.) centered at r whose veloeities lie within the veloc

ity volume dw (dw--dw..dw,dw.) centeredat w. The second and third terros on the left 

hand si de describe the rate of change of f around r to r+dr due to motion in position 

space and around w to w+dw due to motion in velocity space respectively. In the third 

term, F is the force experienced by the charged species due to the external electric field 

(assuming that no magnetic fields are present) and m is the species mass. The term 

(Of70t)oollioi"" represents the change in f due to collisions between particles at a fixed 

1 M. Mitchner and C.H. Kruger, Jr., Parttally Jonized Gases (Wiley, New York, 1973). 
2 L.G. Chri.stophorou, (editor), Electron-Molecule lnteracttons and their Applicattons, Vols. 1 
& 2 (Academie Press, New York, 1984). . 
3 E. Kuffel and W.S. Zaengl, High Voltage Engineering Fundamentals (Pergamon, Oxford, 
1984). 
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point in the time and phase space. 

Before entering the denvation of the continuity equation the following outline 

is provided to assist the reader. 

Boltzmann equation Eq. (3.1.1) -----.. 

1 operator I dw Q(w) I two term expansion 

( ) in spherical hannonics Moment expression Eq. 3.1.2 

1 Q(w)=wo 

o• order moment equation (I) 

11 
Conservarlon of species number 

Ifboth sides ofEq. 3.1.1 are multiplied by Q(w) dw, where Q(w) is an arbitrary func

tion ofw, and integrated over all w, then the left hand side of Eq. 3.1.1 becomes4
: 

a([(Q(w )~:· t))N(r, t» + Vr · (N(r, t)[{Q(w)w )(r, t)])

N(r, t)! ·[(VwQ(w})(r, t)] 

where N(r,t) is the species density given by: 

N(r,t);:;; m f(r,w,t) dwxdwydwz 

-oo 

(3.1.2) 

(3.1.3) 

In Eq. 3.1.2 we have used integration by parts to move the operator Vw from fto Q 

and assumed that f(r,w,t) rapidly approaches zero for large veloeities (I wl ~oo). The 

terms ofEq. 3.1.2 inside brackets ()are mean values in velocity space given by the 

general expression: 

('P(w)}(r,t) N(~,t)m 'P(w)f(r,w,t) dwxdwydwz (3.1.4) 

-oo 

where is 'Pis any arbitrary function ofw. 

If we assume that the term (Of/Ot)conision on the right hand side does not cause a net 

change in the species density, then for Q(w) = w0 1 Eq. 3.1.2 reduces to the state

ment of number conservation: 

4 L. Spitzer, Jr., Physics ofFully Ionized Gases, zm Ed. (Wiley, New York, 1962). 
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0~~,t)+ Vr ·(r) = 0 wherethe species flux is r= N(r,t){w) (3.1.5) 

Eq. 3.1.5 is called the zeroth moment conservation equation, and states that the time 

rate of change of the species density at location r is equivalent to the divergence of the 

average species fluxrat r. Introduetion ofthe souree termsin Eq. 3.1.5 will he dis

cussed in the next section. Finally, ifQ(w) is set equal tomwand 1/2mw·w (termed the 

first and second moments) we obtain the conservation equations for momenturn and 

energy. 

Eq. 3.1.5 is not directly applicable because ofthe average velocity (w) term in 

r. We can separate (w} into two average quantities, a thermally driven chaotic motion 

and a drift component: {w) == <wthcnnal>+<wdrift>. The average thermal component is 

zero thus <w> = <Wdrift>. To describe the average species flux in terms of macro

scopie parameters we return to Eq. 3.1.1. Approximating f(r,w,t) in Eq. 3.1.1 by a two 

term expansion in spherical harmonies the following expression is ohtained for the av

erage species flux r (species/cm2·s) s: 

r = N(r, t)v(r, t)- D(r, t) · VrN(r, t) (3.1.6) 

Here, v(r,t) and D(r,t) are the species electric field driven drift velocity and ditfusion 

tensor as discussed previously in section 2.1. Note that v(r,t) and <Wdritt> are not 

equivalent. The inclusion of the spatial dependendes on v and D is required only in a 

non-uniform field (either Laplacian, Poissonian, or both). If the field is uniform these 

terms can be taken outside of their respective derivatives. lf the species cany a charge 

e, the current density J (couVs·cm2
) becomes er. 

lnterpretation ofthe continuitv equation. The interpretation ofthe continuity 

equation assumes the statement of conservation, and assumes that the functional for

mulation ofthe flux as given in Eq. 3.1.6 is valid. lt will bedescribed bere only for the 

sake of clarity. 

Consider the smalt volume element in Figure 3.1, where r in and r 0111 are the 

s L.G.H. Huxley and R.W. Crompton, The Dfjfosion and Drift of Electrans in Gases (Wiley, 
NewYork, 1974). 
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x+Ax,y+dy,z+dz 

x,y,z+dz 

dA 
volume 

rout 

x,y+dy,z 

x,y,z x+Ax,y,z 

Figure 3.1 Smal/ volume element illustrating one-dimensional 

flux info and out of cel/. 

one--dimensional species flux into and out ofthe cell respectively, and dA is the ditrer

ential sidewall area (=dydz). The net flow of species into and out ofthe cell volume is 

r;.,.dA e" and r out•dA. e", where e" is the unit vector normal to the sidewall plane. The 

net number of species in the cell volume at timet is N(x,t).:1xd4 where N(x,t) has been 

denoted previously as N(r,t), the volume species density. The statement of conserva· 

tion of matter requires that: 

(time rate of change of species number) = (net species flow into the cel/ volume) 

- (net species flow out of the cel/ volume) 

+ (sources i.e. species growth and loss) 

First, consider a souree-free volume (i.e. no ionization, attachment, detach

ment, etc.). The rate of change of species number can be written as: 

o~(;, t) dA.Ax 

The net inflow can be written as: 

r(x, t)dA. ·en 

(3.1.7) 

(3.1.8) 
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By employing a two-term Taylor expansion the net outflow is written as: 

r(x+Ax,t)d4·en =r(x,t)d4·e0 + :)rx(x,t)d4)Ax (3.1.9) 

Applying Eqs. 3.1.7 through 3.1.9 to the conservation statement above yields: 

0 ~(:, t) d4Ax r(x, t)d4 ·en-( r(x, t)d4 ·en+: x(r x(x, t)d4)Ax) (3.1.10) 

The one-dimensional form ofthe continuity equation is thus obtained: 

éJ N(x, t) = _ _Ê_r ( ) 
a ::. x x,t 

t uX 
(3.1.11) 

Generalization, into a three-dimensional species flux is obtained by including 

r(y,t)·dxdz e,. and r(z,t)·dx4Y e,. into Eq. 3.1.8, and the appropriate Taylor expansion 

terms for r(y+Ay,t)-dxdz e,. and r(z+Az,t)·dx4Y e,. in Eq. 3.1.9. Thus, Eq. 3.1.11 in 

three-dimensional form becomes: 

a N(x,y,z,t) _ " r( ) at --v· x,y,z,t (3.1.12) 

which is identical in form to Eq. 3.1.5 derived from the Boltzmann transport equation. 

By replacing r with Eq. 3.1.6 the general souree free conservation equation is ob

tained: 

a ~~· t) -V. (v(r, t)N(r, t)- D(r, t) · VN(r, t)] (3.1.13) 

where the two species flux components inside the divergence are due to drift and dif

fusion respectively. 

lncomoration of souree terms. The presence of a souree influences the rate of 

change of the species number present in the volume eell. In the case of electrons, for 

example, the incorporation of ionization (ex.) and attachment (rl) processes (sections 

2.2 and 2.5) requires the addition of: 

kcx.(x, t) -1'](x, t))lr Jx, t)l]d4Ax (3.1.14) 

to the right hand side ofEq. 3.1.10. Eq. 3.1.14 represents the number ofnew electroos 

created if [(a.-1']) > 0] or lost if [(cx.-11) < 0] in the volume cell per unit time. The abso

lute value of r., is used because sourees are invariant to the direction of flux. Ad dition 

of these souree terms into Eq. 3.1.13 results in the general conservation equation for 
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electrons: 

o Ne(r,t) 
0 t 

-V· [ve(r, t)Ne(r, t)- De(r, t) · VNe(r, t)] + 

~a.( r, t) -n( r, t))( lve(r, t)Ne(r, t)-De(r, t) · VNe(r, t)l )] 

where, No represents the number density ofelectrons (cm-3). 

(3.1.15) 

Recently questions have been raised regarding tbe correctness of the souree 

term in a fluid description of a discbarge6
• The souree term in Eq. 3.1.15: 

(a( r, t) -n(r, t)) ( lve(r, t)Ne{r, t) -De(r, t) ·VNe(r, t)l) (3.1.16) 

bas botb a drift and diffusive component because of its relationship to the electron flux 

as expressed in Eq. 3.1.14. Specifically, questions have been raised regarding the 

physical existenee and relevant magnitude of the diffusive component. The inclusion of 

the longitudinal diffusive contribution bas appeared in the literature through a quantity 

termed the center-of-mass drift velocity7 8 9 
: 

Veem= ve+(a.-n}De,L (3.1.17) 

No mention of the transverse diffusive souree component appears to exist in the litera

ture. Because only atmospheric conditions are considered in this work the diffusive 

contribution to the souree term is much less than that due to drift and is therefore ne

glected. Under this assumption Eq. 3 .1.16 becomes: 

(3.1.18) 

The complete set of continuity equations for electrons, positive ions, stabie and unsta

ble negative ions, and excited species used in this work is listed in the next section. 

3.2 Thesetof eguations used in the present work 

The following set of coupled continuity equations for tbe spado-temporal de

velopment of electrons, negative ions (stable and unstable), positive ions, and excited 

6 Private discusslons with H. Sato anti 1 Obrindova, Fa/11993. 
7H. Tagashira.. A. Taneda, and M. Shimozumas, Proc. 17th Int. Conf. Phenom. in Ioniz. Oases, 
Budapest, Vol. 1, p. 632, (1985). 
8 C. Wen, Time resolved swarm studies in gases with emphasis on electron delachment and 
ion conversion, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
9 H. Tagashira. Y. Sakai, and S. Sakamoto, The development of electron avalanches in argon 
at high E!Nvalues: ll. Boltzmann equation analysis, J. Phys. D: Appl. Phys., Vol. 10, p.l051, 
(1977). 
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species is used in the present work: 

0 ~te+ V ·(veNe)- V·(De · VNe) = (a-llu -'fls)~eiNe+Nunkud + 
u (3.2.1) 

Nsnksd -BpeNeNp+Sph 

ê~~n + V·(vunNun)= 1'/ulveiNe- Nun(kud +kc)-EpnNunNp (3.2.2) 

ê~~n +V· {vsnNsn) = 1'/slveiNe + Nunkc- Nsnksd -&pnNsnNp (3.2.3) 

êNp I I i1 t -V ·(vpNp)= ave Ne-Nj,(EpeNe+Epn(Nu0 +Nsn))+Sph (3.2.4) 

dN*m N*m 
d =BmlveiNe--- (3.2.5) 

't Tm 

Here, N..,_, are the number densities (cm·3) of electrons, unstable negative ions, sta

bie negative ions, and positive ions. N* m is number density of species excited to the m• 

electronic leveland will be filfther discussed in section 3.4. All five densities are func· 

tions ofspace and time (r,t) where ris to be considered as a general spatial coordinate. 

The coeflicients v.",...,...,P are the corresponding drift veloeities (cm/s). The coeflicient De 

is the electron diffusion tensor consisting of an axial and radial component. Both diffu

sion coefficients have a transverse and longitudinal component as discussed in section 

2.1 of this work. In principle similar diffusion terms should be incorporated into Eqs. 

3.2.2 to 3.2.5, but on the time scales considered their effects are of minimal impor

tance. Finally, it must be stated that the number density N and drift velocity v for ion 

species encompass all ions ofthat particular type. For example with regards to dry air, 

Np encompasses all the various positive ions that may occur (N2+, 0 2+, W, etc). This is 

due to the global, macroscopie nature of the ionization coefficient a. Similarly, a global 

value for v is used to represent ion drift. lt is obvious that for complex gases and mix

tures this grouping of ions introduces errors. 

With regards to the souree terms on the right hand side ofEqs. 3.2.1 to 3.2.4, 

the coefficients represent: ionization (a), unstable and stabie electron attachment coef

ficients ('flu, 'fl1), unstable and stabie electron detachment :frequencies {k.,.t, k..t), charge 

exchange (ion conversion) :frequency (k.,), positive ion-electron and positive ion

negative ion recombination coefficients (Spe, Bpu). These eight terms represent local 

processes directly altering the local species densities. Ph9ton processes such as secon-
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dary photoelectron emission (resulting from the relaxation of N* m), and gas phase 

photoionization (Spb in Eqs. 3.2.1 and 3.2.4) are non-local processes because they alter 

species densities at regions located away from the pboton source. A description of 

these coefficients can be found in chapter 2 and section 3.4 of this work. Depending on 

the gas type studied not all of the above equations are required. A good example is ni

trogen where no electron attachment is known to occur. This eliminates Eqs. 3.2.2 and 

3.2.3 (without attachment no negative ions are formed) and the associated coefficients 

(TJu, T)., ku.t, k..t, &pn) in Eqs. 3.2.1 and 3.2.4. Finally, the coupling ofthe souree terms 

between equations should be observed. Using unstable negative ion detachment as an 

example (kuot), we notice that it is a toss process (- sign) for unstable negative ions (Eq. 

3.2.2) and a gain process (+ sign) for electrons (Eq. 3.2.1). The data used for the 

above coefficients can be found in Appendix A . 

Under a uniform and constant electric field all coefficients in Eqs. 3.2.1-3.2.5 

are constants characterized by its functional dependenee on Elp. This condition also 

simplifies the drift velocity and electron ditfusion terms in the continuity equations. For 

this simplified case, and for a one dimensional flow, the above set of partial-differential 

equations can be solved analytically10 11 
• 

When the electric field is influenced by space charge the coefficients of Eqs. 

3.2.1 to 3.2.5 are no longer constant in space and time, but depend on the charge 

densities themselves through Gauss's law: 

V·Esp =.!..(Np -Ne -Nun -N811 ) 
So 

(3.2.6) 

Here, e is the elementary charge and ~>o is the permittivity of free space. Therefore the 

total field in the discharge volume becomes E(r,t) = E.,(r,t)+~p~aoian(r,t). As a result 

Eqs. 3.2.1 to 3.2.5 become non-linear. This requires numerical techniques to obtain a 

solution. The present research work is focused on spacc-charge effects under a uni

form applied electric field. Because the space charge field and the Laplacian field are 

simply added, generalization to a non-uniform Laplacian field is straightforward. 

It is these six partial differential equations, the five non-linear continuity equa-

1° C. Wen, Time resolved swarm studies in gases with emphasis on electron detachment and 
ion convers/on, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
11 F. Llewellyn-Jones, lonization, Avalanches and Breakdown- Science Paperbacks, Vol. 37 
(Methuen, London, (1967)). 
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tions coupled with the Poisson equation, that must be solved to obtain a description of 

the spatio-temporal development of the species during the initial phases of an electrical 

discharge. In the next sections, a detailed description of the numerical techniques used 

to solve these equations will be presented. 

3.3 Numerical solution ofthe continuity equations. 

In this section we will present an overview of the numerical technique used to 

solve Eqs. 3.2.1-3.2.4. Eq. 3.2.5 is solved analytically in section 3.4. We will discuss: 

a) Numerical difficulties encountered for species convection; b) The numerical tech

nique used to circumvent these problems; c) Incorporation of physical diffusion; d) 

Flow in the cylindrical coordinate system; e) Integration of axial and radial flow; f) In

corporation of the local souree terms. Incorporation of the non-local souree terms is 

presenteel in sections 3.4 and 3.5. 

Before the beginning of this discussion a few equations and terms have to be 

identified as they are fundamental to the understanding of the numerical solutions of 

partial differential equations. With regards to the subject matter in this section the texts 

from Potter and Oran are used. For a more detailed treatment these original texts 

should be consulted12 13
. 

1. In the rectangular coordinate system, the one-dimensional form of the soureefree 

continuity equation to be solveel is: 

0 N 0 NI 0 NI 
at= o t conv. + o t diff. = 

o (Nv) + o (Do NÎ 
ox ~ oxJ (3.3.1) 

where the coefficients have been defined in the previous section. On the right hand 

side ofEq. 3.3.1 the first and second partial derivative terms are the convection (or 

drift) and diffusive components respectively. As the convective term results in nu

merical difficulties, it will be discussed first. 

2. The Taylor series expansions for f(Ç+AQ and f(Ç-AÇ) are: 

12 D. Potter, Computational Physics (Wiley, New York, 1973). 
13 E.S. Oran and JP. Boris, Numerical Simulations ofReacti~e Flow (Elsevier, New York, 
1987). 
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r(ç +aÇ)= r(ç)+aÇ df~~) (aç)2 d2 f(ç) 
+H.O.T (3.3.2) + 

2! dÇ2 

f(ç -aÇ)= f(ç) aç dé(ç) (aç)2 d2 f(ç) 
-H.O.T. (3.3.3) + 

dÇ 2! dç2 

where H.O.T. stands for higher order terms.Higher orders provide more accurate 

expansions. In this work both .first order and second order (I ot and 211111 derivatives, 

respectively} expansions will be used. 

3. Regarding the nomenclature {Ni"} used: Nis the species number density, m repre

sent the time step, and j represents the spatial position. 

4. For the purpose oftesting the stability ofthe numerical scheme, the following spa

tial Fourier mode is used as a test function: 

(3.3.4) 

Here, kis the wave number (radians/cm), and i is ...J(.l). This test function is chosen 

because it is able to reveal dispersion effects in the numerical solution. 

5. Euler's theorem: exp(i~) =cos(~)+ isin@) 

6. The amplification factor: g = N"'+1/N"' 

7. The von Neumann criterion for stability (gg • or I g I ~ s; 1 for all P . The asterisk 

indicates the complex conjugate. 

8. The criterion for positivity. This criterion states that regardless of the species flux 

the density can never become negative anywhere. This criterion is a physical prop

erty of the continuity equation and is more stringent than that for stability. 

Numerical difficulties encountered for species convection. Consider first the 

convective contribution to ON/êt in Eq. 3.3 .1: 

~ = _ûNv 
atlconv. ûx 

(3.3.5) 

Figure 3 .2 gives an overview of 1" and 2ru~ order approximations to the spadal deriva

tive ofthe convection term. In agreement with comment 2, Figure 3.2 shows that cen

tral differencing provides a more accurate approximation to the first derivative of g(x) 

at x= jAx. Replacing the spatial derivative ofEq. 3.3.5 with a 2ru~ order approximation 

and the temporal derivative with a 181 order approximation results in: 
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delta x 

latorder 

j+1 

Figure 3.1 Illustration of rr order backwards differencing (Eq. 3.3.3 only) and 

2"d order central differencing (Eqs. 3.3.2 ond 3.3.3} ofthe first derivative of g(x) 

atx=j.t!x. 

m+l m (At I m m m m J N· =N· -- V·+lN"+l-V·lN·l J J 2AxJ J J-J-
(3.3.6) 

After inserting the Fourier test function Eq. 3.3.6 becomes: 

(3.3.7) 

Assuming a constant positive velocity the magnitude of the amplification factor is ob· 

tained: 

I 1
2 (vát)

2 
. 2 8 =1+ Ax; Sin 'fJ (3.3.8) 

lt is evident that Eq. 3.3.8 violates the von Neumann stability criterion as stated in 

oomment 7. Therefore, using a central differencing scheme for the spatial derivative 

results in an inherent instability for all time steps. Incidentally, if v bas a spatial de

pendence then Eq. 3.3.8 is no longervalid and I gl 2 can become ~ 1 at certain ranges 

of p. This still violates the von Neumann stability criterion because it must be satisfied 

for all p. 
Ifthe rigbt band side ofEq. 3.3.5 is replaced by. a lst order, backwards differ-
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encing scheme as illustrated in Figure 3.2 we obtain: 

m+l m (&ti m m m m J N. = N · - - v · N · - v · 1N · 1 J J tJ.x J J J- J• 
(3.3.9) 

Assuming a constant positive velocity the magnitude of the amplification factor now 

becomes: 

(3.3.10) 

Ife!!! v&t/!J.x s 1, (or &t s eAx/v) then Eq. 3.3.10 is stabie for all J3 and alsomeets the 

criterion for positivity. The expression for limiting the convective time step by eAx/v is 

commonly known as the Courant-Friedrichs-Lewy condition. This algorithm is termed 

the donor een algorithm and is used directly as it appears or in combination with higher 

order, but inherently unstable, differencing schemes. As wil! be explained in the next 

paragraph the donor een algorithm results in a large degree of numerical diffi.tsion. 

Only gradual density profiles may be accurately convected if only the donor cell algo

rithm is used. Incidentally, if the velocity is positive and the backwards differencing 

approximation ofthe spatial derivative in Eq. 3.3.9 is replaced by a forward differenc

ing routine (Eq. 3.3.2 only) the algorithm becomes unstable. Fora negative velocity (as 

in the case ofpositive ions, Eq. 3.2.4) a forward differencing routine must be used in 

the donor cell algorithm to maintain positivity. 

Numerical ditfusion, like physical ditfusion, results in the erosion of local 

variations in the species densities. Eventually the species distribution will become uni

formly distributed over the computational mesh. The origin of numerical ditfusion lies 

in the poor approximation of the first derivative of g(x) at x = j!J.x (see Figure 3 .2). The 

backward difference approximation results in too low a value. This results in too little 

'mass' being convected into cell j during the time step. In other words, 'mass' is left 

behind. Ifthe function g(x) in Figure 3.2 showed a positive rather than a negative trend 

then the opposite would happen. Too much 'mass' would be convected into cell j, or 

too little left behind. Notice that 1 st order difference approximations are least accurate 

in regions of positive and negative cuevature in the function (i.e. when the second de

rivative of g(x) reaches a maximum and minimum value). Because the error is propor

tional to the second derivative of g(x) a ditfusive effect ensues. If a fine computational 

mesh is used (Àx is extremely small) numerical ditfusion is minimized because of the 
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improved approximation ofthe first derivative of g(x) at x =j.:ix. Unfortunately, this 

requires an extremely small time step to ensure stability (Eq. 3.3.10), thus increasing 

the computation time, and the amount of accumulated error. 

From the above discussion it appears that the requirements of stability and ac

curacy are mutually exclusive. To circumvent this dilemma algorithms employing a 

higher order, central differencing scheme with a fixed added amount of ditfusion to 

offset their numerical instability have been developed. The Lax, Leapfrog, and Lax

Wendroffschemes are ofthis type. The latter two employ a 2"" order approximation to 

the time derivative. In regions of large density gradients also the solutions of these al

gorithms become inaccurate due to numerical dispersion. These routines satisfy the 

criterion for stability ( comment 7) but unless a large amount of ditfusion is added the 

criterion for positivity is notmet (comment 8). Ifhowever, the added ditfusion is var

ied according to the local profiles of the physical solution, major improvements in the 

numerical result are obtained. This in essence is the principle of the Flux-Corrected 

Transport algorithm used in this work. 

Flux-Corrected Transport The Flux-Corrected Transport (FCT) algorithm is 

one ofthe many nonlinear monotone methods developed to handle convection offunc

tions possessing steep gradients. Fora complete description ofthe FCT algorithm the 

following references should be consulted14 •s 16 17 18
• A comparison between the FCT 

algorithm and other numerical routines has been performed by Morrow19 
• 

To begin the discussion we rewrite Eq. 3.3.5 into a more general difference 

form, termed the conservative or flux form: 

14 D.L. Book, J.P. Boris, and K. Hain, F7ux-Co"ected Transport H: Generalizations ofthe 
method, J. Comp. Phys., Vol. 18, p. 248, (1975). 
IS I.P. Boris and D.L. Book, F7ux-Corrected Transport 111: Minimal Error FCT a/gorithms, I. 
Comp. Phys., Vol. 20, p. 397, (1976). 
16 J.P. Boris, A.M. Landsberg, E.S. Oran, and J.H. Gardner LCPFCT- A flux co"ected al
gorithmfor solving generalized continuity equations, Naval Research Lab., Dept. ofNavy, 
NRUMR/6410-93-7192, (1993). 
17 S.T. Zalesak, Fully multidimensional jlux-co"ected transport algorithms for jluids, I. 
Comp. Phys., Vol. 31, p. 335, (1979). 
18 E.E. Kunhardtand C. Wu, Towards a more accurate flux corrected transport algorithim, I. 
Comp. Phys., Vol. 68, p. 127, (1987). 
19 R. Morrow, Numerical solution ofhyperbolic equations for electron drift in strongly non
uniform e/ectricfields, I. Comp. Phys., Vol. 43, p. 1, (1981). 
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(3.3.11) 

Here, Fis the transportive flux and is a function ofjwheref=Nv. The functional de

pendence of F on f defines the differencing scheme used. For example, if 

Fj+%=%{fj+1+..@, then Fj·!> is equivalent to Y:{fj+.fi-1), and Eq. 3.3.11 reduces to Eq. 3.3.6. 

As mentioned previously in Figure 3.2 this dependenee ofF on/ gives 211d order spatial 

accuracy ofthe spatial difference approximation. In this case, the F's are termed high 

order fluxes (because the spatial accuracy is > I) and labeled Ft. It is important to note 

that Flj+% is simply the interpolated value ofNv at the midpoint between ceUs j & j+ I. 

Likewise, Flj-1-1 is simply the interpolated value ofNv at the midpoint between cells j & 

j-1. The Iarger the spadal accuracy of the difference approximation used the more ac

curate is the resulting interpolation. IfF;+%= Ji then Fj·%= Ji.~, and Eq. 3.3.11 beoomes 

the donor cell algorithm, Eq. 3.3.9. Because the donor cell algorithm is a 1• order 

scheme the F's are termed low order fluxes and labeled FL. Finally, we will implicidy 

assume that F is a function of m and will therefore remove the superscript for conven

ience. 

In general, the FCT algorithm uses the weighted average of the low and high 

order fluxes corresponding to cell j to construct the net transportive flux of een j. It is a 

nonlinear algorithm because the weighting is dependent on the local density profile. In 

addition, the weighting insures that the high order flux is used to the greatest extent 

possible witbout introducing new maxima or minima into the solution, or without ac

centuation of already existing extrema. The weighting procedure is referred to as flux

limiting. Tbe FCT routine consists of six steps which will be briefly described below. In 

addition, we mention the high and low order algorithms used and other pertinent in

formation regarding the use ofFCT in this work. 

The steps are: 

1. Deterrnine the low order fluxes, FLj+% & FL;.%, given by some low order scheme 

guaranteed .to give monotonic (i.e. ripple free) results. In this work the fluxes used 

in the donor cell algorithm, Eq. 3.3.9, are used. 

2. Determine the high order fluxes, FHj+% & FH;.v. , given by some high order scheme. 

Two different interpolation routines were used in this work to obtain the high order 
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flux. In the earlier phases of this work interpolation of /J±Y. by an expansion of 81h 

order spatial accuracy is used. More recently though, the logarithmic density inter

polation routine developed by Kunhardt (reference 18), along with a 2nd order accu

rate velocity interpatation routine is used. In both of these cases, detennination of 

the high order flux is obtained via a two step scheme with 2nd order accuracy in the 

time step. In this scheme, temporary FHJ±Y. values are first detennined using ~j and 

v"'j and either interpolation routine mentioned above. By inserting the temporary 

~J±% for F"'J±% in Eq. 3.3.11 the density is advanced one-half a time step yielding 

N"'"'\ Then the averaged value of~+~) and ~j is taken. The final FHj±Y. values are 

obtained through insertion of this averaged density along with v"'; into either inter

polation routine mentioned above. 

3. Dejine the antidiffusive fluxes as: A;+Y. = FHj+Y. - F\ .. y,, Aj-14 = FH.i-14 - Pj.14 • 

4. Compute the low order (transported and diffused) densities, tflj. The donor cell 

algorithm, Eq. 3.3.9, is used. The addition ofan optional slight diffusion to the low 

order density results in an improved profile. Addition of slight diffusion is expressed 

by: 

Nld = Nlrll + v (N·+1-2N· + Nj-1) 
J J donor ce/I J J 

(3.3.12) 

Tomeet the criterion ofpositivity the expression l-e-2v;;ill must be satisfied where 

s bas been defined in Eq. 3.3.10 and V& Mtl(llxi. Placing an upper bound ons of 

!h, then positivity requires that v must be ~ lf.l. If the glh order accurate flux is used 

to define FH then ö is 3700, otherwise a value of 1500 is used. This additional diffu

sion is of first order in spatial accuracy. 

5. Limit A;t14 in such a manner that N;m+1 detennined in step 6 is free of extrema other 

than those found in Njtd or Nt: A;tv. c = Cj±v. A;±Y. where 0 ~ Cj±14 ~ 1 is the weight

ing function. The generalized flux correction routine developed by Zatesak is used 

at this step. 

6. Obtain the convected density at (m+ 1 )llt through the limited antidiffusive fluxes 

using: 

N~+l~ =N~d-(atfA~ 1-A~ll 
J conv. J llx{ J+2 J-2 

(3.3.13) 
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Figure 3.3 Comparison between the two FCT and donor cel/ algorithms of the con-

veelion of a Gaussian pulse at three different time steps in normal and semi-log for

mat. (LJx=4.545x10"3 cm, v=l.22x107 cmls, & =0.25) 

Other additions to the algorithms used in this work include the peak preserver 

routine developed by Zalesak, and the addition of the interpolated densities at the eelt 

boundaries totheupper and lower density bounds used in the determination ofCj±14• 

45 



In Figure 3.3 the conveetien of a Gaussian putse ofform 1014·exp[-((x-20)13il 

is presented at various times using the simple donor cel!, the 8111 order interpolated 

FCT, and the logarithmically interpolated FCT algorithms. A Gaussian distribution is 

chosen for two reasons. lt bas a non-singular slope, and it best describes the physical 

situation at hand, namely the conveetien of an electron swarm. 

From Figure 3.3 the accuracy ofthe FCT algorithm over the donor cell routine 

can be readily verified. Two additienat improvements of the logarithmic FCT routine 

over the 8111 order FCT routine should be noted. First, the logarithmie FCT routine re

sults in a more symmetrie density profile. Second, the observed terracing occurs at a 

density lower by two orders of magnitude. Both of these improvements are attributed 

to the improved density interpolation ofTered by the logarithmic FCT scheme. The drop 

in amplitude from 1014 to ~1013 (cm.3) in 750 time steps for the logarithmic FCT 

routine results from numerical diffusion. By lowering the amount of additienat diffu

sion (step 4 from above) the numerical diffusion can be controlled at the expense of 

slightly increasing the density where the terracing occurs. 

lncomoration o(phvsical di(fusion. The flux term in Eq. 3.3.1 cernprises two 

types of species transport, conveelive and diffusive. In the previous sectien conveelive 

transport was presented. Fortunately, the numerical difficulties described do not occur 

for diffusive transport. To obtain the diffused density at (m+ 1 ).1.t a first-order explicit 

metbod is used of the foon: 

Nj+lldiff. = Nj -(~~)[ Nj!1 -2NJ + N}1] (3.3.14) 

The magnitude of the amplification factor becomes: 

lgl
2 

=I +{:;Jrcos(P)-t]+{~~tr[I-cos(p)f (3.3.15) 

If (D.1.t/.1.x2
) s Yz, or At s !!z(~/D), then Eq. 3.3.15 is stabie for alll3 and also satis-

fles the criterion for positivity. The expression forlimiting the diffusive time step by 

!lz(~/D) is commonly known as the Neumann condition. 

The net transported density at (m+1).1.t is the sum of the diffused and con

vected densities. In Figure 3 .4 the axial conveetien and diffusion of an initial Gaussian 

distribution is presented for two different val u es of the diffusion coefficient. 
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Figure 3.4 Axial conveelion and dijjusion of an initia/ Gaussian density distribution 

at two different diJfusion coefficients, (dark) 2xl04 cf1fls and (light)J.r:Hf cf1fls. The 

logarithmic FCT routine is used for the conveelive flow. (iJ.x=4.545xJU3 cm, 

v=l.22xl07 cmls, s =0.25) 

Adaptation into flow in the cylindrical coordinate svstem. In the above work, 

all the equations for diffilsive and convective transport were in the rectangular coordi

nate system. Consirlering the physical geometry of an electron avalanche and streamer 

(e.g. see Figure 5.7), it is clear that a cylindrical coordinate system should be used. In 

addition, it is assumed that electron avalanches and streamers possess rotational sym-

metry. Therefore only axial and radial flow need to be considered. When souree terms 

are disregarded, Eq. 3 .2.1 expressed in the cylindrical coordinate system is: 

öN+~(v N)+.l.Ê_.Jv N)-~(o ~N)-
öt az z P apJJ\ P az za z 

.l.Ê_ _(D .Ê_N)=o 
Pöp~ P éJp 

(3.3.16) 

Note that the e subscripts have been removed for generality and that the diffilsion co

efficient has been separated into its axial and radial components. 

Numerical incorporation of convective and diffilsive flow in the radial direction 

requires a few modifications to the previously discussed Cartesian FCT and diffilsion 

algorithms. As will be presented shortly it is the divergence term that necessitates the 
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modifications. To understand the necessary modifications we will return to the denva

tion of the continuity equation based u pon the conservation of charge. The souree jree 

statement of the conservation of matter requires that: 

(time rate of change of species #) = (net species flow into the cel/ volume) -

(net species flow out of the cel/ volume) 

For one-dimensional flow in the radial direction the left hand side of the above expres

sion written in ditTerenee notation is equivalent to: 

AN(p,>,t{~+~J -•~-~J}z 
.!\t 

(3.3.17) 

Here N(p,z,t) is the species density (#/cm\ p and z are the radial and axial coordinates 

at the cell center, and .!\p and l\z are the radial and axial widths of the cell respectively. 

Note that the expression equals AN(p,z,t)/At multiplied by the volume of the cell. 

Similarly, the right hand side ofthe above expression becomes: 

(3.3.18) 

assuming that the radial flow is directed outwards. Here, r is the previously defined 

species flux at the radial boundaries of the cell. Note that the expression equals r mul

tiplied by the surface area of a cylinder ofheight Az, and radius of p+.!\p/2 or p-.!\p/2. 

Equating Eq. 3.3.17 and 3.3.18, the Az term cancels out, and the following expression 

results: 

Ni+l =Ni ---,--
2 

.!\-----....! 
2 

{ [[ 2tpi+Jri+t)-[[ 2tpi-Jri-t)} 
P.+1 -P. 1 

1 2 1-2 

Here, p ± Ap/2 is replaced by Pi±li where i is the radial position index. 

(3.3.19) 

With regards to convective flow where r;.,*=Ni±!iVi±%, comparison ofEq. 3.3 .19 

with the flux representation in Cartesian coordinates Eq. 3.3.11, gives the two neces

sary modifications for adaptation to cylindrical flow. The low and high order fluxes are 

scaled by the respective circumference of the cell boundary they flow through and, the 

spatial width ofthe ceU (.!\x in rectangular coordinates) becomes the area between the 

two cylinders defining the cell volume. As for the case of axial convection the FCT al-
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Figure 3.5 Radial conveelion and dijjusion of an initia/ Gaussion density distribu-

tionfor; (dark) no di/fusion, (dashed) D=2xHt cm2/s and (light)D=lxlrY cm%. The 

dashed curve connecting the density peaks is given by Eq. 3.3.24. The logarithmic 

FCT routine is usedfor the radial convective flow. (LJp=4.545xlU3 cm, v=l.22xl07 

cmls, s =0.25) 

gorithm must be applied to Eq. 3.3.19 to ensure stability and positivity. lfEq. 3.3.19 is 

rewritten as: 

m+l m (At ( ) N· =N· -- r. 1-r. 1 + 
I I A~ t+2 1·2 

(3.3.20) 

except forthelast term on the right-hand side it is identical to Eq. 3.3.11 for convec

tion in the reetangolar (axial) direction. Notice that if Pi becomes large tbe last term on 

the right-hand side of Eq. 3.3.20 becomes negligible and reetangolar convection re

sults. 

Applying Eq. 3.3.19 to radial diffusive flow, ri:~= D(öN/èp) and assuming a 

uniform diffusion coefficient, results in: 
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(3.3.21) 

If Eq. 3.3.21 is compared with ditfusion in the rectangular coordinate system (Eq. 

3.3.14), at fust glance the two look quite different. In Eq. 3.3.14 a Ax2 term exists 

which for a diversenee of a gradient in rectangular coordinates is correct. On the other 

hand, the diversenee and gradient in cylindrical coordinates are not of the same form 

and are handled separately. 

As with axial flow, the net transported density at (m+l)At is simply the sum of 

the diffused and convected densities. In Figure 3.5 the radial convection and ditfusion 

of an initia! Gaussian distribution is presented. The dasbed Iine conneetins the peaks of 

the propagated distribution without ditfusion represents the correct value for the peak 

densities. The form of this curve is determined analytically from the radial convective 

portion ofEq. 3.3.16: 

J.i!..._fv N) = 0 
Pop IJ\ P 

Applying the chain rule for derivatives to Eq. 3.3.22 results in: 

dN N 
dp=-; 

(3.3.22) 

(3.3.23) 

Here, the assumed uniform velocity vp has been eliminated from both sides of Eq. 

3.3.23. The salution ofEq. 3.3.23 is: 

(3.3.24) 

From Figure 3.5 it can beseen that the non-ditfused density peaks closely follow the 

densities prescribed by Eq. 3.3.24. 

Inlegration o(axial and radial flow. Adaptation into two dimensions requires 

the integration of the individual axial and radial flows. With regards to the net diffusive 

flow a scheme whereby the two are integrated sequentially is used. This can be sum

marized by the following flow diagram: 
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NFJ· =>[NFJ·' r~ 1 = i Nr.'J· j'±l) (axial diff)l => NFJ·+ 11 . . => • ' I,J±- J l ' ' ' axtal diff 2 l (3.3.15) 

=>[NFJ·+ll . . ' r~ 1 . = ( Nrl±t·j·) (radial diff) => NFJ·+ll . 
• ax1al diff t±j,J 8\_ ' • ' net diff 

Here, f and g are the functional relationships of the diffusive flux r on density, for ax

ial and radial flow respectively (Eqs. 3.3.14 & 3.3.21). Notice that the result is inde

pendent on whether axial or radial ditfusion is handled first. 

Unfortunately such a straightforward integration scheme cannot be accurately 

applied to convective flow. This is due to the inherent behavior of the flux limiter in 

multi-dimensions where the formation of ripples is inherently allowed, ie monotonicity 

is no Jonger guaranteed20
. To ensure monotonicity in the solution, only the one

dimensional flux limiter is used requiring a time-splitting scheme to integrate axial and 

radial convection21 
. In this scheme the radial component is treated first foliowed by the 

axial component, after which the order is reversed and the process repeated. The two 

results are averaged to obtain the final convected solution. The time-spUtting schente 

can be summarized by the following flow diagram: 

Nm !=>{radial conv.]=>[axial conv.]=>[ lt] Nm+ll (3 316) 
i,j:::) =>[axial conv.]=>[radial conv.]=> average resu s => i,j net conv. • • 

It is evident that by averaging the results of the two paths any bias resulting from 

which direction is handled fust is effectively removed. This time-splitting scheme re

quires that the time step is small enough so that the convective flux components do not 

result in a significant change in the cell density. Under these conditions this approach 

is second order accurate. 

Jncomoration o(the local souree terms. In the previous sections attention bas 

been given to species transport without regarding the souree terms. In this section the 

incorporation of the local souree processes, i.e. those that directly alter the local spe

cies densities will be presented. These /oca/ processes are: ionization, unstable and 

20 S.T. Zalesak, Fully multidimensional jlux-corrected transport algorithms for jluids, J. 
Comp. Phys., Vol. 31, p. 335, (1979). 
:u J.P. Boris, A.M. Landsberg. E.S. Oran, and J.H. Gardner, LCPFCT- A flux corrected al
gorithmfor solving generalized continuity equations, Naval Research Lab., Dept. ofNavy, 
NRUMR/6410-93-7192, (1993). 

51 



stabie electron attachment, unstable and stabie electron detachment, charge exchange 

(ion conversion), and positive ion-electron and positive ion-negative ion recombina

tion. This section is applicable only to the souree terms governing the electron and ion 

densities, Eqs. 3.2.1 to 3.2.4. The continuity equation governing excited species, Eq. 

3.2.5, is not included because: a) it ean be solved analytically, and b) the souree terms 

ofEqs. 3.2.1 to 3.2.4 are not locally dependent on the excited species density. Excited 

species (Eq. 3.2.5) and other non-Jocal souree terms will be discussed in the next sec

tion. 

Incorporation of the local souree terms is aeeomplished through the use of a 

two-step scheme of second order accuracy during the convective transport opera

tion22 . The two steps are: 

1. All the species are convected and updated temporarily through half a time step us

ing values ofthe souree terms determined at the beginning ofthe time step. 

2. Using these half time step densities, the souree terms are recalculated. Finally, all 

the species are convected and updated through the entire time step using the half 

time step souree terms. 

Schematically, this process is described by: 

m+l 
step 1 N· · 2 

l,J = Nw+t + ~t(!source(Nw)) 
temp. conv. 

gep~:~leplf~:~:lid:::[::(::2~! ]~ 
l,J final l,J conv. l,J 

temp . 
. . . repeat step 2 for all species ... 

(3.3.27) 

Here, the general expression j.ource(N) represents the functional dependenee of the 

souree terms on species density. (e.g. ionization has the formf-(N) = al v.IN., see 

Eqs. 3.2.1 to 3.2.4 of section 3.2) It is important to note that only the souree terms 

receive the half time step densities. In other words, the convection routine is independ

ent of whether souree terms exist or not. With regards to implementation of the time

splitting routine for convection, Bq. 3.3.27 is fully executed for each axial or radial 

22 R. Morrow, Numerical salution of hyperbalie equations fo~ electron drift in strongly non
uniform electrlc ftelds, J. Comp. Phys., Vol. 43, p. 1, (1981). 
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a-T} & 

-10 0.1 0.123 0,01 .0106 0.01 

0 0.1 1.0 0 1.0 0 

10 0.1 8.08 0.01 94.0 0.02 

50 0.075 4242.0 0.02 2.13xl07 0.047 

100 0.05 6.16x104 0.01 5.9xl09 0.3 

1000 tt 0.025 7.2x1010 4.8 

t & • vÄt/ÁX (see Eq. 3.3.9) 

~%error= 100 xiN(t)-.- N(t)anaT.II N(t)ana~ 

tt 230 time steps 

Table 3.1 Percent error in the electron number calculated using a numerical 

evaluation of Eq. 3.2.1, comparedwith the analytica/ solution, Eq. 3.3.28. 

component. 

The accuracy ofthis routine is compared with the analytical result obtained in a 

uniform electric field when Eq. 3.2.1 is assumed to be one-dimensional in the reetangu

lar coordinate system, with ionization and attachment as the only souree terms. Be

cause diffusion does not alter the number of electrans in the inter-electrode volume its 

inclusion is irrelevant and wil1 be neglected. The resulting analytical expression is: 

(3.3.28) 

Here, ö is the Dirac delta function, N(t) is the number of electrans in the interelectrode 

volume at timet, N(O) is the initial number at (x,t) = 0,0 , and a and Tl are the ioniza

tion and attachment coefficients respectively. The comparison is performed using a 220 

point grid of spacing 4.545x10"3 cm, vc=l.22xl07 cmls, atmospheric pressure, and all 

algorithm arrays and variables have been defined as single precision. The results of the 

comparison for a range of a-T} val u es can be found in Tab ie 3 .I. lt can be seen that 

even for an extreme growth in electron number to over 109 electrons, the error is still 

less than 0.5%. Under the most extreme situation of growth to 7x1010 an error ofless 

than 5% resulted. It must be added that the last three cases (a-T} = 50, 100 & 1000) 

are physically impossible under uniform field conditions, but may be achieved in highly 
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Figure 3.6 Effects of delachment and conversion processes on the temporal behavior 

of the electron current. In all plots; a=9.2 cm·1, 1'/u=7.7 cm·1, q, and k,.,=O, and 

Lk=4.545x10-3 cm, v.=J.25x107 cmls, &=0.25. 

non-uniform fields such as those encountered in corona discharges and streamer heads. 

As will be seen later in thls thesis, space charge fields become dominant under these 

conditions. but only a small fraction of the total electron number undergoes such an 

extreme rate of ionization. 

Regarding the influence ofnegative ions Figure 3.6 shows the temporal behav

ior of the electron current for four different combinations of the conversion and de

tachment frequencies. A good agreement is found with results derived analytically by 

WenZl. 

Finally a brief discussion about the souree terms for two-dimensional flow is 

necessary. Rewriting the local souree terms in the continuity equation for electrans 

reduced Bq. 3.2.1 to: 

Z3 C. Wen, Time resolved swarm studies in gases with empha~is on electron detachment and 
ion conversion, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
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(3.3.29) 

where a.• = («·Tiu-'fla). Adaptation ofEq. 3.3.29 into two-dimensional flow results in: 

(a.•(l:fe+NunÖu~~)+NsnÖs~I~)J~Ez;EpJI-epeNeNp (3.3.30) 

Here, Öud,..t are the detachment coe:fficients (cm-1
} and defined as: Öud,acl = tc....,.JI vol, 

where I vol =..J(vc2
z+vc

2p). Notice that all the souree coe:fficients (i.e. a·. Ö..o, and Öw) are 

detennined using tbe absolute value of the electric field, I E I =..J(E2 
z +E2 p). Because the 

recombination coe:fficient epe is defined as a constant, sealing is not necessary. The 

souree terms ofEqs. 3.2.2 to 3.2.4 are handled in a similar manner. lt can be easily 

verified tbat for one-dimensional flow the form ofEq. 3.3.30 reduces to that ofEq. 

3.3.29. 

3.4 Non-Jocal radiative souree terms: Secondary photoelectron emission and gas

phase photoionization. 

Pboton processes sucb as pbotoelectron emission from surfaces due to excited 

species (Eq. 3.2.5) and gas phase pbotoionization (Sp~~ in Eqs. 3.2.1 and 3.2.4) are non

local processes because they alter species densities at regions located away from the 

pboton source. Because catbode photoelectron emission can be thougbt of as creating 

electron-ion pairs at the catbode surface, the two processes are very similar. Tbe dif

ference lies in the pboton energies involved, and the transparency of tbe gas to these 

photons. Using the catbode center as our reference (p,z =0,0), the two processes can 

be described by the farniliar inverse square law: 

«(r) J J(lr-r'0N(r')(r-r') dr' 
vol lr-r'l3 

(3.4.1) 

Here r' is the location of pboton emission, r is the location of pboton capture, (() is the 

pboton flux (photons/cm~ at rand N(r') is a species density. Later these terms wiJl be 

defined more specifically. The termf(l r-r' I) defines the applicability ofEq. 3.4.1 to 

gas-phase photoionization or to pbotoelectron emission. No te that for f (I r-r' 11 ) equal 

to e/4xe", (() can be interpreted as the electric field at r due to the static charge distri

bution defined by N( r'). 
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Gas-phase photoionization. As discussed in section 2.4, gas-phase photoioni

zation is the subsequent ionization of the gas species resulting from absorption of a 

photon. The pboton souree may be external to the discharge, or as in the case of this 

worlc, result from the gas discharge itself Both relaxation of electronically excited 

species and recombination processes may create photons of sufHeient energy to induce 

ionization of the absorbing gas species. If recombination processes are neglected then 

N(r') in Eq. 3.4.1, represents the excited species densities capable of releasing a pbo

ton of sufHeient energy. Assuming that the excitation coefficients, subsequent lifetimes, 

and quenching pressures are known, the spatia-temporal change of each of these ex

cited speciescan be determined from Eq. 3.2.5, i.e. the continuity equation for excited 

species. The term j( I r-r' I ) is a timetion of pboton absorption, and subsequent pho

toionization efficiency. Both the absorption and photoionization efficiency in turn are 

functions of pboton energy, the energetic state of the capturing species, and the par

ticular cross-sections for the occurrence of these events. Under certain assumptions 

Badaloni was able to express éll(r) (the photoelectron-ion density at r) in terms ofthe 

electron density at N(r') for dry ai~4 . 

In this work the experimental photoionization data from Penney and Hummert 

is used25 
• Employing a corona discharge they were able to associate the rate of ioniza

tion at the discharge to the rate of photoionization some distance away. In accordance 

with the geometry of the experimental setup and the resulting data a metbod sirnilar to 

that proposed by Wu is used26
• From Eq. 3.4.1 and by using the cylindrical éoordinate 

systern, éll(r) becomes Nph(p,z,t) the photoelectron-ion density (cm·3) at timet and lo

cation p,z and N(r') becomes Ne(p',z',t) the electron density at time t and location 

p',z'. From the geometry presented in Figure 3.7 the following expressions are found 

for j( I r-r' I ) and I r-r' I : 
j(lr- r'l) Jn(p', z', t)'P(dp)D(p, p',lz- z'j,<p') (3.4.2) 

(3.4.3) 

24 S. Badalom and I. Gallimberti, Basic data of air discharges, Upee-72/05, (1972). 
25 O.W. Penney and G.T. Hummert, Phototonization measurements in air, oxygen, and nitro
gen, J. Appl. Phys., Vol. 41, p. 572, (1970). 
26 C. Wu and E.E. Kunhardt, Formation and propagation of streamers in N2 and N:rSF6 
mixtures, Physical Review A, Vol. 37, p. 4396, (1988). 
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Figure 3. 7 Pictorial tiescription of Pi,Zj 

the geometry used for gas-
phase photoionization. 

y 
catbode 

Here, p is tbe gas pressure and o: is tbe ionization coefficient. The function 'P repre

seuts tbe photoionization coefficient and bas units of: 

(# of photoionizations at r?+{(D (cm)) -torr·steradian·(# of ionizing collisions at r)} 

Tbe values of 'P used in this work are provided in Appendix A. Tbe terms d and <!>' 

are, respectively, the distance between and angular separation of the pboton souree 

(p',z') and the location ofpbotoionization (p,z). Dis tbe pboton absorption distance of 

the cylindrical volume element designated by the coordinates PiZ.i, PiZj+t, Pï+IZj, and 

Pi+IZj+t on the computational mesb. Tbe integral ofEq. 3.4.1 is numerically evaluated 

over the entire cylindrical volume: 

J dr' ~ J g Joo J2~, tip'~' dz' 
vol 000 

(3.4.4) 

where g is the electrode separation distance. Figure 3. 7 provides a pictorial description 

ofthe geometry required for gas-pbase pbotoionization. 
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Secondarv photoe1ectron emission. Secondary photoelectron emission can 

simply be defined as the photoionization and subsequent liberation of an electron from 

asolid surface close to the discharge. The constraint 'and subsequent liberation' is re

quired because simply raising an electron to the conduction band energy level is not 

sufficient. Additional energy equivalent to the electron affinity of the material is neces

sary to lift the conduction band electron to the vacuum level. Ideally, the pboton en

ergy should exceed the work function of the materiaL The work function is the differ

ence in energy between the Fermi and vacuum levels of the material. A more global 

property used to express the number of electrans released per incident pboton is 

termed the quanturn efficiency, Q. The quanturn efficiency strongly depends on the 

nature ofthe material's surface and work function, and on the pboton energy. 

We again follow the approach outlined earlier for gas-phase photoionization. 

The salution ofEq. 3.2.5 for an arbitrary electronic state N*m is given by: 

( t-s) 

N:'n(p',z',t)= Pqm re- tm Ne(P',z',s)3m(P',z',s)lve(P',z',s}lds (3.4.5) 
p+pqm 0 

Here, p and pq are tbe gas and quenching pressores respectively, No and Vc are the 

electron density and drift velocity, and 5m is the coefficient for excitation to electronic 

level m. Defining 41t(r) in Eq. 3.4.1 to be the pboton flux at the catbode surface per 

unit time (pbotons/cm2·s) requires tbat N(r'} beoomes N•m(p',z',t)ITm. This is necessary 

to satisfy the rate equation for pboton creation: 

dNphot.( , z' t) m p, , N:'n(p',z',t) 
(3.4.6) 

dt 

For tbef(l r-r' I) and I r-r'l terms ofEq. 3.4.1, the following expressions are found: 

1 
J(lr - r'l) = - exp( -Jlm d) (3.4. 7) 

4'1t 

(3.4.8) 

wbere J.lm is the absorption coefficient for photons from the m111 electronic level in the 

neutral background gas. Furthermore, if the solid surface is a conductor then only tbe 

normal component of(ll(r) is used requiring thatj(lr-r'l) in Eq. 3.4.7 be scaled by 

z' ld. The justification for using the normal component of the pboton flux is based on 
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Figure 3.8 Pictorial description of the geometry used for secondary photoelec

tron emission from the cathode surjace. lf the cathode is a conductor, only the 

component of d nonna/ to the surface is used 

the tacit assumption that tbe tangendal component is reflected and does not lead to 

pbotoelectron emission27 
• In addition, if tbe emitting surface is the catbode then z in 

Eq. 3.4.8 becomes zero. Identical to gas-pbase pbotoionization tbe integral of Eq. 

3.4.1 is numerically evaluated over tbe entire cylindrical volume as expressed by Eq. 

3.4.4. 

Tbe density of secondary pbotoelectrons generated from tbe surface is deter

mined from tbe following expression relating the electron flux re witb tbe pboton flux 

~r): 

r e(r, t) = Ne(r, t)ve(r, t) = Qr phot.(r, t) a Qct(r, t) (3.4.9) 

Here, Q is the above mentioned material quanturn efficiency(# e·t# photons). From Eq. 

3.4.9 the number density ofsecondary photoelectrons generated at location (p,z) is: 

(3.4.10) 

27 A.J. Davies, C.I. Evans, P. Townsend, and P.M. Woodison, Computation of axial and ra
dial development of discharges between plane parallel electrodes, Proc. lEE. Vol. 124, p. 
179, (1977). 
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lncorporation of the 'new' photoelectrons at (p,z) is accomplished by simply adding 

them to the present electron density residing at that location. The data for J.lm, 6.,.. 'tm, 

p..,. and Q used in this work can he found in Appendix A. Figure 3.8 provides a pieto

rlal description of the geometry required for secondary photoelectron emission from 

the catbode surface. 

3.5 Local secondarv electron processes: Impact of the catbode by positive ions 

and metastable species 

Secondary electron processes induced by positive ions and metastables are 

considered loca/ because their presence at the catbode directly alters the local electron 

density. For bath processes the electron flux r. and the density N. of secondary elec

troos generated from the surface are determined from the following expression: 

(3.5.1) 

The subscripts p and m represent positive ions and metastables respectively, Q is the 

quanturn efficiency, and ris the generalized position vector on the catbode surface (see 

Figure 3.8). The flux term <D(r) in Eq. 3.5.1 is given by: 

<l(r) p = r p(r) = Np(r)vp(r)+Dp(r)· VNp(r) 

<l(r)m =Dm· VNm(r) 

positive ion 

metastabt es 
(3.5.2) 

Because these secondary electron processes are local no geometrie requirements are 

necessary. Positive ion transport to the catbode and hence Np(r), follows from Eq. 

3.2.4, with a ditfusion term added. A similar diffusion term is included in Eq. 3.2.5 to 

describe the transport of metastable species to the cathode. The quanturn efficiency for 

positive ion impact Qp is assumed to be 0.01211
• Secondary electron emission due to 

metastable impact is not included in this work. 

3.6 Determination ofthe space charge electric field 

The electric field at position r due to a static charge distribution N(r') is given 

by: 

E(r) = _e_J N(r')(r-r') dr' 

4n:&o vol Ir- r•l3 (3.6.1) 

211 R. Morrow, Theory ofnegative corona in orygen, Phys. Rev. A, Vol. 32, p. 1799, (1985). 
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(p=O,z) 
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Figure 3.9 Pictoria/ description of the geometry used for the de terminalion of the 

space charge field 

From Figure 3. 9 I r-r' I is equal to 

( }
112 

Ir-r'l = 1e
2 + p2 + p'2 - 2pp' cosq~' (3.6.2) 

where q~' is the angle between p' and p, tc::=l z'- zl, and the integral is taken over the 

entire inter-electrode volume. Note that in Figure 3.9 the reference point for rand r' is 

now located at (p'=O,z'). 

In developing a field calculation routine we first derive an analytical approxi

mation ofthe solution. valid for rotational symmetry in a cylindrical coordinate system. 

In this way the volume integration is no Jonger required. This makes the field calcula

tion more efficient and more accurate. The accuracy is of crucial importance consider

ing the expooendal dependenee of for example the ionization coefficient on the electric 

field. We first derive the analytical approximation fora space charge field in free space. 

The metal boundaries are incorporated by the use of image charges. The analytical ap

proximation results from the following power series expansion of 111 r-r' I in the 
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spherical coordinate system29 
: 

1 ~ k 
-1 _ 'I= L.J(Ak,Bk) ~:1Pic(cosO) 
r r k=O 1.5 

(3.6.3) 

Here, r< (r>) is the smaller Oarger) of I rl and Ir' I, and 0 is the angle between r' and 

the z..axis, and P.._( cos 8) are the Legendre polynomials of the fust kind in cos 0. At: and 

B~r. are the expansion coefficients, where At: is used if I r I > I r' I and B.._ is used if I r I < 

I rl. 
To begin the derivation, the charge density N (cm"3

) located in the region de

fined by p;"z/, p;'Zj+I', Pï+l'Zj', and Pi+t'Zj+{ on the computational mesh, is assumed to 

have a uniform distribution. Therefore, the volume species density N can be related to 

a surface species density, a. (cm"\ by simply multiplying N by liz, the axial width of 

the cell. The free space potential at location (p=O,z) resulting from the ring of surface 

charge (see Fig 3.9) is: 

4>(0,z) = ~:: [( J(2 +Pi~ I -K)-( J(2 + P'i
2-K) (3.6.4) 

Here, e is the electrooie charge, &.. is the pennittivity of free space, K = I z'- z I , and 

Pi+l' and p;' are the respective outer and inner radii ofthe ring. Eq. 3.6.4 results from 

the principle of superposition whereby the potendal at (O,z) resulting from a disk of 

charge of radius p;' is subtracted from that resulting from a disk of charge of radius 

Pi+t'· Both disks have identical surface charge densities, a., and an axiallocation ofz'. 

Rewriting Eq. 3.6.4 in a form suitable for a power series expansion results in three 

cases: 

(3.6.5a) 

19 G. Arfken, Mathematica/ Methods for Physictsts, 3'd Ed., (Academie Press, New York, 
1985). 

62 



p;' < K < Pï+t' 

(3.6.Sb) 

Pi+t' and p;' < K 

(3.6.Sc) 

Expanding each of the three cases into a binomial series and rearranging terms so that 

the desired form ofEq. 3.6.3 is obtained, Eq. 3.6.5 becomes: 

K < Pï+t' and p;' 

c~>(o,z)= :~[Pi+(f[!Y -~~~-,Î2n -p{ f[!Y --7 fnl 
n=O APt+1) n=O AP.J 

(3.6.6a) 

p;' < K < Pï+t' 

ci>(O,z)= eaJPi+1·[f[iJ[~J2n --[~J~--Pi·f[i)[p{fn-1] (3.6.6b) 
2sol n=O n Pi+1 Pi+1 ~ n=l n K) 

Pï+t' and p;' < K 

[ 

oo [ 1Y 'fn-1 oo [1Y ')2n-1] 
ci>(O,z)= :~ Pi+1'E ~APi:1) -pi'E ~Ap~ (3.6.6c) 

Here, 

(
m) m! r (m + 1) 
n = n!(m -n)!= F(n+l)F(m-n+1) 

(3.6.7) 

is termed the binomial coefficient and is defined either through the use of factorial (!) 

or Gamma ( r) functions. In Eq. 3.6.6 and the subsequent equations m=Yl. 

Applying Eq. 3.6.6 to Eq. 3.6.3, the summation index k becomes equivalent to 

2n for K < Pi+t',p;' and 2n-2 for K > Pï+t',p;'. Substituting r for K, the potential at loca

tion (r,O) in the spherical coordinate system is given by: 
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I rl < Pï+I' and Pi' 

(3.6.8a) 

cjl( r, e) = ;a 3 [P i+Î( f[tX___!__, 'fn P2n ( cose)]- rpt ( cose)] 
So n=O n Pi+l) 

{ p{ ~Jn~j rl ~n-2(cos9)] (3.6.8b) 

Pi+t' and p;' < I rl 

+(r ,9) = :. [p ;.i E(Hp ~· r-l Pmd cos9) l 
{Pi E(H~ r-l l'm-2(cos9)] 

(3.6.8c) 

The electric field can be deterrnined by tak:ing the gradient of the potential. In spherical 

coordinates the gradient operation is given by: 

E=-Vcjl= (e op +ealap+eq,-~-ap) "1_ror rro rsm9(Xp 
(3.6.9) 

Because ofthe assumed axial symmetry the derivative with respect to rp becomes zero. 

Applying Eq. 3.6.9 to the potential given in Eq. 3.6.8, the radial and angular electric 

fields for each case become: 

I rl < Pi+t' and p;' 

[ 
oo [1} [( )2n-1 ( )2n-l] Er(r,e) =-~as L 2 nP2n (cose) --!-r - -7 

&o n=O n PI+l Pt 
(3.6.10a) 

Ee (r,e) = _ ea8 [ f[t)a P2n(cose)[(-r .)
2
n-l -(_!_,)2

n-l] 
2so n=O n oe Pi+l . Pi 

(3.6.10b) 
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Pi'< I rl < Pï+t' 

(3.6.10c) 

Ee(r,G)=- eeïs[{f[ti-r-,)
2
n-l oP2n(cosG)}- o.Pt(cosG) 

2&o n=O n Pi+l 00 00 

-{~(!}•ft a ~.;;<•••e> } ] 
(3.6.10d) 

Pï+t' and p;' <I rl 

E,(,,e) =- ~;;[~(!)(l-2n)P2n-2(cose{(•i;IT (•ft lUOe) 

~(•,O)=- ;;;[~J!) OP2n;(cose)[[Pi;IT -(P,l)"] (l.Uot) 

To determine the partial derivative of the Legendre polynomials with respect to IJ the 

chain rule for derivatives is used, resulting in: 

8Pn(cos0)= 8Pn(cos0), 8 (cos IJ) P' (J:). (- . O) 
80 8(cos0) 80 n '=' sm 

(3.6.11) 

The following recurrence formulas are used to determine Pn(Ç) and p'.,(Ç) where 

Ç=cosO: 

(n + l)Pn+t(ç) -(2n + l)Ç Pn(Ç)+ nPn-1(;) = 0 
Pi:t+I(;)-;Pi:t(;)-{n + l)Pn(;) 0 

(3.6.12) 

where; Po(Ç}=l, P,(Ç)=Ç, P'o(Ç}=O, and p',(Ç)=l. To obtain the electric field in the cy

lindrical coordinate system the following transfarms are used: 

Ez(p,z} =Er(r,G) colB-Ib (r,G)sin 

Ep(p,z) =Er(r,G)sinG+ J:':b (r,G )co!B 

where (p,z) represents any arbitrary location in cylindrical space. 
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Figure 3.10 Test charge density and resulting space charge fields. 

(gapwidth .5 cm, maximum radialwidth = .2 cm) 

The boundary conditions are met through the use of image charges. In case of 

two parallel surfaces as boundaries an infinite number of images is required to correctly 

handle the boundary conditions. In practice a finite number of image charges suffices. 

The number depends on the parameters that determine how quickly the resulting field 

falls to zero (i.e. the radius of charge distribution, the distance separating the two 
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boundaries, and the magnitude of the charge density). The total axial and radial space 

charge field distributions are obtained by superimposing the contributions from all 

charges located in the discharge volume as wellastheir respective image charges. To 

illustrate the results of the field calculation, Fig 3 .l 0 shows the resulting axial and ra

dial fields for the given charge distribution located between parallel, perfectly conduct

ins electrades using four image charges for each electrode. Notice that the boundary 

condition requiring that the radial field be zero at the electrode boundaries is met. 

Regarding the incorporation of the total electric field into the algorithm, the 

space charge field is determined at each of the boundaries of the cell volume, i.e. PïZJ, 

PiZJ+t, Pi+1Zj, and Pi+tZj+I on the computational mesh. The average of these four values is 

used to determine the local swarm parameters governing the transport, growth, and 

loss of species density for that particular cell. 

One major drawback of the metbod presented for the calculation of the space 

charge field is that it is computationally slow. The calculation ofthe space charge field 

and gas phase photoionization (Eqs. 3.4.2-3.4.4) both introduce four nested loops. To 

decrease the computation time only charge densities within four orders of magnitude 

from the maximum charge density are used in these two equations. This approximation 

introduces a small error only in regions distant from the main discharge body. It must 

be mentioned that direct numerical evaluation of the Poisson equation employing the 

technique ofFourier analysis and cyclic reduction to obtain the potendal distributidn is 

much more rapid, and requires approximately Inog2J operations, where I and J are the 

number of mesh points in the radial and axial directions. 30 The analytica! technique 

above requires 12J2 operations assuming that all cells are used. Another rapid numerical 

technique based on Fourier analysis and cubic splines has been used with success31 
• 

One drawback to both methods is that the gradient of the potential is determined nu

merically, while above an analytica! result is obtained directly. Numerical evaluation of 

gradients may be inaccurate especially in regions of maximum positive and negative 

curvature. Another souree of error in numerical schemes is due to the required use of 

an 'artificial' outer radial boundary condition. Using the technique of Fourier analysis 

and cyclic reduction Davies assumed a potendal at the outer radial boundary equivalent 

30 D. Potter, Computational Physics (Wiley, New York, 1973). 
31 E.E. Kunhardtand P.F. Williams, J. Comp. Phys. Vol. 57, p. 403, (1985). 
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to the potendal distribution across a space charge free parallel plate gap32
• 

3. 7 Simulation conditions and flow diagram of the numerical algorithm 

The computational flow diagram is presented in Figure 3.11 along with refer· 

ence to theequadons or sections pertaining to the subject. For an under-volted gap the 

simulation radius is 0.6 cm and the gap width is fixed at 1 cm. The discharge region is 

represented by a 120 point uniform mesh in the axial direction and a 22 point uniform 

mesh radially. For an over-volted gap the simulation radius is 0.07 cm for N2, and 0.1 

cm for dry air, and the gap width is fJXed at 0.5 cm. The discharge region is repre

sented by a 200 point uniform mesh in the axial direction and a 22 point uniform mesh 

radially. Simuiadons ofan over-volted gap breakdown requires a finer mesh to resolve 

the greater variadons in the species densities encountered. The temperature is assumed 

constant at 20° C. The time step is determined from the following expression: 

ät= mi{.2 äxmin ,.2äp min,.25~x~in ,.25 ~~in] if NeS: 1015 
Vxmax Vpmax Xmax Pmax (3.7.1) 

= &o ifNe >1015 
eKeNemax 

lf the maximum electron density is less than I 015 then the time step is dete!ffiÏned from 

eitherEq. 3.3.10 or 3.3.15. Otherwise the dielectric relaxation time is used where Kc is 

the electron mobility (K.,=vdrrn!E), e is the electron charge, and e.. is the perrnittivity of 

free space33 
• The number of image charges used is determined by visual inspeetion of 

the electric field in the radial direction at the electrode boundaries. In the simulations 

for the laser-induced onder-voltage breakdown we found four image charges in each 

electrode to be more than sufficient. Because of the smalt radius of the discharge body 

during an over-voltage breakdown(< 0.1 cm) one image charge in each electrode was 

found to be sufficient. 

32 A.J. Davies, C.J. Evans, P. Townsend, and P.M. Woodison, Computation of axia/ and ra
dial development of discharges between plane parallel electrodes, Proc. IEE. Vol. 124, p. 
179, (1977). 
33 S.M. Sze, Physics of Semiconductor Devices, 2"d Ed. (Wiley, New York, 1981 ). 
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Figure 3.11 Flow diagram ofthe simu/ation routine. 

A comparison between two simulations in N2 having different axial mesh spac

ing is shown in Figure 3.12. The simulations assume uniform field conditions. Because 

the computation time is strongly dependent on the size of the computational mesh, this 

comparison is necessary to verifY the accuracy of a 120 point mesh. Other than a slight 
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Figure 3.12 Na avalanche in uniform field conditions jor a 120 and 360 point axial 

mesh. T. is the electron transit time jor the discharge gap. 

difference in the time where the current maximum occurs both curves are nearly identi

cal. Neither the rate of current rise or fall is influenced by the reduction in the axial 

number of cells. On the other hand, the finite fait time at To for both curves indicate 

that the initia! electron Dirac delta pulse undergoes slight spatial broadening due to re

sidual numerical diifusion. The fall time is estimated to be approximately TJ12 (::::7 ns 

with V=29 kV, p=760 Torr, g=l cm). In chapter 5 when the simulations are compared 

with experimental data this fall time should be kept in mind as that typical for a uniform 

electric field situation. 

To further decrease the computation time the calculation of the space charge 

field (section 3.6) was performed at every other time step. This assumes that the space 

charge field does not change much in one time step. A comparison between two 

waveforms with the space charge field calculated at every, and at every other, time 

step is presented in Figure 3.13. Other than the 5 ns difference in the time when break

down occurs the salient features of the waveform are preserved with this assumption. 
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Figure 3.13 Comparison between two simulated wavejorms with the 

space charge field calculated: a) every other time step, b) every time 

step. (30.5 kV. 760 Torr, NJ) 

Unless otherwise stated, the initia! electron density distribution has a Gaussian 

fonn in both the axial and radial direction. In the radial direction the distribution is 

centeredon the axis of symmetry with an assumed varianee of 0.382 cm (14 cells@ 

Rm.x= 0.6 cm). In the axial direction the electrans are released as a function of time 

ftom the catbode with a width of 0. 6 ns at half maximum. This is done in an attempt to 

duplicate the laser pulse used to release the initial 'seed' electrons from the catbode 

surface in the experiments. 
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CHAPTER4 

EXPERIMENT AL FACILITIES AND DETERMINATION OF 

THE DISCHARGE CURRENT 

Both electrical an optica! diagnostic techniques have been applied in this work 

to gain insight into the spatio-temporal evolution ofthe discharge. For electrical meas

urements, the time-resolved swarm metbod is used to accurately record the current 

waveforms. For optica! measurements, a gateable, image intensified charge coupled 

detector camera (ICCD) is used to obtain spatial information about the electron density 

in the gap region. First, the overall experimental setup wilt be presented after which the 

time-resolved swarm metbod will be discussed in more detail. 

4.1 Experimental setup 

Figure 4.1 shows the complete measuring system. Except for the addition of 

the ICCD and the turbomolecular pump the experimental setup is identical to that de

scribed earlier by Verbaare. The system is designed to handle an applied voltage up to 

40kV. 

The stainless-steel vessel is evacuated to a pressure of 50 ~-tTorr prior to admit

ting the gas to be studied. A rotary vane pump is used to reduce the chamber pressure 

from atmospheric pressure to approximately 20 mTorr. Below 20 mTorr, a turbo

molecular pump (Balzers) is used to achleve 50 ~-tTorr. The vacuum pressure is meas

ured by either a pirani or cold catbode gauge system (Balzers, type PKGOIO). After 

admitting the gas either a Penwalt (type FA-160, range 0-50 Torr) or a Balzers (type 

APGOIO, range 0-1200 mbar) pressure gauge is used. The pressures were adjusted to 

their 20" C value. 

The aluminum anode is of a Bruce profile with a diameter of 17 cm 2 
• The 

catbode is a subdivided disk with a total diameter of 30 cm. The inner measuring sec

ti on is made ofaluminum alloy type 6351 (1% Si, 0.6% Mg, 1% Mn) and bas a diame-

1 H.F.A. Verhaart, Avalanches in fnsulating gases, Ph.D. Thesis, Eindboven University of 
Technology, The Netberlands, (1982). . 
2 F .M. Bruce, Coltbration of uniform-field spark gaps for high voltage measurements at 
power frequencies. Joum. I.E.E., Vol. 94, Part 11, p. 138, (1947). 
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ter of 4 cm. The outer catbode section is made entirely of aluminum. The annular gap 

between the two sections is 0.1 mm at tbe catbode surface. The shape of the annular 

gap minimizes the stray capacitance between the two catbode components without se

verely affecting the uniform electric field. The subdivided catbode system is used to 

enhance the time resolution of the measuring system. The time response and spatial 

properties of the subdivided catbode assembly, later referred to as a three-electrode 

measuring system, will be further discussed in tbe following sections. The catbode as

sembly can be mechanically raised and lowered from the outside. In this work the gap 

widtb is kept constant at I cm. 

A TEA (transversely excited atmospheric) N2laser (0.25 rnJ/pulse at 337.1 nm 

wavelength, 3.68 eV/photon) is used to release the initia! electrons. The laser putse 

duration is approximately 0.6 ns (full width at half maximum). The laser putse enters 

the chamber via a quartz window, passes through a 1.5 mm diameter hole in tbe anode, 

and illuminates the catbode surface. The number of initia! electrons is controlled by 

placing a gray filter in the optical path of the laser. The radius of illumination can be 

changed through adjustment of the lenses external and internat to the chamber. The 

adjustment of the radius of illumination also alters the initia! electron number. Unless 
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otberwise stated, tbe radius of the illuminated catbode area is fixed at approximately 

0.24 cm, tbus resulting in an illuminated area ofapproximately 0.18 cm2
. 

U pon comparison of the laser output power and the number of initial electroos 

released a quanturn efficiency (# electroos released per incident photon) of approxi

mately 1 0"7 is estimated. To ensure the release of a significant number of electroos tbe 

catbode surface is frequently polisbed using # 400 sandpaper. This is especially neces

sary after an electrical breakdown in tbe interelectrode gap. Because tbe amount of 

degradation depends on the gas under study it is believed tbat during the breakdown an 

insulating layer is formed on tbe catbode surface by which electron release is reduced. 

The cbamber is equipped witb long rubber gloves which allows us to polish the catb

ode without exposing tbe vessel to ambient air. This is only possible when the chamber 

pressure is near atmospheric pressure. Under vacuum and during pumping the glove 

access port is closed and kept at tbe chamber pressure. 

The DC voltage souree is a Wallis (type R603/05P), with a maximum output 

voltage of60 kV and a maximum ripple of20 ppm peak to peak. The DC voltage ap

plied to tbe anode, V oe, is measured with a resistive divider formed by Rt (2 GO) and 

R2 (200 kQ) in Figure 4 .1. The accuracy of this measurement is approximately 1%. 

The damping resistor, R.t (20 MQ) in Figure 4.1, protects the electrodes and voltage 

souree in case of a breakdown. It is mounted approximately 85 cm from the anode, 

external to the chamber, but as close as possible to the anode to minimize inductance 

and the effects of traveling waves3 
• 

The optional measuring resistor, R... (50 Q) is made in a star contiguration 

( 4x200 Q) to reduce the parasitic inductance. The voltage across R... is measured 

through a 50 n cable (type RG214) by either a digitizer (scan converter) or a digital 

oscilloscope. Tbe digitizer is a 9-bit Tektronix 7912 AD with amplifier unit 7A29 

(bandwidth of 0 to -1 GHz) and timebase unit 7Bl0. The digital oscilloscope is 

Hewlett Packard 54542A operatingat a sampling rate of2x109 samples/sec. To avoid 

damage to the input amplifiers during a breakdown, the 1 Mn input is used in parallel 

with an external 50 n terminating resistor. The parallel combination of R... and the 50 

3 Note added in proofreading. We believe that RI is mounted tQo distant from the anode to sup
press traveling waves. This may account for the observed oscillations in the 'space charge free' 
current waveforms (see Figure 5.1a t>90 ns for example). 
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n oscilloscope input results in a net measuring resistance of 25 n. This impraves the 

RC time constant of the system at the expense of introducing reflections due to im

proper termination of the coaxial cable. For proteetion a pair of silicon diodes (type 

IN-4151, 2 pF) are mounted back to back in parallel with the terminating resistance. 

The electrical measuring system is externally triggered via an electrical signal from a 

smalt antenna mounted inside the laser enclosure. 

For low signallevels a wideband preamplifier (built up with Avantek amplifiers 

GPD 461, 462, 463, bandwidth 250Hz to 500 MHz) may be used. The three stage 

version bas a voltage gain of approximately 54. The two stage version (without GPD 

463) bas a voltage gain of approximately 15 and an improved frequency response. If 

the preamplifier is used the above mentioned proteetion diodes are placed across the 

input ofthe preamplifier. For large signals (on the order ofO.l V) a 20 dB attenuator 

(Radial!, 0 to 2 GHz) is used. The attenuator is further used toproteet the scope's in

put amplifier, and to ensure that any relevant signals are not reduced or clipped by the 

proteetion diodes. 

The ICCD camera (Princeton Instruments, type 5760/R.B) bas a pixel array 

size of 576 x 384, and is designed for operadon from the UV to the NIR range (180 to 

800 nm). The quanturn efficiency of the image intensifier photocathode is larger than 

12% at a pboton wavelength of300 nm. A variabie gain adjustment allows sensitivities 

of I to 80 counts per photoelectron. The image intensifier and the CCD camera are 

coupled with a glass fiber bundle. The gate putse generator for the ICCD camera 

(Princeton Instrument, type FG 100) permits shutter times from 20 ns to 5JlS. Only the 

20 ns shutter time is used in this work. In addition, the shutter signa! can be delayed up 

to approximately 2Jls. The ICCD system is triggered extemally via the electrical signal 

from the smal! antenna mounted in the laser enclosure. The entire ICCD system has a 

delay of approximately 75 ns with respect to the release of the initial electrons. A 

commercially available 180 mm, f /5.6, lens system (Sigma) is used to focus the image 

onto the photocathode of the image intensifier. The lens was focused on a vertical 

needie inserted at the center of the cathode. This is possible since the discharge is ini

tiated at this location by the focused N2 laser putse. To minimize the depthof field, a 

wide aperture is used. 

The dominant emission band for both a N2 and air discharge is due to the 2nd 

75 



Positive system (C3ll,.-B3llJ of N2 4 5 
• The wavelength range of this group reaches 

from 300 to 400 nm, well within the frequency range ofthe ICCD's photocathode. The 

quenching pressures and un-quenched lifetime ofthe C3ll,. excitation level are 60 Torr 

for N2, 10 Torr for air, and 36 ns. The resulting lifetimes of the C3ll,. excitation level at 

atmospheric pressure are 2.6 ns for N2 and 0.47 ns for air (see section 2.3). Because of 

these relatively short lifetimes, and adequate intensity at atmospheric pressure, lumi

nosity studies using this system give suitable information about discharge development. 

4.2 Time-resolved swarm method: Denvation ofthe discharge current 

As discussed in chapters 2 and 3 the motion of charged species in the interelec

trode volume bas a convective (drift) and a diffusive component. Depending on the 

geometry of the system a certain fraction of the electric flux originating from the 

charged species will terminate on the catbode surface. Likewise, another fraction of the 

electric flux will terminate on the anode surface. Motion due to ditfusion and drift of 

the charged species changes the amount of electric flux terminating on the electrodes, 

or in other words, changes the amount of induced charge on the electrode surfaces. 

The time rate of change of the induced charge provides the current that flows in the 

extemal circuit resulting in a measurable voltage drop across the measuring resistance. 

The differential current 8I(r) induced in the catbode due to the motion of a 

differential charge element 8Q(r) located in the interelectrode volume, in a multi

electrode arrangement is given by: 6 7 8 

8I(r) = 8Q(r)(Ers(r) · w(r) 
Urs 

(4.2.1) 

Here, r is a generalized position vector and w(r) is its net (diffusion + drift) velocity 

vector. The vector E,.(r) is the hypothetical Ramo-Shockley field which would occur 

when the measuring electrode were given a voltage U,. while all other electrades were 

4 W. Legler, Z. fîir Physik, Vol. 173, p. 169, (1963). 
5 T.H. Teich and R. Braunlich, Proc. Vlii Int. Conf. Gas Dschrgs. and Appl., Vol. 1, p. 441, 
(1985). 
6 A. von Engel and M. Steenbeck, Electrische Gasentladungen, Vol. 1 (Springer, Berlin, 
1932). 
7 S. Ramo, Currents induced by electron motion, Proc. IRE, Vol. 27, p. 584, (1939). 
8 W. Shockley, Currents to conductors induced by a moving point charge, J. Appl. Phys., Vol. 
9, p. 635, (1938). 
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Figure 4.2 Sketch of the field lines E,.. when the measuring cathode is given the 

hypothetical Ramo-Shockley potential U,. and all other electrades are grounded 

grounded. Figure 4.2 shows a sketch ofE", for the three-electrode measuring system. 

For a three-electrode measuring system, E.. on the central axis of rotational symmetry 

is given by: 

( ) · Urs [ I ] Ers O,z = 2 ~arcta{:)J 1+(:) 
(4.2.2) 

Here, g is the gap width and R is the radius of the measuring electrode. For a two

electrode measuring system (i.e. nocatbode subdivision) E", is the Laplacian fieldfora 

parallel plate electrode configuration. Rewriting Eq. 4.2.1 in a form applicable to our 

work results in: 

(4.2.3) 

where J is the species current density expressed by ( see section 3 .I): 

J(p,z, t) = (±e)r(p,z, t) = 
(±e)( N(p, z, t)v(p, z, t)- D(p, z, t) · VN(p, z, t)] 

(4.2.4) 

Here, the summation in Eq. 4.2.3 is taken over all charged species (electrons, positive 

and negative ions), eis the Coulomb charge (all species are assumed to carry .a single 

charge), t is time, pand z are the radial and axial positions in the cylindrical coordinate 

system, and gis the gap width. In Eq. 4.2.4, Nis the species density, and v and D are 

their respective drift velocity vector and diffusion tensor. 

It must be stated that interpretation of the measured current is quite difficult 
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except for the limiting case of a uniform, space charge free discharge9 
• One difficulty 

lies in the fact that the measured current results from the combined motion of all 

charged species in the interelectrode volume. Also, the measured current provides 

temporal information about the spatially integrated behavior of the current density. In 

other words, without the presence of any physical boundaries no information regarding 

the spatiallocations of the charged species can be obtained. This is the main reason for 

the in-situ use of the ICCD camera. It can be readity understood that under the influ

ence of space charge the drift velocity and ditfusion coefficient are no Ionger constant 

in space and time, which further complicates the interpretation of the measured current 

waveforms. Because of space charge effects only qualitative information can be ob

tained from the measured waveforms. A complete study incorporating numerical 

simulations, ICCD images, and current waveforms is essendal for our understanding of 

space charge dominated avalanche growth. 

4.3 Freguency response of the three-electrode measuring system 

As mentioned previously, the system uses a subdivided cathode system for en

hanced time resolution. A description of the subdivided cathode system as well as its 

enhanced bandwidth over the conventional single catbode systems has been previously 

reported in the literature10 
Uil. Figures 4.3a and 4.3b schematically show a model, and 

an equivalent circuit of the setup, for the three-electrode and the corresponding two

electrode systems. 

Todetermine the temporal relation between the discharge current 'viewed' by 

the measuring electrode I (Eq. 4.2.3) and the actually measured current Im the tech

nique of mesh analysis and Cramer's ruleis used13
• Because for high frequencies the 

DC voltage souree can be treated as a short circuit the following relationship in the 

frequency-domain is obtained: 

9 C. Wen, Time resolved swarm studies in gases with emphasis on electron derachment and 
ion conversion, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
10H.F.A. Verhaartand P.C.T. van der Laan, J. Appl. Phys., Vol. 53, p. 1430, (1982). 
11 J.M. Wetzer, C. Wen, and P.C.T. van der Laan, Bandwtdth limitaftons of gap current 
measurements, mEE Int. Symp. Elect. Insul. -Boston, p. 355, (1988). 
12 J.M. Wetzer and P.C.T. van der Laan, IEEE Trans. Elec. lnsul., Vol. 24, p. 297, (1989). 
13 W.H. Hayt, Jr., J.E. Kemmerly, Engineering Circuit Analysis, 3rd Ed. (McGraw-Hill, New 
York, 1978). 
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Equivalent circuit 

Figure 4.3a The three-electrode measurlng setup and equivalent circuit. Note that 

the real physical components are in bold type and that the measuring setup is not 

drawn to. scale. 

Equivalent circuit 

c, .. L ~".+ ~._ 
ê'!~ 

Figure 4.3b The corresponding !Wo-electrode measuring setup and equivalent cir

cuit. Note that the real physical components are in bold type and that the measur

ing setup is not drawn to scale. 
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Figure 4.4 Simulatedfrequency response curvesjor the three-e/ectrode (a and c) and 

two-e/ectrode (b and d) measuring systems. Response curves a and b (solid) are the 

amplitude, and c and d (dashed) are the phase. 

Ifo 
Im (w) = . 2 . 3 4 . 5 f 0 +lwa0-w b0 -1w c0 +w d0 +zw e0 

where i = ..J(-1) and: 

ao = CgR... + R.nC2 + R.!C8 

ho= R.!R.n(C8~+CIC8+C1C2) + C8(léL2) + C2~ 

Co= LI(RiCJCg+R..,C8C2) + L2{R.iCgC2+R.JCIC8+R.JC1C2) 

do= R.iCICgC2R.nLI+CgClL1L2 

eo = R.iCIC8C2L1L2 

.fo = 1 +iwR.!C1 

(4.3.1) 

The frequency response of the amplitude and phase (in degrees) for In/I is 

plotted in Figure 4.4 for both the two and three-electrode measuring systems. The cir

cuit component values used are14 u : For the three-electrode system: R.i=20 Mn, 

14 J.M. Wetzer, C. Wen, and P.C.T. van der Laan, Bandwidth limitaftons of gap current 
measurments, IEEE Int. Symp. Elec. Insul., Boston, p. 355, (1988). 
15H.F.A. Verhaart, Avalanches in insulating gases, Ph.D. Thesis, Eindhoven University of 
Technology, The Netherlands, (1982). 
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R,.,=2S n, C1=22.1 pF, C2=33 pF, C8=1.1 pF, Lt~lo nH, and L2~10 nH. For the two· 

electrode system: R.i=20 Mn, Rm=2S n, C1=J.8 pF, C2=S pF, C8=19.4 pF, L1~so nH, 

and L~ 1 nH. Here, the three-electrode system properties are chosen to represent the 

experimental setup, the two-electrode system properties are typical values obtained 

when the catbode is a single unit (no sub-division). The improved measuring band

width of the three-electrode system over the two-electrode system is quite apparent in 

Figure4.4 

Assuming that L1 and L2 are approximately zero it can be shown that for the 

best temporal response of the three-electrode system, C8 and C2 should he as small as 

possible and C1 should be much larger than C8. This suggests that the radius of the 

measuring electrode should be reduced. This would however distort the Ramo

Shockley field thus affecting the spatial properties ofthe measurements (Figure 4.2 and 

Eq. 4.2.1}. Also, from Eq. 4.2.2, the Ramo-Shockley field is distorted if the gap sepa

ration becomes too large with respect to the measuring electrode radius. The above 

suggests that the three-electrode measuring system should he optimized for the ex:

perimental condition at hand. In summary, the three-electrode measuring system pro

vides the best temporal resolution but the discharge should be localized in the middle 

of the measuring electrode. This is will he further discussed in the nex:t section. For a 

two-electrode measuring system the Ramo-Shockley field is equivalent to the Lapla

clan field thus providing excellent spatial properties at the expense of a reduced fre

quency response. 

4.4 Spatial response analvsis o(the three-electrode measuring svstem 

In deriving the frequency response we have assumed that the swarm is on-axis 

and bas a radius much smaller than that of the measuring electrode. For a large elec

tron emitting area, or in the case of secondary photoelectron emission (Chap. 6), this 

assumption is no Jonger valid. Assuming only drift, we define the spatial response to be 

equal to the current induced per unit charge residing at position (p,z): 

( )
_(Ers{p,z)·v(p,z)) 

S p,z = U 
rs 

(4.4.1) 

Here, E .. and U." are the Ramo-Shockley field and voltage respectively, and v is the 

drift velocity. Ideally, S is independent on p and z, and equal to v/g. The spatial prop-
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Figure 4.5 The spattal response for increasing radii measured jrom the center of the 

measuring electrode. Because we have assumed a uniform axial velocity the spattal 

response is equivalent to the axial component of E,... (gap width= 1 cm, measuring 

electrode radius = 2 cm) 

erties of the current induced in the measuring electrode as a function of the axial and 

radiallocation of a charge is given by: 

I(p, z) = S(p, z)Q(p, z) (4.4.2) 

where Q is the amount of charge located at (p,z). 

Ifwe assume a drift of 1 cm/sin the axial direction only v ~ v·e. the dot prod

uct in Eq. 4.4.1 reduces to simply finding the axial component ofE,.. sketched in Figure 

4.2. Assuming U,..= l Volt, the spatial response is plotted in Figure 4.5 as a function of 

the axial distance z for increasing p values for the geometry of our measuring system. 

The spatial response was deterrnined numerically using a commercially available finite

element analysis routine16
• From Figure 4.5 it is evident that the spatial response is 

distorted in the region around the annular gap separating the two catbode sections. In 

addition, the spatial response approaches zero at radial distances beyond the annular

gap (p > 2.5 cm). From Figure 4.5 it is inferred that the radius ofthe discharge should 

16 Ansoft (Ansoft Corporation, Pittsburgh, 1988). 
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Figure 4. 7 Spatial properties of the current induced in the measuring electrode by a 

radially subdivided. uniform distribution of surface charge as a function of its axial 

location. The outer and inner radii of the subdivisions are provided in the legend 

not exceed I cm. 

To study the spatial properties of the current induced (Eq. 4.4.2) we assume 

that, located in the gap is a uniform disk of charge of density 1 CouVcm2 having a 

maximum radius much larger than the 2 cm radius of the measuring electrode. A sketch 

ofthe study is given in Figure 4.6. Subdividing the distribution into rings offinite width 
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Figure 4.8 Percentage of the total measured current due to the motion of charge ra

dially located inside and outside the perimeter ofthe measuring electrode. Validfor a 

uniform disk of charge having a maximum radius much greater than the radius of the 

measuring electrode. 

the amount of charge in each interval Q(p,z), is found. Por the spatial response S(p,z), 

the mean value of each subdivision is used. The spatial properties of the current in

duced in the measuring electrode due to the uniform surface charge is plotted in Figure 

4.7. 

It can beseen in Figure 4.7 that the induced current is sensitive to charge lo

cated in the annular gap region when positioned near the catbode surface. Regions 

outside the annular gap result in a steadily declining amount of induced current even 

when the amount of charge is largest in these regions, as is the case for a uniform dis

tribution. Keep in mind that Figure 4.7 is valid only fora uniform charge distribution. 

If any other distribution is applied, the spatial properties of the induced current would 

change because of the different Q(p,z). If a radial distribution of Gaussian form is as

sumed an overall impravement in the spatial property of the induced current results. 

This is due to the increased amount of charge located within the perimeter of the 

measuring electrode. Consiclering the physical nature of an electron avalanche, a 

Gaussian distribution more accurately approximates its radial profile. In addition, be

cause a radially increasing charge density distribution is unlikely to occur, a uniform 

84 



charge density can be considered as the worst case scenario. It should be mentioned 

that the line integral of S(p,z) or I(p,z) taken over the gap width is zero when starting 

from the grounded cathode. This is apparent in Figures 4.5 and 4.7 by comparing the 

area under the curves for the radial distances less than, and greater than, the radius of 

the measuring electrode. 

Because the measured current is a spatially integrated quantity (Eq. 4.2.3) the 

spatial response of the catbode to each location of charge comprising the distribution 

cannot be decoupled. In the experimental study of secondary photoelectron ernission 

from the catbode surface (see Chapter 6) it is essendal that the percentage ofmeasured 

current resulting from charge motion outside the perimeter of the measuring electrode 

be known. Assuming the same radially uniform surface charge distribution as used 

above (see sketch in Figure 4.6), the percentage of the total measured current due to 

charge located inside and outside the perimeter of the measuring electrode is shown in 

Figure 4.8. It can beseen that over 70% ofthe measured current is due to charge low 

cated inside the perimeter of the measuring electrode. If the charge distribution is asw 

sumed to be Gaussian this percentage would be even higher. 
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CHAPTER5 

EXPERIMENT AL AND THEORETICAL RESULTS 

Through application of the concepts introduced in the previous two chapters, a 

comparison between calculated and measured avalanche current waveforms and ICCD 

(intensified CCD array) images wiU be presented and discussed in this chapter. Particu

lar emphasis is placed on the understanding of the physics underlying space charge 

dominated electron avalanche growth teading to the development of a breakdown in 

under-volted gaps. The term under-volted implies voltage levels below that necessary 

for spontaneous breakdown as determined from the Paschen curve. Two gases, nitro

gen and dry air, have been studied at atmospheric conditions. Because nitrogen is a 

'simpte' gas and dry air is 'complex', the study ofthe two encompasses a large range 

of souree mechanisms available for gaseaus discharges. The difference between 

'simple' and 'complex' gases is that a 'complex' gas is capable ofundergoing detach

ment and conversion processes during the time scale of interest. 

This chapter is subdivided into four primary sections: 1. Space charge domi

nated electron avalanches in nitrogen (5.1 and 5.2); 2. Under-volted breakdown in ni

trogen (5.3 and 5.4); 3. Under-volted breakdown in dry air (5.5 and 5.6); 4. Over

vohed breakdown in nitrogen and dry air (5.7). We begin the discussion ofsections 1 

through 3 with the experimental results (cuerent wavefarms and ICCD images) after 

which the numerical results are presented. In section 4 only numerical results are pre

sented. For all four sections a discussion is provided after each set of results. 

5.1 Nitrogen: Ex perimental study of the primarv electron avalanche 

In this section we focus on the primary electron avalanche. First the measured 

cuerent wavefarms will be presented foliowed by the ICCD images. In section 5.2 the 

quantitative model presented in chapter 3 will be applied to the problem to interpret 

the experimental results. 

Avalanche cu"ent wave(orms. Figure S.l shows measured cuerent wave

farms, normalized to the initia! avalanche cuerent I.,, for different initia! conditions. The 
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avalanches are induced by a pulsed nitrogen laser, which produces an initial electron 

number No over an illuminated area A, at an electric field of28 or 29 kV/cm. The cur

rent is normalized so that direct camparisans can be made between wavefarms with 

different No values. III., is equal to one at t=O ns. 

Each waveform labeled 'one' in Figure 5.1 is representative of uniform, space 

charge free, electron avalanche growth. This statement is based on the clearly defined 

current maximum and electron gap transit time (T ,.) for these waveforms. The electron 

transit time is given by the following expression: 

1 
T. -e- gvd (5.1.1) 

where gis the gap width (1 cm) and vd is the electron drift velocity1
. The above state

ment bas also been supported by numerical simulations. Therefore, the experimental 

wavefarms in Figure 5.1 show how space charge alters the characteristic exponential 

current growth of electron swarms in N2 in uniform field conditions. Space charge is 

bere induced by increasing the initial electron number and/or reducing the illuminated 

area. 

The predominant effect of space charge is a reduction in the rate of electron 

growth. The total charge located in the gap region as a :function of time is given by: 

Q(t)= Jtl(t)dt 
0 

(5.1.2) 

From Figure 5.1 it can be seen that a reduction in Q may occur already 35 ns after the 

current is initiated. The observed reduction in electron growth has previously been ob

served in both theoretica) and experimental studies2 3 in atmospheric N2 at electric 

fields exceeding 31 kV/cm. Accompanying the reduction in growth is a broadening of 

the current maximum. Compared with the space charge free wavefarms the current 

does not immediately drop to zero beyond the maximum current value, but instead 

proceeds to a second transition point after which a drop to zero occurs. This is espe

cially apparent in Figure S.l.d. This broadening must be a rnaniCestation of space 

charge since diffi.Jsion is relatively insignificant at atmospheric pressure. The time 

1 C. Wen, Time resolved swarm studies in gases with emphasts on electron delachment and 
ion conversion, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
2H. Tholl, Z. fur Physik, Vol. 172, p. 536, (1963). 
3W. Reininghaus, J. Phys. D: Appl. Phys., Vol. 6, p. 1486, (1973). 
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Figure 5.2 Measured space charge distortedwaveforms. (p=757 Torr, No=2.84xlfl, 

A=0.25 cm') (I'.f:»wtcm=lOJ ns. T.fm:V/cm=93.5 ns, T./29kvtcm=87 ns) 

where the first transition point is reached coeresponds with the maximum cuerent ob

tained, and decreases with increasing initial electron density. The time of the second 

transition point appears to be relatively independent of No and illumination area, and 

corresponds approximately with T •· 

In Figure 5 .2, space charge dominated cuerent waveforens are presented where 

the applied electric field is varied and the illuminated area and N. are kept approxi

mately constant. The waveforms are plotted versus time normalized to the electron 

transit time T •. This was done to better ascertain the temporal behavior of the cuerent 

waveforrns. The time of the first transition point depends on the applied electric field, 

and hence on the rate of collisional ionization growth. This confirms that space charge 

is the dominating mechanism. In addition to the previous discussion, the time where 

the second transition point occurs appears to be relatively independent of the applied 

field, occurring at approximately 0.9 to 0.95 To. Also, the presence of a cuerent 'tail' 

beyond T. is apparent in Figure 5.2. The remaining cuerent at 1.5T. for an applied field 

of 29 kV/cm results from the drift and growth of secondary photoelectrons released 

from the catbode during the primary avalanche stage. 
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To summarize the trends observed in space charge dominated current wave-

forms: 

• The rate of electron growth is reduced with increasing No and decreasing illumina

tion area. 

• Space charge effects result in a temporally broadened waveform. This suggests that 

the electron swarm is no Jonger spatially localized. 

• The occurrence of two transition points. The time of the first point decreases with 

increasing magnitude of space charge. The time ofthe second point is relatively in

sensitive tospace charge, and occurs at approximately 0.9Tc to 0.95 Tc. 

lntensitied CCD camera images. In Figure 5.3 the ICCD images are presented 

for both space charge dominated and space charge free electron avalanches respec

tively. The current waveforms arealso provided to relate the spadal information ofthe 

ICCD images and the temporal information of the current measurements. It should be 

noted that each image is not from the same avalanche but we have attempted to keep 

the initial electron number constant as it has direct hearing on the maximum pboton 

count per pixel {Eq. 3.4.5). For all images the minimum camera shutter time is ap

proximately 22 ns, unfortunately quite long with respect to the temporal trends ob

served in Figures 5.1 and 5 .2. The minimum shutter delay with respect to the beginning 

of the current waveform is approximately 80 ns. Regarding the space charge free 

waveform no optical emission was detected beyond time frame g. Finally, the reader is 

reminded that optical emission results from the excitation of background gas species 

through collisions with electrons, and as such, provides a 'footprinf of the electron 

distribution convoluted with the local electric field value. As discussed in section 4.1 

the luminosity results almost entirely from the 2n.d Positive system (C3II..-B3II,) ofN2• 

Due to the relatively short lifetime of this electronic state and because excitation is a 

function of Elp (section 2.2) the luminosity is a good indicator of regions of enhanced 

ionization growth. 

The following observations are made: 

• From the image a it is clear that the electroos have arrived at the anode surface 

prior to or during the first transition point. 
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Figure 5.3 (continued) /CCD images for time frames a , b, and c. Approximate 

maximum number of photons entering the !CCD camera per pixel: a 16, b 16, c 23. 

The arrowat rs::s1.55 cm indicates the radial center of the discharge. 
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Figure 5.3 (eontinued) /CCD images for time frames d , e, and g. Approximate 

maximum number of photons entering the /CCD camera per pixel: d 19, e 11, g 7. 

The arrowat rp;J.55 cm indicates the radial center ojthe discharge. 
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• In images a and b the body of the swann undergoes radial expansion to approxi

mately 0.375 cm from its initial radius ofapproximately 0.25 cm. Although not very 

clearly visible, the initial radius of 0.25 cm corresponds well with the swann radius 

obtained from image g. It is diffi.cult to distinguish whether the optical signal beyond 

0.375 cm is due tospace charge or an artifact from the laser as it is also faintly visi

bie in image g. 

• The swann radius decreases as it approaches the anode surface. This is especially 

apparent in image a. 

• Camparing the maximum number of photoelectrons entering the ICCD camera per 

pixel, and knowing that the initial electron number is approximately 56 times higher 

for space charge dominated swarms, it can be qualitatively stated that under

exponential electron growth is present in a space charge dominated swann. 

The images allow for a better interpretation of the measured currents in Figures 

5.1 to 5.3. The broadening observed inthespace charge dominated current waveforms 

corresponds with the elongated region of optical activity in the images. Assuming a 

space charge free environment, Eq. 5.1.1 suggests that at 80 ns (approximate time 

where the shutter opens for image a) the body ofthe avalanche should be situated at 

about 0.2 cm from the anode surface. It is however clear that a considerable percent

age of optical signal is originating from as distant as 0.3 cm from the anode. Finally, 

the observed 'tail' in the current waveforms corresponds to optical activity occurring 

throughout the discharge volume in the images representative of the later stages of the 

avalanche. In the next section we will compare the ICCD images with the simulated 

density profiles of the excited species. 

5.2 Nitrogen: Simulations of the primarv electron avalanche 

In this section the results of a numerical study of space charge dominated elec

tron avalanche growth wiJl be presented. The computational routine used in this work 

bas been discussed in detail in chapter 3. In an attempt to duplicate the laser putse the 

initial electroos were releasedas a 0.6 ns at full width at halfmaximum Gaussian putse 

and with a radial distribution of Gaussian form and of varianee 0.382 cm. Results of 
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Figure 5.4 Simuialed current waveforms in nitrogen. (E=28 kV/cm, p=760 Torr) 

(T./:Jskvtcm=90.5 ns) 

the simulations include the simulated current waveforms, and the spatio-temporal de

velopment ofthe discharge species and electric field. 

Simulated current wave(orms. In Figure 5.4 the simulated scaled current 

waveforms are presented for different initia! electron numbers, at an electric field of 28 

kV/cm. The waveforms are plotted on a scaled time axis (tiT.). The measured wave

form e is provided for reference. The following observations are noted: 

• In agreement with the experimental waveforms of Figure 5.1 the simulated wave

forms clearly show the reduction in growth with increasing N0 • In addition, the ob

served broadening of the current waveforms with increasing No is also observed. 

• No clear second transition point is present in the simulated waveforms. The time of 

the first transition point depends on No. 

• From waveforms a and d it is observed that the waveform depends on the distribu

tion of the initial electrons. 

Apart from the second transition point the trends in the simulated waveforms 

agree with the measured data in Figure 5.1, and with curve e in Figure 5.4. Further dis-
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cussion will take place with the help of the spatial profiles of the species density, and 

electric field. 

Simulated species densitv and electric fiehl. In this section we present the 

simulated density profiles and resulting magnitude ofthe total electric field. The data is 

presented in Figure 5.5. Included as a time reference is the simulated discharge current 

waveforma from Figure 5.4. From a vast amount of data, a selection is made to illus

trate the observed trends. Note that in the mesh diagrams the catbode and anode are 

situated at 0 and 120 {1 cm) respectively. The maximum radius is located at 22 (0.6 

cm). The initia! electrons were released with a Gaussian distribution (variance of 14 

cells, 0.382 cm) in the radial direction. Finally when viewing the electric field profiles, 

keep in mind that positive ions arealso present (Figure S.Sh). The following observa

tions are made regarding the simulation data. 

• From Figures S.Sb,d,e,f, and g it is apparent that the electric field is distorted most 

on the axis of symmetry. The magnitude of distartion decreases radially, approach

ing the uniform field value of 28 kV/cm. This non-uniform field causes a radial de

pendence of the electron growth and transport. 

• From Figures S.Sc and dit is clear that a large fraction ofthe electrans is situated in 

a region of electric field below the Laplacian value. This causes the reduced electron 

growth observed in the current wavefarms of space charge dominated avalanches. 

In addition, this explains the observed spatial broadening of the avalanche pul se. 

• From Figures 5.5e and fit is deduced that the arrival ofthe on-axis avalanche front 

at the anode surface corresponds to the first temporal transition point. 

• Figure S.Si for the excited species and Figures 5.5fand g for electrons illustrate that 

the interpretation of the ICCD images is not straightforward. The on-axis excited 

species density drops approximately an order of magnitude between times f and g, 

while the electron density increases. The on-axis drop in excited species density is 

due to the large reduction in the electric field adjacent to the anode surface due to 

the net positive ion density as observed in Figure 5.5h. Note that the off-axis excited 

species density increases because of the 'relatively' high electric field at this region. 

The increase in the on-axis electron density does not result from ionization but from 

a decrease in its local drift velocity. 
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the magnitude of the electric field V/cm at time g. 
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the net charged species density cm·3 at time g. Note the change in 

viewpoint. 
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• From Figure 5.5j it can be seen that after the first transition point the dominant 

contribution to the measured current is due to off-axis electron transport and 

growth. 

• Consiclering the above discussion we propose three possible explanations for the 

discrepancy between the measured and simulated waveforms regarding the (lack of 

a clearly distinguishable) second transition point. 

I. We do nothave the correct initia! electron distribution. From Figure 5.4 it is 

observed that the radial profile of the initia! electron density influences the cur

rent waveform. From Figure 5.3 image a it is clear that electrans are present at 

distances beyond 0.375 cm from the axis ofsymmetry (approximately 1.4 cm). 

The observation that the time of the second transition point is independent on 

both applied field and initia! electron number suggests that electrans are located 

in a region free of any space charge field. This argument is further supported in 

Figures 5.2 and 5.6 (next section) whereby the profile of the second transition 

point is dependent on the applied field. We state this because the next two ar

guments are effectively independent ofthe applied field. We have tried several 

different initia! electron profiles but as of present all have proven to be inade

quate. 

2. Erosion of local profiles due to residual numerical ditfusion as discussed in 

chapter 3. Because the second transition point is relatively pronounced it sug

gests that a local and relatively large flux of electrans has entered the anode 

surface. Ditfusion would erode such local fluxes. 

3. Because a non-equilibrium region exists adjacent to the anode surface the 

use of a continuurn approximation at this location is physically incorrect. Re

ferring to Figures 5.5g and j it can beseen that at time ga large fraction ofthe 

measured current results from the electrons situated on-axis, and effectively 

trapped by the space charge field, in last five cells adjacent to the anode. Physi

cally, the electrons have a distribution of veloeities (Chapter 2.1) and as such 

are not bound by the reduced local drift velocity. Assuming the field is reduced 

to zero, a Maxwellian distribution may be assumed for the electron species. 

This allows for a straightforward determination of the most probable electron 

velocity ofabout 107 cm/s at 300 K. The mean free path (mfp) for elastic colli-
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sions at 760 Torris about 3.5xto·S cm (1/238th ofthe axial cell width)4
• It fol

lows that in 3. 6 ps approximately 50% of the electrans located in l mfp from 

the anode surface would enter the anode and undergo recombination. 

In summary, the salient feature of the space charge dorninated avalanche 

waveform have been investigated. Other than the second transition point all other ob

served trends are now understood. 

4 E. Nasser, Fundamentals ofgaseous ionization and plasma electranies (Wiley, New York, 
1971). 
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5.3 Nitrogen: Ex perimental study of the under-volted gap breakdown 

In this sectien emphasis is placed on the space charge induced breakdown in 

under-volted gaps at relatively high initia! electron numbers. First the measured current 

waveforms will be presented foliowed by the ICCD images. In sectien 5.4 the quanti

talive model presented in chapter 3 wiJl be applied to assist in the interpretation of the 

experimental results. 

Cu"ent waveforms at breakdown. The measured current waveforms at break

down are shown in Figure 5.6. The area of laser illumination for initia! electron emis

sion was kept approximately constant at 0.2 cm2
• The breakdown, defined to be the 

start of the over-exponential rise in current, occurs at approximately l.lTc for 30.5 

kV/cm, 1.3T. for 30 kV/cm, and 2.IT. for 29 kV/cm, where T. is the gap transit time 

for an electron in a uniform electric field (Eq. 5.1.1). As in earlier observations the two 

transition points are apparent. The first transition point depends on the applied electric 

field and the second one occurs at approximately 0.95T •. Also notice that the profile of 

the second transition point depends on the electric field. This agrees with the first ex

planation of the second transition point, that is, the profile of the second transition 

point depends on the initia! radial distribution of electrons. Just beyond the first transi

tion point the current is observed to wiggle slightly in proportion to the applied field. 

From Figure 5.5f it is observed that the simulated on-axis electric field drops signifi

cantly u pon the loss of the electron space charge into the anode. Such a sharp transi

tion in the electric field results in a transition observed in the measured current through 

the field dependent transport terms ofEq. 4.2.3. 

In Figure 5.6b the transition to breakdown beginning at approxirnately 145 ns is 

presented. Three observations are to he noted; the relatively sharp transition from a 

partially conducting gap to a state ofbreakdown, the over-exponendal rise in current 

during the breakdown phase, and the 'wiggle' in the current at 150 ns. As will be dis

cussed later the transition to breakdown occurs upon the 'launching' of the catbode 

directed streamer. The subsequent over-exponential rise in current is due to the growth 

and propagation of the catbode directed streamer. Finally, the wiggle bas been simu

lated as oscillations in the discharge current (see Figure 5.9a), resulting in negative 

values. Similar to the 'wiggle' during the first transition point, this oscillation is due to 
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a local electric field reversal occurring upon the arrival of the catbode directed 

streamer to tbe catbode surface. Tbe simulated oscillations occur on a time scale oftbe 

order of0.05 ns and tberefore are strongly damped by the experimental setup. 

Jntensified CCD camera images. In Figure 5.7 tbe !CCD images are pre

sented for an under volted gap breakdown in nitrogen. It should be noted that each im

age is not from tbe same breakdown. We have attempted to keep the initial electron 

number constant as it has direct hearing on the maximum pboton count per pixel (Eq. 

3.4.5) as well as on the waveform. From the images we have attempted to piece to

gether a thorough description of the breakdown. Additional details regarding the ICCD 

images can be found in section 5.1 (ICCD study of a space charge dominated ava

lanche) and section 4.1. 

Reviewing the sequence of these ICCD images, the !CCD images in Figure 5.3, 

and the wavefarms in Figure 5.6a the following observations are noted: 

• For conceptual purposes only we distinguish three stages teading to the gap break

down shown in image g. 

I. The avalanche phase (image a in Figure 5.3). From Figure 5.6a this phase 

begins at tff .=0 but wbere it ends is rather arbitrary because of the space 

charge induced broadening of the swarm. Depending on the parameters that 

govem the spatio-temporal development of the discharge (E, p, N.., and A) 

this phase may 'end' anywhere between O<tff.sl. We will not quantitatively 

state when this phase ends. 

2. The formation of a region of enhanced luminosity located in the mid gap re

gion (images a through e). We label this stage asthespace charge domi

naled avalanche phase. This stage is nothing more than a transition period 

between the avalanche and streamer. In view ofthe above discussion we will 

not quantitatively state when this phase begins. This stage ends upon the 

initia! propagation of the catbode directed streamer, or from Figure 5.6a 

when the breakdown occurs. It is apparent from Figure 5.6a that the dura

tion of this stage is strongly dependent on the applied electric field. In the 

case ofbreakdown ofan extremely over-volted gap 
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(section 5. 7) the space charge dominated avalanche phase may be consid

ered as nonexistent 

3. The filamentary extension of the catbode directed streamer from the mid gap 

region of enhanced excitation to the catbode leading to gap breakdown 

(image t). We label this stage as the streamer phase. We define that this 

stage begins u pon the launcbing of the catbode directed streamer, or from 

Figure 5.6a when the breakdown occurs. Keep in mind that the label 

'streamer' stands for an ionization wave. In the case of breakdown of an 

extremely over-volted gap (section 5.7) also an additional anode directed 

streamer occurs. 

• The appearance of enhanced excitation off the axis of symmetry is observed in im

age a. 

• The diameter of the mid gap region of enhanced excitation during the space charge 

dominated avalanche phase is approximately 5 mm. The diameter of the catbode di

rected streamer just above the catbode surface is approximately 0.5 mm. 

• The maximum luminosity during the streamer phase (image t) is approximately 

equivalent to that during the space charge dominated avalanche phase (images d 

and e). The maximum luminosity during breakdown (image g) is approximately 18 

times higher than during tbe streamer phase. 

• The estimated velocity ofthe catbode directed streamer is approximately 6.6xl07 

cm/s. This velocity is approximately 5.5 times larger than the uniform field electron 

drift velocity at 30 kV/cm. 
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Figure 5.8 Simulated and measured current waveforms at breakdown. The initia/ 

number of electrans are: (measured, see Figure 5.6a) 3.2xHI at 30 kV/cm, and 

4.3xHI at 29 kV/cm; (simulated, p=760 Torr) 1.5xlrl at 30 kV/cm, and 3xHI at 29 

kV/cm. (T./29kV!cm =87 ns, Te/.;okwcm=84 ns) 

5.4 Nitrogen: Simulations of the under-volted gap breakdown 

In this section the results of a numerical study of the under-volted gap break

down wiJl be presented. The computational routine used in this work has been dis

cussed in detail in chapter 3. Results of the simulation include the simulated current 

waveforms, and the spado-temporal development of the discharge species and the 

electric field. 

Simulated current wave(orms. In Figure 5.8 the simulated current wavefarms 

at breakdown are presented for applied electric field values of29 and 30 kV/cm. The 

wavefarms are plotted on scaled axes. The current is scaled to its initial current value 

and the time is scaled to T., as given by Eq. 5 .1.1. The measured 29 and 30 kV/cm 

wavefarms (Figure 5.6a) are provided for reference. The following observations are 

noted. 
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• The profile ofthe simulated current waveforms at times exceeding T0 oompare well 

with those measured. 

• The general trends mentioned in the sections 5.1 and 5.2 regarding the primary 

avalanche are also observed here, although the initial electron numbers differ quite 

significantly. 

• Close examination of the simulated current peaks during the first transition point 

reveals a slight oscillation. This is in agreement with the measured waveforms of 

Figures 5.8 and 5.6a. This suggests that it is due to the sudden change in the electric 

field when the electroos enter the anode. See for example, Figure 5.5f. 

Simulated species densitv and electric field. In this section we will present the simu

lated density and total electric field profiles. The data is presented in Figure 5.9. In

cluded as a time reference is the simulated discharge current waveform at 30 kV/cm 

from Figure 5.8. A selection of data is presented such as to illustrate the observed 

trends in the current waveforms. Note that for the mesh diagrams that the catbode and 

anode are situated at 0 and 120 (1 cm) respectively. The maximum radius value is lo

cated at 22 (0.6 cm). The initial electroos are released with a Gaussian distribution in 

the radial direction. 
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Figure 5.9h Mesh diagrams of the magnitude of the total electria 

field (V/cm) at times b (left) and e. 
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Figure 5.9j Spatial distribution of the electron current contri bution 

(amps) at times a (left) and f. Al(p,z)=eQ.(p,z)(v.(p,z} ez)/g 
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Figure 5.91 Spatlal distribution of aNe (# ionizing collislons I cm4
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for times c (left) and d. 
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Figure S.9m Spado-temporal evolution of the cathode directed 

streamer on the axis of symmetry. 
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Figure 5.9u Estimated cathode directed streamer speed jrom Figure 

5.9m. Speed determined by tracldng the displacement of a density of 

1012 cm·3 except between times 1 and 2 where 1011 cm·3 is used 
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In discussion of the simulation results we note the following: 

• The off axis excited species density and extension into the mid-gap region in Figure 

5.9b agrees with the ICCD images a through c in Figure 5.7. Also, the mid-gap 

excitation region ofFigure 5.9c (time c) agrees witb that observed in tbe ICCD im

ages dandein Figure 5.7. Finally, it can be qualitatively stated tbat the region of 

low luminosity between mid gap and the anode observed in ICCD image fin Figure 

5.7 agrees with that simulated from Figure 5.9c (time e). This low luminosity region 

also corresponds with the 'reduced' electric field region as observed in Figure 5.9i. 

• Upon comparison between tbe excited species density ofFigure 5.9c at times c and 

e an order of magnitude difference in the peak values is noted. This is in disagree

ment with the relatively uncbanged maximum luminosity observed between images 

d, e and f ofFigure 5.7. Assuming that tbe pressure reduced field dependenee of 

excitation to the C3II.. state is well understood, tbe discrepancy may in part be due 

to the time constant of2.6 ns for relaxation to tbe B3II1 electrooie state. 

• By comparing Figures 5.9e and fit can beseen that at tbe base ofthe steep current 

rise (time d) the catbode directed streamer bas formed. This is also apparent in the 

spatial distribution of a.N., in Figure 5.91. Tbe catbode streamer speed estimated 

from tbe ICCD images of 6.6x107 cm/s agrees witb tbe estimated streamer veloei

ties obtained from simulations (Figure 5.9n). 

• In the Figures 5.9 d through g the positive ion density is always slightly larger than 

the electron density. This is especially apparent at the periphery of the distribution 

and is due to tbe two orders of magnitude difference in tbeir drift velocities. 

• The distribution of the net positive charge gives rise to the observed distoetion of 

the Laplacian field. Note the large field reduction on the axis of symmetry adjacent 

to tbe anode and the field enhancement at mid gap. In Figure 5.9i (time e) the for

mation of a second field minimum has occurred due to the dipolar separation of 

electroos and positive ions in the catbode directed streamer head. 

• The observed filamentary structure of the catbode directed streamer is produced by 

botb the axial and radial electric fields. The axial field bas its maximum on tbe axis 

of symmetry and as such tbe rate of i ooization and excitation are largest tbere. The 

radial field is such that electron flow is directed inward toward the axis of symme-
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try. The magnitude of botb fields increases as the catbode directed streamer ap

proaches the cathode. 

• From Figure 5.9j it can beseen that the spatial distribution oftbe current contribu

tion bas an on- and off-axis component at time a. This is due to tbe field distortion 

caused by the net positive ion space charge. At time f tbe current is determined en

tirely from tbe catbode directed streamer. The simulated oscillation in tbe current 

waveform Figure 5.9a occurs upon the arrival ofthe catbode streamer to the catb

ode surface (133.4 ns in Figure 5.9m). The spatial distribution ofthe current contri

butions at timefin Figure 5.9j suggests that the oscillations are due to the sudden 

change in tbe electric field upon arrival of tbe catbode directed streamer. 

• The Figures 5.9k and 1 provide spatial information about the regions oflargest ioni

zation. The space charge enhanced ionization of the delayed electrans is clearly pre

sent in Figure 5.9k. Note the similarity in profiles between these distributions and 

those for the excited species density Figures 5.9a through c. The ICCD images are 

nothing more than the 'footprint' oftbe öN., distribution which is similar in form to 

a.N.,. 

• The large increase in electron density in Figure 5.9m (133.4 ns) is due to secondary 

electron emission through positive ion impact of the catbode surface. The catbode 

directed streamer acts as a 'mechanism' for positive ion transport to tbe catbode 

surface. 

• Ifwe assume a Druyvesteyn electron energy distribution (Chapter 2.1), and use Eq. 

2.1.4 and tbe expressions for v., and Dr from Appendix A, the maximum value of 

tbe electric field at time e corresponds to a mean electron energy (3/2kT.,) of 5.8 

eV. As tbe streamer approaches the catbode at time f the mean electron energy 

reaches a maximum of 10 eV. By comparison, a mean electron energy of 3 eV is 

found for the uniform Laplacian field of30 kV/cm. Note that tbe enhanced electron 

energies occur only in the streamer head and that the constant voltage across the 

gap implies tbat reduced values (below 3 eV) exist elsewhere. 

From Figure 5.9k the ionization oftbe secondary electrons created at tbe catb

ode surface during the primary avalanche is clearly visible at time b. The secondary 

electron luminosity is also faintly visible in the mid-gap region of image 5.7a. It is the 
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enhanced ionization of these delayed electrons in the mid-gap region due to the resid

ual positive ion space charge field (Figure 5.9h) that results in the eventual formation 

{space charge dominated avalanche phase) and subsequent propagation ofthe catbode 

directed streamer (streamer phase). In an earlier 1-D study. a decrease ofthe catbode 

quanturn efficiency resulted in an increase in the time to breakdown' . The dependenee 

of the formation and propagation of the catbode directed streamer on these delayed 

electrons was originally proposed by Raether6 
• Simulations by Davies concerning the 

breakdown mechanisms of an under-volted gap also confirm this dependence7
• 

Finally, a brief discussion on the existence of equilibrium is necessary consicler

ing the large rate of change in the electric field during the development and propaga

tion ofthe catbode directed streamer. As discussed in chapter 3.1, a collisionally domi

nated discharge implies that the mean free time between partiele collisions is much less 

than the characteristic time scale for any macroscopie change. Even tbough our data is 

determined from an equilibrium description, the following estimate suggests that we 

approach the limits ofvalidity fora collisionally dominated discharge. 

The rate of increase at the sparial position of the maximum electric field value 

at times d and e results in 1600 Vlcm·ns and 4840 Vlcm·ns respectively. From the 

ionization collision frequency (vion. = ve<X), it can be shown that in the mean time be

tween ionizing collisions tbe electric field changes by the amount of 1000 V/cm (or 2 

% ofits original value) for time d, and 1200 V/cm (also 2 %) for time e. Similarly, as

suming an elastic collision frequency of 5x1010 s\8 in the mean time between elastic 

collisions the electric field changes 32 V/cm (0.07 %) for time d, and 97 V/cm (0.17 

%) for time e. Although the relative change in electric field between elastic collisionsis 

smal!, it is significant between ionizing collisions suggesting that an equilibrium ap

proach may be incorrect in these regions. Recent simulation work by Guo and Wu in 

highly over-volted gaps using a three moment description of the Boltzmann equation 

s J.T. Kennedy, J.M. Wetzer, and P.C.T. van der Laan, Space charge induced breakdown in 
under-volted gaps in nitrogen and air, Proc. Slh Intm. Conf on High Volt. Eng., Yokobama, 
Vol. 1, p. 383, (1993). 
6 H. Raether. Electron avalanches and breakdown in gases (ButteiWOrths, London, 1964). 
7 A.J. Davies, C.J. Evans. P. Townsend, and P.M. Woodison, Computation of axial and radial 
development of discharges between plane parallel electrodes, Proc. lEE, Vol. 124, p. 179, 
{1977). 
8 L.G.H. Huxley and RW. Crompton, The dijjUsion and drift of electrons in gases (Wiley, 
NewYork. 1974). 
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(see section 3.1) bas indicated that during the streamer phase a non-equilibrium situa

tion ensuel. Their results indicate that a non-equilibrium description causes a larger 

amount of ionization in the streamer heads than is determined using an equilibrium ap

proach. This also results in Iarger streamer velocities. Qualitatively, the profiles of the 

species densities do appear to remain unchanged between the equilibrium and non

equilibrium studies. 

Applying the concept of an 'equilibrium distance' 10 (doq=DJv.) to our situation, 

we find a 0.57 % change in the electric field over a distance of doq at time e. According 

to this test, the electric field should be relatively constant over a distance of the order 

of doq for the condition of equilibrium to be valid. Although the relative change is finite 

it does support the validity of an equilibrium approach. 

9 J.M. Guo and C.HJ. Wu, Two-dimenstona/ nonequilibrium jlutd models far streamers, 
IEEE Trans. Plasma Science, Vol. 21, p. 684, (1993). 
10 U. Lowke and D.K. Davies, J. Appl. Phys., Vol. 48, p. 4991, (1977). 
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Figure 5.10 Measured current wavejorms at breakdown. Note that the wavejorm with 

N0 =3.4x}(f is scaled by 4. The N,;s are estimatedvalues determinedfrom wavejorms 

measured at 26 kV/cm. (Te/28.5 kV/cm 7 4.5 ns) 

5.5 Drv air: Experimental study ofthe under-volted e.ap breakdown 

In this section emphasis is placed on the space charge induced breakdown in 

under-volted gaps in dry air. Because we were unable to release a significant number of 

initia! electrons, space charge effects were not observed in the primary avalanches. At 

atmospheric pressure the maximum number of initia! electrons released was 8xl06 as 

compared to 4xl08 released in an N2 environment. We attribute this strong reduction 

to the rapid formation of the native aluminum oxide layer on the catbode surface in an 

air environment11 
. 

We will first present the measured current waveforms foliowed by the ICCD 

images. Insection 5.6 the quantitative model presented in chapter 3 wil! be applied to 

assist in the interpretation of the experimental results. 

Current wavefarms at breakdown. The measured current waveforms at break

down are shown in Figure 5.10. The expression T. is the gap transit time for an elec

tron in a uniform electric field (Eq. 5.1.1). The initia! electron numbers for the two 

11 Handhook ofChemistry and Physics, 63rd Ed., (Chemical Rubber Co., Cleveland, 1970). 
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wavefarms are determined from measurements made at 26 kV and therefore are only 

approximate values. This is necessary as the ratio of Illo at T. exceeds 200 thus making 

it difficult to accurately determine L.. When the two wavefarms in Figure 5.10 are 

compared it is clear that the primary avalanche (t:s:T.) is relatively unaffected by the 

presence of the ensuing breakdown. However, the peak of the waveform at T. is 

slightly broader for the higher No curve. This broadening was also observed in other 

wavefarms of similar N0 • For the No=3.4x106 wavefarm at times larger than T. the 

'aftercurrent' due to electron detachment is clearly present (1 <t!f.,<4). The presence of 

ion transport is also clearly visible because ofthe non-zero current at 4trr •. 

With regards to the breakdown, both wavefarms show similar profiles, but dif

ferent times to breakdown. First a gradual increase in the current is observed, foliowed 

by an over-exponential current increase. Although not shown in Figure 5.10 the meas

urements also revealed that sudden oscillations were occurring in wavefarms at times 

exceeding the time to breakdown. These oscillations occurred on a timescale of 5 ns 

and occasionally resulted in a negative current. As in the case ofN2, we attribute these 

oscillations to sudden field reversal at the anode and catbode regions of the discharge 

plasma. Unlike in N2, the time of occurrence of the oscillations with respect to the time 

to breakdown was quite random. 

lntensified CCD camera images. In Figure 5.11 the ICCD images are pre

sented for an under-volted gap breakdown in dry air. It should be noted that the im

ages are not from the same breakdown. We have attempted to keep the initia! electron 

number constant as it has direct hearing on the maximum pboton count per pixel (Eq. 

3.4.5) as welt as on the profile ofthe waveform. From the images we have attempted 

to piece together a thorough description of the breakdown. Additional details regard

ing the ICCD images can be found in section 5.1 (I CCD study of a space charge domi

nated avalanche) and insection 4.1. 
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Figure 5.11 Current wavefarm used to reference the shutter period of 

the !CCD camera. The letters indicate the respective !CCD image, 

and the solid fine indicates the period when the shutter is open. 
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Figure 5.11 (continued) !CCD images for time frame a. Approximate maximum 

number ofphotons entering the !CCD camera per pixel: 14. The arrowat rt::~1.55 cm 

indicates the radial center of the discharge. 
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Figure 5.11 (eontinued) !CCD images for time frames b, e, and d. Approximate 

maximum number of photons entering the !CCD camera per pixel: b 21, c 35, d 30. 

Ihe arrowat r~ 1.55 cm indicates the radial center of the discharge. 
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Figure 5.11 (continued) !CCD images for time frames e. f. and g. Approximate 

maximum number of photons entering the !CCD camera per pixel: e 179, f 656, g 

3202. The arraw at r~:~ 1.55 cm indicates the radial center ofthe discharge. 
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Figure 5.11 (continued) !CCD images for time frame h. Approximate maximum 

number of photons entering the !CCD camera per pixel: 109. The arrow at rRJ 1.55 

cm indicates the radial center of the discharge. 

Reviewing the sequence of images the following observations are noted: 

• In image a we ob serve tbe presence of the delayed electrans through the successive 

process of electron aftachment followed by electron detachment. In addition, some 

of tbe luminosity may result from the presence of secondary electrons released from 

tbe catbode during the primary avalancbe. The approximate radius of the region of 

maximum luminosity is 0.25 cm which corresponds well with the estimated area of 

laser illumination of0.2 cm2
• 

• In image b the formation of a space charge induced region of enhanced ionization is 

occurring in the mid gap region. This stage is termed the space charge dominaled 

avalanche phase as defined previously for N2 in secdons 5.3 and 5.4. Similar to N2 

this stage occurs prior to the current rise as indicated in the reference waveform. 

There is a definite similarity between image band that observed in N2 (Figure 5.7 

image b). The estimated radius ofthe mid gap luminosity is 0.125 cm. Note the 

presence of the luminosity at a radius greater tban 0.25 cm on tbe anode half of tbe 

image. Because imagebis approximately located at 2Te we suggest that this lumi

nosity results from secondary photoelectrons emitted from tbe catbode during the 

primary avalanche. 

• The initial extension of the catbode directed streamer from the mid gap region to 

the catbode is clearly evident in image c. Tbis stage is termed tbe streamer phase as 
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defined previously for N2 in sections 5.3 and 5.4. Similar to N2 this stage occurs 

during tbe current rise as indicated in tbe reference waveform. The catbode directed 

streamer radius is approximately 0.025 cm. In image d the streamer bas made con

tact with the catbode surface. From these two images an estimated catbode 

streamer velocity of 108 cm/sis estimated. Again a similarity exists between image 

c and the corresponding image in N2 (Figure 5.7 image t). 

• In images e through g tbe plasma filament connecting the anode and catbode is 

clearly evident. Note tbe propagation of a second luminous front, of radius similar 

to that of tbe catbode streamer (0.025 cm), along the plasma channel toward the 

anode. From these images an estimated propagation velocity of 4x107 cm/s has been 

obtained for this second luminous filament. 

• U pon comparison of the maximum number of photons entering the ICCD camera 

per pixel for images a through g tbe exponential growth of maximum luminosity in 

time is evident. 

• Image h bas been included to show that it is possible for two catbode streamers to 

be 'launched' from the mid gap region of enhanced ionization. Of approximately 

forty images only once was a double catbode directed streamer observed. The re

pulsion of the two streamers is evident by their diverging paths but note the simi

larity in radius and luminous profile between the streamer channels for the two 

streamers. Also note the similarity with the single catbode directed streamer channel 

in image e. From these comparisons we can state that streamer formation and 

propagation is an extremely local process and therefore, each streamer can be con

sidered as being relatively independent ofits neighbor. 
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Figure 5.12 Simulated and measured current waveforms at breakdown. The experi-

mental conditionsare: Nof'll7.9x](f at A=.2cm', E=28.5 kV/cm, g=l cm, p=755 To". 

The simu/ation conditions are: No=7.9xllf (Gaussian), E=28.5 kV/cm, g=l cm, 

p=760 To". (Te/18.S/t:l'lcm, 7SSTotr = 74.5 ns, T./28.S/t:VIcm, 760Torr 75.0 ns) 

5.6 Drv Air: Simulation of the under-volted gap breakdown 

In this section the results of a numerical study of the under-volted gap break

down wiJl be presented. The computational routine used in this work bas been dis

cussed in detail in chapter 3. Results of the simulation include the simulated cuerent 

waveforms, the spado-temporal development of the discharge species and the electric 

field. 

Simulated cu"ent waveforms. In Figure 5.12 a simulated cuerent waveform at 

breakdown is presented for an applied electric field value of 28.5 kV/cm. A measured 

wavefarm is provided for comparison. The wavefarms are plotted with the time axis 

scaled to Te given by Eq. 5.1.1. The following observations are noted. 

• Other than the difference in magnitude both wavefarms are nearly identical up to 

l.2Te. Both curves suggest the presence of space charge through the temporal 

broadening of the current peak at Te· 
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• Beyond 1.2Tc both curves show a relatively 'flat' current region foliowed by a 

transition to breakdown. Although the simulated waveform shows a 0.4Tc ditfer

ence in the breakdown time it does accurately reproduce the current rise lasting 

0.4Tcjust prior to transition to breakdown. 

• No indication of an electric field reversal resulting in current oscillations during the 

breakdown stage is observed in the simulated waveform. 

Simulated species densitv and electric field. In this section we will present the simu

lated density and total electric field profiles. The data is presented in Figure 5.13. In

cluded as a time reference is the simulated discharge current waveform from Figure 

5.12. A selection of data is presented such as to illustrate the observed trends in the 

current waveforms. Note that for the mesh diagrams that the catbode and anode are 

situated at 0 and 120 (1 cm) respectively. The maximum radius value is located at 22 

(0.6 cm). The initia! electroos are released with a Gaussian distribution in the radial 

direction. For the excited species densities we assume emission from the 2"" Positive 

system ofthe N2 molecule having a lifetime of0.47 ns at 760 Torr for air (see section 

4.1). 

The following observations are made regarding the simulation data: 

• The four diagrams ofthe excited species densities in Figures 5.13b and c show the 

development of an are discharge in dry air. The final stage of the avalanche phase is 

presented at time a. The distribution of the delayed electroos at time a, due to at

tachment foliowed by detachment processes, is observed by the tail in the excited 

species densities in Figure 5.13b. The corresponding images at times b and e de

scribe the space charge dominated avalanche phase. The streamer formation is due 

to the space charge enhanced ionization of the delayed electrons. This is shown in 

Figures 5.13i andj. At time e the discharge bas entered the streamer phase with the 

propagation of the catbode directed streamer. With respect to the reference wave

farm in Figure 5.13a, the times where these phases occur agree with that observed 

with the ICCD images presented in Figure 5.11 . 

133 



dry air@ 28.5 kV/cm, 760 Torr, No=7.9E+6 e-

6 

1 

50 100 150 
time ins) 

Figure 5.13a Simulated current waveform for data rejerence. Points 

a through e indicate the times when the data is recorded 

9 
N..,• x 10 

5 

4 

3 

2 

1 

0 

75 ns ......... ,. .... 

: .......... 
: ........ :·· 

. 

20 z 

Figure 5,13b Mesh diagrams of the excited species density cm·3 at 

times a (left) and b (right). 
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Figure 5.13c Mesh diagrams of the excited species density cm·3 at 

times c (left) and e (right). 

Figure 5.13d Mesh diagram of electrons (lejt) and the net ion {Np

N,.-N;) (right) densities cm·3 at time b. 
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Figure 5.13e Mesh diagram of electrons (/eft) and the net ion (Np

N..-NJ (right) densities cm·3 at time e. 

Figure S.llf Mesh diagram of electrons (/eft) and the net ion (Np

N..-NJ (right) densities cm·3 at time e. 
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Figure 5.13g Mesh diagramsof the magnitude of the total electric 

field (V/cm) at times b (left) and c (right). 
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Figure 5.13b Mesh diagramsof the magnitude of the total electric 

field (V/cm) at times d (left) and e (right). 
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Figure 5.13j Spatial distribution of ( a-T/u-'1'/~Ne (net# of ionizing (ij 

positive) attaching (ij negative) collisions I cm4
) for times d (Ie ft) and 

e (right). 

138 



• Regarding the profiles of the excited species densities a relatively good comparison 

is found between Figure 5.13c and the ICCD imagesband c ofFigure 5.11. Similar 

to the study in N2 the simulations result in an order of magnitude increase in the 

excited species density between times c and e while the ICCD images show that no 

such increase in the maximum pboton count exists. 

• From Figure 5.13g the electric field is reduced adjacent to the anode by the positive 

ion space charge. Electrons trapped in this region undergo attachment as indicated 

by the net negative ion density shown in Figure 5.13e and the net attachment ob

served in Figure 5. I 3i. Although of minor importance, convective transport would 

also increase the negative ion density adjacent to the anode. The net positive ion 

space charge in Figures 5.13d through f gives rise to the electric field enhancement 

in the rnid gap region. 

• From Figures 5.13i and j electron attachment is the dominant souree process in the 

development stages of the discharge channel. At time e a region of enhanced at

tachment is located on the anode side of the catbode directed streamer head. 

• We have estimated a velocity of approximately 2xl07 cmls for the early stage of 

catbode streamer propagation. 

• At time e a mean kinetic electron energy of 3 eV in the catbode streamer head bas 

been estimated usingEq. 2.1.4. 

In summary, the sirnilarity between an under-volted breakdown in a simpte gas 

(nitrogen) and complex gas (dry air) is quite evident. For both cases the net positive 

ion space charge is the mechanism which gives rise to the electric field enhancement 

teading to an increased rate of ionization by the delayed electrons. Although the domi

nant delaying mechanism differs for the two gases (secondary photoelectron ernission 

for nitrogen, detachment for dry air) delayed electrons are necessary for the formation 

and propagation ofthe catbode directed streamer. 
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5.7 Simulations ofan over-volted gap breakdown in nitrogen and drv air 

In this section we present and discuss the simulated results of an over-volted 

discharge in Nz and dry air. In the introduetion an over-volted condition was defined as 

a gap stressed to a potential exceeding that required for a breakdown initiated by a 

single electron released from the cathode. In essence, if the over-volted gap breakdown 

occurs on a timescale less than T., an additional feature not observed for an under

volted gap breakdown is the formation and propagation of a wel/ defined anode di

rected streamer. Regardless ofwhether an anode directed streamer is presentor not, a 

catbode directed streamer must form and subsequendy undergo propagation to create 

the conductive plasma channel bridging the two electrodes. Since the fundamental 

mechanisms are identicat between an under- and over-volted gap breakdown the three 

pbases teading to breakdown defined in section 5.3 (ava/anche, space charge domi

naled avalanche, and streamer) are also applicable. Because of the arbitrariness of 

when the avalanche phase ends and the space charge dominated avalanche phase be

gins, for an extremely over-volted gap the duration of the space charge dominated 

avalanche phase can be considered to be negligible. 

In contrast to simulations of an under-volted gap breakdown we bere attempt 

to replicate single electron emission from the cathode. The simulation starts from an 

initia! Gaussian electron density distribution with a total number of 104 electrons and a 

varianee of 2Dot.. at location z.,. Here, t.. is the time required for the avalanche to grow 

from one to 104 electrens in a space charge free field. The peak electron density at 

z.,=v.,t., is relatively independent on the applied potential and is approximately equal to 

1010 cm·3• 

The pressure and gap width are kept constant at 760 Torrand 0.5 cm respec

tively, resulting in a minimum breakdown voltage for single electron emission of ap

proximately 17.5 kV for both N2 and dry air12
• The maximum simulation radius is 0.07 

cm for Nz and 0.1 cm for dry air. The discharge volume region is represented by a 200 

point uniform mesh in the axial direction and a 22 point uniform mesh in the radial di

rection. The computational algorithm used has been described in chapter 3. 

12 M. Aguet and M.lanovici, Traité d' Électrlcité, Vol. XXII (Presses polytechniques ro
mandes, Lausanne, 1982). 
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Nitrogen. In this section we will present the simulated density profiles and re

sulting magnitude of the total electric field. The data is presented in Figure 5.14. In

cluded as a time reference is tbe simulated discharge current waveform. Note that for 

the mesh diagrams that the catbode and anode are situated at 0 and 200 (0.5 cm) re

spectively. The maximum radius value is located at 22 (0.07 cm). 

The following observations are made regarding the simulation data: 

• From Figure S.l4a under-exponential electron growth begins to occur when the 

electron number reaches 2xl07 at 5.5 ns. From the veloeities in Figure 5.14g (28 

kV) the catbode directed streamer initiates its propagation at 5.9 ns corresponding 

to 108 electrons. Beyond Sxl08 electrons, the rate of current and electron growth 

begins to increase eventually reaching a state of over-exponential growth at 7.1 ns. 

The current shows a fust order dependenee on tbe electron number. The impact of 

charge transport (drift and diffusion) on the current is ofsecondary importance. 

• Comparing Figures S.l4a and g (28 kV) tbe avalanche phase is from inception to 

approximately 5.9 ns, the time where the catbode directed streamer is launched. Be

cause of the large over-voltage studied tbe space charge dominated avalanche 

phase is of negligible duration. 

• In Figures 5 .14b and c the evolution of the electron density resulting in the devel

opment of the anode and catbode directed streamers is presented. The radius of 

both streamers is approximately 180 J.Ull (full width at half maximum). 

• In Figure 5.14d it can beseen that, compared to the streamer heads, the discharge 

body is relatively neutral. Two regions of net electron density exist. The first one 

corresponds with the anode directed streamer and the second one is located on tbe 

anode si de of tbe catbode directed streamer head. The only region with a net posi

tive charge corresponds to the catbode directed streamer head. 

• In Figure 5.14e the electric field is not reduced to zero in tbe discharge body. A 

field enhancement is found in botb streamer heads. A third region of field enhance

ment begins to form in the discharge body resulting from the dipolar space charge 

formed by the catbode directed streamer and the reduced electric field in tbe dis

charge body. 
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Figure 5.14c Mesh diagrams of the electron density cm'3 at times e 

(/eft) and d (right). 

Figure 5.14d Mesh diagramsof the total charged species density 

(Np-NJ cm'3 at times c (/eft) and d (right). 
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Figure 5.14g Temporal development of the anode (dark) and cathode (light) streamer 

veloeities for nitrogen in the laboratory reference frame. Veloeities determined by 

tracking the displacement of an electron density of 1012 cm-3 in the cathode and anode 

density fronts. 

• In Figure 5 .14f it is deduced that collisional ionization growth is largest in tbe two 

streamer heads. A slight enhancement is also developing in the discharge body due 

to the increase in the electric field. 

• Figure 5.14g shows that the acceleration of both streamer heads depends on the 

applied voltage. At 28 kV the catbode streamer arrives at the catbode after 7.1 ns. 

Note that the catbode streamer velocity is not reduced as it approaches the catbode 

surface. This indicates that propagation of the catbode directed streamer is an ex

tremely local process. 

We wiJl defer any further discussion until the simulation results for an over

volted gap discharge in dry air are presented. 
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Drr air. In this section we will present the simulated density profiles and result

ing magnitude ofthe total electric field. The data is presented in Figure 5.15. Included 

as a time reference is the simulated discharge cutrent waveform. Note that for the 

mesh diagrams that the catbode and anode are situated at 0 and 200 (0.5 cm) respec

tively. The maximum radius value is located at 22 (0.1 cm). 

The following observations are made regarding the simuiatien data: 

• The total electron number and discharge cutrent show identical profiles as a func

tion of time (Figure 5.15a). This suggests that the discharge cutrent is determined 

predominantly from the electron density. 

• In Figure 5.15g (24 kV) the catbode streamer begins its propagation toward the 

catbode at approximately 7.5 ns. This time cotresponds well with growth to 2x108 

electrens from Figure 5.15a. Also, the rate of electron and cutrent growth begins to 

graduatly decrease once growth to 2xl08 electrens is reached. No perceptible de

crease in the rate of electron growth is observed at val u es below 108 electrons. 

• Cernparing Figures 5.15a and g (24 kV) the avalanche phase is from inception to 

approximately 7. 5 ns, the time where the catbode directed streamer is launched. Be

eau se of the large over-voltage studied the space charge dominated avalanche 

phase is ofnegligible duration. 

• In Figures 5.15b and c the formation ofthe anode and catbode directed streamers is 

apparent. Note that the maximum electron density does not occur in the streamer 

heads but in the body of the discharge. At time d the radii of the anode and catbode 

directed streamers are approximately 550 IJ.m and 360 1-1m respectively. Both are 

measured at full width at half maximum. For an applied voltage of 26 kV similar 

streamer radii have been obtained. 

• The contourdiagramsin Figure 5.15d show that the maximum net charge density is 

located off the axis of symmetry for the anode directed streamer. At time d the 

maximum net charge density in the catbode directed streamer is also located off the 

axis of symmetry. Although the streamer body is relatively neutral with respect to 

both streamer heads, note that at time d a dipolar space charge has formed in the 

discharge body between 0.1 and 0.2 cm in the axial direction. 
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veloeities for dry air in the Iabaratory reference frame. The veloeities are determined 

by tracking the displacement of an electron density of 1012 cm·3 in the cathode and 

anode density fronts. 

• The total negative ion density (not shown) is predominately located on the axis of 

symmetry. The unstable negative ion profile is very similar to that for the electrons. 

The stabie negative ion density is approximately an order of magnitude Jarger in 

density and located predominantly on the axis of symmetry. 

• In Figure 5.15e at time d, although still below the Laplacian field of 48 kV/cm the 

formation of a third region of increased electric field (the other two are at each 

streamer head) is located in the discharge body. The formation of this third region 

results from the dipolar space charge in the discharge body observed in Figure 

5.15d. The minimum electric field in the streamer body is approximately 35 kV/cm 

thus indicating that the rate of positive ion formation remains larger than that of 

negative ion formation. 

• In Figure 5.15f at time d a third region of enhanced ionization growth has devel

oped in the discharge body. Note that ionization dominates attachment throughout 

the entire discharge volume. As mentioned in section 5.4 a:N. is proportional to the 

discharge luminosity and therefore the formation of a third luminous region should 
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be observed optically. ICCD images in a negative pulsed corona environment have 

shown the formation of a few localized luminous regions located in a line directly 

bebind the luminous front of the anode directed streamer13 
• 

• From Figure 5.15g the acceleration ofthe anode directed streamer depends on the 

applied voltage more strongly than does the catbode directed streamer. From the 

ICCD images insection 5.4 the estimated catbode streamer velocity of 4x107 cm/s 

agrees relatively well with that simulated. For a voltage of 26 kV as the catbode di

rected streamer approaches the catbode after 6.2 ns it is decelerated. Because the 

catbode streamer propagates through the presence and growth of delayed electroos 

as less space becomes available for the formation of delayed electrans its propaga

tion speed decreases. The catbode directed streamer reaches the catbode after ap

proximately 6.4 ns. 

In the closing remarks conceming under-volted gap breakdowninsection 5.6 

we stated that the formation and propagation of the catbode directed streamer requires 

that delayed electroos be present. The same requirement also exists for an over-volted 

gap breakdown. In an under-volted gap we stated that the delayed electrans result 

from secondary photoelectron emission (N2) and electron detachrnent (dry air). These 

two processes arealso present in an over-volted gap breakdown, but they play a sec

ondary role to gas phase photoionization. In a previous study we showed that in nitro

gen an order of magnitude increase in the emission of secondary photoelectrons re

sulted in no perceptible change in the evolution of the discharge14
. Regarding dry air, 

removal of electron delachment from the simulation delayed the streamer inception 

time by approximately 0.2 ns, and reduced their subsequent acceleration. Although 

detachrnent does play a role the dominant process for the generation of delayed elec

trans in an over-volted gap discharge in dry air is gas-phase photoionization. The 

simulations in both nitrogen and dry air support the breakdown criterion put forth by 

Raether15 
• That is, a breakdown wiJl result when upon the release of a single electron, 

13 P.P.M. Blom, C. Smit, R.H.P. Lemmens, and E.J.M. van Heesch, Combined optica/ and 
electrical measurements on pulsed corona discharges, Proc. 7thlnt. Symp. on Gaseous Dielec
trics, Knoxville, (1994). 
14 J.T. Kennedy and J.M. Wetzer, Numerical study ofthe ava/anche to streamer transition in 
N2 and dry air, Proc. 7th Int. Symp. on Gaseous Dielectrics, Knoxville, (1994). 
15 H. Raether, Electron Avalanches and Breakdown in Gases (Butterworths, London, 1964). 

151 



the electron number reaches 108
. However, the simulations do notsupport Raether's 

theory stating that under-exponentiat growth begins when the electron number reaches 

106
• 

Finally, a brief discussion regarding the anode directed streamer should be in

cluded since it is wel/ defined in extremely over-volted gap breakdowns. The reason 

why 'well defined' bas been italicized will become apparent in the closing sentence. 

The dominant mechanism for the formation and rapid propagation of the anode di

rected streamer is through the production of pbotoelectrons created by gas-phase 

photoionization on the anode side of the discharge front. These photoelectrons un

dergo enhanced ionization and transport due to the elevated space charge field in this 

region (see for example, Figures 5.14e and ffor nitrogen and Figures 5.15e and ffor 

dry air). But, unlike the catbode directed streamer, the anode directed streamer could 

also propagate without the formation of any secondary photoelectrons. This is because 

its velocity is in the same direction as that of the applied field implying that electron 

drift could supply the necessary electrons for its propagation. Therefore as a closing 

remark, we could state that during under-exponential growth the first transition point 

(Figure 5.6a) is due to the arrival ofthe anode directed streamer at the anode surface. 

' 
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CHAPTER 6 

CATHODE PHOTOELECTRON EMISSION DURINGA GAS 

DISCHARGE IN NITROGEN AND DRY AIR 

In this chapter, we present a study of secondary photoelectron emission from 

cathode surfaces using time resolved measurements of avalanche currents. Secondary 

photoelectron emission is the process whereby photons, generated by the relaxation of 

excited molecules and atoms to a lower energetic state, liberate electrans from tbe 

cathode surface. Normally, pboton energies exceeding 3.5 eV are required, as this is 

approximately tbe lowest work function of common metals1
• If for every electron lib

erated from the cathode surface at least one new electron is liberated from the catbode, 

by wbatever means, a Townsend type of breakdown occurs. Not only is secondary 

electron ernission essential for a Townsend type of breakdown, it also supports the 

propagation of the catbode streamer in a streamer type of breakdown2
. In addition, 

secondary electron emission from dielectric surfaces has been observed at photon en

ergies obtainable in electron avalanches (> Se V)3 
. Recent studies indicate that the oc

currence of a partial discharge in a polyethylene void requires secondary photoelectron 

ernission from the polyetbylene void surface thus suggesting a Townsend type of dis

charge4 5 6 (and chapter 7). 

Experimental procetlure. The experimental procedure consists of investigating 

the magnitude of the measured current induced by secondary electroos wbile varying 

the gas type, pressure, voltage and catbode materiaL Three catbode materials, nickel, 

1E. Nasser, Fundamentals ofGaseous lontzation and Plasma Electronfes (Wiley, New York, 
1971). 
2 A.J. Davies, C.J. Evans, P. Townsend, and P.M. Woodison, Computation of axial and radial 
development of discharges between plane parallel electrodes, Proc. lEE. Vol. 124, p. 179, 
(1977). 
3 J. Tom, H.F.A. Verhaart, A.J.L. Verhage, and C.S. Vos, 2nd Int. Conf. on Conduct. and 
Brkdwn. in Solid Diel., Erlangen, p. 301, (1986). 
4 J.M. Wetzer and J.T. Kennedy, A time-resolved study ofthe mechanisms of partlal dis
charges in voids, Proc. gth Int. Conf on High Voltage Engr., Yokoharna, Vol. 3, p. 1, (1993). 
5 J.M. Wetzer, lT. Kennedy, and E.H.R. Gaxiola, A time-resolved study ofthe physical proc
esses governing void discharges, Int. Conf. on Electr. Insul. and Die!. Phenom. (1994). 
6 P.H.F. Morshuis, Ph.D. Thesis, Delft University ofTechnology, (1993). 
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copper and aluminum, are used in this study. The choice of catbode materials is based 

on their respective work functions. A more detailed description of the catbode fotlows. 

The experimental results are compared with the numerical solution (section 3.3) ofthe 

set of continuity equations (Eqs. 3.2.1 to 3.3.5) descrihing the spatio-temporal devel· 

opment of electrons, ions, and excited species, to gain insight into the parameters as· 

sociated with photoelectron emission. These parameters are: quenching pressure, ab

sorption coefficient, excitation coefficient, lifetime ofthe excited species, and electrode 

quanturn efficiency (see sections 2.3, 2.3, and 3.4). 

The time resolved swarm method, as discussed in chapter 4, is used for the 

avalanche current measurements. The avalanche is initiated by a TEA N2 laser putse 

(3.5 eV/photon; 0.6 ns at full width at half maximum; 0.25 mJ/pulse) focused at the 

center of the measuring disk. The area of the laser spot on the catbode is kept constant 

at 0.5 cm2. The gas pressure at 20° Cis varled from 50 to 200 Torr, and the gap width 

is kept constant at 1 cm. In all measurements, the applied potential is lower than that 

required for breakdown as determined from the Paschen curve, but high enough to 

obtain a significant secondary electron current. 

For the nickeland copper measuring electrodes, an aluminum insert (alloy type 

6351; 1% Si, 0.6% Mg, 1% Mn) located at the center is required for theemission of 

initial electrons. The construction of the measuring electrode is shown in Figure 6.1. 

Since the work functions of Ni ( 5 e V) and Cu ( 4. 8 e V) are larger than the laser pboton 

energy the Al insert is necessary for the release of a significant quantity of initia! pho

toelectrons. The diameter ofthe Al insert is varied from 0 to 2.5 cm. By varying the 

insert diameter at a constant laser spot area, we obtain information about the relation· 

ship between the N2 laser released photoelectrons (initia! electrons) and the photoelec

trons released by the local gas discharge (secondary electrons). In addition, catbodes 

made entirely from Ni, Cu, and Al 6351 are used as controls. The total diameter ofthe 

measuring catbode disk is 4 cm. U pon comparison of the laser power output and the 

number of initia! electroos released, a quanturn efficiency value of roughly 1 0"7 for the 

Al catbode was determined for 3.5 eV photons. Similarly, the Cu and Ni catbodes both 

have an estimated quanturn efficiency value of approximately 10"9 for 3.5 eV photons. 

These measured quanturn efficiencies for Al, Cu, and Ni at 3.5 eV are in agreement 
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Figure 6.1 Construction of the measuring electrode. The total diameter 

{insert+outer region) equals 4 cm. Note that for an insert diameter of zero 

we have the three control electrades made of nieTrel (1), copper (2) and 

aluminum 6351 (3}. 

with data found in the literature7
• 

When we seek information about tbe relation between the laser released pho

toelectrons and the photoelectrons released by the local gas discharge ftom the variabie 

and control cathodes, the presence of the outer, grounded alominurn catbode could 

potentially bias tbe experiment. In effect, the current originating ftom the motion of 

secondary pbotoelectrons released from the outer catbode has to be removed ftom the 

total measured signa!. To solve this problem we have taken advantage of the spatial 

response properties of our roeasoring system (section 4.4): fora uniform distribution of 

charge of radius much greater than 4 cm (assumed to be the worst cruie), over 70% of 

the measured electron signa! originates ftom within the perimeter of the measuring 

electrode. 

Theory. The equations used in this chapter will be presented and briefly ex

plained in this section. This material is taken ftom chapters 2, 3 and 4 of this work. The 

following set of coupled continuity equations for the spado-temporal development of 

electrons, negative ions ( stabie and unstable), positive ions, and excited species is used 

7 K. Schäfer, Eigenschaften der Material in ihren AggregatzusttJnden, Zahlenwerte und Func
tionen aus Physik, Chemie, Astronomie, Bd. 2, (Springer, Berlin, 1959). 
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in this work (section 3.2): 

0
:

1
e +vez 

0 
::e -V·(De · VNe)=(a-Ttu)~eiNe+Nunkud (6.1.1) 

oNun oNun I I ( ) 
01 +Vunz ---a:;-=Ttu veNe -Nun kud +kc (6.1.2) 

oNsn oNsn 
at+vsnz ~= Nunkc (6.1.3) 

oNp oNp I I 
at-vpz --,;;-=a veNe (6.1.4) 

Here, N..........., are the number densities (cm-3) of electrons, unstable negative ions, sta

bie negative ions, and positive ions. All four densities are functions of space and time 

(r,t). The coefficients v.,._P are the corresponding drift veloeities (cm/s). The coeffi

cient D. is the electron diffusion tensor. We assume a space charge free discharge and 

therefore drift is only in the axial (z) direction. Diffusion is included in both the axial 

and radial directions. 

With regards to the souree terms at the right hand side ofEqs. 6.1.1 to 6.1.4, 

the coefficients represent: ionization (a), unstable electron attachment (TJu), unstable 

electron detachment frequency (k..d), and charge exchange (ion conversion) frequency 

(k.,). In nitrogen, since no electron attachment is known to occur, Eqs. 6.1.2 and 6.1.3 

are eliminated as wen as the associated coefficients (TJu , k..d) in Eqs. 6.1.1 and 6.1.4. 

The data used for the above coefficients can be found in Appendix A. 

Equations 6.1.1 to 6.1.4 are solved numerically in the cylindrical coordinate 

system as discussed insection 3.3. A uniform mesh consisring of 150 axial points and 

20 radial points is used for this study. The electrades are considered to be perfect re

combination centers for the discharge species. The simulated current is given by 

(section 4.2): 

I(t) =! J g J<Xl[spef(~jvj)- De· VNe]· ez 21tp 4> dz 
g 0 0 . 

J 

(6.1.5) 

where g is the gap width and e is the elementary Coulomb charge. 

From section 3.4 assuming only one electronic level the number density of ex

cited species as a function of radial and axial position and time is govemed by the fol

lowing differential equation: 
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* * dN N 
dt=ä0 lveiNe-~ (6.1.6) 

Here, Óo is the excitation coefficient and 1:0 is the excited state's time constant. As 

mentioned in section 2.3 to account for collisional relaxation of the excited species 

(quenching) both Óo and 1:0 are scaled by: 

Ó or 1: =(óo or 't0 )(1 +(p/pq))"1 (6.1.7) 

where pq is the quenching pressure. The number density of secondary photoelectrons 

generated at the catbode is: 

N e(p,O, t) = Q F(p, t) 
Ve 

(6.1.8) 

Here, Q is catbode quanturn efficiency, and F(p,t) is the photon flux per unit area per 

second given by: 

F(p,t)= .!_I g I 00 
N*(p' ,z',t} [-

4

1 yr. z; exp( -j.tR) d<p'')) p' dp'dz 
'tOO 1toR 

(6.1.9) 

where, 

(6.1.10) 

Here, J..1. is the absorption coefficient, p' is tbe radial position of the excited species 

(photon source), pis the radial position on the catbode where photoelectron emission 

occurs, and z' is the axial distance between cathode and source. To approximate for 

pboton reileetion off the cathode surface only the normal flux component is tacitly as

sumed. 

Results and discussion. In Figures 6.2 and 6.3 examples of measured and 

simulated current waveforms are plotted for N2 and air for tbe Al control cathode. The 

first current maximum results from tbe drift and ditfusion of the electron avalanche ini

tiated by the N2 laser. As mentioned in the introduction, photons created by the initia! 
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Figure 6.3 Measured (dark) and simuialed (light) current ratiosjor air. 

158 

1® 



avalanche liberate "secondary" electroos from the catbode surface resulting in the pro

ceeding avalanche current waveforrn. A third current maximum at 125 ns is observed 

in Figure 6.2 resulting from the continuation of the photoelectron feedback process. 

For the simulated current waveforrns in both N2 and air the 2nd Positive System for N2 

is assumed to be the souree of photons. Details regarding the 2nd Positive System for 

N2 can be found in Appendix A. The value used for the catbode quanturn efficiency Q 

is mentioned in the tigure caption. No te that Q has been increased to 104 from the es

timated value of 10-7 for 3.5 e V photoelectron emission. This has been done to achleve 

a good fit with the measured waveforrns. In both Figures 6.2 and 6.3 the current peak 

resulting from catbode photoelectron emission (~ 80 ns) occurs approximately 10 ns 

earlier than the peak in the simulated waveforms, using data from the 2nd Positive Sys

tem. For the remaioder ofthis chapter we will refer to the first current maximum as the 

primary peak and the second maximum as the secondary peak. As of present we cannot 

extract any data regarding the excitation coefficient from these waveforrns due to the 

complex dependenee of the secondary current on the reduced field, pressure, absorp

tion, and catbode properties. On the other hand, some information pertaining to the 

time constant, quenching pressure, and pboton energy has been obtained from com

parisons between the simulated and measured current waveforms. 

In Figure 6.4 the time elapsed between the primary current peak and the secon

dary current peak for both measured and simulated waveforrns in N2 and air is plotted 

as a timetion of pressure. It is evident that as the pressure is increased the observed 

ditTerenee between the measured and simulated times decreases. Most likely, this is due 

to quenching (Eq. 6.1. 7), as at higher pressures the difference in the time constants be

come less important. Secondly, the fact that in all cases the measured values are less 

than the simulated ones suggests that an excited state having a smaller time constant is 

required. 

In Figure 6.5 it can be seen that the ratio of the time elapsed between the pri

mary and secondary current maximums and the electron gap transit time T •• shows no 

pressure dependenee from 20 to 450 Torr. The secondary maximum time is deterrnined 

by the time constant 1:0 , the quenching pressure pq, and the absorption I! in Eqs. 6.1.6, 

6.1.7, and 6.1.9. The pressure independenee indicates that absorption can be neglected 
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field Assumes a quenching pressure of JO Torr, and time constant of 

5 ns. in Eq. 6.16. 

and that the ratio p/pq is quite high. If abs01-ption was present the time of the secondary 

maximum would decrease with increasing pressure. If p/pq was low a pressure depend

enee should be present since 't is scaled by (Eq. 6.l.7). This pressure independenee has 

also been observed in dry air for measurements made between 40 and 250 Torr. The 

ratio value is approximately 0.75 similar to that for N2 in Figure 6.5. 

By inserting trial values of 00 into Eq. 6.16, and by camparing the simulated 

and the measured waveforms, the form of the ionization reduced excitation coefficient 

oJa. as a function of Elp has been obtained. The result of the comparison is shown in 

Figure 6.6 where Q is the quanturn efficiency. From the previous discussion we assume 

negligible absorption and values of 5 ns and 10 Torr for 'tand pq respectively. Figure 

6. 7 shows the good agreement obtained between the measured and simulated wave

farms. 

Information regarding the pboton energy for secondary photoelectron emission 

nitrogen has been obtained by studying the ratios of secondary current amplitudes for 

the Al-Ni, and Al control catbode systems. In Figure 6.8 it is observed that the secon

dary current ratio and the initia! current ratio show the same trend with the ratio of Al 
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insert area and laser illumination area. This implies that photoelectron emission is 

equally likely to occur from the Ni surface as from the Al surface. In the system of 

equations descrihing photoelectron emission (Eqs. 6.1.6 to 6.1.10) only Q in Eq. 6.1.8 

introduces a material dependence. In reduced form, only the QAI-Ni I QAI term affects 

the relationship between the secondary and initia! current ratios. Therefore, it can be 

concluded that photons with energies exceeding 5 eV (the work function of Ni) are 

created during the electron avalanche and are essential for catbode photoelectron 

emission. 
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Although no absolute value could be obtained for QAI , QN; , and Qeu , their re

duced values were obtained and are shown in Figure 6.9. The Q ratios are obtained 

from: 

R~J R 
• Al j F(p.Te)P cp , I F(p.Te)P cp 

lscndry . l~nit = 0 +-Q--;R~A"'--1 ___ _ 

l Al I R QAI R 
sendry init J F(p,Te)P cp J F(p,Te)P t/J 

(6.1.11) 

0 0 

Here, F(p,T.) has been defined in Eq. 6.1.9, but is here evaluated only at the electron 

gap transit time Te, Ris the total radius ofthe catbode disk (2 cm), and RAl is the aJu

minurn insert radius. Variables involving the Al-Ni, Al-Cu catbode are designated with 

primes. The function F(p,T.) was adequately represented by a Gaussian function. It can 

be seen that up to 220 Torr the Al-Ni and Al-Cu quanturn efficiency ratios are ap

proximately 0.8 and 0.6 respectively. At pressures above 220 Torr both data sets 

showed a linear increase in the Q ratio with pressure. At present we cannot explain this 

trend. From this data a QNv'Qeu of approximately 1.25 (0.8/0.6) is obtained and com

pared with quanturn efficiency data in the literature89
. This comparison indicates that 

8 R. Schulz, Z. Physik, Vol. 92, p. 223, (1934). 
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only pboton energies exceeding 7 eV can produce this ON; /Qeu ratio. The QN; I Qeu 

ratio of L3 is in agreement with the difference in breakdown voltage determined at the 

Paschen curve minimum for Cu and Ni cathodes10 
. 

In conclusion, catbode photoelectron emission resulting from a local discharge 

in N2 and dry air is presented. By camparing the measured and simulated current 

waveforms, qualitative information regarding the time constant and pboton energies 

involved has been obtained. In addition, the functional dependenee of QöJa. on the re

duced field has been estimated. It appears that photoelectron emission is rather insen

sitive to the type of material comprising the cathode: nickel, copper, and aJuminurn 

give similar waveforms. Through comparisons with quanturn efficiency data found in 

the literature, pboton energies in excess of 7 eV are required to explain our results. 

The observed photoelectron emission characteristics cannot be adequately explained by 

pboton emission for the znd Positive System of nitrogen alone. This also suggests that 

any dielectric may be considered to be a souree of secondary photoelectrons. 

9 S. Flügge, Electron-emission and gas discharges 1, Encyclopedia of Physics, 
(Springer-Verlag, Berlin, 1956). 
1°F. Llewellyn Jones, Philosophy Magazine, Vol. 28, p. 192, (1939). 
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CHAPTER 7 

PARTlAL DISCHARGES IN VOIDS IN POL YETHYLENE 

In this chapter, the model described in chapter 3 is used to gain insight into the 

physical mechanisms in partial discharges in voids in polyethylene. Primarily, we inves

tigated the feasibility of secondary processes (gas-phase photoionization and photoe

lectron emission from the dielectric surface) as the mechanisms bebind discharge in

ception. Because we no Jonger have perfectly conducting boundaries, two changes are 

made to the existing program. First, the space charge field calculation is modified to 

include images in the dielectric surface. Second,. any charge flowing into the boundary 

is assumed to be permanently trapped at the surface. Charge recombination at the sur

face and flow into the dielectric is assumed to be negligible on the time scale of inter

est. The accumulation of electrons trapped at the polyethylene void surface leads to the 

observed quenching ofthe discharge due to the reduction ofthe electric field. 

The results from 1-D simulations have been compared with the measured 

waveforms and are presented in the two enclosed conference publications. An initia! 

study using a 2-D simulation is found in the second publication. My contribution to the 

publications included the development of the model and compilation of the simulation 

data. 
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A TIME-DEPENDENT MODEL OF PARTlAL DISCHARGES IN VOIDS 

ABSTRACT 

J.M. Wetzer, J.T. Kennedy and E.H.R. Gaxiola 

High-Voltage and EMC Group 
Department of Electrical Engineering 
Eindhoven University of Technology 
Eindhoven, The Netherlands 

A time-dependent, hydrodynamic, model of partial discharges in voids in dîelectrics is 
presented. The partial discharge is regardedas a space charge dominated electron avalanche. The 
model incorporates the relevant collisional and radiative processes in the void and at its 
boundary, and the field di stortion due to the presence of space charge and void surface charges. 
Also the coupling with the external circuit is taken into account. Model simulations show that, 
as aresult of field quenching, the associaled charge versus applied field shows saturation above 
a eertaio threshold. The threshold field depends on geometry and initial electron number, but 
is higher than the inception values usually quoled. The saturation charge may deviate by a factor 
of 2-10 from values obtained with simplified models. 

1. INTRODUCTION 

Partial discharges in voids in dielectrics are a prime cause of insulation degradation. The 
damage is a result of the interaction between the discharge and the dielectric surface. The 
experimental study of the physical processes in naturally occurring voids is complicated because 
the void is not accessible, and because interpretation requires knowledge of the void shape and 
location. We have previously presenled time-resolved experiments with artificially produced 
voids1. In this work we present a time-dependent model of the partial discharge fora cylindrical 
void and an electrode geometry as shown in Fig.l. 

2. MEASURED PARTlAL DISCHARGE WAVEFORMS 

The experimental setup used for the measurement of partial discharge waveforms with 
high time resolution (0.6 ns) was presenled in detail in earlier publications1•2 . A subdivided elec
trode arrangement is used, and the design is such that inductance, stray capacitance and traveling 
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wave effects are minimized. The dielectric consists of polyethylene sheets of 0.2 mm thickness. 
An artificial void is produced by making a circular hole in one or more sheets. Typical 
waveforms measured at different void heights are shown in Fig.2. 
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Figure 1. Electrode geometry with cylindrical void 
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Figure 2. Typical measured pd-waveforms for various void heights. 
Void radius 1 mm, electrode separation 1.4 mm, voltage 4 kV rms. 

3. PARTlAL DISCHARGE MODEL 

The discharge in the void is regarded as a space charge dominated electron avalanche in 
atmospheric air. We represent the avalanche as a cylinder with a charge distribution that varles 
only in axial direction. The discharge model consists of a set of 1-D continuity equations for the 
production and transport of charged particles, in combination with a field calculation routine 
which includes the effects of space charge and surface charges. The processes considered, and 
the corresponding coefficients and time constants, are drift (v), ionization (a), recombination 
(Epe), attachment ('lu and 'ls'), detachment (rud and rsd), charge exchange (re), gas phase photo
ionization and photo-emission of secondary electrons from surfaces. The charged particles 
considered are electroos (index e), positive ions (index p) and negative ions. We distinguish 
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stabie and unstable negative ions (indices sn and un). The unstable ions are formed upon 
attachment, and may undergo charge exchange processes. Stabie negative ions are formed upon 
attachment or charge exchange but are not subject to charge exchange oollisions. Because of the 
short avalanche duration and the high pressure (1 bar), diffusion is negleeled in the present 
model. The partial differential equations are given by: 

OPe V I I Pun Psn S (1) Tt + • (VePe) = (a-."u-1'/s) Ve Pe + 
7

ud + 
7

sd - EpiPePp) + ph 

(2) 

(3) 

(4) 

Here Pi is the number density and. vi is the drift velocity vector of species i, whereas 
I ve I is the magnitude of the electron drift velocity. The units are [cm"1] fora, 1'/u and 1'/s• [s] 

for rud• rsd and re and [cm3s·1] for epe. Values for coefficients, time oonstants and drift 
veloeities are taken from Badaloni and Gällimberti3 (BG), with the following exceptions: ve·data 
are taken from Wen\ 'i-data from Noval2; a-data in theElp-range from 31 to 45 V/(cm.Torr) 
are taken from Davies , outside this range BG-values are used; 71u-data are taken from Wen4 

except for Elp-values below 25 V/(cm.Torr) where BG-values are used; the BG-values for rud 

are adjusted by a factor of two7, and are further adjusted to agree with Wen4 in the Elp-range 
from 30 to 50 V/(cm.Torr). Sph is the souree term for gas phase photo-ionization: 

d 

sph(x) =.!!:L. f t/t(p I x-~ I )O(x-~)a(~)Pe(~)v e(~)p d~ 
p+pq b 

(5) 

Here x is the distance from the "cathode" side of the void, pis the pressure, and Pq is 
the quenching pressure at· which oollisional deexcitation starts dominating over radiattve 
transitions. t/t is an overall photo-ionization coefficient for which experimental curves from 
Penney and Hummert8 are used, and 0 is the solid angle: 

O(x-t) = 21r [1- [ ~x-eI l ] (6) 

JrP +(x-~f 

The quenching pressure Pq is taken 10 Torrl, and, as proposed by Kline9, rP is set at 
twice the discharge radius. 

Secondary electron production from void surface 

The production of secondary electrans by ion impact plays no role on the timescale 
considered. Photo-emission from dielectric surfaces (at the catbode side of the void) requires an 
energy exceeding 5 eV (far UV)10•11 •12. Sourees are the different N2 and 0 2 molecular bands. 
The secondary electron production at position x=O is described by: 
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k d 

p:c(O) = t7.1i! PiX)w;a(x)g(x)e[ -p;XIdx (7) 

Here ..:1i is the quanturn efficiency for electron production, "'i is the pboton production 
efficiency upon electtonic collisions, g(x) is a geometrical factor and P.i is the absoWtion 
coefficient for photons of band i. The quanturn efficiency values are taken from Tom 1 , the 
other data are obtained from Badaloni3. 

Space charge field calculation 

The avalanche is regarded as a cylinder of charge, its distribution varying only in axial 
direction. The space charge field is two-dimensional because of the fmite radius of the cylinder. 
Without dielectric or metallic boundaries, the axial component of this field is13: 

Esp== 2! [J Q(x+n[-1- r Jdr + drQ(x+n[I- r Jdr] <s) 
0 -x Jf+r2 t Jf+r2 

Q(x) is the net charge density at position x, ris the cylinder radius and dis the cylinder 
(or void) height. The proximity of polarization charges at the dielectric boundaries and induced 
charges in the metal electrades is incorporated in Eq.8 by adding appropriate image charges. For 
a charge q located at position x, the space charge field is obtained as follows: we place an image 
charge bebind the dielectric surface at the same distance as the charge q is in front of it. Then 
we place the image of this first image charge in the opposite dielectric and so on. Each dielectric 
surface is represented by four image charges, their magnitudes given by14: 

e-1 [e-1] 11 

qn = qn-l e:+1 = q e:+1 (9) 

Next, the dielectric image charges are replaced by two disks of uniform surface charge, 
one at each side of the void, that produce the same void field as do the image charges. The 
proximity of the metal boundaries is incorporated by using sets of four image charges per 
electrode for the original charge q and for the two surface charges. These 12 image charges 
represent the field of one single charge q in the void. The total space charge field is obtained 
by integration over the void volume. The field calculation procedure was checked to be accurate 
within a few percent by oomparing it with FEM field calculations. 

Boundary conditions 

All charges reaching a dielectric boundary are considered permanently trapped. When 
a photo-electron is emitted from a dielectric surface, a permanent positive charge is left bebind. 
The resulting surface charges are responsible for the quenching of the electtic field and, 
consequently, tbe current. The experiment is designed such that the extemal circuit maintains 
a constant voltage across the electrodes. An avalanche simulation is started with a number of 
electroos in the first disk at the catbode side of the void. 

Numerical procedure 

Thesetof differential equations is solved with a flux-corrected transport (FCT) technique 
similar to that introduced by Boris and Book15• The souree terms are incorporated using a two
step process16, in which the number densities are determîned twice, but the space charge field 
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and the field dependent coefficients only once, in each time step .O.t. 

Induced current in extemal circuit 

Several approaches are reported in literature for relating moving charges to induced 
currents. Fora 1-D discharge in a cylindrical void these approaches all give the same result, 
provided that the external circuit is such that the induced charges are compensated without 
causing a voltage drop across the electrodes: 

i(t) = f ( f QVD~:dz 'K~-d f QV dx (10) 

d+-- d+-- t 
e, e, 

4. RESULTS 

Figure 3 shows four simulated current waveforms. The initial Laplacian field applied to 
the void is varled whereas the void geometry is kept consté\llt (radius 0.2 mm, height 0.2 mm, 
total insulation thickness 1.4 mm). The simulation starts with a number of 100 electrons at the 
catbode side of the void. Apart from the current simulated for anideal measuring system, also 
the current fora practical system with a time resolution of 0.6 ns was calculated. 
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Void: radius 0.2 mm, beight 0.2 mm, insulation thickness 1.4 mm, 100 initia! electrons. 
Drawn line: simuialed current; dasbed line: corrected for limîted bandwidth (600 MHz). 
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For a low void field the discharge behaves like an avalanche with secondaries caused by 
pboton emission. At higher fields these secondaries grow into a streamer discharge. The 
secondary emission of photons is of crucial importance to the development of discharges. The 
"measured" waveforms (dashed lines) appear to be dominated by the time-resolution of the 
system, they do however produce the correct charge. Waveforms such as shown in Fig.3 for E 
= 9.4 kV/mm have also been observed experimentally by Morshuis 17 for larger voids (1 mm 
height). In that case the discharge develops slower, and time-resolution is lessof a problem. 

Figure 4 gives the ("real" or "void") charge as a function of the field applied to the void 
prior to the discharge, for two void geometries. For one geometry also the number of initia! 
electrons is varied. The charge is determined from the simulated currents using Eq.lO (after 
integration). It is observed that the charge strongly depends on the applied field until, as aresult 
of field quenching, saturation is reached. The saturation field depends on the void geometry, as 
expected, but also on the number of initia! electrons. Also when varying the initia! number of 
electrons, a saturation threshold is observed, above which the charge produced remains constant. 

The measured waveforms (Fig. 2) can only be reproduced with this model by assuming 
at least 100 initia! electrons. This would indicate that discharge activity has taken place prior to 
the observed discharge. It may however also be due to the fact that the real space charge effect 
is not correctly described by a 1-D model with constant discharge radius. 
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Figure 4 
Real charge versus applied Laplacian field prior to the discharge, for two void geometries, and different numbers 
of initia] electrons. Uterature values for the inception field are shown18• The drawn line (1) represents the charge 
accumulated at tbe void boundary prior to tbe discbarge, the dasbed lines (2) fotlow from a simplified model 
presenled earlier1• 

Saturation occurs at a rather well-defined field value, below which the charge drops 
sharply. For of comparison the inception field values according to Crichton18 are shown in 
Fig.4. This is the field that, when applied between metal electrodes, would cause a breakdown. 
The simulations suggest that fields higher than this inception field are required for void 
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breakdown. The saturation charge was first of all compared with the amount of charge 
accumulated at the void boundaries prior to the discharge (&tE, drawn curve). Also it is 
compared with a simpte model presented earlier1 (dashed curves) which calculates the amount 
of charge that is required to reduce the field from the inception value to the extinction value. 
For the curves in Fig.4 the extinction field is chosen zero, and the inception field is replaced 
by the actual field at the moment that the discharge starts. 

Although this does not dramatically affect the observed trends, the present model is 
restricted to 1-D transport only. A recently developed 2-D version of the model, and 
experimental studies with a variety of void geometries and dielectric materials, will be employed 
to verify and optimize the discharge model. 

5. CONCLUSIONS 

Simulations with a 1-D model show that, as a result of field quenching, the associated 
charge versus applied field shows saturation above a certain threshold. The threshold field 
depends on geometry and initia] electron number, but is higher than the inception values usually 
quoted. The saturation charge may deviate by a factor of 2-lO from values obtained with 
simplified models. The observed trends will have to be verified with a 2-D model and with 
experiments 
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Abstract: A time-dependent, hydrodynamic, model of panlal discharges 
in voids in dielectrics is presented. 1he panlal discharge is regarded as 
a space charge dominared electron avalanche, or streamer. 1he model 
incorporates the collisimtal and radiative processes in the void and at 
the boundary, and the field distartion due to space charge and surface 
charge. 11ze coupZing with the external circuit is taken into account. 
Simulations show that, when increasing the Laplacian field, the charge 
saturates above a threshold, due 10 field quenching. 1he threshold field 
depends on the geometry and is higher than usual/y quoted inception 
.fields. 1he saturation charge may deviate by an order of magnitude jrom 
values obtained with simpli.fied models. Accurate reproduetion of meas
ured wavefarms requires a 2D hydrodynamic model. 

1. 1!\'TRODUCTION 

Partial discharges in voids in dielectrics are a prime cause of insulation 
degradation. The damage is a result of the interaction between the dis
charge and the dielectric surface. In this work we present a one-dimen
sional, time-dependent, hydrodynamic model of partial discharges in 
voids in dielectrics. The model describes the production and transport of 
charged particles in a streamer-discharge in atmospheric air. The model 
accounts tor the presence of space charge and void surface charges. 
Further the coupling with the external circuit is taken into account. The 
results of a lD and a 2D-model are compared with two simplified mo· 
deis: the "accumulated charge model" and the "field reduction model". 

The geometry used is a cylindrical void in a polyethylene dielec
tric between parallel electrodes, like the artificially produced voids used 
in time-resolved experiments1 (see Fig.l). This geometry yields a simple 
relation between the external current and the void discharge. The setup 
for pd·measurements with high time resolution (0.6 ns) was presented in 
detail in earlier publications1•2• Typical wavefarms measured at different 
void heights are shown in Fig. I. 
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5.00 , 0.00 , 5.00 20.00 25.00 

Fig.l Electrode geometry with cylindrical void, and rypical measured 
pd-wavejorms jor various void heights d. Void radius re = 1 
mm, insu/ation thickness D = 1.4 mm, voltage 4 kV rms. 

2. PARTlAL DISCHARGE ~IODEL 

The streamer-discharge in the void is described by a set of 1-D con
tinuity equations for the production and transport of charged particles. 
This set is solved in combination with a field calculation routine which 
includes the effects of space charge and surface charges. The processes 
considered are drift, ionization, recombination, attachment, detachment, 
charge exchange, gas phase photo-ionization and photo-emission of 
secondary electrans from surfaces. Diffusion is negleered in the present 
model. A detailed description of the model was publisbed earlier3. 
Secondary electron production from the void surface b~ photons with 
an energy exceeding 5 eV (far UV) is taken into account .4. Ion impact 
plays no role on the timescale considered. 
Space charge lield calculation 
The axial electric field is determined from a 2-D field calculation inval
ving the method of disk~. The proximity of polarization charges at the 
dielectric boundaries, and induced charges in the electrades is incor
porated through image charges3·6. The space charge field is obtained by 
integrating the contributions of all charges. 
Boundary conditions 
Charges reaching a dielectric boundary are considered permanently 
trapped. Upon photo-ionization from a dielectric surface a positive 
charge is left bebind. As a result of these surface charges the void field 
quenches. The experiment is designed such that a constant voltage is 
maintained across the electrodes. An avalanche simuiadon starts with 
one electron at the cathode side of the void. 
Numerical procedure 
The set of differential equations is solved with a flux-corrected transport 
(FCT) technique3. 
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Induced current in external circuit 
The external circuit is designed such that the induced charges are 
compensated without causing a voltage drop across the electrodes. A 1D 
discharge in a cylindrical void then induces a current3: 

i(t) = [ [ [ QV dxdydz = --"-r.,.,2---: 
d .... D-d d + _D_-_d 

d ! QV dx (1) 

s, e, 

3. RESULTS 

Waveforms 
Figure 2 shows simulated pd-currents for different values of the initia! 
Laplacian field applied to the void. The void geometry is kept constant. 
At low void field we observe an avalanche with secondaries. At higher 
fields the secondaries grow into a streamer discharge. The secondary 
avalanches may be generated by photo-electron emission from the dielec
tric. However, also gas photoionization may cause secondary avalan
ches. This is shown in Fig.3 where three wavefarms are shown with 
different input data for photo-electric emission. The type of photo
emission assumed strongly effects the waveferm but in all cases secon
daries are observed. However, this hardly effects the charge involved. 
The waveforms simulated with 600 MHz filter (representing the measu
ring equipment) suffer from the limited bandwidth, indicating the 
requirements for time-resolved pd-detection in small voids. 

x 10-3 
60 200 -<t E=B kV/mm E=9.B kV/ m E 11.9 kV/mm 

E 150 - 40 
..... 
1: 100 
lil ... 0.5 20 ... 
::l 50 (.) 

0 0 0 
I 'f;:-...._ 

0 2 0 2 0 2 

Time (ns) 

Fig.2 Simulated wavefarms for different Laplacian void fields. Void 
radius 0.2 mm, void heighr: 0.2 mm. insu/ation thickness: 1.4 
mm. Each plot shows the simuiared current with and without a 
600 MHzfilter (representing the measuring equipment). 
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Fig.3 Simuiared wavefarmsjor the same void as in Fig.2 at a Lap
laclan void field 9. 8 kV/mm. Each plot shows the current simu
lared with and without a 600 MHz filrer. 
Left: no secondary photo-electron emission; 
Middle: emission datafor metallic surjace8; 

Right: emission datafor dielectric surjace4• 

Threshold field and saturation charge 
For the same void as in Fig.2, Fig.4 gives the ("real" or "void") charge 
as a function of the field applied to the void prior to the discharge. lt is 
observed that the charge strongly increases with applied field until, as a 
result of field quenching, saturation is reached at a well-defined thres
hold field (filled square in Fig.4). An example of obtained values for the 
threshold voltage and the apparent charge are shown in Fig.5 for varying 
void heights. The saturation charge is compared with the charge ac
cumulated at the void boundaries prior to the discharge (here called 
"accumulated charge model"). Charge and inception voltage are also 
compared with a simplified model presenred earlier1 (bere called "field 
reduction model"). This model regards the amount of charge that is 
required to reduce the field from the inception value to the extinction 
value. As inception field we use the field which, when applied between 
roetal electrades at a constant voltage, would cause a breakdown 7. In 
this work the extinction field is chosen zero1• The lD hydrodynamic 
model suggests that a threshold field higher than the quoted inception 
field is required for void breakdown. Depending on the void geometry, 
the saturation charge as predicted by the hydrodynamic model may be 
lower (compare Fig.4) or higher (compare Fig.S) than the charge 
predicted by either one of the two simplified models. 
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Fig.4 "Real" ar "void" charge versus Laplacianfield prior to the 
discharge, on logarithmic Oeft) and linear scale (right). Void 
radius 0.2 mm, void height: 0.2 mm, insu/ation thickness: 1.4 
mm. 
0 : hydrodynamic model (ft/led square is saturation point); 
~ : accumulated charge model,· 
* :field reduction model (inception field is indicated) 
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Fig.5 17zreshold voltage and saturation charge (defined in Fig.4) 
versus void height. Void radius 0.2 mm, insu/ation thickness 3 
mm. Legendsas in Fig.4. 

2D-model 
The charges predicted with the lD-model roughly agree with measured 
charges3. The simulated waveform amplitude is higher, and the duration 
shorter, than the measured ones. The lD-model neglects radial expan
sion and may overestimate the space charge field. Preliminary results of 
a 2D model, with cylindrical symmetry, are shown in Fig.6. This model 
also incorporates diffusion. The waveforms show a better resemblance to 
the measured waveforms (compare Figs.l and 2) and the model prediets 
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a lower threshold field, which is also consistent with experiments. lt is 
found that even for smal! voids at atmospheric pressure diffusion should 
be incorporated. 

4 

~ 3 § ... 2 c:: 
Q) ... ... 
::l 
u 

0 

Figure 6. 
,...-------------. Wavejonns simuiared with 2D 

model, with (grey) and with
out (black) ion contribution 
to the current . 
void radius: 1 mm 

Time (ns) 
void height: 0.2 mm 

~~~~-L-~S;;:=:!. insu/ation thickness: 1.4 mm 
voltage 5.5 kV 

with 

0 10 20 initia/ voidfield 7.5 kV/mm 

4. CONCLUSIONS 

Simulations with a 1-D model show that, as a result of field quenching, 
the charge versus applied field shows saturation above a threshold. The 
threshold field depends on geometry and is higher than the inception 
values usually quoted. The saturation charge may deviate by an order of 
magnitude from values obtained with simplified models. Accurate repro
duetion of measured waveforrns requires a 2D hydrodynamic model. 

REFERENCES 

1. l.M. Wetzer, A.J.M. Pemen, P.C.T. van der Laan, 7th.Int. 
Symp. on HV Engineering, Dresden, paper 71.02 (1991) 

2. J.M. Wetzer, P.C.T. van der Laan, IEEE Trans. EI, 24, (1989) 
3. J.M. Wetzer, J.T. Kennedy, E.H.R. Gaxiola, 7th.lnt.Symp.on 

Gaseous Dielectrics, Knoxville, paper 17 (1994) 
4. H.F.A. Verhaart, A.J .L. Verhage, KEMA Scientific & Tech

nica! Reports 6(9) (1988) 
5. A.J. Dav i es, C.J. Evans, F. Llewellyn-Jones, Proc.Roy .Soc. 

London Ser.A, 281, (1964) 
6. P. Lorrain, D. Corson, Electromagnetic Fields and Waves, 

W.H. Freeman and Company, San Francisco (1970) 
7. G.C. Crichton, P.W. Karlsson and A. Pedersen, IEEE Int. 

Symp. on Electricallnsulation, Boston (1988) 
8. J.T. Kennedy, M.G.M. Megens, J.M. Wetzer, IEEE lnt.Symp. 

on Electrical Insulation, Pittsburgh (1994) 

178 



CHAPTER8 

CONCLUSIONS 

1. Model. A model based on the zeroth moment continuity equation is used to describe the 

spatio-temporal development of the species densities during a gas breakdown. In addition, 

Gauss's law is required todetermine the spado-temporal development ofthe electrie field. The 

field determines the values of the coefficients of the continuity equation. Because the coeffi

cients ofthe continuity equations are dependent on the species densities it is necessary to solve 

the coupled set of equations numerically. Specifically, a numerical algorithm is used to solve 

the diffusive and convective components of the continuity equation for both the radial and axial 

directions in tbe cylindrical coordinate system. An analytica! salution was obtained for the 

space charge field. In addition, algorithms have been developed to effectively introduce non

local souree processes such as secondary photoelectron emission and gas-phase photoioniza

tion. 

2. :Experimental confirmation of model. A study combining electrical and optica! diag

nostics is used to confirm the aecuracy of our model. A good agreement between the simulated 

and experimental results was found. This bas allowed us to understand tbe initia! stages of are 

development in under- and over- volted gaps. 

3. General observation. Regardless of tbe breakdown conditions tbe catbode directed 

streamer must exist for an are to ensue. 

4. Nitrogen (primary electron avalanche). A dipole field is formed by tbe electrons and 

positive ions during tbe primary avalanehe. This results in an increase in tbe electric field at the 

head (anode side) ofthe electron distribution because the dipole and Laplacian fields are in the 

same direction. Similarly, a decrease in the electric field at the tail ( catbode side) of tbe elec

tron distribution occurs due to the opposite directions of the Laplacian and dipole fields. Be

cause of these electric field distortions the following results are noted: 

a. From tbe simuiadons it is observed that a large fraction of the electroos are situ

ated in a region where the dipole field and Laplacian field are in opposite directions. As a 
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result, the rate of electron growth is reduced with increasing initial electron number and 

decreasing initial electron distribution radius. 

b. The current waveform shows a temporal broadening suggesting that the electron 

swarm is no Jonger concentrated in space. The drift velocity is larger for electrons at the 

head of the distribution than for those located at the tail. 

c. Experiments reveal the occurrence of two transition points in the current wave

form. The time of the first transition point decreases with increasing magnitude of space 

charge. The time of the second transition point is relatively insensitive to space charge, 

always occurring around .9T. to .95T •. The occurrence ofthe first transition point is due 

to the arrival of the most forward portion of the electron swarm at the anode. The sec

ond transition point bas not been observed in the numerical simulations. Two possible 

explanations are summarized in 4.d and 4.e. 

d. The radial distribution of initia! electrons directly influences the shape of the simu

lated current waveform. Because we do not know the exact form of the radial profile of 

the experimentally released electrons this dependenee may explain the lack of an observ

able second transition point. 

e. Upon arrival of the primary electrans at the anode, the net positive ion density 

creates a large reduction in the local electric field. Effectively a potential well is formed 

adjacent to the anode surface trapping the remaining electrons. Because the continuity 

equations do not incorporate microscopie thermal motion, electrous trapped in this re

gion cannot escape into the anode. 

S. Nitrogen and dry air (under-volted gap breakdown). The similarity between an un

der-volted breakdown in a simpte gas (nitrogen) and complex gas (dry air) is quite evident. For 

both cases the net positive ion space charge gives rise to the electric field enhancement teading 

to an increased rate of ionization of the delayed electrons. Although the dominant delaying 

mechanism differs for the two gases (secondary photoelectron emission for nitrogen, detach

ment for dry air) delayed electrans are necessary for the formation and propagation of the 

catbode directed streamer. 

a. In nitrogen the simulated current wavefarms compare well with those measured. 

The two oscillations, or wiggles, consistently observed in the waveforms are due to the 

arrival of the primary avalanche at the anode, and the arrival of the catbode directed 
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streamer at tbe cathode. These wiggles are due to the sudden change in the electric field 

when a relatively large amount of charge recombines at tbe electrode. In dry air oscilla

tions of much larger magnitude were measured in the wavefarms at times exceeding the 

time to breakdown. Unlike in nitrogen, the time of occurrence of tbe oscillations witb re

spect to tbe time to breakdown was quite random. 

b. For both dry air and nitrogen the transition to the streamer phase begins when the 

catbode directed streamer starts its propagation towards the cathode. This is confirmed 

by optical measurments and simulations. 

c. A good agreement is observed between the simulated profiles of tbe distribution of 

excited species and !CCD images. This is especially apparent in the streamer formation 

phase of are development. A discrepancy is observed between the maximum intensity 

and the peak excited species density upon the propagation of the catbode directed 

streamer. The discrepancy may result from the finite time constant for relaxation of the 

excited species. 

d. The catbode directed streamer acts as a 'mechanism' for positive ion transport to 

tbe catbode surface. 

e. For nitrogen, a mean electron energy of 10 eV is found in tbe streamer head prior 

to its arrival at the catbode surface. The enhanced mean electron energy is very Jocal and 

occurs very briefly in time. 

f. We have estimated that fora well established catbode directed streamer in tbe time 

between two ionizing collisions the field increases approximately 2%. Under these ex

treme conditions an equilibrium based model may become questionable. 

6. Nitrogen and dry air (over-volted gap breakdown). In essence the only dUferenee 

between an under- and over-volted gap breakdown is that a single electron is sufficient to ini

tiate the breakdown. The fundamental mechanisms remain unchanged. For a high degree of 

over-voltage (the case studied) the catbode directed streamer begins to propagate well before 

the primary electrons, now in the form of an anode directed streamer, reach the anode surface. 

The formation and subsequent feeding of the catbode directed streamer is due to secondary 

processes such as catbode photoelectron emission, gas-phase photoionization, and detachment 

(dry air only). In the case studied, gas-phase photoionization appears to play the dominant role. 
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a. The catbode directed streamer begins to propagate when a single initial electron 

bas grown toa number of 108
• 

b. Nitrogen and dry air show different electron density profiles. The maximum elec

tron density in nitrogen is concentrated in both streamer heads. For dry air the electron 

density bas a maximum in the streamer body. 

c. For nitrogen, thè anode and catbode directed streamers are well defined having 

radii of approximately 180 J.lm. In dry air, the anode and catbode streamers are not as 

distinct and have radii of approximately 550 J.lm and 360 J.lm respectively. One possible 

mechanism for the larger streamer radii in dry air is that gas-phase photoionization can 

occur at greater distances than for nitrogen. 

d. For botb dry air and nitrogen a third region of enhanced ionization forms inside tbe 

streamer body. The other two regions are located in the streamer beads. This third region 

is due to tbe net negative space charge residing on tbe anode si de of the catbode directed 

streamer. This third region leads to the formation of the secondary streamer that propa

gates towards the anode along the plasma channel of the original streamer body. In dry 

air this is observed in an under-volted gap breakdown in the ICCD images taken after tbe 

catbode directed streamer has reached the cathode. 

e. For nitrogen and dry air the streamer velocity as a function of time is almost identi

cal for the anode and catbode directed streamers. The acceleration of both streamers de

pends on the applied voltage. In nitrogen no change in the catbode directed streamer 

velocity is observed upon its arrival to the cathode. In dry air the catbode directed 

streamer is observed to slow down as it reaches the catbode surface. 

7. Catbode photoelectron emission. By camparing the measured and simulated current 

waveforms, qualitative information regarding the time constant and pboton energies involved 

bas been obtained. In addition, the functional dependenee of Qö./a. on tbe reduced field bas 

been estimated. It appears tbat photoelectron emission is rather insensitive to the type of mate

rial comprising the cathode. Througb comparisons with quanturn efficiency data found in the 

literature, pboton energiesin excess of7 eV are required to explain our results. The observed 

photoelectron emission characteristics cannot be adequately explained by pboton emission for 

tbe 2ad Positive System ofnitrogen alone. This also suggests that any dielectric may be consid

ered to be a souree of secondary photoelectrons. 
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8. Partial discharges in voids. A partial discharge in void requires that secondary photoe

lectron processes (surface and gas-phase} occur. Simulations with a 1-D model show that, as a 

result of field quenching, the associated charge versus applied field saturates above a eertaio 

threshold. The threshold field depends on the void geometry and is higher than the inception 

values usually quoted. The saturation charge may deviate by an order of magnitude from val

ues obtained with simplified models reported in the literature. 

9. Future applications of the model and measurement technique. 

a. Determination of the swarm parameters for insulating complex gases and gas mix

tures. Furthermore, gases and gas mixtures used in plasma assisted reactions should be 

considered for study. Further research should be conducted on the non-local souree 

processes such as gas-phase photoionization and secondary photoelectron emission. 

b. Consirlering the interest in future applications of high Tc superconductive materials 

research in the insulating properties of liquid nitrogen, and gases at low temperatures, 

should be considered. 

c. Further study of partial discharges in voids. Or more generally, research of the 

breakdown mechanisms whenever the discharge is confined by, or adjacent to, a solid in

sulator. 

d. Variation ofthe Laplacian field in both space and time. This is the case for plasma 

etch and deposition equipment, as weii as pulsed corona systems. 

e. Extension ofthe model to its higher moments- conservalion ofmomentum and en-

ergy. 
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APPENDIX A 

DATA USED IN THE SIMULATIONS 

A.l Swarm parameters 

Drv air. Values for the stabie negative ion detachment frequency k..t, the con

version frequency kc, the stabie attachment coefficient 'lls, the recombination coeffi

cients epn and 8pc, and the unstable and stabie negative ion drift veloeities Vun.sn are taken 

from Badaloni1
. Values for the electron and positive ion drift veloeities Ve,p are taken 

from Wen2 and Novak3
, respectively. For the ionization coefficient a., in the range of 

31 < E/p < 45 (V/cm·torr) the data from Davies4 is used, otherwise the data from 

Badaloni1 is used. For E/p < 25 (V/cm-torr) data for the unstable attachment coeffi

cient 'llu is from Badaloni1 otherwise, along with the data for a and 'lls, 'llu was deter

rnined from the experimental (a.-'llu-'lls)/p values from Wen2
• The data for the unstable 

negative ion detachment frequency kud, is from Badaloni1 but adjusted by a factor of 

twos. Furthermore, in the range 30 < E/p < 50 (V/cm-torr) kud is adjusted to agree 

with Wen's2 ('llu+rta)D/(p)2
, where D=(k.d+ksd)/v •. The electron ditfusion coefficients 

DoL, and DoT are taken from Badaloni1
. 

Electron, positive ion, and stabie and unstable negative ion drift velocities: 

v.=106(E/p)0
'
71s for E/p:5:100 and v.=l.55x106{E/p)0

'
62 for E/p>100 

vp=l.4x103(E/p) 

vun=3.3x103{E/p) 

vsn=l.7x103{E/p) 

Transverse and longitudinal electron ditfusion coefficient: 

DrDL =0.3483v.f(p"(E/p)) 

1 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-72/05, (1972). 
2 C. Wen and J.M. Wetzer, Determination of swarm parameters in dry air withafast time
reso/ved swarm technique, Proc. XIX Int. Conf. Phenom. Ionized Gases, Vol. 3, p. 592, 
(1989). 
3 J.P. Novak and R. Bartnikas, Proc. X Int. Conf. Gas Dschrgs. and Appl., Vol. 2, p. 864, 
(1992). 
4 A.J. Davies, C.J. Evans and P.M. Woodison, Comp. Phys. Comm., Vol. 14, p. 278, (1978). 
s L.E. Kline, J. Appl. Phys., Vol. 46, p. 1994, (1975). 
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Ionization coefficient: 

a/p=exp[((E/p)-58.2)/4.95] E/pS:31 

a/p=3.8553exp[-213/(E/p)] 31<E/pS:45 

a/p=exp(poly) 45<Eip!;;250 where poly is given by: 

poly = -64. 927+5 .2642(E/p )-0. 2023 8(E/p )2+0 .4 5178x 1 0"2(E/p i 
-0.63081x104 (Eipt+0.56724x10-6(E/p)5-0.3278x10"8(E/pt 

+0.11739x10"10(E/p )7 -0.23661x10"13(E/p t+0.20479x10"16(E/p )9 

a/p=14.5exp[ -356/(E/p )] E/p>250 

Unstable and stabie electron attachment coefficients: 

llu=O E/p<3 

TJ)p=(1.95exp[ -60/(E/p )])(E/p )"1 3s:E/p<25 

T])p=0.0002(E/p)+0.002 25s:E/p<30 

TJ)p=0.008 E/p~30 

TJ,=3.64x10"3pl.94 

11.=1.426x1o-3pi.94(E/p)"l.S34 

".=3. 94x1 o·3pl.94(E/p )"2.277 

E/ps:.6 

0.6<E/ps:10 

E/p>10 

Unstable and stabie negative ion electron detachment frequencies: 

kuc~=O E/pS:10 

kuc~=((1.6x10"8/p)exp[322/(E/p)])"1 10<E/ps:30 and E/p>50 

koo=v.p(3x104 (E/p)-8.806x10"3) 30<E/pS:50 

k..J=O E/pS:10 

k..t=((8. 73xl 0"7/p )exp[388/(E/p )])"1 E/p> 10 

Negative ion conversion frequency: 

k.=3.3x1016pA+l.09x1033p2B where A and Bare given by: 

A= 10"18 for E/p<20; 6.6323x10"32(E/p)12
"
666 for 20s:E/p<30; 

6.7147x10"17(E/pi·737 for 50s:E/p<l00; 2.35xl0"14(E/p)'-465 for 100s:E/p<300; 

1 0"10 for E/p~300 

B = 10"30 for E/p<10; 8.78x10"30(E/p).o·94342 for 10s:E/p<20; 

1.01x10"25(E/p)4
"
0661 for 20s:E/p<30; 6.65xl0"20(E/p)"8 for 30s:E/p<40; 

10"35 for E/p~40 
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Nitrogen. Values fora, D.L, and v. are from Wen6
. The data for vp and &pc are from 

Badaloni7 , and D.T is from Dutton8
• Because nitrogen is a 'simpte' gas, which forms 

no negative ions, all coefficients relevant to negative ions are zero. 

Electron and positive ion drift velocities: 

v.=3xl05(E/p) E/pSlOO 

v.=6xl06+2.4xiO'(Eip) 100<E/ps300 

v.=I.2x107+2.2xl05(E/p) E/p>300 

v,=2x103(E/p) 

Transverse and longitudinal electron ditfusion coefficient: 

Drl.75xl04(E/p2
) for E/pS60 and Dr=(v.lp)(0.02+2.3/(E/p)) for E/p>60 

DL =2.123x105/p for E/p<B; Q=l.84xl04(E/p2
) for l3sE/p<50; 

DL=(6x105/p)+6.353xl03(E/p2
) for 50::>E/p<220; DL=l04(E/p2)-(105/p) for E/p~20 

lomzation coefficient: 

a/p=O 

a/p=4173. 87 exp[ -446/(E/p)] 

a/p=2.873exp[ -243 .392/(E/p)] 

a/p=5.8019exp[-268.81/(E/p)] 

a/p=l0.335exp[-312.042/(E/p)] 

Elp< I 

l<E/pS27.78 

27. 78<E/pS36.36 

36.36<E/ps74.07 

E/p>74.07 

A.2 Data for secondarv electron pboton processes. 

Gas phase photoionization 9 

Dry Air 

'P=7.I45xi0-4(dpruoi94 

'P=S.463xl0"2(dp)"2
'
23619 

'P=2t. 469( dp r3.30483 

dpsiOO 

IOO<dps300 

dp>300 

6 C. Wen, Time resolved swarm studies in gases with emphasis on electron detachment and 
ion converston, Ph.D. Thesis, Eindhoven University ofTechnology, The Netherlands, (1989). 
7 S. Badaloni and L Gallimberti, Basic data of air discharges, Upee-72105, (1972). 
8 J. Dutton, A Survey of Electron Swarm Data, J. Phys. Chem. Ref Data, Vol. 4, No. 3, pp. 
577-856, (1975). 
9 G.W. Penney and G.T. Hummert, Photoionization measurements in air, oxygen, and nitro
gen, J. Appl. Phys., Vol. 41, p. 572, (1970). 
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Nitrogen 

'P=2.5x10"3exp[-0.6715(dp)] dp~IO 

'P=1.9xiO-'(dpr1.43206 1 o<dpsl oo 

'P=4.7xl0-6(dpytoss41 dp>IOO 

Photoelectron emission from the catbode sur(ace 

The values used for pqm, 't..., J..lm, and ö... for both air and N2 are assumed to be that rep

resentative of the 2nd Positive system (C3Ilu-B3Ill for the N2 molecule 10 u . In addi

tion, we assume an integrated excitation coefficient Öm--+5 to the ~Ilu electronic state. 

We repcesent the properties ofthis state by a single time constant and quenching pres

sure, and of energy 3.5 eV above that ofthe B3Il8 electronic state. Keep in mind that 

the use of the 2nd Positive system is only an approximation. In chapter 6 we state that 

3.5 eV photons have insufficient energy to account for the observed magnitude of 

photoelectron emission. This insufficient energy for photoelectron emission can be 

compensated for by artificially increasing the value ofthe quanturn efficiency. 

The ionization reduced excitation coefficient is given by: 

ö/a. = 0.101 + 268(EipY1
- 353.4xi02(EipY2 + 547.3xi04(E/pr3

- 160.5xi06(Eip)"" 

+212.4x107(Eiprs 

The quenching pressures and un-quenched lifetime of the C3Ilu electronic state are 60 

Torr forN2, 10 Torr for air, and 36 ns. The resulting lifetimes 1:, ofthe C3Ilu excitation 

level at atmospheric pressure, are 2.6 ns for N2 and 0.47 ns for air using Eq. 2.3.2. In 

addition, it is assumed that the background gas is transparent to 3.5eV photons thus 

setting J.l equal to zero. The quanturn efficiency bas been estimated to be 3xiO"" for 

both air and N212
• 

10 T.H. Teich and R. Braunlich, Proc. VIII Int. Conf Gas Dschrgs. and Appl., Vol. I, p. 441, 
(1985). 
11 S. Badaloni and I. Gallimberti, Basic data of air discharges, Upee-72/05, (1972). 
12 J.T. Kennedy, M.G.M. Megens, and J.M. Wetzer, Cathode photoelectron emission duringa 
gas discharge in N2 and dry air, IEEE Int. Symp. Elec. Insul., Pittsburgh, (1994). 
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l. Regardless ofthe breakdown conditions, the catbode directed streamer 
must exist for an are to ensue. This thesis, chapter 5. 

l. Care should always be taken when a sub-divided catbode measuring 
system is used. Incorrect results will occur if one does not keep tmck of 
the location, and direction ofmotion, ofall charged species_ 
This thesis, chapter 4. 

3. lust as a erafisman must have knowledge of the use and limitations of 
his or her tools, a scientist must understand any model he of she utilizes. 
Moreover, a scientist must have insight into the given problem before 
tuming to a model for answers. Spend time and try to comp~rehend any 
model being used, it is welt worth the investment_ This thesis, chapter 3. 

4. "Stellingen" are not intended for the purpose of boasting about re
search resuJts_ 

S. Explicit use of the equivalent avalanche wavefonn model as proposed 
by Aschwanden, without consMering ion drift or secondary photoelectron 
emission should be avoided_ One should at least state that current due to 
these processes is included in the integration. 
Aschwanden. Th. (1985). Ph.D. Thesis, Swiss Federallnstitute of Tech
no/ogy (ETH), Zürich, Diss. ET1f, No. 7931. 

6. Science is dynamic. The scientist must be botd. The scientist must be 
enthusiastic. The scientist must be open minded. The scientist must be 
willing to explore, to extend his or her knowledge beyond his Of her im
mediate discipline, to have a passion to team and onderstand. Y et, the 
scientist must remain humble. 

7. Women should befree to choose the life they want to live_ A society 
should not possess mores that condemn women to a dornestic life 



8. The department of electrical engineering should be accessible twenty
four hours a day, seven days a week. So much for allowing students the 
freedom ofuniversity life. As it is now the department's name should be 
changed to: The electriatl engineering factory - day shift operations only ! 

9. Being an experimentalist does not imply that you can ignore the under
lying fundamental concepts of your field. How can you set out to prove, 
or optimize, through measurements when your are not even sure as to 
what you are measuring. 

10. The only way the world will rid itself of its most darnaging social dis
ease, batred and mistrust amongst etlmic groups, is through intermar* 
riage. 

11. Their life is hard but thek smi/es and songs are always there. A per
sonal observation about the Korean people which should seriously be 
considered in the western world. 

12. Time dilation is possible in the stationary reference frame. You see I 
have managed to ex:pand a nano-second into an hour. If I was lucky 
enough, and had the strength inside me, I was able to turn a couple of 
nano-seconds into days. Of course this was only possible if the conditions 
were favorable, unlike the weather. Sorry, but it had to be in my 
"stellingen" somewhere. Now try to comprehend this final miraculous 
feat of mine. On the days when I was feeling extremely robust I managed 
to expand a nano-second into an hour, two hours, and a day all simulta
neously. Yes, time dilation is possible if ... Hey, get your paws off 

that computer! I needat least a few more nano-seconds ! 


