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(i) 
SUMMARY 

Far-reaching similarities between the mechanism 

of electrical breakdown in the three insulating media - gaseous, 

liquid and solid - have been found. In all media, discharge 

channels of a similar type, generally referred to as streamers, 

are formed which differ for each electrode configuration, 

In a divergent field of a point-plane electrode system, 

streamers are generated in the vicinity of the point-electrode, 

They are subsequently promoted by direct ionization and photo- 

electric ionization processes in the direction of the plane- 

electrode, 

The charge carriers remaining behind in the streamer 

tail, due to their ionized state and space charge, affect the 

subsequent processes, 

A model for streamer propagation in gaseous dielectrics 

is presented and its relationship to the characteristics of 

discharge growth is discussed. The initiation phase is 

considered first, leading to primary, secondary and return 

streamers, and finally to possible transition to arc-over. 

It is suggested that the same pattern of events applies to 

electrical breakdown of liquids and solids based on the many 

points of similarity observed in the growth of discharge in 

the three media,
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CHAPTER 1 

INTRODUCTION



1. Introduction 

The transition from the non-conducting state of a 

dielectric to a transient or continuing are of high conductivity 

may be achieved in two ways. 

The first is the classical mechanism in which conventional 

ionization and heating by current flow gradually build up the 

conducting state. The fastest growth occurs on a time scale 

of multiples of electron transit time across the gap. This 

growth rate is limited by the velocity of the ionizing electrons. 

The second mechanism involves one very rapid luminous 

pulse of ionization called a streamer or, more often, a succession 

¥ 5 
of pulses, that have been recorded at speeds ranging from 10 

to 10° m/s. 

The streamers have been observed to occur in a wide diversity 

of phenomena in almost all gases at pressures ranging from 10°? 

to 760 torr and above. They unquestionably appear in the very 

fast breakdown of liquids and solids. 

The phenomenon of electrical breakdown is familiar enough 

in its occurrence, but is extremely complex inits nature, To 

understand it requires a systematic examination of the three states 

of matter - gas, liquid and solid. The major aspects of the 

subject that need to be so studied and understood include the 

classical theories of the mechanisms of breakdown, the significance 

of time effects, the influence of variables (such as density, electrode 

spacing and cathode composition), and the relation of breakdown to 

the nature of dielectric itself, principally electron behaviour and 

molecular structure, 

The subject is well developed within the framework of 

breakdown in gases, beginning with the historic work of Townsend 

in establishing the breakdown theory that bears his name, as the 

basie concepts of breakdown are most thoroughly understood in



gases. The elucidation is then applied to the consideration 

of breakdown in liquids and solids. 

The main interest throughout the study is in the transition 

from an insulating state of gases, liquids and solids to a conduct- 

ing state of a plasma, The major concern has been with those 

aspects of electrical discharge which include photo-ionization 

as a significant process in their maintenance. 

The electrode geometry selected for all three media is 

of point-plane form producing an extreme mode of electric 

field non-uniformity, 

The investigation of electrical discharges using asymmetrical 

electrode arrangements offers exceptional opportunities for the 

study of breakdown phenomena, The reason for this lies in the 

high field concentration at one electrode resulting in extension 

over a considerable voltage range of the phenomena leading to 

breakdown. Asymmetrical electrode systems represent most 

of the engineering electrode arrangements in high-voltage 

technology. 

The method employed in discovering the build-up of the 

streamers in gaseous and liquid dielectrics is to bring an 

electro-magnetic radiation sensitive plate into the electrode- 

gap space. This is achieved in two ways, viz. plate transverse 

to the electric field or parallel to the field axis, 

If the plate is at transverse to the field axis, given sufficiently 

high impulse voltage, outgoing streamers from the point electrode 

strike it and produce a number of tracks, resulting in a Lichtenberg 

figure. If the distance between the point electrode and the electro- 

magnetic radiation sensitive place is varied for a definite voltage 

wave and electrode gap, or if the impulse duration is varied with 

a definite distance between the plates, one can trace out the 

streamers! growth with time and also the range of the forward 

rushing photo-electric radiation, and thus the spatial spreading



of the streamers can be established. Similar information can be 

obtained by placing the electro-magnetic radiation sensitive 

layer along the main field axis. 

The absence of the phenomenon of dielectric recovery in 

the breakdown of solids presents numerous problems in the 

engineering field. The detailed studies of non-conducting to 

conducting transition state of solid dielectrics are greatly 

hampered by this phenomenon. A large number of samples is =: 

required with the same physical properties free from voids and 

imperfections, This is achieved by injection moulding of 

materials in specially designed mould accepting metal electrodes, 

The permanent destructive nature of breakdown in solid 

dielectrics is put to good use by employing transparent materials 

where the appearance and extension of discharge channels can 

be studied in detail. 

A theory of the propagation of positive streamer in non- 

electro-negative gaseous dielectric is presented. Formulae 

are derived which enable speeds of propagation, electron 

densities and streamer radii to be predicted as a function of 

applied voltage and fundamental atomic cross-sections. The 

experimental results are in reasonable accord with the 

hypotheses expounded. 

A clear understanding of fundamental mechanism leading 

to breakdown of dielectrics can be employed as a basis for the 

improved design for electrical insulation arrangements and 

equipment.



CHAPTER 2 

GASEOUS DIELECTRICS



2.1 Introduction 

Although the nature of the breakdown of a gas at 

moderate electrode spacing and low gas pressure is now well 

3 67 2 
(30, 2 182) in terms of normal Townsend multipli- understood 

cation, in association with secondary electron emission processes, 

the understanding of breakdown at large electrode separations and 

high gas pressures is still far from complete, 

The streamer mechanism of breakdown in the high pressure 

regions was independently proposed by Meek and Rasenoc 

They tentatively put forward a semi-empirical hypothesis for 

streamer advance which neglected the important role of photo- 

ionization in the gas and was fundamentally incomplete. 

aes indicated that the basic form of all breakdown 

equations must bear a formal analogy to the original breakdown 

criterion of Townsend which is valid at low pressure, 

The complementary relationship between the Townsend and 

streamer mechanisms of ionization growth in uniform-field gap 

breakdown has been stressed by many writers and adequately 

demonstrated by Raether and eoryorters: 2: 

In all considerations of the mechanism of the streamer 

breakdown, it has been mecogniaed’ 2 ay that both positive and 

negative streamer processes depend on a photo-electric ionization 

of the gas ahead of the streamer tip for their advance. However, 

895-78, Ila, 473 
have for many reasons, most investigators 

emphasised the role of the space charge accumulations at the 

avalanche head as the critical factor, The single attempt. at 

a complete quantitative formulation, both of discharge threshold 

and streamer advance, has taken account of the photo-ionization 

in the gas, This has resulted in furnishing the regenerative 

counterpart of © of the Townsend criterion in satisfying the 

self-sustaining threshold condition. 

The study of the spark breakdown phenomena has taken



advantage of widely different techniques for specific purposes, 

such as ‘cloud chamber track, oscillographic current measurements, 

and optical light recording by photomultiplier, Hach of these 

methods of investigation is restricted by special circumstances 

and each provides only limited information about the processes 

involved in breakdown, 

The knowledge of the potential and field distribution across 

the electrode gap, achieved with computational aids, has led the 

author to two important deductions: 

(a) the evaluation of the first Townsend coefficient, X, asa 

function of distance from the point-electrode surface, and 

(b) the presence of "zero" or low field region across the gap 

a short distance away from the point-electrode, The case (a) 

ould allow the quantitative study of streamer onset conditions 

and the case (b) would give support to the criterion for primary 

streamer propagation, Case (b) also shows the lack of 

disturbance in electric field pattern when introducing an electro- 

magnetic radiation-sensitive plate into the electrode gap space, 

The introduction of the Lichtenberg figure technique 
99 

originally by von Hippel and in modified form by Nasser has 

led to a new method for studying streamer propagation in gaps 

undistorted by ionic space charge, 

By employing measurement techniques, which are a 

modification and improvement of Nasser's Lichtenberg methods, 

the author has been able to take photographs of traces of the 

positive and negative streamer tips in air, The streamer 

propagations are deflected by the photographic film, and continue 

in the gas close to the surface leaving time-integrated traces 

behind, 

The studies in point-to-plane goemetry establish the



presence of streamers in a large range of impulse potential 

below that value for which the streamer crosses the gap with 

a sufficient tip potential to produce a spark. An increase 

in the applied potential results in the streamers moving 

further into the gap and showing a strong radial branching 

in their progress, 

The number of streamer branches and the radial spread 

of the discharge as a function of distance from the point-electrode 

are measured and the spatial build-up of streamer discharge 

resolved. 

A hypothesis for electrical breakdown of gaseous 

dielectrics, based on appearance of primary streamers 

followed by secondary and return streamers, is put forward 

and supported by experimental results.



2.2 Literature Survey 

2.2.1 ‘Fundamental Processes 

2.2.1.1 Introduction 

The molecules of a gas interact only weakly as compared 

with those of liquids and solids. For the greater part of their 

existence they are subject to a uniform, linear motion, but one 

particle may, from time to time, approach sufficiently close to 

another, or several others, for their orientations, velocities and 

even their internal characteristics to be altered. These encounters 

are called collisions. Despite their rarity, it is collisions which 

dominate gas theories because of their immediate and important 

consequences. These are (a) the setting up of thermodynamic 

equilibrium or a steady state, (b) the nature and intensity of 

radiation emitied by a gas, and (c) the state and distribution of 

the particles present. 

The presence of electrons and ions in the gas under investi- 

gation alters the situation considerably. Firstly, charged particles 

are influenced by electro-magnetic forces which have no effect on 

the neutral atoms or molecules, and secondly, the particles them- 

selves produce an electric field with a large range of influence. 

The result is that, with the same density of particles, the inter- 

actions between particles are more important and their effects 

more long-lasting. 

The low density of gases results in most collisions being of 

a binary nature; however, there can also be tertiary collisions. 

A differentiation should be made between elastic and inelastic 

collisions. The first only modifies the magnitude and direction of 

the velocities, while the second can also give rise to changes in 

the internal energy or in the nature of the particles present; the 

total kinetic energy being altered in such a way as to conserve the 

total energy.



Basic ionization processes in electrical breakdown of gaseous 

dielectrics are a) those involving the collisions of electrons, ions : 

and photons with gas molecules or atoms, and b) electrode process- 

es which take place at the electrode boundaries. 

2.2.1.1.1 Inelastic Collisions 

An inelastic collision is one in which the internal energy of 

the particles, as well as the kinetic energy, changes. Photons 

can take part in such collisions. The number and diversity of 

the possible reactions increases with the complexity of the parti- 

cles involved, 

The probability of an inelastic reaction depends essentially 

on the time, t, for which the distance between the particles is of 

the order of the radius of action, a, of the atomic forces, i.e. 

of the order of one AngstrUm. The time t is of the order of 

= ,» where Vis is the relative velocity of the two particles. The 
i: 
time for an atomic transition of energy, AW, according to quantum 

theory is: 
ie eu 2Ah AW oD 

which is of the order of 1082" sec. where h is Planck's constant. 

If t>>7 , the atomic structure will be progressively trans- 

formed to take account of the presence of the incident particle by 

means of an adiabatic change in the course of which the quantum 

state remains unaltered. 

If t=@ , an instantaneous transition to another level will 

take place. The increase in Ve diminished the duration of the 

interaction and with it the probability of the transition. The 

maximum for the effective excitation cross-section, Ge , should 

therefore occur at _ a Wu eae 
L c 

which is of the order of 10" em/sec. While for electrons this 

(2, 2) 

velocity corresponds to some eV, for ions it corresponds to some 

keV. 

Table 2.1 shows the main types of inelastic collisions. These



Table 2,1: Fundamental Processes in Gas Discharge 
  

X, Y, XY - neutral atoms or molecules in the ground state 

x*, XY¥* 
xe X~ negative ion 

h , bh )! - photon of frequency Y or 

- neutral atoms or molecules in the excited state 

positive ion e electron 
y! 

  

\tareet 

Test ae 

Particle with one nucleus 

and at least one electron: 
neutral, excited, or 

ionized atom 

7 
Particle with at least one 

‘nucleus and at least one 
electron: neutral, excited . 

or ionized molecule 
  

| 

  

Compton effect Compton effect 

    

  

    

| | 
| 
| 

Diffusion | Diffusion | 

Excitation Excitation | 

eco cl hy) + X¥Y—»+XyY* | 
pee netic | h y+ X—>+X* Ionization | 

radiation | | We ev xyts e ] 
| Ionization | Detachment | 

| | ja bid X¥=—=xy 4 '¢ 
| Yor ny Photo-ionization | Dissociative 

| |b) + Xx? + e fap) + Sy 
| Photo-electric detachment | 

| hy) + X-+X + e 

| | Nuclear reactions | Nuclear reaction 

| Elastic collision | Elastic collision | 

5 | Excitation | Excitation | 
oa je + x—-e He | © + XY oX¥* +e 

‘Char ged | Ionization i | Ionization a 

Re oer fe + XK 20 e + XY—»+XY' + 2e 
| |e + X#-—X™ + 2e @ ot XY*—sXY tie 

{Nucleus | Collision of the second type Collision of second type 

| ” | e +° X#.2xX + & CAL YF = eos ze 

eS iiaees | Recombination | Recombination | 

| redial ee <4 hd radiative | 

| fen (C8 Fe 3 body 

| \ eee ee | dissociati | 3 body | ocia ag ss # 

fate ine Peele wal e + XYS.xX* + Y* 

| Attachment | Dissociation | 

(Crees | e + XY—-X +Yte 

' | with excitation 

| i with ionization 

Atom or All the above reactions All the above reactions 

tae | Charge transfer | Charge transfer 

boi y x | 

{Molecule All the above reactions 
  

symbols with a bar over them denote particles with a large 

kinetic energy



are excitation, ionization, charge transfer, attachment, recombin- 

ation, detachment and dissociation. 

2.2:1.1.1.1, Excitation 

An excited atom or molecule is one which has absorbed a 

sufficient amount of energy for one of its electrons to pass to a 

higher energy level. The internal energy of the atom or molecule 

increases by the difference, A W, between the energies of the 

final and initial state. The initial energy level of the excited 

particles is not necessarily that corresponding to the ground state. 

If inelastic collisions lead to excitation of bound energy levels in 

the particle, this would allow the probability of excitation to be 

defined. 

The probability of excitation has been measured by many 

Bs tee Schulz and Pore measured the excitation investigators 

cross-sections in relation to structure of target atom, One of the 

most dramatic results of studying electronic excitations is the 

development of gas lasers, 

Excitation by photons can be represented by 

Ln eRe x (2.3) 
or nv + xy —~ xv* (2.4) 

The reaction is only possible if h y > AW, but even if this con- 

dition is satisfied, the selection rule may forbid the reaction tak- 

ing place. The cumulative excitation by photons with an energy 

lower than ionization energy, W; may lead to ionization of an 

atom or a molecule, 

The basic reaction of excitation by an electron is: 

e + X— ».e + X* (2.5) 

Ce ere ya n(eG} 

With the target assumed at rest and the incident electron 

having a kinetic energy Ww, , the reaction threshold is:



WErmig AW (2.7) 

However, the probability of excitation close to the threshold 

energy remains very low, since it is difficult to fulfil the condition 

of conservation of angular momentum, 

The excitation by atoms or ions may be represented by: 

x + Y—>xX + Y* (2,8) 

x x eee + Y* (2.9) 

If the target particle, assumed at rest, and the incident particle 

with a kinetic energy, Wo have masses m, and m, respective- 

ly, the reaction threshold is 

woe —. Aw (2.10) 
p m. 

2.'2.1.1.1.2 Jonization 

When an atom or a molecule has absorbed a sufficient amount 

of energy for one of its electrons to escape, it is said to have been 

ionized, and its internal energy increased by the ionization energy 

Wi = AW (2. 11) 

Table 2,2 shows the ionization potential, Me for single ionization 

of various atoms or molecules. 

TABLE 2.2: Ionization Potentials of Atoms and 
  

  

Molecules 

Element Vv; Molecule Vv; 

H 13.6 Hy 15.4 

N 14,5 Ny 1675) 

Oo 13.5 O, 12.1 

Cl 13 cl, dae 5 

F 17.4 Fy 16.5 

Cc 11.3 NO 9.2 

He 24.5 NO, 11 

A J ony, H,O 13 

 



2,2.1,1,1.2,1 Ionization by Photons 

The basic reaction representing photo-ionization is: 

hve ee 4 6) 8 (22) 
and it can take place when hy, W;- 

This condition limits the photoelectric effect to the ultra- 

violet or x-ray region of the spectrum due to the wavelength 

given by: 

h = = (2.13) 

Putting values for Planck's constant, h, electron charge, q, 

and the velocity of E-M wave, C, the wave length will be 

given by: 

12400 Scenes om d 7 (2,14) 

It is convenient to discriminate between two cases of 

photo-ionization when the energy h v of the quanta absorbed is (a) 

of the order of the ionization energy W,, or (b) of much greater 

value compared with W,- 

Case (a): hy Y W,- The radiation required lies in the 

ultraviolet or soft x-ray range. A photon ionizes the gas atom or 

molecule with a maximum probability at a critical wavelength or 

energy which is of the order of 0.1 - 1,0 eV above the 

minimum energy. The emitted electron is the one least firmly 

bound to the atom or molecule, 

Case (b): rr) » W,- The radiation, being the the x-ray 

region, acts preferably on an electron of the inner shell, This 

may lead to 'Auger effect! resulting in the production of a large 

number of ion pairs, 

2,2,1.1.1.3 Ionization by Electrons 

The ionization by electrons can be represented by: 

Coeur un (2.15)



If the target is at rest and the incident electron has a 

kinetic energy, Wg the reaction can only take place if 

We > W;- 

The effective cross-section increases rapidly once 

the threshold energy has been paceea S0rine s the 

conservation conditions are easily satisfied due to the 

ejected electrons. This results in a similar increase 

in the ionization efficiency, Qe given as the number of 

ion pairs produced per centimetre of the incident electron's 

path in the target gas at pressure p (see Fig, ehye 

Reed" summarises the basic gas ionization by electron 

impact as follows:- 

The process that occurs at the lowest electron 

energy is usually that of electron addition - by 

electron resonance capture - to give a negative 

ion: . 

e + XY—»>XY (2, 16) 

This ion may dissociate to give a neutral atom 

and a negative ion: 

Ky er) (2. 17) 

At higher energy, the production of ions may 

occur, thus 
+ 3 

ent x. Ys xX + Yt e | (2.08) 

and at still higher levels the positive molecular 

ion is formed: 

e+ xvooeky + 2e (a) 

which may dissociate to give a positive ion together 

with a radical or atom 
+ + 

xY—>+K + Y¥ (2. 20) 

2.2.1.1.1.2.3 Ionization by Heavy Particles 

Ionization by ions, atoms or molecules can be 

represented by:
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Soa | See UM Vc tee (2. 21) 
' + 

KP YS ae ee Tame: (2,22) 

The maximum effective cross-sections correspond 

to very high kinetic energies, 

Excited atoms can be ionized more easily than neutral 

atoms due to reduction in ionization threshold and increase 

in the effective cross-section (see Fig. 2,2). Some of the 

reactions can be represented by: 

Xk + Y — xX + a + ¢ (2, 23) 

* 
xX + X — x} + e (2, 24) 

ok 

x* Ae Rear ern et x? + e (2,25) 

4 The second reaction has a high probability especially 
* + 

where, in low-energy electron swarm, more x* than X 

are created. 

Penning effect is a special case of:a collision of the 

second kind, which can be of great importance in the conduction 

of electricity through gases. This is represented by a collision 

of a metastable and a neutral particle 

eee ye” oe ey (2, 26) 

Jonization by metastable interaction, 

Sn eee Xe Re (2, 27) 
‘ : 2 0 a 

first discovered by Biondi , causes ionization to appear 

long after excitation, since 5 a generated in large numbers, 

has a long life, and diffuses slowly in clean gas. 

2.2.1.1.1.3 De-ionization 

De-ionization can take place through the action of processes 

of attachment, recombination, diffusion and drift. The processes 

of attachment and recombination are by far the most important 

ones on phenomena of short duration breakdown, Impurity
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particles normally enhance the de-ionization processes, 

2.2.1.1.1.3.1 Attachment 

Electron attachment to a neutral atom can be most 

easily accomplished for those neutral atoms whose outer 

electronic shells are nearly filled. A measure of the ease 

with which this can be accomplished is given by the electron 

affinity energy which varies from 4 volts for electro-negative 

gases to negative values for rare gases. The probability 

of attachment per centimetre of travel, Be is given by: 

Ve 
fe (2. 28) 

ve 

where Un is the attachment frequency and os = wE is 

the drift velocity of electron. 

Measurements of attachment coefficient have been 

successfully carried out’? a by making careful measurement 

of the first ionization coefficient, o. If electron multiplication 

alone takes place, the log current versus electrode separation 

curves should be linear (see Fig. 2.3). Departures from 

linearity can be related to the electron-attachment phenomenon, 
: 

as had been successfully shown by Harrison and Geballe*” oe 

Collision processes that lead to electron attachment are 

controlled to a large extent by the conservation of energy 

which must account for all the energy involved in the collision, 

A number of different attachment mechanisms are possible. 

(a) Dissociative collision of electron with a molecu af 

represented by 

e + SVK + ¥ (2, 29) 

normally leads to the transition to the repulsive state, Gases 

showing this kind of electron attachment have very marked 

energy thresholds and the attachment coefficient increases 

with & .
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(b) A third body attachment can take place when an electron 

is captured in the presence of a third ieee which can take 

up the excess energy. 

e + XY + XY—» XY + XY (2, 30) 

This type of attachment phenomenon is pressure dependent. 

(c) Electron attachment by a molecule is possible leading 

to vibrational excitation of the molecule. 

ee OXY Kye (2.31) 
Subsequently, the molecule settles down to the ionic ground 

sae 

2,2,1.1.3,2. Recombination 

. (a) A very common less mechanism for ions is the 

recombination of negative ions with positive ions, 

xy’ + xy°—+ oxy (2. 32) 
The loss of ions due to this effect is proportional to the 

ion concentration so that 

aH dn 
+ i- cael ets Se aetete! =-§ % = ; Soe Lan (2.33) 

where § is the recombination coefficient given by the high- 

pressure theory introduced by Langevin) as 

eee Bie) (2.34) 

where qis the electron charge and 4; , and Hi are the 

mobility of positive and negative ions respectively, 

130 
The low-pressure theory based on works of Thomson 

considers motion of the ions to be thermal and the recombin- 

ation coefficient directly proportional to pressure (see Fig, 2.4). 

(b) Electron-ion recombination studies have experienced 

difficulties due to the sensitivity of the phenomenon to impurities,
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A common type of electron-ion recombination is called 

radiative, typified by 

eae x et hy (2. 35) 

Dissociative recombination is the result of electron 

positive molecule recombination”, This may be represented 

by 
+ * * 

See Be a Sa Pac lag (2, 36) 

A third form of electron-ion recombination can occur 

by a three-body recombination with electrons removing the 

necessary momentum and energy. 

+e 
KX + 2e —+xX +e (2. 37) 

The studies of Makin and Keck’: have shown the 

importance of this mechanism at high electron density and 

low temperature when radiative recombination is unimportant, 

2.2.2 Electron Avalanche 

Impact ionization by electrons is probably the most 

important process in the breakdown of gases, but, as will be 

shown later, this process alone is not sufficient to produce 

breakdown, An electron in sufficiently high electric field 

ionizes gas molecules or atoms by collision such that, on 

drifting a distance Xem in a uniform field electrode system, 

it will create a mean number of electrons given by: 

= texpal( cc 20) (2.38) 

o, the first Townsend coefficient etre for ionization 

by electron impact, represents the mean number of ionizing 

collisions by one electron per centimetre of drift across the 

te, a ras 
electrode gap. = is therefore the average ionizing free 

oH 
path. 

An initial current, iv at the cathode produced by, for
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example U-V or cosmic radiation given by 

: i, = ae q (2. 39) 

where q is the electron charge, will have created a current, 

i, on arrival at the anode, at a distance d, given by 

l= nq 

i, exp ( <4) (2. 40) where i 

One electron and its progeny exp ( od) electrons on arrival 

at the anode constitute an "electron avalanche", 

The ionization process is characterised by a cross- 

section for ionization, which can be considered as a product 

of two terms, a physical cross-section for collision and a 

probability for ionization which depends on electron energies, 

The coefficient c is found to obey a relation 

Be EB a Mooe (2.41) 

characteristic of each gas (see Fig. 2.5), where p is the gas 

pressure and E is the electric field strength. The rise can be 

fitted into an exponential of the form 

BLE 
ip = A, exp ( =   ) (2,42) 

The next section can be fitted by a relation 

ean E 2 eas B 5 (2, 43) 2) 

There is a linear section at the point of inflexion. The upper 

portion is given by 

aS 
t P 

2 
+ B,) eae (2,44) 

Townsend!32 derived an equation of the form 

. a Ae eanht = me (2.45) 

which can be fitted to any section of the curve with some accuracy, 

E 
The point of inflexion in Fig. 2.5 marks the region of =
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52 
values:- The Morton-Johnson regime - in which charge 

accumulation in a uniform field gap ceases to aid charge 

multiplication. 

2.2.2.1 Determination of First Ionization Coefficient 
  

One of the most important data of elementary processes 

is the Townsend First Ionization Coefficient, o&, which.can be 

measured by a variety of techniques, the first and the most 

widely used one being the Townsend (or stationary) method 

Bie Be, Ae In this method log (4) is observed as a 

function of gap distance, d, with ae ° asa parameter (see 

Fig. 2.6). 

Employing this technique, von Engel and Steenbe ck? 

provide typical values for constant A and B of Eqn. 2.45 

which can be fitted empirically over fairly wide ranges of a 

for a large number of gases (see Table 2,3). 

Promhol es studies on the distribution of the pulse 

heights of single avalanches as a function of the carrier number 

219 
has led Schlumbohm : to measure o in different vapours 

(see Fig. 2.7 and Table 2. 3). 

A determination of & is possible by measuring the 

time constant, 7, , of the growth of an avalanche which is 

given by 
~ 1 
Ce XU, (2. 46) 
  

‘where Us is the drift velocity of electrons. 

Fig. 2.8 shows values of in nitrogen obtained by the 

time constant maetncd compared with Townsend's method 

24, 50, 87 

2.2.2,2 Charge Carriers Drift Velocity 

The observation of the avalanche process allows
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After Schlumbohm 119. 

Values of A and Bin A exp i B(2) B] 

  

Pies 1 

  

          

E 
a marking Ay B cay 

(cm-torr) V/cm-torr Vjamiorr 

Methane v 6.99 192.1 40-80 

Carbon 4 4.175 182.5 44-70 

dioxide 

Methyl oO 6.77 173.5 48-68 

alcohol 

Diethylether 24,5 388.8 72-116 

Acetone oO 14.3 360.8 74-110 

Methylal x 29.7 360.8 60.90 

Cyclohexane ® 26.4 400.0 89-108 
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deduction of the drift velocity of charge carriers. Different 

methods of measurements of drifi velocity are described in 

detail by von Beet 5 Tene and aiaae These 

include electrical, optical, magnetic deflection and shutter 

methods, 

The values of drift velocity of charge carriers obtained 

by these methods in air are shown in Fig, 2.9. for electrons 

and in Fig. 2.10 for positive ions. The difficulties in measuring 

electron drift velocity, Ver in air, is due to the presence of 

additional processes besides the normal behaviour of electron 

component, characterised by the exponential growth of current 

with time tO 122,125, 137 

2.2.2.3 Space Charge Effect on Avalanche Growth 

The growth of the charge carriers in an avalanche in a 

homogeneous field Ey = + is described by Townsend 

equation 

Ne nN, exp ( <d) 

This is valid as long as the electric field of the space 

charge of electrons and ions can be neglected compared to E: 

The electrical field around an avalanche according to 

Racthers is shown in Fig. 2.11. The electric field ahead 

and behind the head of the avalanche is increased by the space 

charge and reduced between the electrons and ions cloud 

compared with the electrostatic field Eo An approximate 

value of this space charge field can be deduced as the charge 

lies nearly in a sphere of radius rp} then the field of this 

charged sphere at is surface is: 

  

a 2 ( &d) * 4 exp 
eeD (2.47) 

The field distortion produces, for example at oe ile 40 
Lt 

in nitrogen, a change of © of about 5%, a remarkable result a 

11 
Observations on avalanches in the cloud chamber
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show a strong enlargement of the head of the avalanche, 

exceeding the normal diameter due to thermal diffusion, 

if the amplification approaches values of 10°, Racther © 

and Petopeuloss suggest the reasons for this enlargement 

to be (a) the effect of the gas ionizing radiation, which 

produces ion pairs in the environment of the avalanche, 

especially of the avalanche head, and (b) an electrostatic 

expansion of the electron cloud of the avalanche head, 

The electric field, EL» acts on the electron at the 

surface of the sphere containing exp (« d ) electrons and 

accelerates them into outer direction such that; 

dr re : ea eee (2. 48)   

where Me is the mobility of the electrons, 

The radius of the expanded sphere is given by 

3 3 
P= Aexp (8) ee exp (%%)) HORT, s (2.49) 

The equation 2.49 suggests that, up to a certain <= <a 

value, the avalanche diameter as a function of x can be 

described by the thermal diffusion. At higher amplifications 

exp (KX) > 10° 

r grows much more rapidly with x than the thermal diffusion 

radius. 

It is suggested" ee that, at values of pd > 5000.torr-cm, 

the positive ion space charge due to the ionization resulting 

from even a single initiating electron can strongly affect 

the initiation of breakdown in air. On the other hand, D utton 

and Mica oe show that the maximum pre-breakdown 

ionization current of the order of 0.5 uA is not influenced 

by space charge up to pd = 10,000 torr-cm,
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2.2.3 Avalanches with Successors 

One of the most important experiments in the elucidation 

of the mechanism of gaseous conduction results from varying 

the voltage applied to the gap, and changing the electrode 

spacing d, keeping % constant. A plot of the logarithm of 

the observed current against d should give a straight line 

with slope x. It is expected that from relationship 

aK E 
— 2 t —_ 5 ( au 

if pressure of the gas and the electric field strength are kept 

constant, then o should remain consiant. Figure 2,6 shows 

such a plot for several applied fields, Except at high fields and 

with large gaps, the results are as expected. From these data, 

a curve for & asa function of = ean be constructed (see 

Fig. 2.7), and in all cases a nies functional dependence has 

been observed, 

From the discussion so far, it is expected that the current 

will fall to zero if the source of cathode illumination is removed. 

Townsend, however, discovered that at a sufficiently large gap 

this is not true, and that above a certain sparking distance the 

current is independent of the external illumination, The key to 

this behaviour lies in the departure of the curves in Fig, 2.6 

from linearity. It is clear that some additional mechanism must 

be operative in the production of charged species in the region, 

These mechanisms which all have in common the characteristic 

of producing additional electrons at the cathode can be explained 

as follows: 

1) While ions cannot gain enough kinetic energy to ionise 

molecules, they do have sufficient potential energy to cause the 

ejection of electrons upon striking the cathode, The probability 

of this process increases with increasing kinetic energy of the 

ions,
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2. The importance of electronic excitation in hindering the 

development of an avalanche has already been noted, as has 

also the fact that the absorbed energy may reappear as radiation 

of light as a result of the excited molecular eleciron falling back 

to its normal energy level. This radiation may fall upon the 

cathode to produce photo-emission of electrons which may then 

start avalanches of their own, 

3. Occasionally, some of the electronically excited molecules 

may collide with neutral molecules to lose a small fraction of 

their energy. 

A new excited state is now produced from which the 

molecules cannot lose the remainder of their energy by radiation, 

These so-called metastable molecules may diffuse back to the 

cathode and cause electron emission on striking it. 

These three processes are described quantitatively by a 

coefficient xe called Townsend's second ionization coefficient, 

which is defined as the number of secondary electrons produced 

at the cathode per electron produced in the gap by primary 

collisional ionization, 

These secondary electrons, the mean number of which is 

ie Views (<d) - 1] (2, 50) 

per avalanche, produce new avalanches in the next generation. 

If the primary generation begins with no electrons, then the 

second generation follows with non, electrons, 

The various Y processes are often distinguished by a 

subscript - y for positive ions, ¥ tor photons, and wa 

for metastables. Although the magnitude of x may be small, 

(e.g. 1074), its overall effect may be large since these 

secondary electrons are produced at the cathode and each will 

be multiplied by the factor exp (d) by the time it crosses the 

gap.
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Unlike % , the secondary coefficient ¥ is not pro- 

portional to the pressure. This is reasonable when one 

notes that secondary electrons are produced at the cathode 

surface rather than by collision of the active species with 

molecules. The coefficient XY , however, is determined by 

the energy of the primary electrons, and is accordingly 

E 
a function of —. 

Pp 

2.2.3.1 Determination of Second Ionization Coefficient, x 

Townsend's second ionization coefficient increases 

with increase in Pp (see Fig. 2,12) but it is subject to 

alteration by pre-discharges. 

As the three components of ¥ contain different 

time scales, their significance becomes dependent on the 

duration of the applied field. With microseconds pulse 

duration only ¥_ can be active. However, if the time 

scale exceeds 10 usec, ¥, may be involved and, if itis 

in the range 0.1- 1.0 m.sec, one may also expect meta- 

stable action Yin to be involved, 

The photons active in ¥_ must usually be of a kind 

that do not experience delay Ed dissipation by resonance 

absorption. The secondary mechanism which involves ne 

may suffer a delay per generation of the order of 3 Te in 

: 7 Saas 
air and nitrogen ‘ whereT, is the electron transit time. 

Increase in electrode work function, ¢é , reduces ¥ 

and Sn’ In contrast, SS de pending on photo-electric 

effect, is not so sensitive to changes in surface conditions. 

Oxide layers generally reduce vy, and ve but do not 

alter v as radically. 

2,2.3.1.1 Secondary Electron Liberated by Photon Radiation 
  

on the Cathode 

Some excited states will radiate photons of energy
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hy which will be directed back to the cathode, Absorption 

of thése photons en route will reduce their number, A 

fraction of these arriving at the cathode with sufficiently 

large values of hy will succeed in liberating further 

electrons. 

The generation interval, after which the succeeding 

avalanche starts, is given by 

d Cee (2.51) 

It is possible to observe the oscillatory character 

of the electron component of the current, which comes from 

the succeeding qeaianene eae This is illustrated in Fig. 

2. 13 which shows the electron current as a function of time, 

when ny = 1. The broken line shows the ideal case 

which assumes that the whole radiation producing the photo- 

effect at the cathode is produced at the moment the electrons 

enter the anode. In fact, however, the radiation intensity is 

proportional to exp ( Ku, t), and secondary electrons are 

liberated from the cathode during the transit time of the 

avalanche electrons, resulting in the full line in Fig, 2.13. 

2,2.3.1,2 Secondary Electron Liberation by Ion Impact on 

the Cathode 

  

Ions with energies higher than 2¢, where ¢ is 

the work function for a metal surface, will, on impact with 

the surface, yield secondary electrons. The probability 

that these ions liberate electrons on impact is designated 

by v5 The ee of x depend on the type ofions, gas 

pressure, and “ and have a range of 0.01 - 0. 25 for 

singely charged ions. 

Ions with energies lower than 2¢ will also liberate 

secondary electrons if their kinetic energy is sufficiently
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SUCCEEDING AVALANCHES ARE PRODUCED BY PHOTO EFFECT AT 
THE CATHODE,Y p. 
(After Schlumbohm 120 and Kluckow 56)
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-6 
high (| > 150v). The value of y, is about 10 at 

150 volts and may reach 10 “ at 1-kv. Emmission of 

secondary electrons by this kinetic process may be quite 

large on dirty or negative ion-coated metal surfaces, 

If the succeeding avalanches are only produced by 

positive ions reaching the cathode, the generation time, 

T,, can be represented in the ideal case by Fig. 2.14, 

This can be pecleeca by using gases in which the 

avalanches reach a very high od value, so that the positive 

ions are concentrated practically at the anode. Schmidt- 

TMedementine! gives the transit time in oxygen, with the 

production of secondary electrons by % process, as about 

5 usec (see Fig, 2,15). 

2.2.3.1.3 Secondary Electrons Liberation by Metastable 
  

Impact on the Cathode 

Metastable atoms with W_ > ¢ will liberate 

secondary electrons on reaching the metal surface with a 

coefficient oe which has a longer time scale than 

and ¥, in that order, vn is operative only in very pure 

rare gases, 

Secondary electrons are readily emitted from meial 

surfaces when slow metastable atoms impinge upon them. 

Large yields have been found for rare gas Mielecisbles a 

The yield seems to depend more on the surface layer than 

on the nature of the substance and it usually increases with 

gas contamination. Green: suggests that the energy in 

excess of the work function of the surface is transferred to 

the ejected electrons. 

2.2.3.2 Townsend's Generalised Equation 

22,27, 45, 67 
A number of investigators in recent
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(After Schmidt-Tiedmann 123) 

pd = 60 torr-cm, d = 0.5 cm
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years, have elaborated on Townsend's original criterion to 

account for different secondary electron emissions from 

electrodes and the de-ionization processes, mainly attachment 

and recombination. This has led to the generalised Townsend 

relationship of the form: 

a. Chad) / (ut - a) Jem (x a) 
fo 1G) [ exp (ata 1} (2. 52) 

where of’ and W/o! are the apparent primary and 

secondary ionization coefficients respectively and 

z 0 

ni
e {cx- 2-8) + [Cee ae + acco}? (2, 53) 

1 ie
 [Cx A-$) i ee + aas}? (2. 54) 

where &, 4 and S are the true ionization, attachment 

and recombination coefficients respectively. 

Measurements of pre-breakdown current by Dutton and 

Moreieae in dry air at pressures of about two atmospheres 

are in good agreement with the Townsend generalised equation 

(see Fig. 2.16). In analysing the curves of Fig. 2.16 by the 

use of the expression given by Seniacncnmies | they give a 

value of attachment coefficient, 7 ,» in the same order as 

the true primary ionization coefficient, of , and a value of 

recombination coefficient S between one and two order of 

magnitude smaller than o¢ . 

2.2.4 Breakdown 

2.2.4.1 Introduction 

A high conductivity between electrodes in an electric 

field may result in a short time such that the gap capacity 

cannot be reloaded quickly and the breakdown of voltage across
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the gap is the consequence. The main problem of gas 

discharge studies is concerned with the way this high conductiv- 

ity builds up by fundamental processes, At present, two 

mechanisms are known, 

(a) A ‘slow mechanism - Townsend or generation - 

requiring a large number of avalanches +?” to produce 
24-27, 65-70, 131-134 breakdown 5 

(b) A 'rapid' mechanism - streamer or kanal - which 

develops the first avalanche directly to Grealcowes: uo By 
89-91, 109-116, 127,128 

38, 57, 58,107, 108 Other variations are suggested which 

can be understood as transitions between these types. 

The space charge produces in both cases the decisive 

current growth which leads to the voltage drop, In mechanism 

(a), it is the space charge of the slow positive ions produced 

by the rapidly succeeding avalanches which favours in general 

the ionization conditions of the electrons and produces a rapid 

current growth. In mechanism (b), it is the effect of the space 

charge of the avalanche on its own development which transforms 

it into a plasma streamer of a high conductivity, 

2.2.4.2 Townsend or Generation Criterion for Breakdown 
  

The field intensified ionization current in the 

external circuit of a uniform field gap is given by 

i, exp (ed) 

“TY [ex (ay e) 
i 

As breakdown approaches exp ( <d) > 1 and the field 

intensified current becomes 

oo ee) (2. 56) 
1 - Yexp (od)
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Increase in potential results in increase in exp ( < d) 

and Y exp (Xd). As Yexp ( Xd) approaches unity, the 

avalanches will be sustained independent of the initial current, 

io. The current, i, will increase and be limited only by the 

impedance of the external circuit and the conducting gas. This 

condition referred to as Townsend criterion for spark break- 

down is expressed quantitatively by the relation 

Yexp(xd) = YX exp(mv) = 1 (2.57) 
where % represents the number of new ions per centimetre 

path per unit field strength. 

The fulfilment of Eqn, 2.57 does not depend upon the 

value of i provided of course there are sufficient electrons 

to start the sequence of the avalanche leading to breakdown. 

This is not a very stringent requirement since cosmic 

radiation and radiation from radio-active impurities are 

easily able to produce these initiating electrons, 

The fulfilment of the breakdown criterion for a given 

gap spacing depends on the values of and ¥ . Fora 

given gap spacing and gas pressure, the value of potential V, 

which gives values of © and ¥ satisfying the Eqn. 2,57 

is the spark breakdown voltage. Since ¥ is the number of 

secondary electrons generated per primary electron in the gap, 

the Townsend criterion guarantees that, for each electron 

avalanche, one secondary electron will be generated at the 

cathode to initiate another avalanche, and the discharge becomes 

self-sustaining. 

x is a probability for which an average value is obtained 
7 : by observing some 10 or so simultaneous avalanches. Again, 

exp (c{d) is governed by chance, since in most discharges 

9<Xa < 18.
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=f) 
The probable fluctuation of odd can be between - 3 and 

F : 
- 4 ina single avalanche. This can produce a large variation 

in exp (cd). It is shown by Magemeak that, by setting 

M = ¥exp (a) (2.58) 
then the breakdown probability Po is 

i 
eee eel (2. 59) 

This makes the breakdown probability zero at threshold, 

for any sub-average avalanche can break off the sequence. 

As the amplification factor M exceeds unity, the chance of 

breakdown increases, In any event, sustained current is not 

always ensured, since sooner or later an avalanche sequence 

can interrupt the discharge. 

However, other factors influence this statistical consequence. 

Delayed carriers ensure re-ignition when an interruption occurs. 

With many triggering electrons, the chance of continuity is 
3 

much increased 5xG2, oe 

In some gases, photons experience delay by dissipation and 

resonance absorption. In such cases there may be a delay in 

creating the state to produce ¥p. Thus, ih the inert gases, 

notably in argon, the photons yielding Xp are created by the 

reactions 

a Nee ja ener a(2800) 

A, —~ A eae oh) (2.61) 

These are pressure dependent and suffer a delay in the order 

of 3usec in their generation from A™ in collision with two 

A atoms. This action sets the threshold for a Xp breakdown 

at near atmospheric pressure, 

At some tens of torrs pressure, breakdown proceeds 

largely by the * mechanism since triple impact of ae with 

2A atoms becomes infrequent.
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‘Electron emission of electrode in the fields of the order 

of 10° V/cm has been studied by Llewellyn Jones and De La 

Perelle’’, The emission rate was found to be as high as 

10° - 10° electron/sec with steel and copper cathodes, The 

emission is dependent on the cathode material, its history, 

and the presence or absence of surface layers of tarnish or dust. 

Studies of Dutton and eo-workerea0 +! show that the 

Fowler-Nordheim equation on the dependence of rate of emission 

on the applied field leads to too small a value of work function 

and emitting area. Llewellyn-Jones and Morgen” suggest a 

different mechanism due to positive ions piling up on thin 

tarnish films at the cathode and creating a strong field across 

the tarnish film to cause field emission, 

Rewis considers the nature of the surface barrier and 

presents an explanation based on field dependent thermionic 

emission, which leads to a reasonable emitting area. The 

field emission rate obtained by Feldt and Raether’> is in the 

range 10° - 10° electrons/sec. 

SE have shown Llewellyn-Jones and co-workers 

that the physical significance of the Townsend criterion is 

that the sparking potential, ve becomes ee 

initial current, i? up to the levels of current of 10 A 

and that a finite current, i, can flow at zero initial current. 

Dutton and go-workeres 7 Beet have found experimentally 

good agreement with the Townsend breakdown criterion in uniform 

fields at voltages up to 400 -kV and pd values in excess of 

12000 torr-cm (see Fig. 2.16). Similar results, within the 

experimental parameters are obtained by Seiden ie and 

Boyd et a 

The fulfilment of the breakdown criterion for a particular
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gap width depends on the values of x and &, These variables 

may depend on o , gas pressure, cathode composition, and 

the nature of the gas. 

2.2.4.3 Streamer (kanal) Mechanism 

There exists a development of the avalanche into a 

spark which progresses in a very short time - about one electron 

transit time - when high voltages above the static threshold are 

applied to a uniform field gap. Roveweciaat applied a sharply 

peaked impulse to a gap in air and found that the voltage collapsed 

in a range of time of 0.1 - 1.0usec. This result introduced 

considerable difficulties in the explanation of the spark on the 

Townsend theory of static breakdown, involving some method of 

feedback generating electrons at the cathode. 

It also became difficult to envisage a Townsend mechanism 

of non-uniform gap breakdown under pulse voltages, The 

branched, filamentary, irregular channel of discharge in long 

gaps was also difficult to reconcile with the Townsend theory. 

As a consequence, and following much experimental work on 

spark development, including those utilising the cloud chamber 

technique, the streamer or kanal theory of breakdown was 

proposed by Meek” and ene for positive streamers, and 

independently by Recher at for negative streamers. The 

comparatively narrow luminous tracks occurring at spark break- 

down at high pressure were called streamers, 

2.2.4.3.1. Anode Directed - Negative Streamers 

Reciter: see’ postulated that streamers would 

develop when the initiating avalanche mechanism produced a 

sufficient number of electrons, exp (4*), resulting in an 

electric field due to space charge comparable to the applied field. 

His criterion for streamer development was:
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  ‘EB = ee exp (K*) = B (2. 62) 

where E is the applied field and Tp is the avalanche radius. 

The total enhanced field due to space charge and applied 

field promotes secondary anode-directed electron-avalanches 

ahead of the negative streamer which has formed, These 

avalanches are initiated by electrons formed by photo-ionization 

in the gas space ahead of the streamer or by faster electrons 

from the streamer tip (see Fig. 2.17). 

The avalanche multiplication factor satisfying Raether's 

criterion would lead to streamer development which corresponds 

to a'value of 

Xd = 20 (2. 63) 

resulting in an average number of electrons on the avalanche 

head given by 8 

M, = ox 10 (2. 64) 

2,2.4.3,.2 Cathode Directed - Positive Streamer 

The positive streamer from the anode as explained 

by Loeb and Meck” has certain similarities to the Ractien 01+” 

Theory. In this case, the field enhancement is thoughtto be due 

to a positive space charge left behind by the faster electrons 

drawn into the anode (see Fig. 2.18). The positive ions are 

assumed to be within a sphere, which becomes a hemispherically 

ended column as the streamer develops. The field enhancement 

atadistance tT from the centre of the positive ion space 

charge is given by 

4qr « 
. s 

Eg. c. = pe exp ( ns d) (2. 65) 

where r_ is the streamer radius, 
s 

The avalanche radius is calculated from the velocity of
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Fig. 2.18 SCHEMATIC REPRESENTATION OF CATHODE-DIRECTED 

POSITIVE-STREAMER MECHANISM
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of advance of the avalanche and the radial diffusion of the charge. 

Inserting this value in the above equation gives the following 

relation of the electric field at the surface of the avalanche head 
1 

rye) 

Eee ous ex 10" ee exp (02) (2. 66) 

The streamer is assumed to propagate continuously 

across the gap when 
EL = ke (2, 67) 

where E is the applied electric field at the critical breakdown 

condition. The ratio k was originatly’” assumed to be about 

0.1 but later’. was considered to be nearly equal to unity, as 

in Raether's criterion. 

Loeb has elaborated on the original theory, which 

assumed that only the photo-ionization was adequate for propagat- 

ing the streamer, This includes the ratio of positive ions to 

effective photons f, the absorption coefficients for photo- 

ionization mw, and the distance x, from the streamer tip needed 

to produce secondary avalanches feeding into the tip. The 

critical condition for streamer advance is postulated to be the 

formation of these secondary avalanches at the streamer tip 

given by the relation 

  

& z Fa Tea exp (- 4 X,) exp (ed) = 1 (2.68) 

where w is the solid angle in which the photons are effective. 

2.2.5 Time Lags 

2.2.5.1 Origin and Importance of Time Lags 

It has so far been assumed that the time of application 

of voltage plays no part in determining the pre-breakdown 

currents or the breakdown threshold, Actually, this may not 

always be true. When a field sufficiently large to cause 

breakdown is applied io a system of electrodes, there are two
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reasons why sparkover does not occur immediately? — 

(1) time is required for one or more initial electrons to 

appear in a favourable position in the gap to lead to the 

necessary avalanches, and 

(2) the development of these avalanches and build-up of 

current to a value corresponding to breakdown requires time 

because of the finite mobilities of the particles. 

Thus, there is a time delay before breakdown which is the sum 

of these two periods, the first being called the statistical time 

lag, and the second the formative time lag. 

With an unirradiated gap in which cosmic rays and radio- 

active impurities are the sole source of electrons, the time lag 

will be largely statistical. In a gap purposely irradiated, the 

statistical time lag may be sufficiently reduced so that the 

principle contribution to total lag comes from the formative part. 

These time lags are of considerable practical as well as theoretic- 

alinterest, since, if the duration of the applied voltage pulse 

approaches the time lag, appreciable increase in breakdown 

voltage may be observed, 

2,2.5,2 Statistical Time Lag 

If ¥ is the rate at which electrons are produced in 

the gap by external radiation, P, the probability of an electron 
i 

appearing in a region of the gap where it can lead to a spark, 

and P, the probability that such an electron will lead to a spark, 
2 

then the average statistical time lag is given by 

c. pn Birr y iPe2 (2, 69) 

Also, if a gap has survived breakdown for a time, t, then 

the probability that it will break down in the next interval of time, 

dt, is Y By Po. This will be independent of t if ¥ P, P 

is independent of t. 
2 

If time to breakdown in N, experiments is measured and
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after a time t, N, of them have not broken down, then in the 
t 

next interval, dt, the number breaking down will be aN, where 

dN, ys YP, Py N, dt (2, 70) 

Integration gives 
t 

N eS iF (— ) , P,P, at (2.71) 
° 

ors ite iy Py and Py are constant over the time range of 

interest, 

c 2 ate ae Nprexui(eav Eyer, t) N, exp ( - 7%) (2072) 

Ni 
This relates the fraction of breaks, Ty occurring after 

time t, to the average statistical time‘lag. A plot of 

In (aa) versus time should give a straight ines” whose 

1 

ts 
(see Fig. 2.19). 

slope : is , provided that YP, Py is constant 

If the level of irradiation is increased, ' increases and 

therefore C, decreases; hence the slopes of the lines shown 

in this plot will increase. With cathodes of higher work function, 

' will be smaller for a given level of illumination, This is 

evidenced by the larger time lags for tungsten compared with 

nickel, The work function of the cathode will be influenced 

strongly by the presence of surface films. These usually raise 

the work function and so would be expected to increase the 

average time lag. However, experiments have shown that 

positive ions produced in the gas by collision ionization may 

collect on very thin insulating films to produce high local 

fields at the underlying cathode, and hence field emission of 

electrons, If this is the case, then the time lag is reduced as 

shown in Fig. 2.19. This phenomenon which may result in an 

apparent decrease in sparking potential, is known as the Pactouse® 

or Malter®* effect. Statistical time lag becomes field dependent
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if the initiating electrons are by cathode field emission, It 

is also realised that “@ may be affected by gap geometry, 

since for short gaps it may be more difficult to irradiate 

the cathode, 

Presence of initiating or triggering electrons in the gap 

to start the primary multiplication is essential’ °, It has 

become important in studies of gaseous discharge to ensure 

adequate initiating electrons to trigger the discharge and thus 

facilitate ascertaining the correct threshold waite & 

With uniform field gaps, except for very short gaps, the 

initial triggering presents no serious problem for breakdown 

under steady potential where time lags are not sought for, This 

is not the case either with time-dependent and alternating 

potential studies in uniform gaps, or, in particular, in non- 

uniform gaps. To achieve a successful triggering and reduce 

the statistical time radiation or the gap or the electrode by u,v. 

illumination or radioactive materials has been tried by many 

31, 33, 55,95 
workers ; 

The type of irradiation used will be an important factor 

controlling P i,e, the probability of an electron appearing in 

a favourable Soe to produce breakdown, The most favour- 

able position is, of course, near the cathode, In the case of 

closely-spaced spheres, the area under a stress sufficiently 

large to cause breakdown will vary with electrode spacing and 

with overvoltage, so that these will be important variables in 

determining P,. Overvoltage is defined here as the increase in 
1 

voltage required to ensure breakdown within a fixed time interval 

over that which would be required if infinite time were available, 

The factors which will cause changes in statistical time 

lag through changes in Py can now be considered. The 

fulfilment of the Townsend breakdown criterion,
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¥ fexp (od) - 1] = 1, does not guarantee that breakdown 

will be initiated by a single electron starting from the cathode, 

This criterion was derived on the basis of the average behaviour 

of a large number of electrons, and a single electron may or may 

not liberate the necessary secondary electron as it avalanches 

toward the anode, 

However, if the gap is overvolted and ¥ [exp ( d) - if > 45 

then the probability, P, that a single electron will be multiplied 

into a steady current rapidly increases. The relationship between 

P and overvoltage may be calculated using statistical methods, 

and a typical curve is shown in Fig. 2.20, To construct such a 

curve for any gas and electrode system requires a knowledge of 

the, dependence of and ¥ on . . As itis to be expected, 

with increasing overvoltage the average statistical time lag 

  approaches 
YP, 

Very long statistical time lags have been obtained by Narbut, 

et al. wy with sulphur hexafluoride which is attributed to the 

attachment of the initiating electrons. 

2.2.5.3 Formative Time Lags 

It can now be assumed that an amount of time equal to the 

statistical time lag has elapsed and an electron has become available, 

Consequently, this electron will eventually lead to a breakdown. 

An additional amount of time will be required for this electron to 

cause a breakdown for two reasons; i) electrons, positive ions, 

metastable atoms, etc., all require a certain amount of time to 

cross the breakdown gap. ii) since the Townsend breakdown 

criterion requires an infinitely large current for breakdown, many 

such transits must occur before the initial currents are amplified 

to a spark-over level, This requirement of an infinite current at 

breakdown is really a formal one, since the generation of sufficient
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Fig. 2.20 DEPENDANCE ON OVERVOLTAGE OF PROBABILITY,P, 

THAT A SINGLE STARTING ELECTRON WILL BE MULTIPLIED INTO A 

STEADY CURRENT. 

(After Devin and Sharbough 21)
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space charge causes finite currents to lead to breakdown, 

The temporal build-up of these currents has been 

calculated and measured eee re eee and a few typical 

results are shown in Fig. 2.21 for different levels of over- 

voltage. Since photons, positive ions, and metastable mole- 

cules have greatly differing mobilities (decreasing in this 

order), a comparison between calculated and measured curves 

helps to identify the particular secondary mechanism which is 

dominant, 

It has been shown theoretically that a linear growth of 

current with time - the straight line of Fig. 2,21 - occurs 

when the applied field is such that the Townsend criterion is 

just satisfied. For lower fields, the current levels off at some 

finite value of current, while for fields higher than breakdown 

the current grows rapidly to large values. The precise value 

of current at which the space charge distortion leads to breakdown 

may not be known. The interrupted line in Fig. 2.21 indicates 

the value of current, ip at which space charge becomes 

important and causes breakdown. However, if a large value, 

ing has been chosen, it is clear that the observed formative 

time would be changed only slightly, since the curves are very 

steep in this region, In Fig, 2,21 the formative time is the 

time which elapses as the current builds up to i, and, as the 

over-voltage is increased, the time lag decreases. Although it 

is desirable to observe the complete temporal development of 

current to breakdown more often, only the time to sparking 

has been observed, 

Fig. 2.22 shows some typical observed formative time 

lags as a function of overvoltage, AV. Curves (a) and (b) are 
-9 

1 ond 10 A/em? respective- calculated ae 31 tae 135 10° 

ly, where it is assumed that all the secondary electrons are pro- 

duced by photon mechanism, The curve (c) is computed for an
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-1 2 
i, of 10 “ A/cm", assuming that 10 per cent of the secondary 

electrons are produced by y, process and 90 per cent by y, ‘ 

process. It is apparent that, by further selection of the value of 

ae e008 their uO = a 5 the experimental points could be 

Pp 

fitted, In this way, the nature of the previous secondary processes 

are elucidated, 

Fisher and Bedengon’ undertook a study of formative time 

lags in uniform field geometry in air at atmospheric pressure, 

Adequate triggering photo-electrons were released by u, v. 

light from the cathode, They discovered that,as potential was 

lowered from some percentage of overvoltage towards the break- 

down threshold, the formative portion of the time lag increased 

from some 10°" to a value as great as nag sec, 

The appearance of a breakdown very near threshold taking 

10° or more second signifies that the streamer breakdown is 

preceded by the slower conventional Townsend breakdown of the 
36, 73, 76 

gap as a whole . 

113,116 
Raether defines the formative time lag in uniform 

field breakdown as the time, T,, which must elapse until the Ke 

streamer development sets in from the first avalanche, Ty, as 

a function of the number of carriers of individual avalanches, n 

is given by Pfaue and Raether °° to be in the range 15-100 n. sec 

(see Fig. 2.23). Similar results are obtained by Schlumbohm 

pe ee ardetsiled study (see Fig, 2,24) showing that; 

1) depends on the carrier number in an exponential form, 
Ty, 

2) T, is reduced by overvoltage. 

3) Ty. shows little dependence on the pressure, 

4) Ty increases with the gap distance. 

for gases with appreciable attachment 

36, 57, 58,125 
Larger value s of Ty 

coefficient, a. , are given by many investigators
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Senrddertas—” study on air at atmospheric pressure provides a 

value for T,, in about 50 usec. The time rapidly diminishes with 

inereasing overvoliage, dropping to 250 msec at 1% overvoltage. 

Extensive studies of time lag in positive-point breakdown 

has been carried out by Menes and micnee = The time lag 

measurements show much scatter which decreases with increasing 

photocurrent emission by u,v. radiation and with increasing 

voltage, Figure 2,25 shows a Laue diagram of the number of lags 

exceeding t, relative to the time lag in sec, for three different 

u.v. illuminations, The intersect corresponds to a time lag of 

0.15 sec. at 0.18% overvoltage, for a point of 0.3 mm radius 

at 200 torrs pressure. Menes and Bisher’> give the initiating 

probability for electrons from the cathode as starting about 0.7% 

at threshold and increasing to 7% at 3% overvoltage. 

Figure 2,26 shows the formative time lag for the positive 

point diseharge’” of radius 0,3 mm at 1.5 cm gap setting for the 

whole pressure range from 30-700 torr, at 0-4% overvoltage. At 

low pressure the lags appear to approximate to a microsecond, 

which may indicate an increased diffusion and raises the question 

as to whether the streamers are the active mechanisms. Fora 

uniform field ee at 0.5% overvoltage, there is an increase of 

10 - 100 fold in the time lag over the non-uniform gap. 

FOr eT 28 has made extensive measurements of Miyoshi 

formative time lag for the threshold of positive-point streamer 

corona in air and obtained reproducible results, These results, 

displayed as time lag in usec, against the relative voltage 

ie srt applied ata A <1 or A > 1 are shown in 

s 
Fig. 2.27. 

Values of & > 1 correspond to tests run with an overvoltage, 

The data represent the transition from streamer pulse to a spark 

for a 1 cm gap with point radius r = 0.7mmat100torr, The 

circles give the transition time from pre-onset streamers to
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(After Loeb 76)
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> _ 48,49 . 
spark through the Hermstein glow corona region at 200 torr, . 

The crosses give the the time for transition from pre-onset 

streamers pulse corona to a Hermstein glow corona at 300 torr. 

The transitions to sparks from the time of appearance of 

streamer pulses, either pre-breakdown or pre-onset, appear to 

be about the same and of the order of lusec. The time 

decreases to about 0.3 usec. as A reaches the threshold for 

sparking. Miyoshi suggests that these findings are in keeping 

with adeone( : photomultiplier observations as well as with 

Menes and Fisher's Ze data. 

A great deal of effort has gone into attempts to obtain 

76,97-98, 135 without 
time lags for negative point breakdown 

reasonable success. The difficulties have been attributed to 

the meaningless nature of negative point time lags that are 

governed by conditioning of the point surface, 

There is an enormous range of formative time lags for 

the Trichel tee pulse, the glow and the spark breakdown, 

As an example of the sort of fluctuations that are observed, one 

may cite Miyosti'e- Bi results, These show the time lag for 

Trichel Pulse corona as a function of gap length, 1 » from 2 to 

25 mm, for a tungsten point electrode of radius 0.7 mm in dry air 

at 760 torr, with an overvoltage of 6% above theshold. These 

lags range from 2-150 usec, at [= 2mm, and rise to a range 

of 30-500 usec, for ]= 10 and [= 15 mm,
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2.3 Instrumentation 

2.3.1 Supply Voltage 

2.3.1.1 The Microsecond Range System 

The experimental equipment was set up in the new high- 

voltage laboratory at the University of Aston in Birmingham. The 

plan of the laboratory has been to make basic apparatus so adapt- 

able that it could easily be applied to different lines of research 

with the minimum of alteration. 

The main equipment is the impulse generator which can 

produce a variety of impulse waves and which, in conjunction with 

a triggered chopping gap, can produce a rectangular pulse of 

different duration. 

e The impulse generator is designed to give a very short 

rise time and a long delay time of the output voltage. Consequent- 

ly the rectangular pulse is obtained by chopping the voltage at a 

predetermined short time from its initiation, Initiation and 

chopping are performed by trigatron units, This isa method by 

which the charging voltage is limited to a value just below the 

spontaneous breakdown of the first gap. The gap is then triggered 

with the aid of a pilot electrode which stresses the gap to within 

>| % of its natural breakdown voltage. 

2.3.1.1.1 The Control Circuit 

The electronics control system governs the duration of the 

high voltage pulses and through the protection circuit it minimises 

the damage to the electrodes and the dielectrics after each break- 

down, The control circuit also contains facilities enabling it to 

produce triggering pulses, delayed a definite time with respect 

to the generated high voltage impulse, 

Fig. 2,28 shows a block diagram of the electrical circuit, 

A positive pulse from a remote push-button pulser is applied to 

a single shot multivibrator producing a rectangular pulse, This
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pulse is applied to a cathode follower through a differentiating 

network and a trigger amplifier, 

The pulse from the cathode follower triggers the first stage 

of a soft valve delay unit which has a twofold purpose. It starts 

the time base of a cathode ray oscilloscope and, after a fixed 

delay, it triggers its second stage producing three pulse signals. 

The first signal triggers a 7 kV hydrogen thyratron whose 

output fires a five-stage Marx-Goodlet impulse generator. 

The second signal through a variable soft valve delay unit 

triggers a 7 kV hydrogen thyratron which in turns fires the chopping 

gap of the impulse generator, This will determine the duration 

of the impulse wave applied to the test sample. 

, The third signal is redundant but can be made available to 

trigger any high voltage circuit or measuring device. 

When a dielectric breakdown occurs, a signal is generated 

which, through the 7 kV thyratron, fires the chopping gap thus 

terminating the applied voltage. 

Co-axial cables are used in all the terminal connections. 

The electronic control panels are screened against E-M radiation, 

2.3.1.1.2 The Push-Button Pulse Forming Circuit 

The circuit diagram of the pulse forming network is 

shown in Fig. 2,29. A remote push-button in conjunction with a 

simple R-C network and a 120 volts dry battery produces a long 

decay positive pulse. This pulse is applied to the grid of the 

first triode of the single shot multivibrator V1. A square pulse from 

the anode of the second triode is differentiated by the coupling network 

and applied to the trigger amplifier V2. 

The multivibrator once fired returns to its stable state after 

a fixed delay determined by the time constant of the coupling.



75 

 
 

 
 

 
 

 
 

  
  

  
  

 
 

    

 
 

 
 

 
 

 
 

  
  

  
 
 

 
 

      
 
 

 
 

 
         

  
 
 

  
 
 

= 
IINDula 

ONINNOS 
Sind 

oe%e 
Old 

te 
| 

100 
yol 

101 
Wi 

ors 
WLP 

xol 
400! 

xz 
so- 

so- 
SS 

oe 
© 

1 
O
e
 

o
n
t
 

23904, 
1
6
4
3
]
_
 

ze003 
J
 

-
-
-
-
-
-
 

--- 
~=-----| 

iN 
Oo 

ne 
CN 

ed 
- 

+
 

"Ea 
242 

ad 
1
0
O
¢
 

eA 
za 

#kos= 
| 

so 
1A 

Hit 

w
L
r
 

E
E
 

S
e
e
 
$
0
 

S
e
c
 

4
0
9
9
 

AOSe+ 

AOSE+ 
    

 
 

S
A
N
D
E



76 

A negative and a positive pulse appears at the anode of 

amplifiér V2, The negative pulse is ignored by the circuitry. 

The cathode follower V3 reduces its negative edge and the follow- 

ing diode V4 eliminates it, 

The positive pulse entering the valve V3 produces two identi- 

cal positive pulses at terminals (1) and (1a). 

The output of the first delay unit is applied through terminal 

(4) to the impulse wave duration delay timer and through terminal 

(3) to a 7 kV thyratron which in turn fires the impulse generator. 

The second delay unit is identical to the first one except that 

the resistance arm of the R-C integrating network is variable. 

This enables an output pulse to be available at terminal (5) at 

a varied time delay with respect to the impulse generator trigger 

pulse, 

At the input of each delay unit, a diode clipper, V4 or V7, is 

used which ensures that only a positive voltage pulse will appear 

as the input signal. 

2.3.1.1.3 The Delay Unit 

Figure 2,30 shows two soft valve delay units connected 

in series so that the output of the first delay unit triggers the 

second one. Each unit contains two thyratrons with a firing time 

of less than 50 nanoseconds, 

The one microfarad capacitor on the anode of thyratron V5 

is normally charged. The positive pulse passed by diode V4 fires 

valveV5 discharging the anode capacitor to the extinction level of 

the thyratron and producing a slow decaying positive pulse at its 

cathode. A fraction of this pulse at terminal (2) starts the time 

base of a high-speed oscilloscope. 

The full output pulse, delayed for about 5 usec by a fixed



77 
A
I
N
A
 

A
V
T
3
G
 

S
H
I
 

O
f
 

S
1
3
 

 
 

A
O
S
I
—
=
 

i 
A
O
S
 

H
O
O
!
 

AwOTE 

H
O
L
T
 $ 

y
o
o
!
 

y
o
r
?
 

w
o
c
e
 

 
 

| 
 
 

  
 
 

@
e
 

A
O
S
E
+
 

   
   

1 
F-- 

3 
a 

WI 

 
 

 
   

BA 

 
 

  

[xoasis? a] 
100+ 

a
e
 

6A 
be 

16N3 
a
e
 

Oe W
e
r
 

O
S
s
 

  
 
 

  
  

  

oO 

 
 

 
 

     
 

 
 

 
 

    

  
|
6
N
3



78 

network, fires the thyratron V6, This also discharges the anode 

capacitor to below the extinction level, 

2,3,1.1.4 The High-Voltage Thyratrons 

The trigatrons on the impulse generator and the chopping 

unit are designed to operate with a6 kV pulse. These pulses are 

produced by the high voltage hydrogen thyratron shown in Fig. 2.31. 

The incoming positive pulse from terminal (3) fires the 

thyratron V10, discharging the 0.001 wF anode capacitor and pro- 

ducing a 6 kV negative pulse at terminal (6). The thyratrons V11 

and V12 operate in the same way as V10. 

2.3.1.1.5 The Impulse Generator 

The high voltage supply is generated by a 500 kV five 

stage Marx-Goodlet impulse generator (British Patent No, 344862) 

shown in Fig. 2.32. This is built from 0.1 microfarad condensers, 

capable of withstanding a charging voltage of 100 kV, in a double 

column mounting, Cylindrical R.B.P.P. insulations rated at over 

100 kV provide the necessary mechanical connections between the 

stages. Wave-tail control resistances which also perform the 

function of charging resistances are 1,5 kQ made of low inductance 

Silko ribbon, The output resistance controlling the wave front is of 

a similar nature, For a nominal 1/50 microsecond wave, the 

output resistance is selected as 1.8 kQ, The maximum discharge 

energy available is 2.5 kJ. 

The spark gaps are equally and simultaneously varied by a 

d.c. motor driving a tube carrying the five normally earthed spheres, 

The motor speed and its forward and reverse movements are directed 

from the remote control panel. The angular rotation of the spark 

gap spheres is indicated by a magslip unit. 

The apparatus for controlling and measuring the impulse
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generator sphere gap length is shown in Fig. 2.33. The drive 

is provided by a 7 volts d.c. motor incorporating reduction gears 

to obtain the low speed of rotation of moving spheres. The 

receiver magslip is connected through a step-up gear to the shaft 

carrying the movable spheres, The receiver magslip is mounted 

on the control panel and a pointer on its shaft indicates the position 

of the transmitter on a disc of 4 inches diameter, 

The magnitude of the impulse voltage is obtained by measuring 

the stage charging voltage of the impulse generator with a 100 kV 

electrostatic voltmeter, which is multiplied by the number of 

stages. The measurements are checked by the sphere- gap measure- 

ments using 50 cm spheres in accordance with B.Sc. 358:1939. The 

waveshape and pulse duration are examined by an oscilloscope, 

To reduce the oscillations due to breakdown across the chopping 

gap, a disc of non-linear resistor is connected in series with the gap 

and short connecting leads used to minimise the self inductance, 

The impulse generator is charged from a 100 kV d.c. generator 

consisting of selenium rectifiers fed from a Cockroft-Walton voltage 

multiplier (see Fig, 2.34). Alternative polarities can be selected 

by means of a swinging link and voltage can be measured by means 

of a resistive potential divider, The input to the low tension side 

of the main transformer and the push-button contactor with overload 

protection relay RL/1 are remotely controlled, 

The impulse generator charging side is earthed when not in 

operation by a solenoid driven arm which also interrupts the input 

to the d.c. charging set. 

2.3,1.1.6 The Test Gap Protection Circuit 

The test gap protection circuit, together with the high- 

voltage pulse duration timer, are shown in Fig. 2,35. 

The soft valve delay unit incorporating a pair of hydrogen 

thyratrons V16 and V17 introduces a pre-selected time delay on the
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signal entering terminal (4), The output pulse from terminal (9) 

operates the chopping gap trigatron. 

On breakdown of dielectrics in the test cell, a pulse is 

generated across a low resistance in series with the test gap. 

This is applied to the inverter V13 at the terminal (8) and, irres- 

pective of its polarity, a negative pulse is selected on the output 

side of the inverter. The negative pulse applied to the amplifier 

Vi4 produces a positive pulse at its anode. 

The two thyratrons, V15 and V16, are effectively in parallel. 

The incoming pulse from V14 fires V15 discharging the 0,01 uF 

anode capacitance to below the extinction level and producing a sharp 

positive pulse ai the terminal (9), 

The protection unit, by short circuiting the test gap after a 

breakdown, reduces the damage to the electrode surface and limits 

the possible carbonization of the dielectric, The duration of the post- 

breakdown current through the test gap is reduced to less than one 

microsecond by the operation of the protection system, 

2.3.1,1.7 The Test Circuit 

By confining the studies of gaseous discharge to that in 

air at normal pressure and temperature, a very simple test circuit 

results (see Fig. 2.36), The point electrode is supported from the 

high voltage bus-bar. The plane elecirode is rounded at the edge to 

reduce the effect of field concentration. The current detector is 

enclosed within the plane electrode which acts as a Faraday cage 

minimising the influence of radiation noise. 

The film support is made of PMMA and is free to rotate, 

This enables the film to be placed transverse or parallel to the 

main field axis. Film size upto 20 cm can be supported in 

both single and double emulsion types.
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2,8.1.1.8 The Power Packs 

The anode voltages, the grid bias voltages and the 

heater element supply voliages are provided from stabilised power 

packs of standard design, 

Figure 2.37 shows the circuit diagram of the high voltage 

power supply for the hydrogen thyratrons. 

2.3.1.2 The Nanosecond Range System 

The high voltage pulses in the nanosecond range are 

generated by a high pressure hydrogen thyratron incorporating a 

discharge network. The rise time of the high voltage pulse can be 

kept as low as 5n. sec at maximum output of 32 kV. 

2.3.1.2,1 High Voltage Power Supply 

The high voltage power supply (see Fig. 2.38) provides a 

positive d.c. output adjustable from 0 ; 32 kV with a continuous 

current capability of 1.5 mA. The maximum ripple does not 

exceed 0. 5%. 

The high voltage output is equipped with a zero voltage start 

feature to prevent accidental surging on the high voltage, as well as 

an overcurrent relay which disables the power, In the event of an 

overload or a line voltage failure, the unit will automatically be 

de-energised. 

No special cooling is required as the open construction 

provides natural conventional cooling, 

2.3.1.2.2 Synchronous Pulse Generator 

The pulse generator (see Fig. 2,39) is designed to accept 

a low voltage high impedance input pulse and deliver a high voltage 

low impedance output pulse. The output derives a hydrogen thyratrons 

pulse generator, 

The input can vary between 5 - 20 volts providing a 50 - 75 n. sec 

delay. There is also an internally supplied power frequency signal
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for system alignment, 

The main output in a single pulse form varies in the range of 

0 - 500 volts. The rise time of the output pulse is 20 n. sec, and 

the pulse width is 0.25 usec. There is also an auxiliary output 

of 500 volts. 

2.3.1,2.3 High Voltage Pulse Generator 

The high voltage pulse generator provides extremely 

fast and brief high voltage waveforms, The generator (see Fig. 

2.40) utilizes a unipotential cathode, three element, hydrogen 

filled, high voltage thyratrons in a low inductance coaxial con- 

figuration. The unit encloses a corona shielded hydrogen 

thyratron tube, circuitry for controlling hydrogen pressure to 

achieve the fastest possible thyratron operation, and a high voltage 

resistor pad for pulse circuitry, The pulse forming network 

allows versatility of operation. 

2.3.2 Measurement Techniques 

2.3.2.1 Methods Employed by Other Investigators 

2.3.2.1.1 Cloud Chamber Method 

  

The ions produced by the ionizing collisions of electrons 

in the discharge act as condenstation nuclei in the supersaturated 

environment of cloud chamber and thus become visible. 

This method can only be used in gaseous dielectrics at low 

pressure. For maximum sensitivity of the system, a high expan- 

sion ratio is required, 

2.3.2.1.2 Electrical Method - Current Measurement 

The drifting electrons and ions of discharge produce an 

electrical current pulse during their transit time. This current 

pulse is observed as a voltage pulse across a resistance in series 

with the test cell and is displayed after sufficient amplification on 

a cathode-ray oscilloscope, 

For a reasonable sensitivity, the signal must appreciably
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exceed the noise level and form a smooth curve on the c.r.o. 

The problems involved in this type of measurement are: 

(a) Input capacitance of the detector 

(b) Time constant of the current shunting resistor 

(c) Amplifier bandwidth 

(d) Noise level due to thermal, grid current and shot noise 

2.3.2,1.3 Optical Methods 

2.3.2.1.3.1 Photomultiplier 

The drifting electrons excite the gas molecules to 

light emission energy state. These quanta are collected by a 

photomultiplier and thus transformed to a current pulse, which 

can be observed on the screen of a c.r.o. 

For any detection, at least one photo-electron must be 

liberated from the cathode of the multiplier. For any reasonable 

detection, such that thermal noise can be ignored and a measure 

of time constant of the discharge provided, the number of liberated 

photo-electrons by the photomultiplier should be much greater 

than one. 

2.3.2.1.3.2 Direct Photography 

Direct photography is normally used when the electrical 

discharge has reached a stage of development where it emits light 

quanta. There are two different types of this method of photography 

employed. 

(i) ‘Time-integrated Single Frame 

This is the simplest and cheapest method of photography. It 

requires a large number of frames for any statistical analysis of 

discharge to be made. 

Early stages of discharge development, especially those with 

low light emission recorded by time-integrated single frame 

technique, are lost due to the superposition of brighter late 

stages of discharge.



(ii) Ultra High Speed 

The ultra high speed cameras employed in single frame, 

framing or streak modes of photography are of two basic 

different types: 

(a) Mechanical-Optical - These employ either transport 

mechanism with continuous motion or stationary film and 

rotating morror or prism. 

(b) Image Converter - The image of radiating discharge 

resembling cloud chamber results are recorded. The low 

light-level applications of this device where high effective 

aperture is essential are an added advantage. 

2.3.2.2 MethodsEmployed by the Author 

2.3.2.2.1 Streamer Track Recording 

Direct recording of streamer track is possible by 

means of radiation sensitive layers placed in two positions in 

the inter-electrode gap. 

(a) Normal to main electric field axis and at a different position 

from the point-electrode as shown in Fig, 2,.41la. 

(b) Along the main field axis and in contact with the point- 

electrode as shown in Fig. 2.41b. 

With radiation sensitive film transverse to the field axis, 

given sufficiently high impulse voltage, discharge channels 

develop outward from the point-elecirode. Every outgoing 

streamer produces an incident point with its associated 

branching on the film emulsion. 

If the distance between the film and the point-electrode is 

varied with a definite impulse wave or if the impulse wave is 

varied with a definite distance between point-electrode and the 

film, then the following information can be made available;



a 

B 

(a) 

A 

F 

5 A = Point-electrode 

B = Plane-electrode 

F = Film 

B 

(b) 

Fig. 2.41, Streamer Track Recording Technique 

(a) Radiation sensitive film transverse to the field axis 

(b) Radiation sensitive film parallel to the field axis
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- Forward rushing photon radiation 

- Primary streamer growth 

Secondary streamer growth 

- Return streamer growth 

ao 
fF 

wo 
Ny 

' 

- Breakdown 

This method of measurement is found to be the most 

sensitive one available in recording the pre-breakdown 

phenomena, With a large range of film sensitivity available 

in single and double emulsion, a detailed study of discharge 

life cycle can be made.
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2.4 Experimental Results 

2.4.1 Spatial Build-up of Discharge 

2.4.1.1 Primary Streamers 

When a film is placed transverse to the electric field 

and directly against the point-electrode, a streamer pattern 

similar to a Lichtenberg discharge figure results (see Fig. 2.42). 

Multi-branched tracks start from the point of incident directly 

placed against the point-electrode. The pointed ends of the 

streamer tracks lie approximately in a circle showing that 

there is no preferred path, 

Moving the film away from the point-electrode, several 

separate incident points, each leading to a branched stem, are 

recorded indicating multi-branched primary plate-electrode- 

directed streamers (see Fig. 2.43). With increasing distance 

between the film and the point-electrode, the number of incident 

points becomés greater and so does the region enclosed by 

them (see Fig. 2.44). 

With the film placed on the plate (see Fig. 2.45), the 

presence of a large number of incident points with further outward 

branching shows that the primary streamers would have bridged 

the gap in the absence of the film. The presence of this 

phenomenon is also confirmed by bridging the gap with a film 

placed parallel to the electric field (see Fig. 2.46). The 

bridging of the gap by the primary streamers does not necessarily 

lead to breakdown . 

2.4.1.2 Secondary Streamers 

At higher applied field strength, primary streamers are 

followed by secondary streamers which are luminous, highly ionized 

conducting channels following the main stems of the primary stream- 

ers. Figures 2.47 and 2.48 show the secondary streamers super- 

imposed on primary ones for films placed transverse and along



oT 

  

Fig. 2,42 Primary Positive Streamer Pattern when film is 

placed transverse to the main electric field axis 

and directly against the point-electrode in air 

at No. P. 

  

Fig. 2,43 Primary Positive Streamer Pattern when film 
is placed a distance if away from the point- 

electrode in air at N.T.P.
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Fig. 2.44 Primary Positive Streamer Pattern when film 
is placed a distance |’ ( [’>] ) away from the 
point-electrode in air at N.T.P. 

  

Fig, 2,45 Primary Positive Streamer Pattern when film 

is placed on the plate-electrode facing the 
point- electrode in air at N.T,P.
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Fig. 2.46 Primary Positive Streamer Pattern when film 

is bridging the gap in air at N.T.P.



L100 

 
 

Fig. 2,47 Primary and Secondary Positive Streamer 
Patterns when film is placed transverse to the 

main electric field in air at N.T.P,



lol 

  
Fig. 2.48 Primary and Secondary Positive Streamer Patterns 

when film is placed along the electrode gap against 

the point electrode at N,T.P.
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the field axis respectively. The spatial build-up of secondary 

streamers could extend about half-way across the gap without 

leading to breakdown. The luminosity of the discharge channel 

is shown by Figs. 2.49 and 2.50 taken by placing single-frame, 

time-integrated cameras close to the electrode system. 

2.4.1.3 Return Streamers 

The extension of the secondary streamers beyond 

half-way distance across the gap normally leads to breakdown, 

The breakdown can be suppressed by placing an extensive size 

film transverse to the field-axis. With the approach of the 

secondary streamer tips to the plate-electrode, opposite 

polarity streamers - named return streamers - are generated 

from the plate electrodes. Figure 2.51 shows positive plate- 

cathode directed secondary streamer tips, with some branching 

on one side of a double-emulsion film, and negative return 

streamer tips with some radial spread on the other side. If 

the secondary streamers and return streamers are allowed to 

meet, a highly conductive channel would résult connecting the 

electrodes, and the breakdown is ensured. 

2,4.2 Primary Streamer Parameters 

When placing the film transverse to the field axis, a 

stepped movement is carried out away from the point-electrode 

and towards the plane electrode keeping the impulse wave and 

electrode gap unchanged. With single-side emulsion film, the 

emulsion side faces the point electrodes. At potentials near and 

above breakdown, the double-sided emulsion film is employed to 

record presence of return streamers, 

The following quantities were evaluated for each recording:- 

1 - The number of the incident points, a of the streamer head 

reaching the film.
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Fig. 2.49 A single frame, time integrated photograph of 

secondary positive streamer in air at N.T.P. 

  

Fig. 2.50 A single-frame, time integrated photograph of 

secondary positive streamer in air at N.T.P. 

Electrode assembly is superimposed.



Bigs 2.51 
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negative return 

streamers 

  

Positive Plate-Cathode directed Secondary Streamer 
tips with branching on one side of a double emulsion 
film in air at N.T.P., and negative return streamer 
tips with some radial spread on the other side,
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2 - ‘The radius of the circle surrounding the incident point, 

R, (see Fig. 2.52), This circle shows the streamer spread 

in the plane of the film. 

3 - The length of the largest branching of the streamer 

tracks, S. This represents the extent of the streamer spread 

in the absence of the film. It may also provide a measure of 

the streamer head potential. 

Due to a certain amount of scatter associated with the 

measurements of the three parameters, a large number of 

readings was taken for each position in the field with the same 

impulse wave and electrode geometry. 

2.4.2.1 Number of Primary Streamers 

Figure 2,53 shows the relationship between the 

number of the streamers, aS. and the distance between the 

film and the point-electrode, 1, at different impulse wave 

levels, The electrode gap is 2.5 cm and the radius of the 

curvature of the points is 100 microns. The applied voltage 

is 1/50 ps wave according to B.S. 358:1039 and B.S. 923:1940, 

When the number of primary streamers is drawn to a log-scale 

(see Fig. 2.54), a linear relationship with the distance from 

the point-electrode is observed. 

2.4.2.2 Spatial Progress of Primary Streamer 
  

The measure of lateral spread of streamers is given 

by Fig. 2.55. This shows a great lateral development of the 

streamers only a short distance away from the point-electrode, 

The spread reaches a maximum near the plane-electrode and 

then decrease with further propagation, The graphs in Fig, 2,55, 

if rotated round the axis 1, envelop the entire streamer spatial 

propagation. 

2.4.2.3 Spread of Primary Streamers 

The extreme extent of streamer branching is shown



106 

(a) 

  

(by Sac 

(0) 

  

Fig. 2.52 Schematic Representation of Streamer Pattern 

(a) Film transverse to field axis and directly against the point 

(b) Film transverse to field axis and some distance from the 
point 

(c) Film parallel to field axis and placed in contact with the 
point
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TABLE 2.5, Number of Primary Streamers, Np, in the 

Interelectrode Space in Air at N, T. P, 

Point- Plane electrodes; point-anode; Gap length, G = 2.5 cm; 

Radius of Curvature of point, C = 100 microns; 1/50 us impulse wave, 

  

  

  

  
  

      

1 Impulse} P.S, Point-Film Gap, 1 mm 
| Voltage} Number 

| kV 5 10 15 20 25 

| 11 19 30 40 65 
| 13 20 31 42 66 

13 20 31 45 66 
115 Np 13 21 33 48 HD, 
| 14 22 35 49 74 
| 15 22 35 SL 75 
| 15 24 36 51 79 
| 16 25 38 55 80 

12 24 38 63 100 
13 25 38 65 104 

| 15 25 40 67 106 | 
i 15 26 41 67 106 | 

20 | Np 16 26 42 70 110 
i 16 27 45 71 110 

17 28 45 73 115 
i 18 30 48 15 120 

| 15 26 52 87 145 
| 16 26 53 90 147 

16 a7 55 91 148 
25 | Np 16 30 55 93 150 

| Vt 30 57 95 151 
| 18 31 58 96 155 

18 33 58 96 157 
| 18 33 60 100 160 
hcecorcesibagslcanalaesd eosaneesriannse arena Sea cies et er eet 

| i 1655.0 338 55 99 179 | 
16 28 55 107 181 
18 29 57 110 187 

| 30 Np 18 33 59 111 192 | 
19 34 60 116 195 | 
20 35 63 120 195 
20 35 63 121 198 | 
22 38 71 125 200 

16 30 61 127 209 | 
18 32 64 130 211 
20 35 65 130 218 

35 Np 20 36 65 131 218 
20 36 67 132 220 
20 38 68 141 220 

21 38 68 146 227 

fa ebro 70 150 230      
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TABLE 2.6, Primary Streamer spatial progress, R, in air at N.T.P. 

Point-Plane Electrodes; Point- Anode; Gap length, G = 2.5 cm; 

Radius of Curvature of point, C = 100 microns ; 1/50 us impulse wave. 

    

  

  

  

Impulse Spatial Point - Film Gap, 1 mm 

Voltage | Progres 
kV | mm 5 10 15 20 25 
— fess 2 

4 18 20 20 13 
6 19 21 20 15 
1 19 21 22 15 

15 R 7 21 23 23 16 
8 21 24 23 16 
8 22 24 24 16) 
8 23 24 25 ie 

10 23 25 25 18 | 

| 8 22 25 26 19} 
9 23 27 26 20 

11 23 28 28 20 
ao Be 12 25 30 29 22 

12 26 31 29 22 
12 26 31 30 23 | 
13 27 32 30 24 } 
15 28 32 31 24 

ee 30 35 34 26 | 
22 31 37 34 26 | 
23 33 37 36 27 | 

25 R 23 33 38 37 27 
24 33 38 at, 28 

24 34 38 37 29 
24 35 39 38 29 
25 35 40 39 30 

| 25 33 40 37 29 
27 35 40 38 29 
By 37 42 41 32 

30 R 28 38 43 41 32 
29 38 43 41 32 
29 38 43 42 33 
30 40 45 42 33 
31 41 45 43 34 

29 41 39 47 37 
30 41 41 48 39 
33 43 45 48 40 

35 R 33 43 46 48 40 
33 43 46 48 40 

34 44 48 49 41 
34 45 48 49 41 
35 45 48 50 42         
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in Fig. 2.56. In the vicinity of the point-electrode the branching 

remains almost constant but it decreases sharply upon approaching 

the plate. 

Point- electrode size makes little difference to streamers 

once the streamers have travelled a short distance away from 

the point, This phenomenon seems reasonable from the results 

of electrostatic field study by computational techniques. It is 

found that the smaller the point-electrode, the larger is the 

number of streamers, 

The average values of the three main parameters of 

primary streamers are shown in Fig. 2, 57 for varying applied 

potential, 

2.4.2.4 Spatial-time Characteristics of Primary Streamers 

Using a nanosecond pulse generator, a series of 

tests was carried out exploring the spatial-time characteristics 

of the primary streamers, By keeping the pulse amplitude 

constant at.25 kV and varying the pulse duration in the range 

6 - 200 nanoseconds, radial spread of the primary streamers 

was measured for a 2.5 cm gap in air (see Fig. 2.58), The 

experiment was repeated for the maximum available pulse 

amplitude of 35 kV. 

2.4.2.5 Velocity of primary streamers 

At vary short duration, pulse voltages the progress 

of the primary streamer terminates in the mid-gap region, The 

extent of the streamer propagation in the main field axis and the 

duration of the applied voltage determine the average value of 

the velocity of the streamer tip. The velocity of the primary 

streamer and streamer tip position in the electrode gap is shown 

in Fig. 2.59.



TABLE 2.7. 
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interelectrode space in air at N, T, P. 

Primary Streamer Spread, S, in the 

Point- Plane Electrodes; Point-anode Gap length, G = 2.5 cm; 

Radius of curvature of point, C= 100 microns; 1/50 us impulse wave. 

r Z 

Impulse P.S. 

  

  

    

    

'Voltage Spread i 
| kV mm 0 5 10 15 20 25 

13 10 7 5 2 2 
i 14 10 8 5 3 a 

14 12 10 7 A e0.5| 
| 15 13 1 ih 4 1. | 

iS i 2 16 13 11 7 4 at | 
| | 16 14 11 8 5 1+ 
| | dome 14 12 8 6 27 
| { 18 15 12 9 6 20 

| 20 18 16 11 q oad 
i 21 19 16 12 8 So] 
| 22 20 ign 13 8 S| 

rer 22 21 17 13 8 4 | 
au ck 23 21 17 13 gg 4 

| 21 18 13 9 4) 
22 18 14 10 5 

L 23 19 15 10 Ban Fie ee : See 
| 35 29 26 15 si 

36 30 26 17 4 | 
36 32 a7 18 4 | 

25 rss 36 32 27 18 5 | 
| i 37 33 27 19 5 | 

| i 37 33 28 19 6 | 
| 38 33 28 20 6 
| 40 38 34 29 20 7 

| 43 41 39 35 25 5 
i 44 42 42 37 30 8 
| 45 44 42 37 30. 10 
/ 30 s 45 44 42 a Spee 0 
| 45 45 42 38 gis 10 

46 45 43 39 Sener 
47 45 43 39 Booed 
47 47 44 40 Boel 

58 50 52 44 35 9 
53 53 52 46 S65. 1) 
56 55 52 48 Sor as 

35 s 56 55 53 48 360 «13 
56 55 53 48 Sime 8 
57 55 54 48 37. «14 
57 57 55 50 $8015 
59 58 55 50 38 8615     
  

+ 
True gap length = 25 - film thickness.
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TABLE 2,8 Primary Streamer Average Parameters in Air 

St Now. ts 

Point-plane electrodes; point anode; gap length, 

G, = 2.5 cm; radius of curvature of point, C 

1/50us impulse wave 

115 

= 100 microns. 

  

  

  

  

  

  

  

Impulse Poy Point-film gap, 1mm 
voltage Parameters 0 5 10 15 20 25 

15 kv Sp mm 15 13 10 7 4 i 

Rp mm - 7 21 23 23 16 

Np - 14 22 34 48 72 

20 kv Sp mm 23 21 17 23 9 4 

Rp mm - 12 25 30 29 22 

Np - 15 26 42 69 109 

25 kv Sp mm 39 37 32 28 18 5 

Rp mm - 23 32 38 37 28 

Np 17 30 56 94 152 

30 kv Sp mm 45 44 42 38 30 10 

Rp mm - 28 38 43 41 32 

Np - 19 33 60 ti4 191 

| 
35 kv Sp mm | 56 55 53 48 37 13 

Rp mm - 33 43 45 48 40 

Np - 20 35 66 136 219      
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TABLE 2.9 Primary Streamers Spatial-Time Characteristics | 

in Air at N.P.P. 

Point-plane electrodes; point-anode; gap length, 

G, = 2.5em; radius of curvature of point = 100 microns 

rectangular voltage wave, 

  

  

  

  

  

                            

Pulse Point! Pulse Width 

height film | 6 ns 10 ns 20 ns 50 ns | 100ns| 200ns 

kv gpj/Sj/Ri{s|Ris jr i[s{[R{sfRi[s[R 
tmm ™™}mm | mm) mm; mm mm mm|mm |mm}mm) mm) mm 

0 10 = 15] - 26 Se St = S80, = 31] - 

5 3 5 O47 20 7) 22) 13] 24) 14} 26] 15 

10 - - Sant 17 11 | 18} 17) 22 | 23 24 | 25 

25 15 fo - -|- 14|12]) 16] 19 | 20 | 24; 23} 28 | 

20 | - - of- 11|10} 13} 18)17 | 24; 20] 28 | 

25 - - -|- a1 5 3) 13 4; 19 4) 21 

Gas OI) oS tah a een eee (ae is ecalmee 

5 - 4 - | 8 = fia -| 12; - | 14] - | 15 

10 - 8,5) = {13 - (16 -| 22] - | 28) - | 29 

35 15 - - - 13 - j17 - | 28) - 33] - | 36 

20 {- - - it - (14 -| 27] - 34] - | 38 

25 - - at bie - a -| 22} - | 26] - | 29   
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TABLE 2.10 Primary Streamer Velocity in Air at N.T.P. 

Point-plane electrodes; point-anode; gap length, G, = 2.5 cm; 

radius of curvature of point, C, = 190 microns; rectangular 

voltage wave. 

  

  

  

‘fPulse Width Streamer Range Velocity 

ns Lp mm Vp m/us 

35 kV 25 kV 35 kV 25 kV 

6 13 9 2,17 1D 

10 23 13.5 2.3 1.35             
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2.5 Theoretical Analysis 

2.5.1 Potential and Potential Gradient in Point-Plane Electrode 

System 

There has been diversity of opinion in the past about 

representing the electrostatic field pattern of point-plane electrode 

peoraeiny ci AEG 150 The main difficulty has arisen 

because of the fitting of the boundary condition since there is no 

co-ordinate system which will degenerate from a point to a plane. 

The first contribution was made by mdmund who represen- 

ted the point by a paraboloid of revolution. This study was 

extended by tester The point representation by a 

small sphere was suggested by mhomean while more recent 

studies assume the point to be represented by a hyperbola of 

revolution, 

Different representations of a point electrode in point-plane 

configuration are analysed and an overall comparison is made, 

The potential gradient at any point across the gap is resolved 

with the computational aid. The first coefficient of ionization, , 

is then calculated thus providing a measure of charge density of 

the primary streamer launcher, 

2.5.1.1 Field about a Charged Sphere in Spherical Co-ordinates 

Laplace's equation in spherical co-ordinates is: 

aa Os fa Be 1 eagles Se for 84) 
Sf bagi * BP hig ea Be oa me 

(2, 73) 

Solutions are given in terms of the Legendre functions, The 

particular solutions are;
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@ = Sie fen (Cos@) Sinn 

$ = eee a (Cos@) Cosy (2. 74) 

m 
g@ =r P2_ (cos @) cosn 

The solution of Laplaces' equation is of the form: 

Mes
 

5 

, 2 

=" 0 tae ( c ) ig (cos 6) 
m 

2) £0 rm n 

= man ee Pan (2) P (cos 0) . Cosh ¥ mu= 0° n:=-1 m 

m n 

(Cos@) . Sinn vf (2.75) ng > or
s 0
 

where the coefficients are given by 

+1 2a 

. 2m+i1 Wha ea $§, (8, ¥). Pw) avaw 
S17 456 

eft “0 (2. 76) 
2n +1 (n-m)! Bee eee §,(0,¥) P (4) Cosn¥a¥d pu 

1/0 

1 27 m 
23 = 1 Son * ie emt | | (NP wo smnbay au 

-1 J0 

Consider two concentric conducting spheres separated by a 

dielectric material. The boundary conditions are: 

Rh G g@=V 

Pee: hb @ = 0 
(2.77) 

where b> c, As the electric field depends on one space variable 

only, Laplace's equation simplifies to:
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2 
2 ae, 288 . (2. 78) 

The general solution of this differential equation is; 

re ae ae (2.79) 
2 

Substituting the boundary conditions (Eqn. 2.77), the potential at 

any point in the dielectric is given as: 

See <2 [2 i 1] (2.80) 

The field strength at any point in the dielectric is:- 

E = -gradg = ef dg _ ae Vices (2.81) 
ids Yr 2 

(b - e)r 

In a point-plane electrode geometry, where C is the radius 

of curvature of the point and G is the electrode gap, the boundary 

conditions suggest that the zero potential sphere is tangential to 

the plane electrode. The approximation is reasonably justified 

if Cc KG. 

The potential is given by: 

VC Cee 
ere G ( r gue 2,82) 

and the field strength is given by: 

mS NS on G) 

Cr (2. 83) 

The maximum field strength occurring at r = c is given by: 

Vi_ CG) = ieee ae SF 2,8 En CG ce) 
The field strength from Eqn. 2.8, 3in per unit value is given as: 

E Ca Be eee tn fa 4 Vee 2. ES ae M@) (2.85) 

where the average field strength E,, ~ G@-
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2,5,1,2 Field about a Charged Paraboloid in Parabolic Co-ordinates 

Parabolic co-ordinates (see Fig. 260) are related to 

rectangular co-ordinates by the equations: 

x = sntv Cos? 

y = wv Sin Y (2. 86) 

Zee $ (ic eves) 

The co-ordinate surfaces V= constant are paraboloids of 

revolution opening upward: 

  

  

  

  

ey ee Ce ae) (2,87) 
Metric coefficients for parabolic co-ordinates are 

= gine, 2 
811 Sof Hits ¥ (2. 88) 
Bogue pe y2 

Laplace's equation is: 

eae 274 oer 02, 1o¢ 
Vid: Smee. De GL. ons Oy 

wo +V Ou e M Ov 

2 
tas me = 0 (2,89) 

BOY oY’ 

which separates into 

2 2 ee ee 
du B 

2 2 dn 1 dM 2 
ie pe Gee ee een = 0 en (2290) av? Oy; ve 

2 
d = re ee Vv Sy 

dey 

The third equation in Eqn, 2.90 gives the usual trigonometric 

functions, The other two give Bessel functions;
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Figure 2.60 

Parabolic Co-ordinates, The co-ordinate surfaces 

are paraboloids of revolution (u = const. and v = const.), 

and meridian planes ( Y = const. Ds



iy Fa N Se an) + BS pi (aH) Jeon 
N =a J (av) + # Is (qv 

For ¢ to be a function of V only, the solution of Laplace's 

equation is: 

$= A +8 Inv (2, 92) 

Constants A and B are evaluated from the boundary conditions: 

ae ae ee Ag | 

iY 2 (2, 93) yet De a, @ = 0 

The potential distribution within the electrode geometry is given by:- 

ce) 
¢ 2 Vo In 2 (2, 94) 

In GS 
The field strength is 

++ 
Bie 9. gead@m=) 9 dyiut V7) os 

Vv 
i 

2 Bee 
ae Pv i. 7 (2. 95) 
vin(>) 

For the upper surface V= a 
1 

2 ae a 
ge eee (2. 96) 

a 
a In ( b ) 

The maximum gradient which occurs atu = 0 is given by: 

eee eae Re 
max a2 {n (2 (2.97) 

E 

The relationship between V= a representing an equipotential 

of the paraboloids and the radius of the curvature of the 'point! 

parabola, c, which is equal to the semi-latus rectum is given by: 
2 

Ee CD) 
2 2
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The equipotential which just touches the plane V= bis 

given, by: 

2 
bee. 2 
2 Sais 

(2.99) 

where G is the electrode gap. 

The field strength from Eqn, 2,95 is given by: 

A 

2 one 
dp ee ae eV 8) Eee (2.100) 

Vin ( Cc ) 
2G + °C 

and its per unit value is 

2 2 

Ha+ Qo 
wet eae G (2.101) 
Bay vin ee ) 

1+ 2G 
Cc 

The maximum field strength is: 

a tee ol (2, 102) 
= ce Ing-S—) 

2G aS 

“tce«e 

p= . —2vY_ (2.103) 
a e Inc) 

2G 

The field strength along the main axis (z-axis) is; 

2 poole eee 5 2 (2.104) 
Vo fn Gaye 

2.5.1.3 Field about a Charge Sphere in Bi- spherical Co-ordinates 

Taking z-axis as the axis of rotation (see Fig, 2.61) 

for the bi-spherical co-ordinates ( of > @, ¥), the following 

equations result; 

-s ss a_sin 6 cos ¥ 

coshy - cos 8 
(2,105) 

a a_sin @ sin¥ yo> a 
cosh 7 - cos e
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Figure 2,61 

Bi-spherical co-ordinates. Suraces, when y is 

constant, are spheres with centres on the z-axis,
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a sinhn 
coshy- cos@ (2-809) 

The metric coefficients for the bi-spherical co-ordinates are: 

2 
ne a 

Soot] (coshy - cos )2 

ss a2 sin’ 

&33 (cosh y = cos 8)? (2. 106) 

811 

3 feel ae sin 8 e 

& (coshy - cos@) 

Laplace's equation, being R - separable, may be expressed in 

bi-spherical co-ordinates as: 

  

  

2 a“ H 1 4 

Roe Wie et ae es 
o. 

ab ae (sing 2) + O(a, 5g) a0 (2,107) 
sin 

  

2 

aor fee ieee 0 

The particular solutions in the case of axial symmetry with the 

potential as a function of “7 and @ only are: 

NI
M 

" # = (cosh7 - cose)? exp [* (p+ 24] P, (cos 6) 
(2,108) 

rem
y 

Ss " (cosh - cos@)? exp [+ (p + 2)% }e, (cos @ ) 

The electrostatic field between the two equal spheres is given by 

the solution: 

Pa(cos4) 

(2,109) 

see 1 
¢ = (cosh - cos@)? = at =i gl 0 A, sinh ea 3 VY
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substituting the boundary condition: 

g = +V when = 
% (2.110) 

g@ = -V when % = ee 

eee: Se of. 

cosh(@ i ye = ae AL P (cos 8) 
aC : n=0 

(2,111) 

The left-hand function is expanded in a series of Legendre functions 

with coefficients of the series given as: 

1 

Zs ; , Ei *tu) 
: aes Pas a oN aa AL Vv a (coor a ae (2. 112) 

=i} ° 

where u = cos @. 

The electric field strength is given by: 

E = - grad ¢ er (eos nat cow 0) [4.38 oe ay 33] 

(2. 113) 

From Eqns. 2,109 and 2,113: 

' : n (6088) 
E = acl pooh cos@ ) 4a aa al 

sfom V sinh [tn + ny (n + $)(cos ae - cos 9) cosh [o * na] 

ten pe tinh | [em + 2)] (2,114) J 

n=0 
Bar aes U0 a ale E sing. Pee 9) + ee cos) Ree y 

At the boundaries e es a » E is perpendicular to the spherical 
o
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surface but, in general, E has both a and @ components, 

The maximum gradient, E_, occurs at @= 7m and eee ° m ° 
Hence 

tis n 
EL = = (coshy + 1)? = (-1) AL 

=O 

E sinh + (n +2)(cosh H+ 1) coth [eo + wal (25115) 

It can be seen that a one-dimensional solution is not possible in 

bi-spherical co-ordinates, The boundary condition does not 

provide equipotentials for surfaces, ei constant, of the same 

family. In general, therefore, a series solution is necessary even 

in the simplest case, 

2.5.1.4 Field about a Charged Hyperboloid in Prolate Spheroidal 

Co-ordinates 

Prolate spheroidal co-ordinates are generated by 

rotating an orthogonal family of confocal ellipses and hyperbolas 

about the major axis of the ellipse (see Fig. 2.62). 

Prolate spheroidal co-ordinates (Of @,¥%) are related to 

rectangular co-ordinates by the equations: 

xe a any) sin@ cos WV 

y=) 8 sinh” sin @ sin ¥ (2,116) 

Z= a coshy cos } 

The metric coefficients for prolate spheroidal co-ordinates 

are given as; 

2 
a (sinh * + mince) Sri ees 

ee a sin’ sin? 6 (2,117) 

ea = ae sinh y sin 6 (sink? y + sin7@ ) 

Laplace's equation in prolate spheroidal co-ordinates is:
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Figure 2.62 

Prolate Spheroidal Co-ordinates. 

The co-ordinate surfaces are hyperboloid when 9 is 

constant,
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wv ¢ =a z 
a (sinh? + gine) 

  

z ar 3 ar 
aa + Uae + oe + cot O55 

. 2 

aa eae me: : es 
a sinh 2 sin’O ov 

The elementary solution is: 

pF BAY OUEST. ee) a, 119) 

where H " yy (conti), Ey a! (cosh) 
4 
Pp 

ae © - Py (cox), @ - al (cos@) (2. 120) 

1 sin ae (ay) 
cos 

If the solution (a) has axial symmetry and is therefore inde- 

pendent of %, and (b) depends on single variable, e.g. ¢ = ¢ (@ 

Laplace's equation becomes: 

2 
ag sees ee + cot OT 0 (2,121) 

and the solution is; 

@ = c In co(-2) + vd (2.122) 

The electric field in a system having axial symmetry and single 

variable solution is give by Eqn. 2,122, 

Let the boundary condition be: 

0-6, d= V 
(2.123) 

" 0 Ga ts 

The coefficients C and D become: 

),
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if) See 

(2,124) 

° 
In cot ( 3 ) 

The ee becomes; 

n cot, 6 
a 

¢g = a (2,125) Vv 

In cotte§ 

The electric field strength is given by: 

  B= -dg—*, a (2,126) 
(2),)° 

From Eqns, 2,117 and 2,126 

ni
e 

Vv (einh?”? + ano ) 

ae a ( Ln cot 82) sin@ (20127) 

The maximum field strength 

his Ee Ve 
ee Text In cot $5) Bra 9, (2.128) 

The coefficients a and 9, in terms of radius of curvature of 

the point-electrode, C, and the electrode gap, G, are given as: 
1 

@ = arc tan tay? 
2 (2,129) 

Qa ye GE 
Cos 0 

° 

The per unit value of field strength from,Eqn, 2.127 becomes: 
ee 2 ae =o 

E Cos 8 (sinh"% + sin”@ ) 

E 
av sin® ( In cot So) oS 

The simplest solution of different field studies carried out on 

point-plane electrode geometry is provided by spherical co-ordinates 

(see Section 2,5, 1.1) which also results in the highest value of field 

strength near the point,
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The closest approximation to a point-plane system of the type 

employed throughout this study is found to be that of a hyperboloid 

in prolate spheroidal co-ordinates, A general solution for the electric 

field in per unit value can readily be achieved by computational means, 

The result of a computer program (see Appendix 7,1) designed 

for the University's Elliott 803 shows that the field strength in the 

electrode gap a short distance away from the point-electrode is 

sufficiently low to be assumed as ''zero" field, There exists no 

possible ionization process in this region prior to the generation of 

primary streamers at the point. Introduction of electromagnetic 

radiation sensitive film, therefore, introduces negligible disturbance 

in the field pattern in this region, 

2,.5,2 Positive Primary Streamer Threshold 

In a point-plane electrode system, if the point is represen- 

ted by a charged hyperboloid in a prolate spheroidal co-ordinate, the 

electric field (see Section 2.5.1.4) is given by: 

ee V (sin Be 2 + sin’@). 

aot In cot £2) sin 6 

In the range of 8<e ae (ine. 0<z <G) along the line 

a =O (i,e, z-axis) from Eqn, 2.116 

ni
e 

z = Acos@ (2,131) 

and from Eqn, 2.129 

  Zz = coed) cos 9 (2, 132) 

The per unit value of the distance from the plane-electrode along 

the main field axis is: 

Sie con: 2.133 
zy G cos 6, ( ) 

and the per unit value of the electric field on the same axis is; 

ale cos Og 

Be 6, (2,134) 
me 200 ( In cot a) 

where the average electric field E = on 
av
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A computer program of electric field strength from Eqn. 

2.144 in air at N.T. P. is planned for Digital PDP 9 and its flow 

diagram is shown in Fig. 2.63. The results with the aid of the 

collected data of von Engel (see Fig. 2.5) determine the level of 

charge generation in proximity of the point-electrode (see Fig. 

2.64). 

The primary streamer inception voltage for a 2.5 cm 

gap is deduced from the results shown in Fig. 2.56 to be 8 kV. 

The critical value of %d at this potential level is given by: 

od = 20 (2.135) 

This corresponds to a charge amplification of 

we exp (66d) =* 5 x 10° electrons (2. 136) 

These values are in accord with the results of Raether and co- 

pronkene: a in uniform electric field, 

2.5.3 Theory of Positive Primary Streamer Propagation 
  

2.5.3.1 Introduction 

The propagation of a positive primary streamer in an 

inhomogeneous field in atmospheric air is represented by a model, 

This model is based on the behaviour of the streamer tip in the 

low field region irrespective of the conductivity of the streamer 

tail. 

The effective process of the streamer discharge is localised 

to one electrode by the utilisation of a non-uniform field of point- 

plane geometry, In this type of system the applied field is only 

high near the point-electrode while further away the field strength 

is negligible. This is verified by the results of electric field study 

(see Section 2.5.1). 

The conductivity of the streamer tail is neglected and the 

streamer tip is assumed to be isolated from the point-anode. 

This assumption is verified from the experimental results,
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TABLE 2,11. 

Calculated values of electric field strength in the electrode gap along 

the main field axis in air at N,T, P, by computational technique. 

Radius of curvature of the point electrode, C = 100 micron; gap length, 

  

  

  

  

G= 2.5 cm; applied voltage, V = 8-kV. 

Degrees Bay M E E/p 
kV v/cm, torr 

3. 62 72.4729 1.0000 231.9 305.1 
4,00 59. 3697 0. 9996 190.0 250.0 
4.50 46. 9296 0, 9989 150. 2 197.6 
5. 00 38.0314 Gndoee! le ae 160.1 
5.50 31. 4476 0.9974 | 100.6 132.4 
6.00 26.4402 0.9965 | 84.6 ibs 
6.50 22,5432 0.9956 72.1 94.9 
7.00 19.4511 0.9945 | 62.2 81.9 
7.50 16. 9566 0.9934 | 54,3 71.4 
8.00 14, 9150 0.9922 «| 47.7 62.8 
8.50 13, 2230 0.9910 | 42,3 55.7 
9. 00 11, 8051 0.9897 | 37.8 49.7 
9. 50 10. 6051 0.9883 j 33.9 44.7 

14,50 4, 6082 0.9701 | 14,7 19.4 
19.50 2.5927 0.9445 | 8.3 10.9 
24.50 1.6799 0.9118 | 5.4 EL 
29.50 1.1914 0.8721 | ot 5.0 
34, 50 0. 9005 0, 8258 | 2.9 3.8 
39.50 0. 7140 0.77382) | 2x8 3.0 
44,50 0. 5880 0.7147 | 1.9 2.5 
49,50 0. 4996 0.6507 1.6 2 
54, 50 0.4359 0.5819 | 1.4 1.8 
59, 50 0. 3891 0.5086 | ag 1.6 
64, 50 0, 3546 0.4314 | et 1.5 
69, 50 0. 3293 0.3509 | nL 1.4 
74, 50 0.3111 0.2678 | 1.0 18 
79, 50 0. 2988 0.1826 | 1.0 rs 
84, 50 0. 2916 0.0960 0.9 1.2 
89, 50 0. 2889 0.0087 0.9 ive       
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TABLE 2,12. 

Charge generation near the point electrode along the 

main field axis in air at N.T.P. 
  

  

  

    

Radius of curvature of the point C = 100 microns; gap 
length G = 2.5 cm; applied voltage 8 -kV 

Distance from Ez x ol 
the point 1, em Pp p 

microns V/cm torr] ion pairs/cm | ion pairs/em 

0 305.1 5.0 3800 

10 205.0 4.0 3040 

28 197.6 3.5 2660 

45 160.1 2.0 1520 

65 132.4 15 1140 

88 111.3 0.9 684 

110 94,9 0:55 418 

138 81.9 0.5 380 

165 71,4 0.4 304 

195 62.8 0.1 j 76 

225 55.7 0.07 } 53 

257 49.7 0.055 | 42 

293 44.7 | 0.015 11 ' 

750 1940 oa 0.0001 | C0 eeam 
} 

| | 
zy        
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2.5.3.2 Propagation Criterion 

At a certain potential applied to the point-electrode, called 

streamer inception voltage, a streamer considered as an isolated 

region of excitation and ionization extends out from the point. As 

the potential increases, the streamer travels further into the low 

field region and may finally reach the plane-cathode, The primary 

streamers while progressing across the gap leave behind a plasma 

tail assumed to be almost neutral. 

The streamer tip at any instant of time is assumed to consist 

of a sphere of positive charge with a tail containing a nearly equal 

number of electrons and positive ions. 

The criterion for primary streamer propagation in zero applied 

electric field is suggested as being the magnitude of charge within 

the streamer tip reaching a certain level. 

It is proposed that the streamer ceases to propagate as the 

result of diffusion and attachment and energy loss due to formation 

of ion pairs. 

The positive streamer growth is due to the movement of 

electrons into the positively charged tip. These electrons are 

produced by photo-ionization in advance of the streamer tip. 

If an instant of time is assumed when the streamer tipisa 

sphere of charge having a radius ro and a centre O at the reference 

point, a single photo-electron is created at a distance r, from the 
L 

centre of the sphere and moves to a point r This forms an avalanche 3 

of multiplication given by: ss 
L 

m= exp ( fo dr ) (2,187) 

v2 

having a diffusion radius given by (see Appendix 7, 2) 

“il D a 
Lj= (6 [ atl dr)? (2. 138) 

! Oe 
7r2
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where X= ‘Townsend's first ionization coefficient 

D= diffusion coefficient 

Uae electron drift velocity. 

If sufficient electron multiplication is reached up to the sphere, 

then the original positive charge is neutralised and a new positive 

region is created. This charge region is again assumed to be 

spherical having a radius equal to diffusion radius re and a centre 

located further away from the point-anode. 

The condition for continuous streamer propagation requires 

that the radius of the two spheres be the same, i,e, each succeeding 

region of positive charge must be exactly similar to the one preceding 

it. This model implies that the streamer tip propagates in discrete 

steps. 

The requirements for low-field strength propagation of the 

primary streamers are;- 

(a) The number of new positive ions created by electron avalanche 

must be equal to ne» the number of ions in the original sphere, 

(b) The diffusion radius of the avalanche head must not become larg- 

er than ro the radius of the original sphere, 

(c) The avalanche must reach the required amplification before the 

two charge regions begin to overlap, i.e. ar Po: 

The distance r,, at which a single photo-electron is created v 

ahead of the streamer tip, is chosen as a value that provides equal 

probability for ionization and dissociative attachment, This require- 

ment for the limiting value of r, occurs (45) in an electric field 
a, 

given by: 

= = 30 v/cm torr (2,139) 

The electric field at a distance r is given by: 

Ba en (2, 140) 
2 

4a €, © 

where charge Q = Nea coulomb,
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The value of ry is deduced from Eqns. 2.139 and 2.140 in 

terms of number of electrons, ne in air at N.T.P. 

a 
ry, = 2.5 x 10 8 ny cm (2,141) 

The total number of electrons, N a can be deduced from 

Eqn. 2.137 by graphically integrating the curve of C4 as a function 

of r between the limits ry and Po. A value of ne is first 

chosen which provides a value of ry from Eqn, 2.141. The 

integration then proceeds with such values of Py which will 

result in the same electron density ne 

The ratio of diffusion coefficient to electron drift velocity 

  

is even) by: 

bone 
D e 

See eee: 2,142 
Ue q BE a. ) 

where k = 1.37 x 10-16 ergs per “K and the electron temper- 

ature, To for air at a value of = = 30 is given by 

Te = 2-82 x 10 eek, 

“Do. 6.6 x 107? (wy? (2, 148) 
e 

where E is ine.s,v/cm, 

The diffusion radius, can be calculated from Eqns, r a 

2.138 and 2.143 for appropriate values of ry and Poe The 

calculated results for values of r,, r, and r, are summarised 
1 2 d 

in Table 2.13, 

The results show that for values of iN <10" condition 'c! 

for primary streamer propagation, i.e, 2 vr, — is not satis- 

field. This implies that the avalanche head will reach the edge of 

the sphere of positive charge before achieving the necessary 

amplification, 

8 
A minimum value of electron density, ay = 10 , in the 

streamer head of diameter 60 microns fulfils the necessary
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TABLE 2.13 

Calculated Primary Streamer Parameters for air at N.T.P. 

  

    

  

  

      
      

Number of E/ length ry length r, | Diffusion 
electrons v/em¥orr microns microns| radius r 

Ne microns 

| Z 30 25 0.8 ti} 
10 50 19.4 0.8 10 | 

100 13.8 0,3 8 | 

| 

7 30 719 7.0 19 | 

10 50 61.2 e0 { 17 

100 43.5 5.0 14 ; 

| 

8 30 250 65 29 | 

10 50 194 65 26 | 

100 138 56 ot anen 
| 

| | A 30 790 300 Bl ae 
10 50 612 300 41 | 

100 435 265 | 30 | 

{ | 
| | | 

ts 30 2500 2° mel 230 1 82 
10 50 1940 { 1230 61 

100 1380 | 1090 39 
i i   
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requirements. This suggests thata primary streamer tip contain- 

: 3 * A ; y 
ing at least 10 ion pairs with a radius of 30 microns becomes 

self- propagating in zero electric field. 

2.5.4 Theory of Positive Secondary Streamer Propagation 

2.5.4.1 Introduction 

A single positive secondary streamer a distance 1 from 

the point-anode electrode is considered, The potential v, the 

electric field E, the electron impact multiplication factor © and 

the electron and ion densities, ne and ny of the streamer are 

shown in Fig, 2.65, 

The high potential gradient at the tip of the streamer results 

in intense acceleration of advacning electrons leaving behind a 

relatively static positive space charge, The streamer advances 

in this fashion ahead of an electrically conducting visible plasma, 

2.5.4.2 Propagation Criterion 

As the conducting plasma propagates in the main electric 

field direction, charge must be provided to keep the streamer tip 

at a potential v. Equations governing potential v and current i 

along the streamer having a resistance of R ohm per unit length 

and a capacitance of C farad per unit length are given by: 

  

  

Rew ov er ec 
Ox 2 ot (2.144) 
oa Oi 
ae Sy Re 55 

These equations are of the forms 

2 : og 
Vad = pT ia (2.145) 

Called the diffusion equation. Where J isa function of x only 

and the Laplacian operator reduces to: 

2 Oo 

Ba oy
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towards plane cathode 
ee 

r r 
<————point anode 

, s 

—————> Positive secondary streamer propagating at speed U 

1. r 

    
  

Fig.2.65 SOME PARAMETERS OF A POSITIVE SECONDARY STREAMER
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A possible solution for Eqn, 2,144 is given from Appendix 7.3 as: 

4 ee Ut? arent [= Ga) | (2,146) 

where vy = potential of the point-anode, and R and C are given 

from Appendix 7.4 as: 

ones 
R = ——— (2,147) 

Nae "5 ue 

Cre = i 
oo 2 In(—*) (2. 148) 

s 

1 3° . 2 * z Tyo ] a ee ve ertx(M Pathe r, 0, fy 2} 
s 

(2.149) 
where erf is the error function and erfc is the complementary 

error function given by: 

erre yu= 1. -- eniy (2.150) 

At the streamer tip assuming 

See ae 
and substituting, from Appendix 7,5 

casera tat |) cee (2,151) 

  

U Nes ELG eee = aS, aes aS a, oe 

Vices ttle ern es ee eee oe 
= Zz 

1 

= ve [i - erf($Qx »?] (23452) 

n P 
where Q = zz wey (2.153) 

r Neg Pp 

fe (ee and x G6 

The voltage-streamer range characteristics for different 

values of Q are shown in Fig, 2.66. 

The particular case for half voltage at half point across the
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is taken as the condition for secondary streamer propagation with 

constant velocity across the gap. This case corresponds to 

Q = 1, ive. 

vos x coe eC (2.154) 
r Nee e
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2.6 Discussion 

The primary streamer process in a point-to-plane gap 

indicates the similarity of the positive and negative Lichtenberg 

figures to the positive and negative streamers, The streamers 

move through the air above the film but very close to its surface 

through the inductive attraction of the streamer tip. This permits 

single streamers, too faint to be photographed directly, to be 

imprinted on the film surface. 

With impulse potentials, streamers start at the streamer 

threshold and the primary streamers cross the electrode gap 

at potentials well below the breakdown value. 

The electric field studies in the point-to-plane electrode 

geometry indicate a vertical zero field in the gap a short distance 

away from the point. The absence, therefore, of any preferred 

path for the streamer propagation results in extensive branching 

of the discharge. 

In the point-to-plane electrode gap, in contrast to the uniform 

field gap, where the progress of the streamer is in part dependent 

on the imposed field, the primary streamer has its energy stored 

in its tip while in the high potential region, This high energy 

carries the streamer tip, with some dissipation by branching, 

ionization, and excitation, across the zero-field regions of the gap, 

In crossing these regions the streamer leaves behind only a weakly 

conducting channel, 

From these observations, a theory is developed for primary 

streamer propagation in zero field region, The predicted values 

of streamer tip diameter, charge per unit length of the advance, 

and velocity, are confirmed by experimental measurements, 

The magnitude of charge on the primary streamer tip of 

about 10 pico-coulomb is of the same order as suggested by



Led 

meemersae and Loeb and Meek ®, The radius of the primary 

streamer tip of about 30 microns agrees with the experimental 

measurements of the streamer tract on the film. 

It is noted from the reported results that, for the potentials 

at which the positive primary streamers did not advance across 

the whole gap, the velocities were high near the point-anode and 

fell in mid- gap toward the cathode, The average speed of 

propagation with a point of radius of curvature 1,00 mm and a 

gap of 2,5 cmis about 2 x 10° em/sec. This observation is in 
2 § agreement with those obtained by photomultiplier techniques Pray pee 

The time resolution using E-M radiation sensitive film 

technique is superior to other techniques as it indicates the initial 

decline in velocity of primary streamers that do not approach the 

cathode. 

The extensive branching of the primary streamers in the zero 

field region of the gap lead to a number of streamer tips reaching 

the plate. The bridging of the gap by the subsequent secondary 

streamers and the resultant breakdown, therefore, does not 

necessarily occur at the shortest gap length. 

The secondary positive streamer may start from the point- 

anode before the arrival of the tip of the first primary streamer 

at the plane-cathode, The secondary streamer is associated with 

an increase in current flow in the main stems, fed by currents 

from the branches and augmented by ionization in the point-anode 

field, 

Owing to its high conductivity, the secondary streamer projects 

a fraction of the anode potential into the gap at its tip, 

A theory suggested for the positive secondary streamer 

propagation is based on the corhbined photoelectric-avalanche 

process. This is shown to account semi- quantitatively for some
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of the experimental results. 

The experimental methods employed by most investigators 

suffer from one overall defect in that they are generally sensitive 

to light-emitted phenomena of relatively late stages of breakdown 

mechanism, It has not been possible to record the spatial 

structure and development in time of primary streamers with 

direct photography. 

The main shortcoming of the method employed by the author 

is that the inclusion of the film in the electrode gap has some 

influence on the characteristics of the discharge. The film 

compresses the streamers causing them to move in two dimensions, 

This results in more crowding of the branches, leading to longer 

and denser branching thatn would otherwise exist.
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CHAPTER 3 

LIQUID DIELECTRICS
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3.1 Introduction 

Liquid dielectrics, particularly hydrocarbon 

groups, have received a considerable measure of attention 

during the present century on account of their technical 

importance in electrical engineering, 

The liquids are mainly used as impregnants for high- 

voltage cables and capacitors, and as filling compounds for 

transformers, circuit breakers, and terminals, 

In some applications, the liquid has additional important 

functions, for example, as a heat transfer agent in transformers 

or as an are quencher in circuit breakers, 

A first appraisal would suggest that liquid dielectrics 

should prove extremely useful, in fact more so than either 

gaseous or solid dielectrics, 

They should be of more use than gases because of their 

much higher densities and more convenient than solids because 

they will fill a space to be insulated more easily, Moreover, 

they will tend to be self-healing should a discharge occur in them, 

Finally, they could be circulated to dissipate any heat generated 

in the system, 

However, in spite of these advantages, liquid insulants are 

used less frequently than either solids or gases and then usually 

only as impregnating media, a role in which they are called upon 

to withstand relatively low stresses. Thus, the insulting 

potentialities of liquid dielectrics are hardly being exploited at 

the present time. 

The study of the electric strength of liquid dielectrics has 

been the subject of careful investigation for many years, but 

attempts to correlate the experimental results with theories of 

breakdown process are made more difficult by the fact that



165 

there has been a considerable disparity in the results obtained 

by any one worker, 

The gap in the information available is in the actual break- 

down mechanism, the main difficulty being the very short time 

involved, which is of the order of microseconds. 

In a liquid dielectric, electrically stressed for a wide time 

range (fraction of a microsecond to some days), three distinct 

ranges of breakdown can be seen, A first stage with long-lasting 

stressing and low breakdown values is followed by a middle stage 

from a few microseconds to a few milliseconds with increasing 

breakdown voltages, as intermediate to the third stage of impulse 

breakdown, with the duration of stressing becoming shorter. 

Whereas in the first stage of breakdown, impurities such 

as fibres and surface laminae on the electrodes are a decisive 

influence on the level of the breakdown voltage, in the third stage, 

the breakdown is suggested to be electrical in type and based on 

streamer propagation similar to that in the gaseous dielectric. 

The major line of investigation by many workers has been 

concentrated upon measurements of quantities external to the 

liquid under observation, e.g. voltage level and delay time of 

breakdown, 

A better insight into the mechanism of breakdown in liquids 

is obtained by placing an electro-magnetic radiation- sensitive film 

in the electrode gap region. On application of an impulse voliage 

of sufficient magnitude, a discharge pattern is formed on the film 

which is sensitive to polarity, level and duration of potential and 

the position of the film, 

The study of growth and structure of discharge in the form of 

streamers from the point-electrode provides a better insight into 

the mechanism of breakdown in liquid dielectrics.
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3.2 Literature Survey 

3.2.1 Introduction 

The behaviour of dielectric liquids exposed to electric stress 

has been the subject of comprehensive reviews by Genane 

, 76 , 51 34 45 ot 
Whitehead ", Nikuradse” , Koppelmann’’, Macfadyen’, Vick , 

tank Sharbaugh and Watson’. 

Pioneering work on the electrical breakdown of liquid dielect- 

rics was mainly concerned with the conditions prevailing in electrical 

apparatus, These were, basically, breakdown due to the secondary 

effects such as the presence of fibres, chemical impurities, water 

particles and electrode effects, 

The recent investigations are largely associated with the break- 

down due to the physical and chemical properties of liquids, To 

achieve this aim there has been tremendous progress in experimental 

techniques, 

To have a clear understanding of the physical nature of di- 

electrics, liquids with a simple molecular structure are used and 

the secondary effects in most cases have been abolished. 

An understanding of the experimental work is needed before 

theories of breakdown can be explained. 

Attempts to correlate the experimental results with theories 

of breakdown process are made more difficult by the fact that, in 

general, there has been considerable disparity in the results obtained 

by any one worker, even when extreme care is taken to remove the 

disturbing factors, 

Factors influencing the breakdown process are explained and 

an attempt is made to outline the possible mechanism of breakdown 

in organic liquids, 

Measurementsof ion mobility have been made under controlled 

conditions and of particular interest in this respect are studies on
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liquid helium, The use of liquified gases in breakdown studies 

has made possible the investigation of hitherto unobserved 

electrode phenomena. 

3.2.2 Pre-Breakdown Conduction 

Investigations of the electrical conduction process in insulat- 

ing liquids is fraught with difficulties and reliable information on 

the processes involved is difficult to acquire. 

Measurements of ion mobilities provide important data on 

the nature of charge carriers in dielectric liquids. The conduction 

could be due to the presence of ionic impurity, to solid particles 

of sub-micron size which become charged and, at high field, due 

to electrons injected from the negative electrode. 

An additional factor to be considered is the liquid motion due 

to the induced motion of charge carriers of various sorts’°, 

3.2.2.1 Low Field Conduction 

At low fields ( <1 KV/cm), resistivities of 1015 to 107) 

ohm-cm are obtainable for hydrocarbons. Hart and Monee 

have made a thorough and systematic study of several of the 

phenomena associated with low field conduction. Very high values 

13, 63,65 
of resistivity are obtained for liquified gases even at 

high field intensities, 

Because the natural conductivity of pure liquids is small and 

rather erratic, many workers”’ 4555) 98; 90) 65.18 have induced 

charge carriers into the liquid in a controlled manner and studied 

the enhanced current produced, By inducing current, it is possible 

to obtain more information about the basic processes occuring but 

there are difficulties when the stress is increased towards break- 

down values. 

By switching the inducing agent on or off, it is possible to 

measure the transit of charge carriers between the electrodes
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and thus to determine their mobilities under a variety of 

conditions. 

For hydrocarbon liquids, of which hexane is typical, the 

mobilities of positive and negative ions are found by Le Blane °° 
2 

: cm’ /V-sec. The positive ion is to be in the range 1082 = 16° 

rather less mobile than the negative one. As shown in Fig. (3.1), 

the drift mobility is found to change with the absolute temperature 

@ according to the relation: 

H = My exp (3) (3.1) 

where E = 0,14- 0.02 eV and MH, = 0,3-0,2cm2/¥ - sec 

The product of mobility and liquid viscosity changes with 

temperature (see Fig. 3.1) indicating a violation of Walden's rule. 

3.2, 2.2 High Field Conduction 

Until recently the d.c. measurements, suffering from polar- 

ization, chemical effects and erratic current at elevated field, 

were restricted to fields less than 25 per cent of breakdown values 
19520 27 61, 62 

, House and Sletton but Green have succeeded in 

extending their d.c, current measurements above 1 MV/cm, 

High field current bursts have been ascribed to a variety 

of causes including (1) gas removal from surface layers in the 

form of bubbles, (2) sporadic removal of oxygen to expose sites 

of low work functions, (3) impurities moving into the high field 

region on the test gap, (4) the particle coming to rest upon the 

cathode, (5) formation of polymer layers on the electrodes to 

produce more stable surface conditioning. 

The use of pulsed voltages has minimized the troubles en- 

countered with direct current, and readily permits the measure- 

ment of pre-breakdown current at fields near Breakdowa ue 

73 
Watson and Sharbaugh made a comparison of conduction 

current obtained by d.c. and pulsed fields. The results (see
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Fig. 3.2) show a greater magnitude of current under pulsed field. 

The drop in conduction current with time is suggested by Kao and 
2 

Calderwood B to be associated with the decrease of conduction 

and drift velocity of charge carriers. 

One of the most controversial points in the interpretation of 

conduction in liquids concerns the presence (or absence) of an 

electron multiplication process. Watson and Sharbaugh ©° found 

no evidence for of -process at fiddsup to 1.2 MV/cm, but observed 

marginal indication of the beginning of the process at 1.3 MV/cm 

as shown in Fig. 3.3 

3.2.3. Electrode Effect 

The influence of the nature of the electrode metal and particular- 

ly that of the cathode upon the breakdown of liquid dielectrics has 
F 4 ’ 13, 18,37, 49, 53, 80 been studied by many investigators : However, 

the sensitivity of the electron emission characteristics of a metal 

to the physical and chemical condition of its surface make it very 

difficult to obtain reproducible results. 

According to Higentay the breakdown voltage varies with 

electrode materials, The breakdown voltage varies according to 

the surface conditions of the electrode owing to the existence of 

absorbed gas, The electrode material itself and its conductivity 

have little effect on the breakdown voltage if there is no absorbed gas, 

Salvage? observed a distinct cathode effect on the electric 

strength of hydrocarbon liquids. The electric strength using Al, 

Cr, Ag, Ni, and Pt cathodes increases regularly in the order shown, 

which is also the order of increase of the vacuum work function, 

This result indicates that the space-charge mechanism suggested by 

von Hippel and ‘Alger’? for cathode effects in alkali halides has its 

counterpart in liquid studies, and that a negative space charge is 

formed by electron emission from the cathode, 

38, 39 
Lewis presents an explanation for the apparent disagree- 

ment among various observers as to the existence of a cathode
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dependence of the electric strength of liquids. He points out that 

the electric strength measured for a particular electrode-dielectric 

system depends solely on the liquid characteristics if, at the re- 

quisite breakdown voltage, the cathode field is sufficiently high to 

produce copious electron emission. On the other hand, if the field 

necessary to produce avalanche in the liquid is too low to provide 

adequate field emission, then the breakdown of the system will be 

primarily determined by the electron emission characteristics of 

the cathode. He supports this argument by experimental measure- 

ments on n-hexane with point-to-plane electrodes composed of metals 

having different work functions, 

A recent tendency has been the use of highly polished electrode 

surface. Kao and rene have shown that polishing electrodes 

increases the electric strength. An unpolished cathode had the 

same effect in reducing the strength as both electrodes being un- 

polished. He suggeststhat a rough cathode surface may increase 

field emission due to field enhancement caused by the physical 

irregularities, 

The use of mercury as the cathode has been suggested by 

Sharbaugh, Bragg and Geeweu Such an electrode provides a 

smooth surface and is easy to prepare. Nevertheless, they sub- 

stituted a stainless steel cathode for a mercury cathode in their 

later work’” so eliminating a troublesome correction caused by 

the deformation of the mercury under electrostatic stress. 

Sharbaugh, Cox, Crowe and erie! using highly polished 

steel hemisphere electrodes have found a relation between the 

breakdown field and the logarithm of the area of electrode. 

Similar work by Kao and istitegen shows an increase in electric 

strength by increase of area, The statistical study of the electrode 

area effect in the breakdown of transformer oil by Weber and 

Endicott !* fe causes one to speculate as to what degree complex 

emission effect may be involved, as well as other factors, in the 

breakdown mechanism,
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If there is a disparity in the sizes of the asperities on the 

electrode surface and the most prominent of these initiates break- 

down, then an increase in the area of the electrode will lead to a 

greater probability of breakdown. 

The dependence of electric strength on gap length is taken as 
: Bee eee ce ‘ 8 evidence of an electron multiplication process in liquid dielectrics’ 

Kao and Higham-” show that for a gap length greater than a 

certain value the electric-strength is practically independent of 

the gap length, but below this value the electric strength increases 

rapidly with decreasing gap length. This phenomenon, they suggest, 

is in agreement with the collision ionization theory. 

When flat electrodes are used, the electric strength of hydro- 

carbon liquids is nearly independent of the spacing of the electrodes, 

Thus, the effect of volume of liquid under stress is small, if it 

exists at all. 

More often, breakdown studies are made with spherical elec- 

trodes rather than flat ones, In this case, a strong dependence upon 

electrode spacing is normally observed, especially in the small gap 

range 5-100 microns. Watson and Shavbaugh’? have shown that, 

for this geometry, the area under high stress is proportional to the 

product of the radius and the spacing, and it is shown that such a 

dependence is primarily an electrode area effect, They suggest that, 

before the importance of this effect was recognised, the gap depend- 

ence was erroneously cited as evidence for collision ionization in 

liquids, 

The liquified gases, such as argon and helium, do not produce 

any solid deposits as the result of a discharge and are thus ideal 

for a detailed examination of electrode effects, By allowing the 

electrode surfaces to oxidise in dry air after polishing, Swan and 
aa 5 

Lewis ae have shown that it is possible to alter the static electric 

strength of liquid argon in a regular way (see Fig. 3.4). The form 

of variation depends on the metal and it is particularly interesting
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in the case of stainless steel. They showed that it is possible to 

obtain the effects of cathode and anode separately by keeping the 

oxidation of one electrode at a fixed level as in Fig. 3.5. It will 

be seen that the degree of anode oxidation affects the strength, 

one of the few situations in which the anode has other than a 

passive role in determining the strength of an insulent. 

The anode effect may be removed either by taking out the 

traces of oxygen from the argon liquid or by using pulses rather 

than steady voltages. On the other hand, cathode effects remain 

when the oxygen is removed and are certainly important when 

pulse voltages are used. 

All these effects together suggest most strongly that, with 

oxygen present, negative ions are formed by oxygen-trapping of 

electrons; these move to the anode and can be blocked from being 

neutralised there by the presence of oxide layers. The negative 

space charge set up then leads to a lower electric strength. If 

ease pulses of voltages are employed, there is no time for the 

effective transport of negative ions to the anode, and hence it does 

not control the strength. 

Although a definite dependence on anode conditions is not found 

with the hydrocarbons, it would not be true to say that the anode 

does not influence the strength of these liquids. In fact, it is most 

probable that the anode is always strongly block ing for hydrocarbon 

liquids containing dissolved oxygen,whatever the particular condition 

of the metal surface, 

3.2.4 Impurities Effect 

It has been found that any type of impurity in a liquid dielectric 

has a severe effect on its electric strength. The presence of minute 

solid particles and of dissolved water and air either facilitate the 

more basic process of rupture by locally concentrating the electric 

field, or introduce an entirely new kind of breakdown, perhaps by
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‘bubble formation, or the building of conducting bridges across 

the inter-electrode gap. 

Fine drops of water in a strong electric field join up between 

the electrodes forming a conducting filament in the liquid dielectric 

as suggested by Geman) The severe fall in the electric strength 

of a liquid dielectric by the addition of a small volume of water is 

observed by Zein-El-Dine and mroppers Mat sijenski and Tropper 

have reported a 100% increase in the d.c. electric strength of hexane 

by passing the liquid over a drying agent. 

The effect of small particles and fibres on the electric strength 

of liquid dielectrics has been investigated by many pear kere a! to eel 

32) The idea has developed that the particles cause distortion of 

field across the gap. Kok and Convey = have observed a bridge 

forming at the gap, formed by contaminants of high dielectric con- 

stant which flow toward the maximum field stress, Similar ob- 

pervation is made by Hakim and Hignane. using a Toepler Schlieren 

method of photography. 

The accepted method of cleaning the liquid from particles of 

more than a few microns in size is by circulating the liquid through 

cycles of distillation and filtration. 

awards? has reported exceedingly high values of electric 

strength for pure organic liquids. He found the maximum electric 

strength to be some 20-100% higher than the highest values previous- 

ly reported in literature, Edward attributed these changes to the 

elimination of minute particles from the breakdown gap, He 

suggests that particles as small as one micron may give rise to the 

lower but reproducible values of electric strength found in his 

earlier work!* and by other investigators. 

3.2.5 Temperature Effect 

A dependence of the electric strength upon temperature has 

been observed in liquids for both d.c. and pulsed voltages. There 

is a rather slow change centred around room temperature,
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terminating in a rapid decrease near the boiling point. Below 

room temperature, a considerable rise in strength occurs. The 

effect is not one of density alone, for the results show the same 

general character after a correction has been made for the density 

change, 

A temperature dependence is complicated by possible changes 

in cathode emission, gas content and viscosity, 

While investigating the pressure characteristic of breakdown 

voltage, Hirano” observed that the dissolved gas in the liquid affects 

the characteristics at temperatures above 30° C. He suggests that 

the variation of breakdown voltage caused by variation of temperature 

of oil at atmospheric pressure depends on water content, the absorbed 

gas on the electrodes, and gas emulsion, 

Salvage®? using direct voltage, found that the electric strength 

of n-hexane decreased with increasing temperature, the rate of 

decrease becoming greater as boiling point was reached. He attri- 

buted this effect to bubble formation from the absorbed gas layer 

on the electrode, 

The dependence of the electric strength of aliphatic hydrocarbons 

on temperature is accounted for by the change in density due to 

thermal expansion according to Crowe, Sharbaugh and Brage*’, 

Figure 3,6 from the work by Goodwin and Macfadyen !® shows 

that, while normal breakdown strength E increases with the number 

of carbon atoms in the chain, it decreases uniformly with rising 

Sst) has found temperature. But working on the same line, Lewis 

a distinct break in the electric strength versus temperature character- 

istics(see Fig. 3.7), even when density changes are accounted for, 

These breaks occur at temperatures which are in very good agreement 

with similar breaks in the characteristics of other properties such 

as density, viscosity, and heat capacity. 

37,40 
Lewis has shown that these variations are consistent 

with changes in thermal molecular motion which influence the
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electronic mean free path, but Kao and Higham?” interpret the 

results in an entirely different way. They propose that breakdown 

occurs in a vapour bubble formed in the liquid and that the 

temperature variations of surface tension and vapour pressure 

influence the development of the bubble. 

3.2.6 Pressure Effect 

The density increase of a liquid due to normal applied hydro- 

static pressure is so small that no change in electric strength 

arising from it would be expected. However, depending on the 

experimental conditions, the observed breakdown strengths usually 

exhibit, to a greater or lesser extent, some kind of dependence on 

pressure. For example, the results may depend upon the gas 

content of the liquid, the amount of gas absorbed on the electrodes, 

or the state of equilibrium of the liquid with the gas above it in 

the cell. 

One of the first to suggest the effect of pressure on electric 

strength of liquid dielectrics was age! He found that the electric 

strength of pure liquids such as benzene increases with increasing 

pressure, 

The effect of absorbed gas on the breakdown of liquid insul- 

ations was investigated by Witenon 2) Experimental results 

led to the conclusion that the change of dielectric strength of 

liquid insulation with the change of atmospheric pressure depends 

on the absorbed gas on the electrode and is quite independent of the 

gas absorbed in the liquid; the larger the quantity of absorbed gas, 

the lower the dielectric strength. 

Basseches and Barnes- in their study of liquid dielectrics 

under stress found that, once gas evolution was started, it could be 

controlled under certain conditions. Increasing the pressure of gas 

above the surface of the liquid could be used as a means of suppres- 

sing further evolution. It is suggested that the initiation of gas 

evolution is dependent upon a species of gas nuclei present in an
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undissolved state in the liquid. 

Bawaed | using rectangular pulse voltage shows an increase 

in electric strength of some hydrocarbons with pressure which is 

independent of the gas used to apply the pressure. 

Clark” found no pressure dependence using impulse voltages, 

but with ad.c. and a.c. supply the electric strength of transform- 

er oil decreased with decrease in pressure, This dependence 

disappeared, however, when the oil was thoroughly degassed. He 

attributed the pressure dependence to the role played by gas 

bubbles in the electric breakdown mechanism, 

Watson and green ia have investigated the effect of hydro- 

static pressure on transformer oil at pressures up to 33 atmos- 

pheres and have shown that the electric strength is pressure- 

dependent, particularly in the range immediately above atmos- 

pheric pressure, 

This possibility draws attention to the hydrostatic pressure 

ve ee eS A a Sa, 

existing in a liquid of dielectric constant € when exposed toa 

field intensity E, as shown by Hakim and Higham’, With 

approaching breakdown, this pressure may reach one atmosphere. 

Kao and igham” have investigated the effects of hydro- 

static pressure on various polar and non-polar liquids. A marked 

increase in breakdown strength was exhibited with increasing 

applied hydrostatic pressure. Some of the results obtained on 

degassed liquids in a 200 micron gap are shown in Fig. 3.8. 

Kao and Aighams suggest that it is unlikely that the pressure 

dependence of electric strength is due only to the change of liquid 

density or viscosity without cavity formation, They propose the 

following possibilities for the cavity formation: 

(a) Gas cavities may originally exist between the liquid 

and solid phases in the pores and cracks of solid impurities or
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in the valleys of electrode surface. 

(b) Electrostatic repulsion between clusters of space charges 

may overcome the surface tension of the liquid and form cavities. 

(c) Chemical dissociation in the liquid by electron bombardment 

may produce gases which may form cavities if their densities 

ean locally reach a certain value, 

(d) If the liquid contains conducting impurities and the duration 

of applied voltage is long, a cavity may form at the junction of 

impurities, presumably due to the thermal effect, and the cavity 

may be filled with gas or vapour, 

3.2.7 Density Effect 

Discussion by Crowe, Bragg and Sherbeugh” shows that the 

strength should depend linearly on the density of hydrocarbons, to 

a first approximation, provided that the mechanism is electric 

and the process is dominated by the behaviour of slow electrons. 

The electric strengths of members of three different homologous 

series of liquids are studied by Sharbaugh, Crowe and Coe The 

results (see Fig. 3.9) show that the strength increases regularly 

for the alkanes and silicones but is constant for the alkyl benzenes. 

It is clear that the density alone is not the controlling factor because 

of the large variation in the electric strength of alkyl benzenes. 

Branching of the hydrocarbon molecules leads to a lowering of the 

electric strength. 

Lewis® ° observed that the electric strengths measured 

for the alkane series, pentane through decane, increases with 

chain length (see Fig. 3.7). He attributed this effect to the energy 

lost to the orientation of the dipole molecules under an applied field, 

The density effect has also been observed by Goodwin and 

Macfadyen!” (see Fig. 3.6) and Salvage°®. 

Paschen's similarity law for breakdown in gases is known 

to fail at high pressure - high density”, presumably because of 

a change in the way in which electrons dissipate their energy to
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gas molecules, 

Lt 
Crow, Bragg and Sharbaugh g have discussed the basis for 

Paschen's Law and present evidence that a new similarity law 

exists for the condensed phase. 

3.2.8 Time Effect 

Macfadyen and mcwerds) oy using short rectangular pulses 

of 0. 25-20 microseconds duration have found that the breakdown 

strength of organic liquids increases as the duration of the voltage 

pulse diminishes for intervals below 20 microseconds, As the 

pulse duration is reduced below a certain value called the "limit- 

ing breakdown time", the electric strength of liquid rises above 

the value for sufficiently long pulses, (see Fig. 3.10). Once 

started, the breakdown is complete within a few nanoseconds, 

The work of Edward!* has indicated that the time lag is 

approximately constant for a variety of liquids, and therefore is 

relatively insensitive to structure and composition of the liquid, 

He suggests that the time lag is occupied with the development of 

electron avalanches across the gap, 

However, Goodwin and Macfadyen!® have presented evidence 

that there is a definite correlation between time lag and the mole- 

cular weight - or density - of a liquid hydrocarbon, More especial- 

ly, they found that it was directly proportional to the time required 

for positive ions, produced by ionizing collision between electrons 

and molecules, to cross the gap. On this basis, the time lag for a 

50 micron gap varied from about one microsecond for n-hexane to 

about twelve microsecond for n-tetradecane. These observations 

were taken as evidence that mobility of positive ions plays a major 

role in the mechanism of electrical breakdown in liquids. 

Crow, Sharbaugh. and Brages: +2 using n-hexane and 

n-nonane two liquids of widely different molecular weight and 

viscosity, and electrode separation of 51 microns, have shown
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that the electric strength is independent of time when the applied 

pulse is longer than about one microsecond (see Fig. 3.11) but 

rises sharply for shorter pulses. The formative time lag for 

breakdown of both liquids was about 1.4. microseconds, a result 

in contradiction with measurements of Goodwin and Mactsdyen’ 

They showed that any formative time lag which occurs in a micro- 

second, and is independent of molecular structure and viscosity 

of the liquid, could not involve the transit time of positive ions 

formed in the electron avalanches, as proposed by Goodwin and 

18 
Macfadyen . 

Crowe’ has measured the formative time lag for a group of 

straight-chain hydrocarbon liquids for gaps of the order of 100 

microns with a view to settling areas of agreements and differences 

with dyed and also with Goodwin and Macraaven Results 

(see Fig. 3,12) establish the fact that the formative time lag in- 

creases in a regular manner with increasing gap length. The 

issue of some time past is whether the time lag is related to 

molecular structure or not. Goodwin and WMactadyen: found a 

regular variation with molecular structure while award. @ and 
9-1 : 

Croweand co-workers i have reported otherwise. 

8 
The work by Crowe further supports the argument that 

formative time lag is insensitive to molecular structure in the 

liquids, 

From the experimenial data, it is estimated that the mobility 

of the species of charge particle involved is 9,1 x 10° em?/volt sec, 

This seems to be too fast for positive ions, but could possibly 

indicate electrons that have suffered retardation due to trapping 

or attachment processes, 

The interpretation of d.c, breakdown measurements is 

simplified to some extent by the absence of any time variation in 

ernb2 has shown that this ad- the individual processes. Sletton 

vantage is lost by the formation of space charges ard by the 

influence of solid impurities.
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With microseconds and submicrosecond impulse voltages, 

however, the movement of ions and impurities is curtailed to a 

large extent but the temporal variations of the breakdown pro- 

cesses become significant. 

These results suggest that only the formative time lag is 

involved. However, Ward and Lewial’ have reported statistical 

time lags at 1.8 MV/cm in n-hexane. They have shown that the 

increase of strength for pulse durations less than T, (Fig. 3.10) 

is a result of statistical availability of electrons and is therefore 

dependent on electrode material and surface condition. For 

pulsesigreater than de the probability that each electron produces 

a breakdown becomes significant, and the strength depends more 

on liquid properties. 

3.2.9 Mechanism of Breakdown 

A The improved experimental techniques have enabled a 

measure of unanimity to be reached as to the general trends of 

the dependence of breakdown strength on a number of variables, 

although exceptions exist and agreement upon absolute values is 

not satisfactory. 

Modern interpretation of the mechanism of breakdowns 

in purified hydrocarbon liquids involve four primary processes. 

These are electron emission from the cathode, electron inter- 

action with the bulk of liquid resulting in energy loss, cavity for- 

mation and elongation and electron multiplication by the process 

of ionization producing ultimately avalanches and complete break- 

down. All of these primary processes will be strongly dependent 

on the field and the actual breakdown dependent on the electric 

field strength will be determined by a suitable combination of 

these mechanisms, Certain secondary processes may also arise 

such as those due to residual impurities. 

53 ‘ 3 
Salvage performed a very extensive series of measurements 

on hydrocarbons, mostly hexane, with steady and pulsed field and
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showed a distinct cathode effect on the electric strength, He 

suggests space-charge mechanism for cathode effect formed by 

electron emission, 

The hypothesis that the body of the liquid requires to be ex- 

posed to a certain field strength to cause rupture is presented by 

Crowe, Bragg and SHenbaush Lee Electron emission from the 

cathode is assumed and, as a result of the finite mobility of electrons 

in the liquids, a negative space charge accumulates, intensifying the 

field near the anode until a hypothetical breakdown intensity" is 

reached. If cathode emission is low, this condition may be reached 

without field distortion. They have developed the theory in some 

detail and obtained experimental confirmation from breakdown 

measurements employing an aqueous solution of lithium chloride - 

an ionic salt - the concentration of which can be varied at will so 

that the emission of negative ions is under control, 

Toriyama and Peearmote” made a spectroscopic study of break- 

down of liquid dielectrics. Their studies on the corona discharge in 

liquid dielectrics led to the conclusion that, in general, the first step 

is a dissociation of the liquid to molecules or atoms, and that these 

dissociated molecules or atoms became electrically charged. In 

his later work, Sale meioes studied the current-voltage character- 

istics of liquid insulations when stressed with both uniform and non- 

uniform fields. He concluded that the rapid increase in current ob- 

served with high electric fields was due to electron emission from 

the cathode and subsequent ionization of absorbed gases, rather than 

to collision ionization of liquid molecules, On the other hand, Mireng 

attributes the breakdown of liquid insulations to ionization by collision, 

Studies of conduction and breakdown in pure organic liquids 

by Goodwin and Macfadyen’~ employing rectangular pulse technique 

leads to a theory of breakdown, Their conduction measurements 

support the view that strong fields produce conduction by emission 

from the cathode, together with ionization by electron collision with 

the liquid molecules, Accepting this interpretation of the pre-break-
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down conduction currents, they show that a state of instability 

may arise from the combined effects of cathode emission and 

field distortion by ionic space charge. The theory accounts for 

the dependence of electric strength on electrode separation, 

cathode metal, pulse duration, and constitution of the liquid 

Yamanaka and Suita.” have applied their techniques for 

measuring electron avalanche distribution to liquids. They 

conclude that the electron avalanche formation is the decisive 

cause of the electric breakdown in liquids and that the critical 

avalanche size in liquid is about a hundred times smaller 

(10° electrons)ihan that in solids qo! electrons). 

From the observed pressure effects on the breakdown of 

transformer oil, Watson and iighers conclude that a break- 

down mechanism involving cavitation is possible under certain 

circumstances, Watson" with further studies suggests that 

‘the breakdown can result from a number of mechanisms; an 

ionic mechanism in the pure transformer oil occuring with 

voltage impulse of microsecond duration; a second region - 

millisecond time range - where cavitation takes place; and 

finally, a region where particle impurities take effect owing to 

long duration of applied voltage. 

The thermal breakdown of Watson and Sharbaugh <> is 

based upon the energy, /\H , needed to boil the liquid, that is: 

s 

Aa ale Perio a| asa) 
where m is the amount of liquid evaporated, Ss is the average 

specific heat of the liquid at constant pressure over the range 

from the ambient temperature @ a to the boiling point © b 

and 1, is the latent heat of vaporization at the boiling point. 

In order to put the model on a quantitative basis, the 

local energy input is related to the applied field by: 

Au = AEDT. (3.4) 

where =. is the residence time of the liquid in the high field
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region near an asperity and may well be equal to the critical 

time lag T, (see Fig. 3.10). In most cases, n = 3 gives 

the closest approximation as shown in Fig. 3.8. 

Krasucki>> suggests that the breakdown results from the 

formation and growth in liquid of a bubble of vapour which is 

initiated by development of a point of zero pressure. He 

assumes that the particles of impurities, sub-micron in size, 

result in low pressure regions in the liquid at high electric field. 

The condition for the onset of an avalanche in its simplest 
68 

form in liquid can be expressed by von Hippel's energy- 

balance criterion; 

Ee \ = kh) (3.5) 

The left-hand side where E is the applied field and » is 

the electron mean free path gives the energy gained by an 

electron from the field between collisions - thatis, in 

travelling a distance > . If h) is the minimum quantum 

of energy required for excitation of the first vibrational level 

and k is a factor somewhat larger than unity (taking into account 

the fact that several levels may be involved), then the right-hand 

side represents the energy lost by an electron on collision. 

The criterion has been applied to liquids by many rcnouen 

Did and has been re-examined in great detail by Lewis" 

He shows that in application to liquid alkanes ) is associated 

with vibrational modes of the carbon-hydrogen bonds, The 

breakdown field strength may be written as; 

Eeece) BK Nn (peat 

  

(3. 6) 

where Q and n, are the maximum value of the cross section 

and the density of Group CH, (i = 1, 2, 3, ) contained in the 

molecules. The value of K depends on experimental conditions 

such as electrode configuration and material, voltage waveform 

and also on the frequency of the vibrational modes, 

37,



196 

In the normal alkanes only CH, and CH, groups are present 
2 

-1 -1 : -1 
so ere plot of EN oa, against "cH," "CH, should 

give a straight line with an intercept of kn oy and a slope of 

3 
KQay . Such is indeed found to be true’-, as shown in Fig. 

2 
3.13, where data are given for both d.c. and microsecond pulse 

applied voltages. 

2 
Berg and Kraitchman offer support for the theory by Lewie 

This concept may be applied to results such as those of Sharbaugh, 

Crowe and ca” on the substituted aromatic compounds, 

Kao and rahe suggest a theory on breakdown, which is 

a combination of the hypotheses put forward by other experimenters, 

and their interesting work on cavities. They find good agreement 

between theoretical calculations of electric strength under various 

conditions and experimental results, and conclude thai the electric 

breakdown mechanism consists of three main processes: electrical 

emission from the cathode, impact ionization and space charge 

formation in the liquid, cavity formation and elongation leading to 

a total breakdown. 

A critical cavity size of 0.5 micron for n-hexane is suggested. 

Cavities below this size will collapse while larger cavities elongate 

under a field strength of about 2 MV/cm under normal conditions, 

Such an elongation may reach a critical value, then the cavity 

itself may break down and trigger the total breakdown of the liquid.
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Fig.3.13. TEST PLOT OF ELECTRIC STRENGTH AS A FUNCTION OF 

HOLECULAR STRUCTURE FOR THE LIQUID ALKANES. 

(After Lewis 42). 
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3.3 Instrumentation 

Similar instrumentation techniques to those used in the 

studies of gaseous dielectrics (see Section 2,3.) are employed. 

Pulse duration limiter triggering circuit (see Section 2, 3.1.1.3) 

in conjunction with the chopping gap (see Section 2,3,1.1.6) are 

utilised throughout the experiments, 

The test cell (see Fig. 3.14) comprises a glass cell with 

metallic electrodes of point-plane geometry arranged such that 

it provides sufficient surface area externally thus reducing 

the risk of tracking in air. 

The electrode gap is made adjustable up to a distance of 

4,5 cm by the operation of an externally mounted screw set 

specially sealed. A simple adjustable casette supports the 

film within the test cell, 

Both single and double emulsion film are used ina 

similar manner as in Section 2, 3.2.2 except that they are 

washed in solvents to remove any trace of hydrocarbon liquids 

prior to development, 

Transformer oil is selected as the liquid suitable for 

investigation. This is a relatively complex liquid but readily 

available. Its behaviour under high voltage electric surges 

is of special interest to power engineers,
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3.4 Experimental Results 

3.4.1 Streamer Range at Voltages Below Breakdown 
  

Radiation- sensitive films are placed transverse to the 

field and a certain distance from the point-electrode. By increas- 

ing the impulse level in steps, the voltage at which the streamers 

reach the film is recorded, With repetition of the same pro- 

cedure at several planes in the electrode inter-space, the streamer 

propagation range as a function of impulse level is found for both 

positive and negative streamers. 

The streamer range for an electrode gap of 2.5 cm is shown 

in Fig. 3.15 and for a gap of 4.0 cmin Fig. 3.16, The radius 

of curvature of the point-electrode is kept unchanged at 100 microns. 

The extent of photo-ionization and primary streamers is 

found to be so negligible that practically all the results are those 

of secondary streamers. This is confirmed by the occurrence 

of breakdown when the streamers propagate beyond the half-way 

gap length. 

3.4.2 Streamer Spatial-temporal Build-up 

The streamer growth at voltages above breakdown is 

investigated with the aid of chopped impulse wave, At different 

potential levels above the breakdown value, the impulse duration 

is increased in steps and the reach of the streamer propagation 

is measured. This process results in the spatial-temporal 

build-up of the secondary streamers as shown in Fig, 3.17 for 

point-cathode and in Fig. 3.18 for point-anode, The impulse 

potential level varies in the range 75 - 200 kV. The electrode 

gap is 2,5 cm and the radius of curvature of the point- electrode 

is 100 microns,
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TABLE 3,1 Variation in Streamer Range with applied potential 

in transformer oil at N.T.P. 

Point-plane electrode; radius of curvature of point, C, = 100 microns 

1/50 ws impulse wave. 

(a) Electrode gap length, G, = 2,5 cm 

  

  

  

  

Streamer range, Le mm 2 5 10 | 15 20 25 

Point- 

Impulse Cathode 39 57 70 76 81 81 

Wave 

kv , Point- 
Anode 35 39 50 55 58 58                   

(b) Electrode gap length, G, = 4,0 cm 

  

  

  

  

Streamer range, 2 5 10 15 20 | 25 | 30 40 

L., mm | | 
s 

Point- | 

Cathode; 50 65 75 85 90 97 {100 100 
Impulse | 

Wave 

kV Point- 

Anode 35 45 60 70 75 ie 79 79                    
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3 Point- plane electrode 

1/50 us chopped wave; radius of 

Secondary negative-streamer range, L, in 
transformer oil at N.T.P. 

TABLE 3,2 

3 t-cathode 

curvature of point, C, 

poin 
100 microns; electrode 

gap length, G, 2.5 em, 

100 kv 
Pulse Width ws 

15 kV 
Pulse Width ys 
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Secondary positive-streamer range, L, in 

transformer oil at N.T.P. 

TABLE 3.3 

Point-plane electrode 
point-anode; 1/50 4s chopped wave; radius of 

curvature of point, C, 

gap length, G, 

3; electrode 100 microns 

2.5 cm. 

  

100 kV 
Pulse Width ue 

15 kv 
Pulse Width ws 
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3.4.3 ‘Streamer Velocity 

To make a reasonable evaluation of the extensive 

volume of measurements on the streamer spatial-temporal 

build-up, a new method of presentation is employed. The 

results are shown in percentage value in Fig. 3.19 for 

different potential levels and polarities. The number on 

each line represents the pulse duration. 

From the graphs of streamer range as a function of 

pulse duration, the velocity of streamers are deduced. The 

secondary positive and negative streamers velocity for both 100% 

and 50% values are shown in Fig. 3.20 for the voltage 

range 75 - 200 kV. 

3.4.4 Time-integrated Streamer Pattern 

The time-integrated traces of secondary streamers 

are shown in Fig, 3.21 for point-cathode and in Fig. 3,22 for 

point-anode arrangements. Extensive branching of the 

discharge is recorded irrespective of the polarity of the 

impulse voltage. The branching increases with the range of 

streamers across the gap,
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Fig, 3.21 Negative Secondary Streamer Pattern when film 

is placed against the point-electrode transverse 

to the main electric field axis in oil, 

  

Fig, 3,22 Positive Secondary Streamer Pattern when film 

is placed against the point-electrode transverse 

to the main electric field axis in oil,
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3.5 Discussion 

The experimental evidence provides a clear picture of 

the behaviour of transformer oil under electric field strength at pre- 

and post-breakdown values. With the increase in the magnitude of 

applied voltage, avalanches accumulate at the converging field near the 

point-electrode and set up streamers. Below breakdown field strength, 

the growth of the streamers reaches a limit in size which does not 

change with increase in voltage duration. 

The streamers develop in the form of numerous branches which 

propagate until the earthed electrode is reached. They can span 

half-way across the gap within two microseconds, 

A secondary streamer may penetrate to over half the gap length 

without causing breakdown, but once the propagation reaches beyond 

the range, the breakdown is normally assured. 

The streamers grow with increase in voltage and time. They 

have been recorded at a field strength as low as half the breakdown 

field for the electrode gap lengths of 2.5 and 4.0 cm, 

Above a certain field strength, if enough time is allowed, the 

secondary streamers bridge the gap and the breakdown occurs. This 

explains the increase in breakdown voltage with reduction of its 

duration and also explains the contradiction which exists between 

(29, 37) 
groups of investigators , particularly in a point-plane geometry, 

The formative time lag in the lower voltage range is about twice 

as long in the case of point-cathode as compared with the point-anode, 

This gap narrows down with the increase in voltage and, at very high 

over-voltage, the reverse situation arises. As much as 90% of the 

formative time lag may be required for the streamers to propagate 

only half-way across the gap. 

The velocity of negative secondary streamers at low values of 

5 
over-voltage is nearly constant at about 10 em/sec, across the gap. 

At higher over-voltages, the growth of negative secondary streamers
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is accelerated across the gap, reaching a value of about 

5x 10° cm/sec, near the plane anode, 

The positive secondary streamer velocity, which is 

of the same magnitude as the negative one near the point- 

electrode, increases with the progress across the gap, 

Near the plane-cathode, the increase in velocity is nearly 

twofold.
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CHAPTER 4 

SOLID DIELECTRICS



4.1 Introduction 

The first period of extensive studies of an electrical 

breakdown in solid dielectrics started over forty years ago, and 

has been on inorganic groups of materials, especially those 

possessing high stability and crystalline structure, 

The second period covers the last decade when organic 

solid dielectrics, especially the group of polymers, came to the 

forefront due to their ever-increasing role in all branches of 

the electrical industry. 

When breakdown strength of solids is referred to, without 

qualification, it usually means the value obtained by placing 

a plane slab of the material between electrodes, and raising the 

voltage over a certain period of time until failure occurs, 

It has gradually become evident that results so obtained 

do not represent any single property of the material tested, 

Even homogeneous materials, free from faults and leakage 

currents causing excessive heating, give results which conflict 

with the idea of a single strength characteristic of the material 

in the following manner:- 

(a) if good contact is secured between the electrodes and the 

material, failure occurs outside the electrode area, where the 

stress in the material is relatively low, and at a distance from 

the electrode which precludes explanation in terms of the 

electrostatic stress - concentration at the edges; 

(b) the withstand voltage is not proportional to thickness but 

more nearly to the square root of thickness; 

(c) immersion media play an important part and by increasing 

their conductivity the strength can be greatly increased; 

(d) the breakdown voltage is time-dependent, 

About 1925, it became apparent that tests of this kind
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measured the response of the material to some degradation 

process occurring at the interface between the material and its 

immersion medium, It was soon established that, in homogenous, 

low-loss, materials, the secondary failure was caused by discharges 

in the ambient medium, although their role was not elucidated in 

detail until 1955, 

The effects of discharges explain all the anomalies mentioned 

earlier. In tests by the "plane slab" method; (a) if the electrodes 

make good contact, the discharge can only impinge pues the 

electrodes where the failure occurs; (b) where discharge impinges 

on the material, the stress concentration becomes a function of 

discharge diameter/specimen thickness ratio resulting in the 

special strength-thickness relationship; (c) high conductivity 

reduces the stress in the medium, and so postpones the onset of 

"short discharges to a higher applied voltage; (d) either ina 

time'' by a few high stress acting discharges, or in a "longer time" 

by many more acting at lower stressk\e breakdown may Occov. 

The spatial structure of the breakdown channels and their 

development with time as a function of voltage level, waveform 

and duration in polymethylmethacrylate (PMMA) were studied. 

This material posses desirable mechanical and optical properties 

(see Appendix 7.10) and can be readily polished, 

It has been possible, by taking suitable precautions, to limit 

the amount of energy converted in the breakdown channels and to 

distinguish the spatial progress of streamers produced during 

the disruptive phase, 

The occurrence of discrete discharge channels in the solid 

dielectric implies that the electric field has become inhomogeneous 

at the beginning of the disruptive phase. It therefore seems 

reasonably to study the development of the streamers in an 

electric field which is originally non-uniform, An added 

advantage is that, for the same applied voltage level, a larger
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electrode gap can be utilised, 

Due to the absence of dielectric recovery in solids, the 

discharge channels provide a permanent record of breakdown 

phenomena, By employing transparent solid dielectrics, 

advantage is taken of these undesirable channels which are 

measured by optical means,



4.2 Literature Survey 

4.2.1 Introduction 

Prior to the studies of von Ripeel who measured the 

intrinsic electric strength of a series of alkali halides, the 

literature on the electric strength of solid dielectrics consisted 

to a large extent of compendia of unrelated observations, 

Early knowledge of breakdown processes is extensively 

summarised by Wiiteheed © for the period up to 1932, The 

same eto: in 1951 deals in detail with the concept of intrinsic 

strength of solids, There has been numerous surveys of the pro- 

gress in this field by many authors. 7 15, 28, a0 oar U8 Bites ey 

Theories relating to the failure of solid dielectrics are 

shown in a chart form in table (4,1). These can be divided into 

two main groups: (a) failures due to "primary effects'' which 

are generally of "short duration", and (b) failures due to 

"secondary effects" which are of ‘long duration". 

In most engineering applications of solid dielectrics, it is 

the secondary effects which lead to system failures, This has 

resulted in tremendous scientific interest and effort being con- 

centrated in understanding the failure mechanism of this type. 

However, it is the study of primary effects, especially those of 

a microscopic nature, which bring about the deepest insight into 

material behaviour and usually leads into new and improved 

material discovery. 

4.2.2 Blectrode Effect 

Speculation about the influence of the cathode on electric 

strength was stimulated by the work of von Hippel and Alger 

who used specimens of unannealed potassium bromide with cath- 

odes of saturated aqueous potassium bromide solution, mercury 

and evaporated gold. The mean electric strength in the former 

case was 0.84MV/cm but with metal cathodes it was only about 

0.55 MV/cm,
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Vorobiyey” has obtained results which indicate that the 

mean electric strength of sodium chloride with electrolytic cathode 

is about 70% greater than with graphite cathode, but Kostrygin — 

has stated that the electric strength obtained in these two circum- 

stances is the same. 

17 
Cooper and Grossart observed no differences in the mean 

electric strength of potassium bromide with cathodes of graphite, 

gold and electrolyte, but Calderwood, Cooper and Wallace’* obtained 

a difference of about 20% between the electric strength of potassium 

chloride with electrolytic and graphite cathode. 

The difference can be explained by structural differences, 

influence of annealing and the scatter in experimental results. 

Oakes”? Be reported mean electric strength of 5.9, 6.9 

and 7.6 MV/cm, for specimens of polyethylene having silver elec- 

trodes, graphite electrodes, and graphite anodes and mercury 

cathodes, respectively. Cooper, Rowson and Watson’ reported 

mean values of 4,9 and 4,4 MV/cm with cathodes of colloidal 

graphite and evaporated aluminium respectively, employing 

impulse voltages. 

ii 
Vermeer te who used electrodes of evaporated silver, 

mercury and electrolytic solutions, concluded that the intrinsic 

electric strength of glass was independent of the electrode substance. 

There is evidence that the electric strength depends on specimen 

thickness in the range 1 - 1000 microns, Vorob'yev et al claim 

that the electric strength of sodium chloride, potassium chloride, 

potassium bromide, polymethyl metacrylate and celluloid decrease 

slowly with thickness, Coonerists study on potassium bromide 

confirms this view (see Fig. 4.1}, Cooper and Smith?” established 

a high negative correlation coefficient between minimum values of 

electric strength and thickness for strain-free sodium chloride 

single crystals in the range 100- 700 microns. The value at 20°C 

decreased from 0,85 to 0.70 MV/cm. Kostrygin a found that the
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electric strength of sodium chloride single crystals decreased 

from 7,5 to 2.6 MV/cm in the thickness range 3-16 microns, 

Ryu and Kawmura’” have claimed that the strength of potassium 

chloride is constant in the range 10-110 microns, but this claim, 

for statistical reasons, is of doubtful validity. 

Vermeer's! f work appears to show that the electric 

strength of glass is independent of specimen thickness, Cooper et 
t 

al. 2 have shown that the electric strength of polythene measured 

under pulse voltages is given by: 

E, = 12.8 - 3logL (4.1) 

where L is the thickness in mil, and E, is in MV/ins. These investi- 

gators re-examined measurements eo by Oakes”? employing 

d.c. field which have been considered to show independence of 

electric strength with thickness. They concluded that a statistically 

significant decrease from 7,0 to 6,4 MV/cm occured as the thickness 

increased from about 1 - 10 mils. 

Many electrical breakdown experiments have been performed 

using evaporated dielectric films Settee 72)" This technique 

provides specimens covering a wide thickness range. However, it 

is by no means certain that such films possess structures which 

are independent of the film thickness, 

4,2.3 Immersion Medium Effect 

Caeorde made a substantial advance in the studies of 

electrical strength of inorganic dielectrics by using a semi-conducting 

immersion medium, He achieved a field strength in excess of 3MV/cm 

for mica without failure, 

Von Hippel used nitrogen at a pressure of 100 atmospheres 

as an immersion medium, and obtained the intrinsic strength of 

alkali halides in the range of 1 MV/cm, He abandoned this technique 

due to its unsuitability at higher stresses and replaced it by a solid 

ssemi-conducting immersion medium, Employing this method, 
8 

von Hippel obtained what is now thought to be the true intrinsic
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strength for muscovite mica at 10 MV/cm. 

Thomash independently of von Hippel, used both con- 

ducting liquids and non-conducting liquids under high pressure as 

immersion media and achieved 8 MV/cm for mica, 

Hackett and Thomas’? improved the conducting liquid tech- 

nique by introducing barriers to limit the current through the 

medium and confirmed yon Hippel's value of 10 MV/cm for mica, 

At the same time, the recessed specimen technique was introduced 

and results agreeing with those from liquid immersion were obtained, 

The recessed specimen technique replaced the immersion method, 

being easier and more reliable, and was applied to a considerable 

number of plastic materials and to inorganic materials such as 

glass, silicon, quartz and alkali halides (see Fig. 4. 2). 

McKeown’® devised the solid immersion technique known by 

his name and for polyethylene obtained an electric strength of 

8 MV/cm against 7 MV/cm by the recessed specimen method, The 

latter is currently under suspicion as suffering from errors, 

4.2.4 Temperature Effect 

4,2,4.1 Crystalline Solids 

4,2.4.1.1 Polar Crystals 

The ease of growth of single crystals has made the alkali 

halides particularly attractive compounds for study. Several groups 

NerOs 1G 0 e ee) have measured the breakdown of workers 

strength of the two alkali halides, potassium bromide and sodium 

chloride, over a range of temperatures, Gooner. gives the 

collected results (see Fig. 4.3) of eleven investigations. From 

these data, it is usually concluded that the breakdown strength 

increases with increasing temperature. The large spread in values 

between different investigations, amounting to as much as 100 per 

cent, indicates that, even in these simple systems, uncontrolled 

variables still exist. It has been suggested that lattice deformation 

and orientation with respect to field may be partially responsible,
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7. Austen and Whitehead?s dc. 

8. Buehl and von Hippe1!®, deCs 

9. Konorova and Scrokina’*; 1 psec Pulse. 

10. Konorova and scrokina”*; d.c. 

11. Cooper and Farnandez!4; 1/8000 psec pulse.
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4,2,4,.1.2 Non-polar crystals 

Mica has been the subject of a number of investigations’ pe: 
2 5 ein8 « At low temperature regions, there is even smaller temper- 

ature dependence of strength (see Fig. 4.4) than was observed for 

alkali halides, Above room temperature, the strength drops by an 

order of magnitude of up to 600°C, .« These data were obtained 

with clear muscovite mica with d.c. voltage, although good agree- 

ment is found with impulse at low temperature. 

4,2.4,2 Amorphous and partially Crystalline Solids 

O'Dwyer?” shows that the electric strength of glass at low 

temperature is about 9 MV/cm and is independent of temperature 

for pulse voltages (see Fig, 4.5), For a given stress time, there 

is a transition above which there is a sharp decrease in strength, 

This temperature increases with decreasing stress time, 

The breakdown strengths of a variety of polymers have been 

measured and good agreement is found among different investigators 

450) 48, os As with glass, there is a good evidence of relatively 

constant and high strength at low temperature, with a rapidly de- 

creasing strength at higher temperature as shown in Fig, 4.6. 

Some recent studies by MeKeown’”, which are confirmed by Parkman 

et al, e » Suggest that the sudden drop in strength with increase in 

temperature is due to the expansion and distortion of the sample at 

elevated temperature, McKeown? and Lawson" have shown 

that, by rigid containment of the specimen, high electric strength 

results (see Fig. 4.7). 

4.2.5 Intrinsic or Electronic Breakdown 

4.2.5.1 Introduction 

There is no direct experimental way of knowing whether or not 

observed breakdown is intrinsic, so the concept necessarily remains 

an ideal one, to be identified in practice only as the highesevalue - 

for a given material - obtainable after all known secondary effects 

seem to have been eliminated, The intended meaning is the field
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Fig. 4.5 THE EFFECT OF TEMPERATURE ON THE BREAKDONW STRENGTH 

OF A BOROSILICATE FOR DIFFERENT VOLTAGE RISE TIMES USING LIQUID 

ELECTRODES (COPPER SULPHATE AND CALCIUM CHLORIDE). 

(After Vermeer”©)
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intensity at which free electrons in the material are accelerated 

without limit by the direct electrostatic action of the field. Whether 

the concept is really valid in this form is dubious. It seems likely 

that any catastrophic acceleration of electrons must be preceded by 

an unlimited increase in the conductivity of the material - the so- 

called stress-enhanced conductivity. 

Experimental evidence near the breakdown stress is still 

lacking, owing to the difficulty of detecting small conduction 

currents in the presence of high voltages. This results in the 

intrinsic breakdown being indistinguishable from thermal instability, 

although the numerical difference may be small, if the final rise 

of conduction occurs over a narrow enough range of voltage. 

Experimental evidence indicates that for many materials the range 

of uncertainty is in fact a narrow one, 

Intrinsic strength has meaning only for a limited range of 

substances. The material must be homogeneous, so that breakdown 

cannot occur through interstices, It must be mechanically strong 

enough to withstand the large forces set up by the field which may 

exceed 100 kg/em”. Its conductivity must be sufficiently low that 

suitable conditions of temperature and frequency can be chosen to 

eliminate thermal instability at fields below the intrinsic value. 

4.2.5.2 Boltzmann's Transport Equation 

The application of an electric field to solid dielectrics disturbs 

the distribution of charge carriers. The energy of the electron 

changes, the density of states between energy W and W + dW 

remains the same, but p(W), the probability of occupation of a 

state of energy W, changes to a new value p'(W). The distribution 

of charge carriers is therefore obtained by p(W). If the applied 

field is removed, p'{W) reverts to p(W). 

The rate at which the field distribution reverts due to scatter- 

ing by interaction with imperfection or lattice vibrations is given by:- 

aw = p(w) = p(w) (4.2) dt | scattering ec



2o0 

where ( is the relaxation time characteristic of the system, 

which is a function of the scattering mechanism, bringing the 

system back to equilibrium. The charge carriers (electrons) 

in presence of both electric field and temperature will accelerate, 

Hence, in one dimension, 

gE aw x dW aw 
dt | drift ese rat av ae paee eee! 

  

where Vx, m*, and q are the drift velocity in x-axis, the effective 

mass, and the charge of an electron respectively, 

Extending to three dimensions, 

dw gE 
dt | drift Dia red os Vy me ote ee la 2) 

During its drift, the electron is scattered by interaction with 

imperfections or lattice vibrations. The scattering processes 

tend to restore equilibrium. 

In equilibrium or steady state, 

dw aw. 
at ladritt * dt Iscattering —~ a (259) 

and the new probability function in the absence of magnetic field 

is given by Boltzmann's transport equation, 

Z gE PI p+ Ce a NW = Ve SW) (28) 

The theories of intrinsic breakdown are the solution of 

Boltzmann's transport equation which in general form is given by:- 

@i(p) , 2ep)| , 2t(p) 
ot ‘Ot a ‘ot 

  

Of(p) 2 £(p) + >t I. + St ; (4.7) 

The terms with suffixes d,s,e and i denote the rate of change 

of electron distribution f(p) in momentum space due to (a) the 

applied field, (b) the scattering mechanism, (c) interelectronic 

collision, and (d) ionization and recombination, The effect of
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diffusion, involving concentration gradients is neglected, 

In the stationary state;- 

frie ee 
Ot 

In practice, the solution of Boltzmann's equation requires that 

some approximation be made, These take different forms in the 

theories of collective and avalanche breakdown, 

Typical curves for the rate of gain of energy from the field 

for a particular field strength and the rate of energy loss to the 

lattice are shown in Fig. 4.8 for polar and non-polar crystals, 

It will be observed that only for points A, B, C and D are the 

two rates equal and the steady-state equation valid. It may be 

further noted that two of these points, Band D, represent points 

of unstable equilibrium, Thus, electrons having energy correspond- 

ing to these points continue to gain energy until either the stable 

point, C, is reached, or until some other energy barrier, such as 

ionization, is encountered, 

In non-polar crystals, only the acoustical modes can be excited 

by electron collisions. In polar crystals,however, an additional 

strong interaction with the optical modes is possible (see Fig. 4. 8b) 

with its peak at low energy in the vicinity of k,9 » where ko is 

Boltzmann's constant and © is the characteristic temperature, 

These interactions have been examined in various approximations 
fe 26531 4 

. , Frohlich » Mott and Gurney” , Seeger and 
65, 66 

by von Hippel 

Teter os Catena) and Seitz 

4.2.5.3 Collective Breakdown Theory 

In collective breakdown, it is assumed that the initial density 

of free electrons is sufficiently great for collisions between electrons 

to determine the distribution of electrons in energy. This distribution 

is Maxwellian with an electron temperature which can be determined 

as a function of electric field, E. If the applied field is greater 

than a critical field, Ey the electron temperature 9 aha as 

distinct from the lattice temperature, @ - increases without limit,
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y F 36-39 
The first theory was proposed by von Hippel and was 

63,6 
placed on a quantitative basis by Seeger and Teller ’ a and the 

second was advanced by Fruhlich ze ane and later modified by 

Frvhlich and Parenjepe von Hippel calculated the electric 

field necessary to render the normal distribution of electron energies 

unstable, so that a 'thermal' electron might be indefinitely accelerated 

in the field. This is referred to as the 'low energy' criterion, since 

an electron of low energy may be accelerated, FrUhlich and co- 
26 

workers ’ eas maintained, and it is now generally accepted, 

that the von Hippel criterion leads to too high a breakdown field, 

on the grounds that electrons of more than average energy (i.e. 

those in the tail of the Maxwell- Boltzmann distribution) are more 

easily accelerated and are always present in sufficient numbers as 

to cause instability. Both theories refer to polar crystals and con- 

sider losses to optical modes of lattice only. The curves of Fig. 4.8b 

are therefore re-drawn to include energy losses to optical modes 

only and energy gain curves for several applied fields, Ey ae 

BR, <E, (see Fig. 4.9). 

von Hippel assumed that all electrons thermally excited to the 

conduction band have the same energy, corresponding to the point A 

for a given applied field, The system would then be stable for all 

fields less than E,- Above E, 

than they would lose it, so that their energy would increase toa 

electrons would gain energy faster 

value of W;: the ionization energy. This field was assumed to be 

the breakdown field, It was possible to calculate the electric 

strengths of the alkali halides and the values so obtained agreed 

reasonably well with measured breakdown fields. It should be noted 

that this theory predicts that there will be no measurable pre-break- 

down current, and that the ionization coefficient, co will be dis- 

continuous, rising from zero to a very large value of Ey. 

The breakdown criterion proposed by FrU¥hlich 26 was somewhat 

less stringent. He allowed firstly for the fact that the conduction 

electrons will have a distribution of energy, and that a few would 

have very high energies. Thus, even at a field below breakdown
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Fig. 4.9 RATES OF GAIN AND LOSS OF ENERGY TO CRYSTAL LATTICE 

IN THE OPTICAL MODE 
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(say E, in Fig. 4.9), occasional electrons would gain enough 
1 

energy to cause ionization, producing new electrons and leaving 

charged holes in the lattice. 

The electrons produced by occasional ionization at an 

applied field E, will gain energies up to approximately Ww, 

(point P) while attempting to recombine, at which point they are 

still losing energy faster than they can gain it, They will thus, on 

the average, recombine and there will be very little net gain in the 

number of electrons by ionization, 

At an electric field E., electrons gaining energy WwW; 

during attempted recombination now gain energy faster than they 

lose it, so that they do not recombine, Thus, the occasional 

ionization by electrons on the high-energy tail of distribution 

function leads to an ever-increasing number of electrons and, 

finally, to breakdown. The minimum field at which this can occur 

is Ey: and this is defined by Frdhlich as the breakdown field. 

Like the theory of von Hippel, the FrUhlich theory predicts 

essentially no pre-breakdown current and a discontinuity in % 

at the breakdown threshold. 

With reference to Fig. 4.9, it is evident why the von Hippel 

theory is sometimes referred to as having a low-energy criterion 

while that of FrUhlich has a high-energy criterion. It may be 

noted that the Frdhlich theory predicts a lower value for the 

breakdown field than does that of von Hippel. The reason that one 

often finds values calculated by the two theories to be in essential 

agreement arises from the different lattice parameters which are 

used in the calculations. However, when the excitation of the 

acoustical modes is included in the treatment, these differences 

may be only of academic interest. 

eae? has shown that while interaction with acoustical 

modes of vibration was dominant in non-polar crystals, it must 

also be included in the treatment of polar crystals, This inclusion 

in the theory causes the electric strength calculated according
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to Fruhlich criterion to shift to higher values more nearly equal 

to those predicted by von Hippel criterion, 

  

In Fig. 4.10, Ep denotes the field at which a and ae e 

intersect at the ionization energy Wj, and breakdown would occur 

at this applied field according to the original FrUhlich criterion. 

However, when the acoustical modes are included, the correspon- 

ding intersection of theenergygain and loss curves occurs at much 

higher values of - and the newly predicted breakdown field is 
1 

given by Ep The calculated value of the breakdown field using 

the von Hippel criterion E,, remains unchanged when the acousti- 
H 

cal modes are included in the losses. 

Using the refined treatment, the breakdown fields predicted 

according to FrUhlich and von Hippel theories are considerably 

higher than those measured experimentally, 

In the treatments so far, assumptions are made, (a) that the 

electrons either occupy the energetically stable valence band or 

are free in the conduction band, and (b) that the only important 

collisions are between electrons and the lattice. While these 

assumptions are valid in relatively perfect crystals at low temper- 

atures, they do not represent the facts at higher temperatures, 

This is particularly so in crystals containing impurities or imper- 

fections, or in amorphous or partly amorphous materials. Even 

highly purified crystals at higher temperatures develop lattice 

defects which may serve as electron traps. The energy levels for 

such defects and those due to impurity atoms usually lie rather 

close to the conduction band. Consequently, electrons so trapped 

are rather easily raised thermally to the conduction band which, as 

aresult, becomes relatively highly populated. In this case, itis 

no longer feasible to ignore collision between electrons in the con- 

duction band; in fact, in the temperature range of interest to this 

theory, such collisions by far predominate over those involving the 

Jattice. The free electrons now gain energy from the field and 

rapidly share it with one another as well as with those in imper-
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fection levels, thus reaching an electron temperature, o Pu consid- 

erably higher than that of the lattice, 

Since the electrons in the conduction band, No; are essent- 

ially in thermal equilibrium with those in the imperfection and 

impurity level, Nj, ata temperature Q.. hence: 

Ne = R exp (- ay (4, 8) 

e 
a 

where AV is the average energy between trap levels of the 

conduction band and R is the ratio of the number of energy 

levels in the interval ke, of the conduction band to the number 

of excited impurity level, 

Usually N, Vee Ni. so that as a increases, N, 

increases rapidly, while N, remains relatively constant. Since 

energy loss to the lattice occurs largely via the trapped electrons, 

a large increase with electron temperature would not be expected. 

Actually, the rate of loss is a function of the difference, Oe = Oo: 

where OR is the lattice temperature, Thus, as the lattice 

temperature is increased for a given value of G. the rate. of 

loss is decreased, becoming zero at Os 6. 

-Curves for the rate of energy gain from the field and the 

rate of loss to the lattice are drawn in Fig, 4.11 as a function of 

ce for several values of applied field and one value of &5° 

With an applied field Ey: the electrons will reach the stable 

electron temperature given by A, When the field is E,, the 

energy gain is always larger than the loss and the breakdown will 

occur, The maximum field at which a stable electron temperature 

is possible is E for which the gain and loss curves are tangent- 2 

ial at Ay: Obviously, as the lattice temperature is raised and 

the curve for the rate energy loss is lowered, the breakdown 

field is also lowered, 

The high-tempeyature theory of FrUhlich e073) thus predicts 

a temperature dependence for the electric strength which is
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opposite in sign to that predicted by the low temperature theories, 

The temperature for the transition from the low temperature to 

the ee temperature theory should decrease with increasing 

concentrations of impurities and imperfections in crystals, The 

sharp drop in electric strength of polyethylene near the glass- 

rubber transition temperature (see Fig. 4,6) has been attributed 

to the increase in the number of trapping centres, 

In associating a drop in electric strength with increasing 

temperature with the FrUhlich theory, care must be taken to 

eliminate the possibility of ordinary thermal mechanisms which 

show a similar temperature dependence, 

eeonne while using McKeown technique in the study of 

electrical breakdown of polyethylene, found a reasonable agree- 

ment with FrUhlich's high temperature theory (see Fig, 4.12), 

He calculated the constants in FrUhlich's “hot electron" criterion 

for breakdown field strength, 

  E = C(T) exp (eee) (4.9) 
2) 

tobe AV = 0,06 €V and C(T) = 2.66 MV/cm. 

4.2.5.4 Avalanche Theory 

Theories of avalanche breakdown of solid Piel ereicaan, pa 

have envisaged situations in which a destructive current is gener- 

ated by the mechanism of electron collision ionization multiplication, 

At an electrical field beyond a critical value the electrons achieve 

energies high enough io liberate electrons bound to lattice atoms 

in a process similar to breakdown in gases. Avalanche theories 

become involved with the mechanics of individual collisions, and 

although extensive mathematical work has been done, the parameters 

are not well enough known to lead to numerical predictions which 

can be checked by experiment, 

Franz.” has calculated the impact ionization for high energy 

electrons in a very complicated form involving many approximations,
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He neglects inter-electronic collisions but considers the effect 

f ee i in Boltzmann's Eqn, 4.7. The mean rate of imiz- 

ation per unit time, w, asa function of electric field is given 

by Franz as; 

Ss (Wo) 

ui 
fe (WwW) aw 

° 

where the number of electrons per unit volume, We (W) aw, 

(4, 10) 

whose energy is in the range W to W + dW is ae as 

I 

3m S (W,) : " 
yah ee ie ee =( , aw 

2q° WE? Hoe 32Bbo 
Ww 2W'a' (4011) 

where S(W 9) is the number of electrons passing through the 

energy surface Wy in momentum space per unit time due to the 

action of the applied field and electron-phonon collision. 

Franz's assumption that the maximum value of $(W) occurs 

at a value of (W) well below (I) applies to polar optical vibration. 

woutt?® has calculated w for covalent crystals considering only 

non-polar vibrational modes and using essentially the same method 

as Franz but assuming that @ (W) will not have a maximum at an 

energy less than (1), He also assumes that A(W) = 0 if 

w> I and effectively takes S(W) as constant. 

Wameshii” has extended Wolff's calculation by removing 

the restriction that /“O(W) = 0 for W>>I and considers the 

effect of diffusion in solving Boltzmann's equation, However, he 

derives the value of W on the assumption that diffusion can be 

neglected, 

O'Dwyer” has shown that, on fairly simple theoretical 

grounds, a reasonable relation for the collision ionization rate per 

unit length as a function of field strength is: 

A) = $ exp ( - B) (4.12) 
where H is the field strength characteristic of the dielectrics and
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is a length given by:- 

Se & (2m 1) (4.18) 

where I is the threshold energy for collision and # is the mean 

mobility, On the basis of the collision ionization function (Eqn. 

4,12), different approaches have been made to the problem of 

finding a critical field strength. 

eee considered the possibility that, even at fields below 

those at which energy instabilities like those of von Hippel and 

FrUhlich could occur, electron avalanches of sufficient size might 

develop to cause thermal or mechanical rupture of the crystal. 

He adopted as a criterion for breakdown the condition that every 

lattice atom in the volume of one avalanche should gain, on the 

average, 10 eV of energy. Such a condition would certainly lead 

to a conducting path in the crystal and consequent breakdown, He 

found that fulfilment of this criterion required that the initial elec- 

tron makes 40 multiplications in crossing the gap. 

eee (B)d = 40 (4, 14) 

where d is the thickness of the dielectric, Substituting Eqn. (4.14) 

in 4.12) gives the critical field strength as; 

H Pitre 
d Inc aox (4,15) c 

4,2.5.5 Field Emission Theory - Zener Effect 

Above a certain critical electric field strength applied to 

solid dielectrics, the electrons in the valence band can ‘tunnel! 

through the potential barrier, corresponding to the gap of forbidden 

energy levels, into the conduction band without changing their energy. 

88 
Zener was one of the first exponents of theoretical develop- 

ment concerning breakdown phenomena, He proposed that break- 

down occurs when the electrostatic field becomes sufficiently 

strong to ionize the atoms of the insulator by a process akin to
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field emission, The electrons in the bands act somewhat like 

travelling waves and can be described by a wave function, 

The “pee wits: that an electron is at a certain position in 

the crystal is proportional to the square of the magnitude of its 

wave function, In the forbidden band, the travel of the wave is 

damped exponentially as the forbidden region is penetrated, If 

the forbidden band is narrow enough or if the field is strong 

enough, there is some probability that an electron will tunnel 

through to the conduction band. The energy of an electron is 

conserved as it moves under the influence of a field E, andits 

energy, measured from a band edge, changes with time and with 

its position in the crystal. These effects were investigated sub- 

sequently by iaeee and Houston 0. These investigators 

found that the transition probability per unit time when the field 

intensity is E is given by: 

Be 2nqgkEd exp _(- 0%) 
h 2 \> (4,16) 

{1 - exp 4) } 

2 
where 2 Ipdw X= mews (4.17) 

qEh 

and We is the energy gap between filled and empty band, d is 

the lattice spacing, h is Planck's constant and q andm are the 

electron charge and mass, Franz?> has shown that this leads to 

a current of the order of 1 amp/em= when E takes the value 

E = 0,83 x 10° we v/em (4,18) 

The lattice spacing is assumed to be 3 x oe cm, 

4.2.6 Thermal Breakdown 

There are several processes which cause heat to be generated 

in a dielectric specimen under electric stress: (a) the flow of 

ionic current, (b) interaction of electronic currents with the 

lattice , and (c) the displacement of bound ions or dipoles in an 

ac. field, The quantity of heat generated by one or more of
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these mechanisms increases with the applied voltage, andifa 

specimen cannot dissipate this self-generated heat at a rate equal 

to its formation rate, then the temperature will rise spontaneously. 

Breakdown may then take place through an electronic mechanism 

when the intrinsic strength falls as a result of temperature increase 

or when the sample simply melts, decomposes, or becomes a 

dissociated electrolyte. 

Power generated in solid dielectrics is given by: 

Cetare (4.19) 
for d.c, field, and 

Pete te fE tan§ (4, 20) 

for a.c, field, where O@ is the conductivity, é. is the relative 

permittivity, Sis the loss angle and f is the field frequency. 

There are two very general equations which apply to thermal 

breakdown and which serve as the starting point for all theoretical 

treatment of the subject. The first is the so-called "equation of 

continuity of heat'', which states that heat input to an element of 

volume must be completely accounted for either by raising the 

temperature of the sample, or by heat flow out of the volume element. 

Thermal breakdown field for a dielectric specimen of arbitrary shape 

involves the solution of the differential equation: 

cE? Sai ae + div (k grad 9) (4, 21) 

where cy is the heat capacity and k is the thermal conductivity. 

The first term on the right-hand side can be ignored when the 

dielectric sample is subjected to a d.c. field and the second term 

can be neglected when pulse field is applied, 

The second general equation expresses the "continuity of 

current flow" through the sample and, in the absence of collisional 

ionization, states that all the current flowing into the element must 

come out, This is expressed as: 

div J = div WC) EE) = 0 (4. 22)



eI 

where cy is the vacuum capacitance of the system. 

In Eqns. (4. 21) and (4. 22), Cy g , k, and E are functions 

of temperature and ¢ may also be a function of E. With the use of 

the two continuity equations, Whitehead” and Brana provided 

solutions from which several useful generalisations can be made 

concerning long-duration or ordinary thermal breakdown, 

The breakdown occurs when the temperature of the hottest 

part of the sample reaches the decomposition or critical temperature 

8. but a state of instability can also occur at a temperature en 

which is less than a. (see Fig. 4.13a), The difference between 

these two temperatures is shown in Fig, 4.13b, where the steady 

state rate of heat generation, P (8,E) =o , and the rate of heat 

dissipation, H (@ 9.) , are plotted as a function of temperature 

©. The ambient temperature is assumed to be 8.: 

The rate of generation for a constant electric field is a convex 

curve to the temperature axis, since the electrical conductivity 

is usually given as: 

T- € exp ( - sus) (4.23) 
This relationship is confirmed for various glasses (see Fig. 4,14) 

by Taylor oe and for alkali halides (see Fig. 4.15) by Coopes"= 

With increased values of applied field, the family of curves 

Py» Py and Ps are drawn. Curves are shown for two materials 

having different critical temperatures, 9a4 and 6 oo For 

Py watt/cc input to sample 1, the temperature will rise to 8 1 

where a stable condition is attained. Thermal breakdown will 

occur for thissample at an applied field corresponding to the Po 

curve, For sample 2, the thermal run-away temperature or 

3 

input, it is only necessary to wait for temperature to rise 

is below the critical temperature Oe . At P, watt/cc heat 
2 

spontaneously until the sample reaches the temperature @ a
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when the breakdown will occur, Thermal breakdown voltage is 

the applied voltage for which the equation P = H fails to have a 

real solution, 

a and a 7 rather than P and 

H was discussed in connection with the FrUhlich ~ high temperature 

A similar set of curves 

theory of electronic breakdown. In that case, Ors would rise to 

e S in a "short time'' of order of microsecond or less, while 

seconds or even hours are required in the case of ordinary thermal 

breakdown, 

4,2,7 Gas-Discharge Breakdown 

Electrical breakdown of solids can be initiated by gas dis- 

charges occuring either in voids in the solid or in the vicinity of 

electrodes on the orien as Such discharges chemically degrade 

the solid and result either in a gradual erosion until the intrinsic 

strength is exceeded in some spot, or in the production of species 

which raise the electrical losses to the point where thermal runaway 

is possible. 

Often, if mechanical forces are present, electrical failure may 

occur as a result of the degradation of mechanical properties of the 

material by discharges. For example, in many polymers, cross- 

linking reactims may cause embrittlement, with ultimate failure 

due to cracking, Material under mechanical strain may undergo 

'stress cracking! or 'ozone-cutting' owing to scission of polymer 

chains by the discharges or their products, 

4,2,8 Electrochemical Breakdown 

Electrochemical breakdown is of great engineering importance 

especially in the case of capacitors and cables? Weakly dissocia- 

ted impurities in the impregnant give rise to d.c, leakage currents 

which form decomposition products by electrode reactions, One 

of the products most frequently produced is nascent hydrogen which 

may react with the impregnant to give strongly dissociated com- 

pounds, Examples of the latter would be hydrochloric acid in
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chlorine- substituted impregnants, or organic acids in an epoxy 

resin system. Such processes are auto-catalytic and a thermal 

run-away condition is produced. Increased temperature aggra- 

vates the situation resulting in more dissociation. The increase 

in voltage increases the leakage current. 

While this kind of deterioration is more common in direct 

current systems, it also occurs in alternating current systems 

to a lesser extent. Asymmetrical electrode systems in a,c, 

field result in rectification action which is necessary for electro- 

chemical processes to occur. 

4,2,9 Electromechanical Breakdown 

Applying a potential V across a plane slab of dielectric of 

initial thickness do and dielectric constant ew laterally un- 

constrained, with electrodes free to follow the material, the 

electromechanical stress produced is related to the compressed 

thickness, d, by the equilibrium formula; 

d 

$¢ € 4 Seria (2) (4,24) 
where Y is Young's modulus for the dielectric. 

Since the equation 

1 

d 2 

Fue Farid | iy bo (—2)] 22) 
d <7 5 

has a maximum value at =. = 0.6, no real value of V can 

° 

produce a stable value of d & 0.6 d,- An intrinsic electrical 

failure as described, for example, by the FrUhlich high temper- 

ature theory may occur prior to the state of mechanical instabi- 

lity. In the absence of electrical failure, further increase in 

potential makes the thickness unstable and the sample will 

collapse, 

The electric strength at the point of collapse is; 

ve yz 
co 

Bs oO 

De (4. 26)
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while the apparent electric strength of the specimen is 

HE ie x 
Hee sg (Se. €. 

oO 

2 
) (4, 27) 

Stark and Garcone. have found a reasonable similarity 

between their results on electrical strengths of polyisobutylene 

and polyethylene with variation of mechanical strength with 

temperature (see Fig. 4.16), Mechanical failure of polyethylene 

is not expected at room temperature where the theory, based on 

value of 3 x 10° dyne/em” for Young's modlrts gives 40 MV/cm 

for the onset of mechanical instability. 

2 F : 
Fava = using an optical lever system, has shown that the 

true compressive strain in recessed specimens of polyethylene 

are masked by lateral expansion in the compressed samples. 

4.2.10 Highly Divergent Field Breakdown - Treeing 
  

If a high-voltage gradient is applied to an insulating material 

and a dielectric puncture results, the failure sometimes occurs 

progressively rather than instantaneously, By using a sharp 

pointed electrode, the electric stress adjacent to it becomes 

comparatively high in relation to the rest of the stressed insulation. 

Dielectric failure begins at this point and progresses to the other 

electrode in a tree-shape fashion’? Be 788, 8) 02, 58.60) 

Macon while investigating the problem of partial discharge, 

noted that a second breakdown mechanism, referred to as treeing, 

appears to operate when eroded cavities develop a shape whivh can 

concentrate the stress at the advancing tip of the cavity. Kitchen 

and ie aS have observed tree-like partial discharge channels 

in various stages of development in polythene cable insulations 

which had been taken out of service. These "trees" develop at 

inclusions or voids, Olyphant has found evidence of breakdown 

by treeing in resin castings of high-voltage components and 

suggests that earlier observations of the phenomenon may have 

been prevented by the opaque nature of most insulators.



263 

polythene 

     

EL
EC
TR
IC
 

ST
RE
NG
TH
 
—*
MW
/C
m[
pe
cl
 

unirradiated 
polythene 

“120 -40 40 120 200 

TEMPERATURE —» °C 

Fig. 4.16 ELECTRIC STRENGTH OF POLYTHENE AND POLY ISOBUTYLENE 

LIMITED BY MECHANICAL FAILURE. 

____» Stark and Garton 63 

cence » Calculated from Eqnst25.



264 

Mason's studies of breakdown in a point to plane electrode 

configuration of polyethylene, despite considerable scatter of 

results, suggest that (a) average electric stress, Ey decreases 

with increase in temperature (see Fig. 4.17), (b) the breakdown 

stress for a given electrode configuration at room temperature is 

25% greater if the point is negative than if it is positive, (c) E,. 

decreases with increasing electrode separation, and (d) Ey , 

increases with radius of the curvature of the point electrode 

(see Fig. 4,18), Mason accounted for his results by assuming 

that the conductivity of polythene depends on the electric field 

in the manner predicted by FrUhlich's high temperature theory’?, 

8 
Bolton, Cooper and Gupta have pointed out that a polarity 

effect can be expected with Seitz's single avalanche criterion, 

since a destructive avalanche can be generated with a lower 

voltage when the electrons move into the region of high field. 

Olyphant and ponreon s established that "tree" channels 

in epoxy resins and PMMA are hollow, non-conducting tubules 

except at the most advanced stage when some carbonization occurs, 

They assert that tree propagation breakdown mechanism is almost 

certainly by the action of single, separate discharges. These in 

turn become extinguished by the gas pressure which is a by-product 

of decomposition of the solid. These views have been reaffirmed 

by Bolton et al, S
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4.3 Instrumentation 

To make a detailed study of discharge propagation 

in solid dielectrics, similar instrumentation techniques to 

those used in the case of gaseous dielectrics (see Section 2, 3) 

are employed. 

Visual examination of streamers is made with a microscope. 

By continuous adjustment of the focal length, a detailed spatial 

picture of streamer propagation is provided. Photographs are 

taken with the aid of a Nikon profile projector with exposures 

made in the direction transverse to the electric field, 

4.3.1 Test Sample Design 

A special mould is designed to provide a large 

number of samples easily, cheaply and of high mechanical, 

chemical and optical quality, The mould as shown in Figs. 

4.19 and 4. 20 is suitable for injection moulding of polymers 

and, being symmetrically fed, provides two identical samples 

in each operation, with appropriate electrodes at a desired 

gap setting. The two opposite surfaces on the mould facing the 

electrode gap are highly polished. With the application of 

transparent polymers, a detailed optical observation of the 

inter-electrode space is made possible. The moulding geometry 

is so designed as to reduce the possibility of surface tracking 

of the material. With the needles well embedded in the material, 

the mechanical stresses on the stem of the needle are relieved. 

Steel sewing needles, no, 2 demi-longues, are employed as 

point- electrodes. The type chosen provides a mechanically 

strong electrode to withstand the load shock of the injection 

moulding. The needles are chemically washed for the removal 

of dust particles and surface contamination prior to mould 

insertion. Itis possible to make Corona free electrical 

connection to the electrodes without application of heat.
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Fig. 4.20a Balanced-fed mould designed for injection moulding 

of polymers
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Plane electrodes were provided in two ways:- 

a) Small gap setting - a plane electrode is made from a 

steel ball bearing grinded to a semi-sphere, The semi- 

spherical electrode is brazed to the needle shank and the 

plane face is rounded on the edge. 

b) Large gap setting - the sample with one point-electrode 

is cut at a desired gap length and a silver emulsion paint is 

applied to the plane side. This is then utilised as the plane- 

electrode after drying.
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4,4 Experimental Results 

4.4.1 Streamer Inception and Breakdown Voltages 

Samples of PMMA are subjected to a series of 

impulse waves of varying magnitude in a point-plane electrode 

system, After each impulse application samples are examined 

under the microscope and the voltage level at which streamer 

channels become visible are recorded. 

The test voltage level is the increased until breakdown 

occurs, The two potential levels provide the streamer 

inception and breakdown voltages of the material as a 

function of the electrode gap length. 

The electrode gap lengths selected are 1, 3 and 5 mm, 

The radius of curvature of the point-electrode is kept at 

13 microns. The sample temperature is in the range 

200 BG. 

The inception and breakdown voltages for the positive 

streamers in PMMA are shown in Fig. 4- 21(a) and for the 

negative streamers in Fig, 4,21(b). 

4.4.2 Streamer Propagation 

The streamer range, the length L of the farthest 

channel in the main field, increases with the rise in impulse 

level. The range for three gap settings of 1, 3 and 5mm 

for both polarities at the point are shown in Figs. 4, 22 

to 4, 24. 

Lower streamer penetration depth in the scatter region 

at a certain gap length and impulse wave generally correspond 

to the side movement of the streamer away from the main 

field axis, 

The average values of streamer range for different 

gap length, impulse level and polarity are shown in Fig. 4,25,



TABLE 4,2 

PMMA for different gap lengths at room temperature 

Point-plane electrodes; 1/50 us impulse wave; 
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Streamer Inception and Breakdown Voltage in 

  

  

  

  

C = 13 microns, 

1 

Polarity Point-anode Point- cathode | 

gap length, i 3 5 t 3 5 

mm 

23 22 30 25 26 30 

25 24 32 27 28 32| 

Inception 27 26 36 29 30 36 | 

voltage 29 28 38 32 38 

ae 30 34 40 

32 | 
34 | 

$6 | 

31 69 98 55 108 145 | 

33 13 106 57 113 150 

Breakdown 35 75 108 Bo i oa 165 

voltage 17 110 61 117 160 | 

Ly 79 63 119       121 

 



275 
“wu 

— 
H
L
O
N
3
T
 

dvd 
“wul— 

HLON3ST 
dV9 

 
 

  

"0 

v 
£ 

é 
J 

9 
S 

x 
£ 

z 

URAVEELS 
BALLISOd 

(D) 
YAWVIULS 

AALLWORN 
(q) 

a
e
 

a
e
 

uoi}dasuj 
uol}d2auj 

        

2BDY0A 
U
M
O
P
y
D
2
1
g
 

   

25DIIOA 
UNOPYDI21g 

suodziw 
¢}=5 

B
A
V
M
 
a
S
I
N
d
I
 

sY 
os, 

S
A
G
O
U
L
D
A
T
A
 

SNVId-LNiOd 

    

 
 

“y3bu27 
d
D
 

3U2I2)31G 
JO} 

V
I
N
W
d
 

U! 
S25D3/0A 

U
M
O
P
y
D
|
I
g
 

PUD 
UO}7d22u) 

JD2WID2I3S 
l
e
v
 

“Sid 

OS 

OO! 

‘Osi 

  
 
 

AY -WILNALOd GalIddv¥



TABLE 4.3 Streamer Range Variation in PMMA at an electrode 

276 

gap length of 1.0 mm with changes of applied voltage. 

Point-plane electrodes; 1/50 us impulse wave; 

¢ = 13 microns, 

(a) Point- cathode 

  

  

      
  

  

  

Impulse voltage 25 30 40 50 60 70 

kV 

0 0 0.10 0.2% 0.51 ~BD 
0 0 0.15 0,28) 5 026328: 

0 0 0.18 0.31 0.72) BD 

Streamer range 0 0 0.20 0762 0.%% BD 
0 0 0. 25 0.38 0.89 BD 

mm 0 0.08 0. 26 0.41 BD BD 

0 0.12 0.27 0.43 BD BD 

0 0.15 0.32 0.53 BD BD 

(b) Point- anode 

Impulse voltage | 25 27 29 31 33 35 37 

kV 

0 0 0 0.32) 0.57 0.71 BD 
0 0 0 02820 70./610 2-0. 78 BD, 

Streamer range | 0 0 0.06 0.39 0,62. 90.81 BD 

0 0 OF EL O41 90267, 2.0786. BD 
mm 0 0.04 0.15 OF439° 0.10), 0: od BD 

0 0.07 0. 20 0.50 0.74 BD BD 
0 0.12 0.27 0.54 0.83 BD BD 
0 0.12 0,38 0. 63 BD ~ BD BD        
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TABLE 4.4 Streamer Range Variation in PMMA at an electrode 

; gap length of 3,0 mm with changes of applied 

voltage 

Point-plane electrodes; 1/50 us impulse wave; c = 13 microns 

(a) Point-cathode 

  

    

Vie KV: 

ee a arpa a Ae ee eta es Rng eae 
30 40 50 60 70 80 90 100: 4} 110° St) 120 
Se ae eo eos Ne irae oll dean <oeethen el ag cee) fh ae 

0 0.04 0,20) 0.29 0.41 | 0.43 | 0. 66 0,86; 1.4 BD 

0 0.10 0,21 | 0.30 0.42 i 0,48 i 0.68 0.91} 1,68 {BD 

0 O13 0, 22 | a3 0,42; 0,52} 0.69 | 0.934 1,72 | BD 

0 0,18 | 0.25; 0,34) 0,43, 0.54; 0.71) 0,97! 2.2 BD 
L,mm/ 0 G21 | 0,27) 0,87) 0.45 | 0.63) 0.71) 1.04) BD | BD 

2 0 0,22 0.27} 0:39 0,49 0.71 0.73 1/05 BD BD 

0 0, 26 0,29! 0.40 0.50 (aay) 0.74 Loh, BD BD 

{ 0 0. 28 0.31 | 0.42 OF 5, 0.79 0.78 1.28 BD BD 

  

  

(b) Point-anode 

My kv. 
45 {50 [55 60 

EG | 0 (0.61/1,26 1,381.52 1.91.2, 01:2,27 2,48/BD 
O {0.65/1,28:1.39|1.55'1,93/2.07)2.35 2,61/BD 

| ey a | 8 0 | 
ee 

   

1 1 
ea O (0.73)1.32 1.41/1.62 1,942.12, 2.42 2,68|/BD 

1 0.09 0,73 /1.37/1.4111,62/2,00 2,14'2.51. BD |BD 
1,45] 1, 68 2,03 2,2512.81'BD |BD 

0.56 0,92/1,43'1.4611.71;2,08'2.57/BD }BD /BD 

0 
0} 0 
0} 0 
0-0 
0} 0 |0.41/0,85/1.38 
0} 0 
0} 0 
0 

  

  basliansierlacen 1,77/2,11) 2.37 BD |BD |BD 
0.1 | 0,821. .57/ 1, 81/2, 21) 2. 76! 1 D | 9.1 | 0,821, 10]1,57]1.61) 1.81 2.21) 2.76) BD | BD | BD,
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4.4.3 Spatial Build-up of Streamers 

The spatial build-up of the positive and negative 

streamers is shown in Figs. 4.26 and 4.27. The extensive 

fine branching of the positive streamers stands in contrast 

to the thicker stems and shorter branches of the negative 

streamers. 

The observation shows that breakdown always occurs if 

a streamer tip reaches the plane electrode. Determination 

of the scatter region of the streamer penetration would also 

give the scatter region of the impulse breakdown voltage.
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Fig. 4.26 Positive Streamer Pattern in PMMA 

pad 

Fig. 4.27 Negative Streamer Pattern in PMMA
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4.5 Discussion 

The subject of electrical breakdown of solid dielectrics 

is one in which an unusual number of difficulties conspire to frust- 

rate any satisfactory comparison of theory with experiment, Con- 

sidering only the simplest theory and the simplest ionic crystal, 

i.e, FrUhlich's criterion for the critical field strength: 

  

pe Suse RoI) (OME aogt I, OD 
ah Vo maz)? 20 

(4, 28) 

where K = a constant of order of unity provided the electrical 

units are in e.s,u., and the others in c.g.s. 

(E - n,”) = the contribution to dielectric constant from the 

infrasred spectrum, 

q = electronic charge 

m = electronic mass 

a = lattice spacing 

Y% = frequency of the u.-v. absorption limit 

d = the lowest frequency in the infra-red spectrum, 

he = = Debye characteristic temperature 

8 = absolute temperature 

= Planck's constant 

k = Boltzmann's constant 

This theoretical expression requires six constants of the crystals, 

namely € , No: a Ay and 0: These are rarely available 

with any accuracy. 

On the experimental side, ionic crystals are mechanically 

weak, and it is established that some of them are subject to work- 

hardening under the compressive force of the field so that they 

increase in electric strength during the measurement, This, even 

when the crystals are initially annealed, leads to a spread of 
+ 

strength of — 25% at room temperature, The effect at other
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temperatures is not well established but, from the great variation 

of results from different investigators, it is thought to be large. 

There is inadequate information in the published data about 

the treatment of the results, Before the work-hardening effect 

was discovered by Cooper’, it appeared reasonable to accept the 

highest results as necessarily nearest to the true strength. 

Cooper and Fernandez !® have quoted the minimum values while 

Konorova and Secoeaen are believed to have employed the "90%" 

failure level, 

The variation of strength with temperature is less uncertain 

on the theoretical side, since in the simple theory it involves only 

one constant, QO» Experimentally, however, the results vary 

considerably between different investigators. Taking potassium 

bromide as an example, with a Debye temperature low enough to 

give appreciable variation of intrinsic strength before the thermal 

instability supervenes, Gooner = gives a survey of collected 

results (see Fig.4.3). It will be seen that some curves rise 

linearly with temperature, as required by theory, while others 

show ep chaee transition around a temperature of - 20°C. This 

unknown variation is not correlated to duration of the stress, the 

conductivity of the specimen or with any one investigator, This 

behaviour may be connected with ratio between the field required 

for failure, and the field required to cause work-hardening. 

Considering that the theory contains no disposable constants, 

the agreement in absolute value is good confirmation and the 

agreement in general of the observed rise toward high temperature 

with the predicted increase is also significant, since all other forms 

of breakdown have the opposite dependence. 

3 
Results on muscovite mica 2 agree in magnitude with the 

results of the simple theory, although this is not strictly applicable 

to so complex a crystal, The predicted increase with temperature 

is too small to observe with any certainty (see Fig, 4.4).
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FrUhlich has given a theory, in general terms, for amorphous 

materials but the data required for insertion into the expression are 

not available for such complex structures, and all that can be said 

is that one expects, and finds, a strength about one order of mag- 

nitude higher than in ionic crystals. Most of the amorphous 

materials tested, even when as different as glass and polyethylene, 

show a nearly constant electrical strength in the range 09 - 15 Mv/em 

below some temperature at which thermal instability or electro- 

mechanical failure supervenes, and the apparent strength falls. 

Results accumulated over the past three decades show that 

the intrinsic strengths of solid dielectrics range from just below 

1 MV/cm for some alkali halides to a record value of 15 MV/cm for 

polyvinyl alchohol at - 196° ¢. The electric strength of the great 

majority lie in the range 5 to 10 MV/cm. It is interesting to com- 

pare these values with the highest working stress in industrial 

applications of solid dielectrics, about 200 kv/cm, There are 

many practical considerations which at present justify this wide 

discrepancy, but further development work directed at its reduction 

would undoubtedly be well repaid, 

The problems associated with experimental techniques already 

developed are as follows:- 

1. Surface Tracking - Discharge along the surface of the solid 

specimen takes place during the build-up of the electric field both 

in gaseous and liquid environments, 

2. Cracks - Very fine cracks appear in the solid sample when a 

needle is inserted providing an electrically weak path, 

3. Gas or Void Inclusion - Due to poor surface adhesion, fine 

gas bubbles between the metallic electrode and the solid dielectric 

are trapped. In the case of needles, heated prior to inseration, 

when cooling occurs, small voids appear in the metal-dielectric 

inter-phase. Both gaseous inclusion and voids with low discharge 

inception voltage will dominate the breakdown mechanism,
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4. Gap Setting - The likelihood of providing the same electrode 

geometry at a required gap setting is extremely difficult. 

5. Cost - Unfortunately cost is usually the main deciding factor 

in adapting a measurement technique. The main problems men- 

tioned above result in a high rejection ratio for the samples, 

raising the overall cost. 

An endeavour has been made to overcome problems experienced 

by previous investigators by the use of a suitable design of samples 

made by injection moulding. 

Electrical breakdown studies of PMMA show that the streamer 

inception voltage increases slightly with gap length and is generally 

lower for point-anode than point-cathode. 

The breakdown voltage increases sharply with the increase of 

gap length. For any gap setting, the breakdown is lower for point- 

anode than point-cathode. Itis observed that, once the streamer 

crosses the inter-electrode space, the breakdown immediately follows, 

This sequence of events suggests that the streamers are of secondary 

type similar to those observed in liquid.
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CHAPTER 5 

CONCLUSION



5. CONCLUSION, 

It is relatively easy to discover a relationship between the 

breakdown strength of dielectric materials and some physical property 

such as density or temperature, but it is much more difficult to ascertain 

the significant process which gives rise to this relationship. 

The studies in point-plane electrode geometry have established 

the presence of primary streamers in air for a large range of impulse 

potentials both below and above the value for which the streamers cross 

the gap. As the point potential increases the streamers move further into 

the gap showing strong radial branching. 

The primary streamers are not only present in the immediate 

vicinity of the main axis but they also possess considerable lateral 

extension up to the plane electrode, 

In the low field region, the imposing force due to the electric 

field on the primary streamers is negligible. Its main effect is generally 

to guide the streamer tip along the field lines. A theory of primary 

streamer propagation in this region is suggested which is in accord with 

the experimental results. 

The conductivity of the streamer tail is of major significance in 

long streamers. As the primary streamer crosses a gap, the flow of 

electrons in the main trunks and the feeding branches results in higher 

conductivity of the channels near the point-electrode, 

The high conductivity near the point-electrode initiates the 

secondary streamers. These are identified with the bright filaments 

which have been observed to grow from the point-electrode even before 

the primary streamer tips reach the plane-electrode. A theory to cater 

for secondary streamer propagation suggests that the axial range of 

secondary streams is proportional to the applied voltage. 

The secondary streamers may eventually reach the plane 

electrode especially if the return streamers are active near the plane, 

There is remarkable similarity between the experimental 

recults and the mechanism of natural lightning. Both phenomena appear
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to start with electron avalanches near the virtual point charge leading 

to streamers which propagate towards the plane-electrode. The visible 

stepped- leader in the case of lightning can be identified with the secondary 

streamers and the return stroke with the return streamers. 

The design of the test cells and their associated measurement 

techniques fulfils the requirements that include simplicity, ease of 

operation and high sensitivity. They also have the added advantage of 

relative cheapness considering the number of results required. 

In the case of solid dielectrics the yield of suitable samples 

made by injection moulding increases dramatically to over 95% compared 

to that of other investigators ( <50%). 

By selecting a film of appropriate sensitivity, the photon 

radiation, primary streamer, return streamer, secondary streamer 

and breakdown channels are recorded, 

The sequence of events in the high- pressure breakdown of air, 

depicted schematically by the diagram in Fig. 5.1.,takes the following 

course 

I - Primary Streamer 

When the positive potential of the point-electrode reaches an 

"adequate" value called primary streamer inception voltage in air at 

atmospheric pressure, a single avalanche, or a group of intense smaller 

converging avalanches, will create sufficient space charge distortion 

together with adequate photoionization in the gas so as to launch a primary 

streamer, 

Il- Primary streamer propagation 

Once the primary streamers are launched they propagate in all 

directions along the field lines providing an extensive spatial pattern. 

The streamer head contains high density electrons and positive ions and 

the tail is of low conductivity neutral plasma. The primary streamers 

are invisible and may cross the whole of electrode gap.
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FIG, 5.1. Schematic diagram indicating the sequence of events 

leading to breakdown in air at N.T.P. 
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FIG, 5.2. Schematic diagram indicating the sequence of events 

leading to Corona in air atN.T.P.
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Ill - Space Charge Effect, 

The positive space charge near the point-electrode modifies 

the electric field such that further streamer initiation is suppressed. 

IV - Secondary Streamer 

If a higher potential threshold called secondary streamer inception 

voltage is reached at the point-anode, the primary streamers are followed 

by secondary streamers, These are the well known ' ‘visible corona'' gen- 

erally emitting visible electro-magnetic waves from their main branches, 

The secondary streamers contain highly conducting plasma tails, 

V - Return Streamers, 

Intensive photons generated at the streamer tip travel ahead of 

secondary streamers and on reaching the plane-cathode start avalanches 

leading to anode-directed negative streamers called return streamers, 

VI - Breakdown 

Once a single secondary streamer and a return streamer meet 

near the plane-cathode, a highly conducting low impedance plasma is 

produced between the two electrodes. Subject to energy availability of 

the external source the arc-over results. 

If the secondary streamer propagation is halted within the half- 

way gap length, the probability of breakdown is diminished and the 

sequence of events follows the pattern shown in Fig. 5.2. This is the 

phenomenon normally referred to as corona discharge where the first 

and the subsequent secondary streamers are visible filamentary discharge 

with the associated shock waves.
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6. SUGGESTION FOR FURTHER STUDIES, 
  

Future studies are expected to be carried out in two distinct 

phases. The first one is an extension of the present investigation 

utilising the same instrumentation techniques, test cells and materials. 

More emphasis should be given to the application of sub- microsecond 

voltage pulses to air in divergent field as this mode was found to be 

most fruitful. 

Presence and progress of streamers now established in all 

three media can be studied more clearly in large electrode gaps. 

The electromagnetic radiation sensitive film technique can be 

applied to solid dielectrics ina sandwich form, This is expected to 

provide some evidence of photon radiation and primary streamers, 

Opaque solid dielectrics could also be investigated by this technique. 

The second phase should cover changes both in instrumentation 

and materials, In order to carry out further long term research on this 

project the most valuable piece of equipment required is an ultra high 

speed camera which possesses a writing speed in excess of a million 

frame per second. This would record the sequence of events occurring 

in the liquids and solids from the moment of electric field application, 

A clearer picture of streamers and the rate of their growth with time 

and voltage could thus be obtained. The ultra high speed camera would 

also be of use in problems of post-breakdown mechanism, 

In the early stages of discharge the intensity of any emitted 

light is extremely low. An ultra high speed image converter in streak 

or framing modes could well be a suitable tool due to its high image 

intensifying property. 

Where there existsa complete absence of emitted light in the 

discharge life cycle, as for example with primary streamers, direct 

photography will bear no fruit.
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The application of electrical stress to a dielectric medium 

results in setting of mechanical force. In a divergent electric 

field, localised stresses would occur resulting in change of 

refractive index within the homogeneous material, 

For the study of primary streamers, a Schlieren method of 

photography, which renders visible on a screen or photographic 

plate areas of different refractive index, is recommended, This 

could incorporate a laser light source and an ultra high speed 

camera, 

Schlieren technique, which can readily be modified to shadow- 

graph method of photography, offers an added benefit in that it is 

able to outline the shock wave phenomenon occurring in all 

electrical discharges, 

The chemical analysis of discharge products in gaseous 

dielectrics, and the decomposition products in liquid and solid 

dielectrics, is a strong tool which is not yet fully utilised. This 

type of investigation may indicate the possible reactions taking place 

in the material subjected to high electric field stress. The relative 

measure of the different discharge products may also underline the 

dominating reaction, One important point to be considered in this 

aspect is that the life cycle of some of the products, especially those 

in the excited state, is extremely short, 

Choice of suitable material should at first be limited to those 

of simple atomic or molecular structure, . It is proposed to select 

helium, n-hexane and polyethylene as the next group of material for 

electrical breakdown studies. A large volume of information is now 

available on fundamental properties of these materials, 

The work presented is only an opening into a most fascinating 

field. It is hoped that future studies incorporating electrical, 

optical and chemical instrumentation will eventually provide a 

possible explanation of electrical breakdown in dielectrics under 

all conditions.
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7. Appendices 

7,1 ,Electric Field in a Point-Plane Electrode System 
  

Representing a point-plane electrode system by a 

charged hyperboloid in prolate spheroidal co-ordinates (see 

Section 2, 5.1.4) leads to the determination of the electric 

field in the electrode gap given by: 

2 

ome (sinh? + sin 25 
(Av1, 1) 

a (Jn cot sy sin@ 

A hyperboloid is a hyperbola 

zy - = aed (A, 1, 2) 
feo “ag 

rotated about z-axis. 

Radius of curvature is given by: 
3 

c= [ +5] i (“2 | :. es 3) 
dx dx? 

At the tip of the hyperboloid when Z= gap length, G 

  

  

dz 
dx 2 

2 -1 
oe aa Ay1.4 ce GR erie 

dx 

Differentiating equation A, 1. 2: 

2 2 

23 #1 4 @ = (A.1.5) 
d dx d b 

when Z= G, equation simplifies to 

oar ee 
dx? b2G (A. 1. 6) 

From equations A.1.4. and A.1.6: 

2 
& . 2 (A.1.7) 
S d
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But = asin G a 

= acos 85 

4 

2 6. soe ta (S) (A. 1.8) 

Also at the pointZ= G 

G = acos @ 

i.e a = a 
Sa cos 6, (Ce) 

If the electrode gap, G, and the radius of curvature of 

point-electrode are given, then equations A,1,8 and A.1,9 define 

a and Gi in equation A,1,1, 

The electric field in per unit value is given by 

ni
e 

  

p cos (ere tan {}) (sinh? 7 + ence i" 

n i 
Ey sinO {hs cof arc tan (< i (Ky 1510) 

A computer program is designed for the solution of per unit 

value of electric field given by Eqn. A.1.10, in terms of radius 

of curvature of point electrode, C, and the electrode gap, G. A 

flow diagram of the required program is depicted in Fig. A.l 

and a specimen digital program is given in Fig. A. 2. 

7,2 Diffusion Coefficient, D. 

The diffusion coefficient can be expressed in terms of 

the rate of change of mean square of distance of electrons from any 

point, Let the distance be symmetrical about the centre O, This 

condition holds as far as radial motion from O is concerned, The 

electron density n is then a function of the radial distance r. 

The number of electrons included between spheres of radii r and 

rt+dr is 47 ne? mdr and the mean square of their distance from 

Ois:
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C FIELD ABOUT A CHARGED HYPERBOLOID IN PROLATE 
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Fig. A.2. 
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WRITEC2s191)CsDELTAsP 

THETAG=ATANCSORTC(C)) 
A=COSCTHETAD) 
B=ALOGCCOSC THETA 72 «3 )/SINCTHETAG 72 087) 

THETAS=THETAQ*57+29578 

THETA=THETAQ 
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WRITEC2s 103) EAV 

THETA1= THETA 
THETA= THETA/5S7 «29578 
ER=A/(B*SINCTHETA) **2) 
M=COSCTHETA)ZA 
ESER*EAV 
Y=E/P 
WRITEC22102) THETA» ERs Ms Es Y 
IF CTHETAI-THETAQ) 22322 

THETA=THETA1+1 «9 
THETA=AINTCTHETA)D 
ALP HA=THETA 
GOTO 
IF CTHETAI «EQ-99-9)GOTO11 
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IF (THETA1~-99 +0) 62657 
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FORMATC7H C/G = F752 7Xs12HINCREMENT = 2 F7+Ss 5X» 4HP 

3X» SHTHETAs 7X» SHE/EAVs 10Xs.1HMs Xs LHEs 9X2 SHEP) 
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FORMATC///7H EAV = »F 5017) 

stop 
END 

in a point-plane electrode geometry, 

Specimen digital program for electric field strength



309 

4nnr dr 

gee} ° 
a ai Stra a (A. 2.1) 

ip ae ae 

° 

The upper limit r'is taken very large, so that 

n =o and on = o when r=r! (A. 2. 2) 

The total number of particles is constant; hence, when differentiated 

with regard to time, Eqn. A.2.1 becomes: 

oe r! 

vr’ a(R? 6 (A. 2. 3) he (R“) mae dt +2, 
dt dt 

e ° 

* The rate of increase of the number of particles in the included 

space is equal to the difference between the rates at which electrons 

flow across the two surfaces. Thus, representing the radial 

velocity of transport by Ue 

2 udm z 2 [ 2 a 2 J 
4nr dt dr 4nr (n UL) - |4rr (nU,) aa (47 rv nU)dr 

2 Se cee ies de 
or prea e eo dr a dr ) toe) 

dt 

From Eqns, A.2,3 and A, 2,4, 

Si 2 ae 

a id Uae tan 5 din’, a x ee (ro -D ae dr ae nr dr (A, 2, 5) 

° ° 

Integrating by parts and making use of the conditions in Eqn. A. 2. 2, 

it is simply shown that 
rt rt r! 

2 

on) ne ay = 2D re gn dr = 6D nee dr 

° ° °
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2 

Gre 6D (A. 2.6) 
dt 

7.3 Diffusion Equation 

Considering diffusion into a semi-infinite slab of a 

homogeneous, isotropic material which is given by the equation: 

vt 4 SF ows 
where source-sink term is zero and D is the diffusion coefficient 

assumed constant, 

Let initial condition be 

he ee (A. 3. 2) 

and the boundary conditions 

Uy ies Ket 30 

Lim T(x, t) = 0 
x—* 0° 

(A. 3. 3) 

Assuming Yis not a function of z and y, Eqn. A.3.1 becomes; 

2 
2 - = > ot (A. 3, 4) 

Cc 

  

Taking the Laplace transform of each side of Eqn, A. 3,4 yields: 

2 d ae s) x a N (x, s) - (x, 0) (A. 3.5) 
dx ce 

The initial condition specified by Eqn. A. 3.2 eliminates the 

initial condition introduced by the Laplace transform of the derivative 

ov 
ote” 2 ee d Nts Ente = N(x, s) (A. 3. 6) 

dx c 

where N(x, s) is the Laplace transform of Ux +). 

The solutions to Eqn. A.3.6 are of the form: 

(A. 3. 7) 

 



Ite 

where, F, (s) and Fy (s) are arbitrary functions of s to be deter- : 

mined from the boundary conditions A.3.3, In order to apply 

these boundary conditions, they can first be transformed. 

Lit ) = K}- Nos) - © (A. 3.8) 

and 

L fim tos. = | = lim N(x,s) = 0 (A.38.9) 

X—"0o X—* 00 

Application of the boundary condition specified by Eqn, A. 3.7 to 

Eqn., A. 3. 9 indicates that 
Fy, (s) = 0) (A. 3, 10) 

From Eqns. A.3.7, A.3,8, A.3.10, 

ayes Ede) Se (A. 3.11) 

. K 
7 NCS See 3 exp (- =) (4.3.12) 

  

c 

Equation A, 3,12 is the Laplace transform of the solution to the 

diffusion equation A. 3,4 with the initial and boundary conditions 

given by Eqns. A,3.,2and A, 3. 3. 

The inverse transform of Eqn. A. 3,12 is 

  

  

et eo [S- 
— ex ze x 

Cx, t) ae [s Bee) Basie nic ra 
2 

(A. 3. 13) 

Equation A, 3,13 can also be written as; 

c E x 
Ci hs de a a adres (A. 3.14) 

€ 

as erfe Y= l-erf ¥ (Ay. 3.15) 

y 
Whereter fey = Ee J exp (Us\dt) (A816) 

TT 
fo}
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A Secondary Streamer Tail Parameters 

  

Current in the streamer i = ee (Git raameenre 8) cra) 
s 1 eg e 

(A. 4,1) 

but from Appendix?.4,n,U = n Up = n (OU; Ue) 
1 eo eo e 

we 
Bee A. =.oR on (A. 4, 2) 

i Coe ne5 U 

and if the electron drift velocity U, = fe (A. 4. 3) 

U 
: fot een qe (A. 4.4) oe 2 ey i U ae 

Resistance per unit length 

R= — 4 2 (A.4,5) 
mY, 76, P q Us 

from Appendix?5 

4 Nos 

a Ra= (A. 4. 6) 
Soper eur 

Assuming é€= 1 for the medium,capacitance per unit length, 

making simplified electrode geometry, is; 

CG ae eee (A. 4.7) 
ae jn es) 

r 
s 

7.5 Electrical Potential and Field Strength of the Secondary Streamer 

The potential difference between a point r = 0 in the 

streamer head and the plane-electrode, assumed r = 0 , is given 

by bo od 

Via Edr (A..5. 1) 

r=0 

If the streamer tip radius is DS then two distinct regions 

of r can be considered, o <r arn and r. ce aces
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Region o gr cy 7; 

In the streamer itself the field will essentially be one- 

dimensional. In this region, Poisson's equation may be written as: 

an 

  

  

= 4 3 f ae 7 a(n, n.) (A. 5,2) 

From Appendix 7:7 

U 
aE. ice ae 47qng U (A. 5. 3) 

andassuming U, = PE (A. 5. 4) 

aE JL Ana? nd = (A. 5. 5) 

7 U 

From Egn. A. 5.12 
n ' 

nS ee el (A. 5. 6) 
dr n r es s 

From Appendix?9: 

n Rit 
E = EB. exp (Ge es ) (A. 5.7) 

rs es s 

"6 Re 
it NG ce Edr = = Er. |1 = exp ( =) (A. 5.8) 

y 1 Ss n 
Ne &s oO 

Region re ae ave 

Beyond the streamer tip which has a radius of ae the electric 

field may be represented by:- 

a = (PE) = 47q tm, -n.)  (A.5.9) 

From Appendix 7-7 

U 
e 

GE) = 4g nea 5 (A. 5. 10) 
dr 

If the electron drift velocity is given by 

Us = , E 

: a Sr B) = Boe on (A. 5,11) 
U
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hi t: ti = . dE = 0 
At the streamer tip r ro ae 

“ 47 GMNe, tape U (A. 5.12) 

Equation A, 5.11 becomes; 

d Ne rE £ rk sea (A. 5.13) 
dr Ne, a 

ret Ronesaie td pee P mitemb—ee ah rom Appendix?4 r re is Pp xr, We. 

(A. 5.14) 

Too 

Vane Bdr) s.r Bcexp._( + Ne )\n Too 
2 ss x re Ne. (le ) 

. s s 

8 (A. 5. 15) 

From Eqns, A. 5.8 and A, 5,15: 

ao re Fo 

EVE oa Wie = Edr = Ed ¢ + Edr 

n=0 c t 
° n s ; 

1 Ne *o °s Ne 
=r E {4 exp(—— + ——) ‘ =) + dhs exp(- ) 

e ue Oe Ne s Ne Ne s s 

(A. 5. 16) 

Simplification 

Ve 
As r_ is of the order of 107 and K 1 

8 Neg 

1 Ne 
exp ( ty ae t (A. 5.17) 

Xrg Ne, 

i.e, the effect of space charge is negligible in the field integral, 

‘ , 

As ae et exp (- H2) > © (A. 5.18) 
e ce 

s 
; oS Ne. 
oV= rs ae In =) a5 "te (A. 5,19)



vid 

(A. 5, 20) 

oo 

e (A. 5, 21) 

  

7.6 Gas Ionization and Photon Production 

The production of electrons and photons are strongly 

localised to the region of maximum electric field at the tip of the 

streamer, In the gaseous air, the photo-ionization of oxygen 

molecule with ionization potential of 12,15 eV may be caused by 

the line radiation from upper energy level to the ground state of 

nitrogen molecule, ionization potential being 15,58 eV. 

From an increase in electron density, on, across the 

streamer tip, photons are produced at a rate given by: 

rate of photon production = SS ar M UL % n (A. 6.1) 

where relative velocity of the streamer tip UL = Ui Oe 

K = aconstant relating the cross-section for ionization 

& in oxygen to photon- production in nitrogen by 

electron impact 

M = nitrogen to oxygen mole ratio 

U = streamer tip propagation speed 

U, = electron drift velocity. 

Within the volume of a disc of thickness SY and radius ry a 

distance r ahead of the streamer, the photon absorption is given 

by: 

, 1 
photon absorption = 9 K ro) exp(-Kar)dr 

ht (A. 6. 2) 

where K, = photon absorption coefficient, 

If a fraction k of the absorbed photon produces a photo-
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electron, then 

0 

2 net 2 
mr, Ne UL 5 K, ee MUON, ee r yexp(-K,")dr 

v ar 
0 

(A, 6. 3) 

where We = electron density outside the streamer tip 

' 
Ye = electron density inside the streamer tip Af 

' 
ON, = Ne- Ne 

-Ni= Aes ee eee B) (A. 6.4) 

where A=kkK Mf (K_r_) 
g aos 

fee ced x ra yore Y 
r ae r - ==, ) exp(-K_r_)d 

as 2a 68 hh +Y 2 as 

0 

7.7 Ions and Electrons Movement 

On the assumption that electrons and ions move 

essentially one dimensionally, the equations of continuity for the 

motion of ions and electrons relative to a frame of reference, 

advancing at the same speed U as the streamer tip, become; 

a r 
dr 

  

k 
= 1 z X= MU) + 5K K, mu, ie a Jexp(-K,r) MLUS= 0 

s 

(A. 7.1) 

a k n go AYES a 
fos (1, U) #5 K K, Mu, e(1 + 5 2 exl-K 7) #n,U t= 0 

x ear: 8 
(A. 7, 2) 

where 

the first term <= electrons or ions production rate 

the second term = photo-ionization rate 

the third term = Townsend's electron multiplication rate.
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From Eqns, A.7.1 and A.7.2 

eee PR LeU ast (Ute) (A. 7. 3) 
1 e r e e 

7..8 Electric Field Strength ahead of the Secondary Streamer 
  

Outside the streamer tip the electric field strength 

is given from Appendixt5 by: 

  

d 
dr (TE) + A\(rE) =) 0 (A. 8,1) 

Ne 
where A = - 

Ne tig 
s s 

ny 9) Ae oh ae 
dr 

aE Ar + 1 S 
aes ( 2 JE= 0 (A, 8. 2) 

The solution to Eqn, A, 8,2 is given by: 

K exp [- faz ar E = 

Bs Ki exp |- Ar - Inv } 

Bs = exp (- Ar) (A. 8. 3) 

Initial condition gives r=r_, E =E 
s s 

: = Ne 
we Kore rs E, exp ( - Te.) 

n ee 
*. rE = rE. exp (—*, +——8) (A.8. 4) 

Pa Ne rs 
s 

The space charge is composed of a high density electron region 
i 

decaying in a distance of the order @ and a low density, photo- 

ionization part decaying in a distance of the order a . 

a



318 

1 
(a) range te <5 «< es 

In this range 1) oe nN ‘ and the equation A. 8.4 gives 
8 

Y= =z = s rE Pr, E, exp (—____S.) (A. 8. 5) 

s 

In this region, rE changesfrom rE i E, Star r. 

5 ei to rE = Te E, exp xr, (A. 8. 6) 

ag aia ed 
; eee 

i eee (b) range vr. a <r <2r, 

In this range, the space charge effect is overestimated 
1 

such that Es — ve 

From Eqns, A.8,4 and A,8,6 

i 
    rE = r_E_ exp( ) exp (ue By (A. 8.7) 

eo 8 Wea ie 
oe 

5 
In this region, rE changes from rE = re E Ss 

e . 

atr = rete (A. 8.8) 

be i Ne 
to rE = te E, ran exp (We 

at T= 2r 
s 

Taking an overestimate in the region = <a r < ES 

Ne 

Wer 
  

_ ee rE = te E, eeree ) (A. 8. 9) 

7,9 Blectric Field Strength inside the Secondary Streamer Tip 

The electric field strength inside a streamer tip is 

given from Appendixt5 by: 

| ay > & " 0 (A. 9.1)
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Ne! 

Ne r 
s 

  where A = = 

The solution to Eqn. A.9.1 is given by: 

K exp (- Jaar) 

K exp (- Ar) (A. 9. 2) 

E 

E 

At the tip surface where r = ry Ei= Ez. 

mony cas (Se) (A. 9.8) SO  .exp (= 22 
s P Ne 

s 

From Eqns. A.9,2 andA.9,3 

Ne’ aie e 
E = E, exp Me,” )   

(A. 9. 4) 

7,10 Polymethylmethacrylate (P. M. M.A.) 

(a) Basic Acrylic Formula 

2 
“coo Ry 

Replacement of R, or Ry» or both, by hydrogen, or an aliphatic 
1 

group such as methyl (C H,) or ethyl (Cy Hs) yields a wide range 

of acrylic monomers, 

Ry or Ry replaced by hydrogen ——* acrylic acid 

H = Cc 
c 2 

Ry by methyl, Ry by hydrogen rs methacrylic acid
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CH 

/ 
3 

CH = Cc 
PSs 
COOH 

(b) Esters of two above Acids 

e.g. methyl esters 

H 
7 

CH, S ox 

cooc Hy 

methyl acrylate 

7 ees 
CH, = c 

~ 
cooc Hy 

methyl methacrylate 

(c) Polymerization 

CH, 

| 

C= 0 

! 

oO 

| 

Cc Hy é‘\ 

(d) Properties of Moulded P.M.M.A, 

specific gravity 

refractive index 

tensile strength 

modulus of elasticity 

impact strength 

hardness 

deter 20 

1.49 

7,000 - 11,000 1b/in” 

4,5x10° 1b/in? 

0.3 - 0.5 ft.lb/in. notch 

85 - 105 Rockwell scale M


