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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 arc 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 scal'e
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 108 m/s.

The streamers have been observed to occur in a wide diversity
of phenomena in almost all gases at pressures ranging from 10_2
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 in its 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

basic 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 dieleciric 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

GASEOQUS DIELECTRICS



2.1 Introdu cti.on

Although the nature of the breakdown of a gas at
moderate electrode spacing and low gas pressure is now well
understood(go’ on g in terms of normal Townsend multipli-
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 Meek89 and Raetherlm,
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.

Loeb72 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

116
demonstrated by Raether and co-workers . :

In all considerations of the mechanism of the streamer
breakdown, it has been recog11ised35’ = 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,

89, 78, 1112975
have

for many reasons, most investigators
emphasised the role of the space charge accumulations at the
avalanche head as the critical factor, The single attempt81 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, Each 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 importiant deductions:

(a) the evaluation of the first Townsend coefficient, {, 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)
w01'11d 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

_ 9
originally by von Hippel and in modified form by Nasser g 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 resulis.



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 emitted 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 elecirons, 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 Angstr8m. The time t is of the order of
-

V'’
time for an atomic transition of energy, AW, according to quantum

where Vr is the relative velocity of the two particles. The

theory iS: 1
Z e R S 8

which is of the order of 10—15 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=T7T , an instantaneous transition to another level will
take place. The increase in Vr diminished the duration of the
interaction and with it the probability of the transition. The
maximum for the effective excitation cross-section, Ué' , should

therefore occur at s
Vr i ,Z.J (2. 2)

7 :
which is of the order of 10 c¢m/sec. While for electrons this
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~ negative ion
h

, h )" - photon of frequency ¥ or

- neutral atoms or molecules in the excited state
positive ion

e - electron

Q !

\Target

Particle with one nucleus
and at least one electron:
neutral, excited, or

ionized atom

Particle with at least one

' nucleus and at least one

electron: neutral, excited
or ionized molecule

Electro-
imagnetic

radiation

5 Xor h\)

Test \

Compton effect
Diffusion
Excitation

h D*!— K%
Tonization
Photo-ionization
B+ KXt Hla

Photo-electric detachment
) R X #

Compton effect

Diffusion
Excitation

hy + XY—»XY*
Ionization

hy + XY—»XYt+ e

Detachment

hy + XY=—»XY + e
Dissociative

hy + XY—=X + Y

e
| | Nuclear reactions | Nuclear reaction
1‘ Elastic collision . Elastic collision
‘Elementary | Excitation ‘ | Excitation ‘
| L8 F SX—swaRs o5 e i @ 4T RY——»ANF i+ 8
Charged | Ionization | Ionization s
1P ticl ' e + X-+X+ + 2e e + RX¥—wXV + 2e
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'. - Il e + XkaX + & e + XY:r—sXY + e
fe™ L Pt E Recombination ' Recombination
| radiative radiative
i + |
| BEA L hy | 3 body
. i TRX% + hi! ; 1 e
| l Biiots ; dissociative
! | =5 e £
i S 4 X+ LV Y e + XYL»X 4+ Y
| Attachment | Dissociation
'le e l e + XY—eX + Y 4+ e
: '[ with excitation
| f with ionization
Atom or All the above reactions 5 All the above reactions
for . Charge transfer ' Charge transfer
- P 4
i ‘5{‘2} + Y—X + Y
LMolecule , 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

82, 126' Sehulz and Fox126 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

%k
h\) B S X (2.3)
ar hY + XY — XY (2.4)

The reaction is only possible if h v > 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, Wi, may lead to ionization of an

atom or a molecule,

The basic reaction of excitation by an electron is:
e + X —»e + Xx% {2.5)
& B XY w8 KT8

With the target assumed at rest and the incident electron

having a kinetic energy We , the reaction threshold is:



W 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 + ¥ —X + Y=* (2.8)
ol TR i PN GO ST

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

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

ly, the reaction threshold is

W= L (2.10)
P m

2.2 1.1:.1:.2° 1Ionization

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, Vi for gingle ionization

of various atoms or molecules,

TABLE 2.2 : Ionization Potentials of Atoms and

Molecules

Element Vi Molecule Vi
H 13.6 H2 15.4
N 14,5 N2 15.5
0) 13.5 02 12.1
Cl 13 Cl2 11,5
F 17.4 F2 16.5
C 11.3 NO 9.2
He 24.5 NO“,2 11
A 10.7% H,O 13




2.2.1,1,1.2,1 Ionization by Photons

The basic reaction representing photo-ionization is:

bl bl Kot T @l @0
and it can take place when h0>/ Wi'

This condition limits the photoelectric effect to the ultra-
violet or x-ray region of the spectrum due to the wavelength
given byﬁ

Wi th:S— (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
= —_————— 2.
) = (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 Wi’ or (b) of much greater

value compared with Wi'

Case (a): hy % Wi. 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 emitied electron is the one least firinly

bound to the atom or molecule.

Case (b): hy D Wi' 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:

T RS A (2. 15);



If the target is at rest and the incident electron has a
kinetic energy, We, the reaction can only take place if
We > Wi'

The effective cross-section increases rapidly once
the threshold energy has been passedzg’ a0, 108 s the
conservation conditions are easily satisfied due to the
ejected electrons., This results in a similar increase
in the ionization efficiency, Qi’ 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, 2.1).
Reedll? 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:

o P T (2.17)
At higher energy, the production of ions may
occur, thus

-+ -
et AW Wik ¥l e L% iE)

and at still higher levels the positive molecular
ion is formed:

e + XY—:—XY+ + 2e (2.19)

which may dissociate to give a positive ion together
with a radical or atom
eyt L Lty (2. 20)
2.2.1.1.1.2.3 Ionization by Heavy Particles

Tonization by ions, atoms or molecules can be

represented by:
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N e s T (2. 21)

' +
A T o, R, e (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:

W el P e s L R O (2. 23)
&

X + X —+X, + e (2. 24)
* & +

X + X —8mX + X + e (2. 25)

? The second reaction has a high probability especially
" +
where, in low-energy electiron 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

N AT S TR e Y (2. 26)

Ionization by metastable interaction,

F et T T R e (2. 27)

]

first discovered by Biondi , causes ionization to appear
- \ m .
long after excitation, since X generated in large numbers,

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

2.2.1.1.1.83 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, A is given by:

iy
A= =2 (2. 28)
Ve
where l'/; is the attachment frequency and L/; = ull is

the drift velocity of electron.,

Measurements of attachment coefficient have been
successfully carried outﬁ’ = by making careful measurement
of the first ionization coefficient, ¢ . 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,

4 [
as had been successfully shown by Harrison and Geballe P 40,

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 rnoleculem' i
represented by

e ¥ WX W (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 eleciron
is captured in the presence of a third body14 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.

B X e RN (2. 31)
Subsequently, the molecule settles down to the ionic ground

12
state

2.2.1.1,.3.2., Recombination

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

recombination of negative ions with positive ions,

XYy' + XY —» 2XY (2.32)

The loss of ions due to this effect is proportional to the

ion concentration so that

d}'{ dn
+ 1 -
S ——— — — e Fes o n }i
dt dt § i+ i- (2.38)

where § is the recombination coefficient given by the high-

pressure theory introduced by Langevinso as
6 Ldpat 0P 4 Bi<) (2. 34)

where q is the electron charge and H; , and Hj_ 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

844 X e e b (2. 35)

Dissociative recombination is the result of electron
7 s y
positive molecule recombination®, This may be represented

by
+ sk sk
e . 4. KXY = X + Y (2, 36)

A third form of electron-ion recombination can occur
by a three-body recombination with elecirons removing the

necessary momentum and energy,

+
Kl B e g (2.37)

The studies of Makin and Keck83 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 Xc;m in a uniform field electrode system,

it will create a mean number of electrons given by:

"Yte = exp (eAX) (2.38)
o, the first Townsend coefficient 131—134, for ionization

by electron impact, represents the mean number of ionizing

collisions by one electron per centimetre of drift across the
: (9 , o

electrode gap. = is therefore the average ionizing free

oK
path.,

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

. i = 'Ylo 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

1 = Y\ q
i exp («d) (2.40)

-
]

where

One electron and its progeny exp ( o« d) 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 o is found to obey a relation

"U|2

= 1 ‘E;T’ (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
B, E

i
=L = A . e
p lp(p

) (2.42)

The next section can be fitted by a relation

2

«
5)

2 B
A2 ( . & e (2,43)

p

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

portion is given by

X \2 As “
i 2 = 2,44
(e ) : (2. 44)
Townsendl32 derived an equation of the form
o4 L BP
= A exp ( - N ) (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 Detérmination of First Tonization 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
el O 132. In this method log (Ii) is observed as a
function of gap distance, d, with E— © asa parameter (see
Fig. 2.86).

Employing this technique, von Engel and Steenbe ck31

provide typical values for constant A and B of Eqn. 2.45
which can be fitted empirically over fairly wide ranges of I}f_

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

39 . R ;
Fromhold's studies on the distribution of the pulse
heights of single avalanches as a function of the carrier number
119 v o
has led Schlumbohm to measure ¢{ 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
&, XU, (2. 46)

‘where (/; is the drift velocity of electrons.

Fig. 2.8 shows values of « in nitrogen obtained by the

40
time constant method 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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Values of A and B in

After Schlumbohm 119,

Fig. 7 B
i marking A - B Y
(em-torr) V/em-torr ¥ ok ther
Methane S 6.99 192,1 40-80
Carbon A 4,75 182.5 44-170
dioxide
Methyl 0o 6.77 173.5 48-68
alcohol
Diethylether [ 24,5 388.8 72-116
Acetone ) 14.3 360.8 74-110
Methylal b 29.7 360.8 6090
Cyclohexane & 26.4 400.0 89-108
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deduction of the drift velocity of charge carriers. Different
methods of measurements of drift velocity are described in
detail by von Eng9130 ; Loeb74 and Raetherlls. 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, Ve, in air, is due to the presence of
additional processes besides the normal behaviour of electron
component, characterised by the exponential growth of current

il time40’ 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 Eo = % is described by Townsend
equation

M= ‘YLO exp ( «d)

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

charge of electrons and ions can be neglected compared to EO.

The electrical field around an avalanche according to
Raetherl13 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 ryi then the field of this

charged sphere at is surface is:

G 5 ( ot d)
i exp
4
B (2.47)
The field distortion produces, for example at % = 40

11
in nitrogen, a change of o of about 5%, a remarkable resuli

1
Observations on avalanches in the cloud chamber
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show a strong enlargement of the head of the avalanche,
excee;:ling the normal diameter due to thermal diffusion,

if the amplification approaches values of 108. Raether

and Petr'n:;)poulms10G 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, Er’ acts on the electron at the
surface of the sphere containing exp (& d ) electrons and

accelerates them into outer direction such that:

dr i ‘
It = Mo IJI_ (2,48)

where My is the mobility of the elecirons,
The radius of the expanded sphere is given by
3

p o= o cexpi{ . Xn) » exp(o{xD) Fair @

s (2. 49)

The equation 2.49 suggests that, up to a certainX = JCD
value, the avalanche diameter as a function of x can be

described by the thermal diffusion. At higher amplifications

exp (XX) > 106

r grows much more rapidly with x than the thermal diffusion

radius.

It is suggestedlw’ rad 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 MorriszT show that the maximum pre-breakdown
ionization current of the order of 0.5 u A is not influenced

by space charge upto p d = 10,000 torr-cm.
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2.2,3 Avalanches with Successors

One of the most important experimentis 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
(28 E
p ( P)

if pressure of the gas and the eleciric field strength are kept
constant, then ¢ should remain consiant. Figure 2.6 shows
such a plot for several applied fields, Except at high fields and
with large gaps, the resulis are as expected. From these data,
a curve for & as a function of = can be constructed (see
Fig. 2.7), and in all cases a similar 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 elecirons 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
developlment 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 electiron 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 emigsion on striking it,

These three processes are described quantitatively by a
coefficient X , 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
Ot b’[exp W) 1] (2. 50)

per avalanche, produce new avalanches in the next generation,

If the primary generation begins with ng electrons, then the

second generation follows with n_n_ electrons,

The various [ processes are often distinguished by a
subscript - Xi for positive ions, X for photons, and Xm
for metastables., Although the magnitude of ¥ may be small,
(e.g. 10-4), its overall effect may be large since these
secondary electrons are produced at the cathode and each will

be muliiplied 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 ¥ , however, is determined by
the energy of the primary electrons, and is accordingly

a function of % :

2.2.3.1 Determination of Second Ionization Coefficient, ¥

Townsend's second ionization coefficient increases
4

3 S g i :
with increase in ? (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, Xi may be involved and, if it is
in the range 0.1 - 1.0 m. sec, one may also expect meta-

stable action Xm to be involved.

The photons active in ¥ must usually be of a kind
that do not experience delay agd dissipation by resonance
absorption. The secondary mechanism which involves X
may suffer a delay per generation of the order of 3 Te in

: : 76 ¢ oy
air and nitrogen where?.de is the electron transit time,

Increase in electrode work function, ¢ , reduces B/l
and Xm. In contrast, Xp de pending on photo-electric
effect, is not so sensgitive to changes in surface conditions.
Oxide layers generally reduce Xi and Km but do not
alter Z’p 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 hV will succeed in liberating further

electrons.

The generation interval, after which the succeeding

avalanche starts, is given by

d
S (2. 51)

It is possible to observe the oscillatory character
of the electron component of the current, which comes from
the succeeding avalancheslls. This is illustrated in Fig.
2’. 13 which shows the electron current as a function of time,
when 0ok 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 ( c(u;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 Xi. The vagjes of K’i depend on the type of ions, gas
pressure, and —B- 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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I- (t)

Fig. 2.13  ELECTRON CURRENT AS A FUNCTION OF TIME.

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 x} 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,

'Z';, can be represented in the ideal case by Fig. 2. 14.
This can be realised136 by using gases in which the
avalanches reach a very high o(d value, so that the positive
ions are concentrated practically at the anode. Schmidt-
Tied'en'ua.nnlz3 gives the transit time in oxygen, with the
production of secondary electrons by B’l process, as about

5 usec (see Fig, 2,15).

2.2.3.1.3 Secondary Electrons Liberation by Metastable

Impaé% on the Cathode

Metastable atoms with W __ > ¢ will liberate
secondary electrons on reaching the metal surface with a
coefficient Xm which has a longer time scale than Y
and h’i in that order. Km is operative only in very pure

rare gases,

Secondary electrons are readily emitted from metal
surfaces when slow metastable atoms impinge upon them.
Large yields have been found for rare gas metastableszs’ 29.
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‘?t4 suggests that the energy in

excess of the work function of the surface is transferred to

the ejected elecirons.

2.2.3.2 Townsend's Generalised Equation

22, 27, 45, 67

A number of investigators in recent
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Fig. 2,14 [IDEALIZED CURRENT AS A FUNCTION OF TIME.

SCCEEDING AVALANCHES ARE PRODUCED BY POSITIVE IONS AT THE
CATHODE, ¥ i

(After Raether 116)
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Fig. 2.15 OSCILLOGRAM OF A SERIES OF AVALANCHES WITH SUCCESSORS
IN 02 PRODUCED BY IONS AT THE CATHODE.

(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 forms

Ti_z C[("(-}\) /(o('-)n)]exp(o(‘d)
‘o 1 '(w/oq')[em ('d) - 1] (2. 52)

where o('and td/o(l are the apparent primary and

secondary ionization coefficients respectively and

e

we [(x-p-8) + [(ot- e 80 v st (259

(- o= 6y - [(x- o8 +4o<5]%} (2. 54)

|
(SIS

where o , /3 and & are the true ionization, attachment

and recombination coefficients respectively.

Measurements of pre-breakdown current by Dutton and
Morrisz7 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 Schlumbohm121, they give a
value of attachment coefficient, /;’ , in the same order as
the true primary ionization coefficient, o{ , and a value of

recombination coefficient ‘5 between one and two order of

magnitude smaller than o{ .
2.2.4 Breakdown
2.2.4.1 Tntroduction

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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Fig. 2.16  THE MULTIPLICATION RATIO i IN AIR USING SILVER
1

0
ELECTRODE AS A FUNCTION OF ELECTRODE SEPARATION. DETAILS IN
TABLEZ4,
(After Dutton and Morris 27)
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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 -
g 102
requiring a large number of avalanches to produce
24-27,65-70,131-134
breakdown .
(b) A 'rapid' mechanism - streamer or kanal - which

develops the first avalanche directly to breakdown2, 78-81,

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 fapid
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 (o d)

- it -X'[exp(o*’\d) - 1] (2. 55)

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

intensified current becomes

1, &P («4) (2. 56)
1 - Yexp (xd)
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Increase in potential results in increase in exp ( « d)
and gexp ( xd). As E(exp ( X d) 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

Sexp(oxd) = ¥ exp(mv) = 1 (2.57)
where 7| 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 io’ 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 o< and ¥ satisfying the Egn. 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 ai 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 (o d) is governed by chance, since in most discharges

9 < Xd <18.
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+
The probable fluctuation of o{d can be between - 3 and
g o g ” S
- 4 in a single avalanche. This can produce a large variation

in exp (o(d). Itis shown by Wijsman140 that, by setting

M = §exp (d) (2. 58)
then the breakdown probability P0 is
1
R F 1 - M (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 6
much increased 5,02, 3,

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 Xp. Thus, inh the inert gases,
notably in argon, the photons yielding B/p are created by the

reactions

e Sl (e Az* % o (2.60)

Azt—-A b A e KR (2. 61)

These are pressure dependent and suffer a delay in the order
of 3 usec 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 Xi mechanism since triple impact of A% with

2A atoms becomes infrequent,
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'Electron emission of electrode in the fields of the order
of 105 V/em has been studied by Llewellyn Jones and De La
Perellesg. The emission rate was found to be as high as
105 - 106 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 co-worker324_2? 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 l\e‘If;n:'gan69 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,

Lewise4 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 Raether35 is in the
range 106 - 1(]18 electrons/sec.

il " have shown

Llewellyn-Jones and co-workers
that the physical significance of the Townsend criterion is
that the sparking potential, 4% becomes independent of
initial current, io, up to the levels of current of 10_11A
and that a finite current, i, can flow at zero initial current,

Dutton and co-workerslg’ 2Rt

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 Schrﬂderl:25 and

Boyd et al.ll

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 %- , 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. Rogcwvskill8 applied a sharply
peaked impulse to a gap in air and found that the voltage collapsed
in a range of time of 0.1 - 1.0 usec. 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 Meek89 and Loeb78 for positive streamers, and
independently by Rasther > - 12" bor 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 - Negativé Streamers

Rae‘cherwg_113 postulated that streamers would

develop when the initiating avalanche mechanism produced a
sufficient number of electrons, exp (4*%), resuliing in an
electric field due to space charge comparable to the applied field.

His criterion for streamer development was:
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'E = exp (K*) = E (2.62)

where E is the applied field and ry 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

«d = 20 (2.63)
resulting in an average number of electrons on the avalanche
head given by 8
"Yle = 5 x 10 (2. 64)

2.2.4.3.2 Cathode Di'rectéd - Posi'tive Stréamer

The positive streamer from the anode as explained
by Loeb and Meek78 has certain similarities to the IF{at-)therlog-l13
Theory. In this case, the field enhancement is thought to 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
at a distance T from the centre of the positive ion space
charge is given by

4qr £

- s
ES. C. = ———-—-—-rz exp ( 0( d) (2. 65)

where r is the streamer radius.
s

The avalanche radius is calculated from the velocity of
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Fig. 2.17 SCHEMATIC REPRESENTATION OF ANODE-DIRECTED
NEGATIVE-STREAMER MECHANISH
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Fig. 2.18 SCHEMATIC REPRESENTATION OF CATHODE-DIRECTED
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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 2
™z
¥ 68 10" (—p’E) exp (o¢) (2. 66)
The streamer is assumed to propagate continuously

across the gap when
Er &5 CkE (2.67)

where E is the applied electric field at the critical breakdown
condition. The ratio k was originally89 assumed to be about
0.1 but latergtJ was considered to be nearly equal to unity, as

in Raether's criterion.

Loeb72 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 u, 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

e rso<f exp(—,uxl) exp [(e€d) =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 énd.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 i0 a system of electrodes, there are two
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reasons why sparkover does not occur immediately! -

(1) time 1s 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 a s well as theoretic-
al interest, 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

1
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
T . PR
gl ' 1P2 (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 ¥ P, P,. This will be independent of t if P P

| S
is independent of t.

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

1
next interval, dt, the number breaking down will be dNt where
dI\Tt = - ‘PPl Pz Nt dt (2.70)
Integration gives
t
N
o
b (N ) VP P, at (2.71)
0
0% s b el i P1 and P2 are constant over the time range of
interest,
4 2 =
A d N exp S pE, P )= N R - 7'?3) (2.72)
Nt
This relates the fraction of breaks, ~ occurring after

time t, to the average statistical timeolag. A plot of

In ( -N—O) versus time should give a straight ]_ine68 whose
1
(s
(see Fig. 2.19).

slope is , provided that \PPI P2 is constant

If the level of irradiation is increased, Y increases and
therefore ‘T‘S 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 Paetou1

or I‘V’Iz-l.lterg4 effect. Statistical time lag becomes field dependent
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(After Llewellyn - Jones and De La Perrelle 68)
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if the initiating electrons are by cathode field emission, It
is also realised that 2 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 essentiang. It has
become important in studies of gaseous discharge to ensure
adequate initiating electrons to tfigger the discharge and thus

.2 ey /)
facilitate ascertaining the correct threshold values

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 Ilaosition 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 Pl. Overvoltage is defined here as the increase in
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 P2 can now be considered. The

f\ilfilrnent of the Townsend breakdown criterion,
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X[exp (eXd) - 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 X[exp (Xd) - 1] > :
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 %f and ¥ on -EI_:; . As it is to be expected,

with increasing overvoltage the average statistical time lag

approaches :
Ry
Very long statistical time lags have been obtained by Narbut,

et al. ol 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 cccur 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 experimentally21 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, TFor 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, ici’ at which space charge becomes
important and causes breakdown. However, if a large value,
ic2' 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 iC 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 and 10 A/cm2 respective-

36, 37 . -
calculated curves ’ for 3.5 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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F‘ig. 2.21 THE TEMPORAL BUILD-UP OF CURRENT FOR VARIOUS OVERVOLTAGESA\
(After Devin and Sharbough 21)
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-1 2 .
ic of 10 ~ A/em”, assuming that 10 per cent of the secondary
electrons are produced by B/i process and 90 per cent by ?j/p .

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

2 ; X,
e o et b’l , the experimental points could be
P

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

are elucidated.

Fisher and I_%ec'[ersona6 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_7 to a value as great as 10 : sec,

The appearance of a breakdown very near threshold taking
10-5 or more second signifies that the streamer breakdown is

preceded by the slower conventional Townsend breakdown of the

gap as a wholesﬁ’ 75, 76.

113,116

Raether defines the formative time lag in uniform

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

kl
streamer development sets in from the first avalanche, Tk as

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

2

s e 1 5
is given by Pfaue and Raether g to be in the range 15-100 n, sec

(see Fig., 2,23). Similar results are obtained by Schlumbohm

*AALEE 0% detailed study (see Fig. 2.24) showing that;

1) Tk depends on the carrier number in an exponential form,
2) Tk is reduced by overvoltage,

3) Tk shows little dependence on the pressure,

4) T, increases with the gap distance,

k

for gases with appreciable attachment

k
36, 57
coefficient, el ane given by many investigators™ ’ 517, 58, 125.

Larger value s of T
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125 -
Schrider's 4 study on air at atmospheric pressure provides a

value for Tk in about 50 usec. The time rapidly diminishes with
increasing overvoltage, dropping to 250 msec at 1% overvoltage,
Extensive studies of time lag in positive-point breakdown
has been carried out by Menes and Fishergg. 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 alaue diagram of the number of lags
exceeding t, relative to the time lag in u sec, for three different
u,v. illuminations, The intersect corresponds to a time lag of
0.15 u sec, at 0,18% overvoltage, for a point of 0.3 mm radius
at 200 torrs pressure, Menes and Fisher93 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 discharge93 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. For a
uniform field gap36 at 0, 5% overvoltage, there is an increase of
10 - 100 fold in the time lag over the non-uniform gap.

7
89620 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

+
A é_y_____v_v applied at a A <1 or A > 1 are shown in

S
Flgn 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 = 0,7 mm at 100 torr, The

circles give the transition time from pre-onset sireamers to



40!  m
20-
| 5
=
v [O-
J£=
% o high uv illumination
g‘ amedium »
=
(o]
- Alow " "
PN
o
o
=
P
[ ™
(4]
0
[5
s | - T e
=z
3
|
o s A : ' o)
TIME LAG |, p SEC

Fig. 2.25 LAUE PLOTS OF TIME LAGS FOR THREE INTENSITIES OF U-V
TRIGGERING ILLUMINATION OF THE CATHODE.
(After Loeb 76)

Point radius, 0.3 mm; gap length, 1.0 cm; Pressure, 200 torr;
overvoltage, 0.18%.



69

pSEC

FORMATIVE TIME LAG

T T S U 3 AW £

PERCENT OVERVOLTAGE

Fig. 2.26 FORMATIVE TIME LAG FOR POINT-ANODE AS A FUNCTION OF
PERCENT OVERVOLTACGE AND A RANGE OF PRESSURE.

(After lenes 92)

Point radius, 0.3 mm; gap length, 1.5 cm.

0 = 700 mm
500 mm
300 nm
200 mm
100 mm
50 mm
30 mm

4 +xX+ 0>

----- Fisher and Bederson 36 - uniform field, 1 cm gap.
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Fig. 2.27 FORMATIVE TIME LAG FOR HERMSTEIN GLOW TO A SPARK
TRANSITION AS A FUNCTION OF RELATIVE VOLTAGE A
(After Loeb 76)
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4
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 1 usec, The time
decreases to about 0,3 usec., as /A reaches the threshold for
sparking. Miyoshi suggests that these findings are in keeping
with Hudsons'51 photomultiplier observations as well as with
Menes and Fisher's 73 data.

A great deal of effort has gone into attempts to obtain

97-
76,97-98, 135 T T

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 TrichelM’ g pulse, the glow and the spark breakdown.
As an example of the sort of fluctuations that are observed, one
may cite Miyoshi’sgm e 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 u sec, at I= 2 mm, and rise to a range

of 30-500 u sec, for 1= 10 and I= 15 mm,
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2.3 Instrumentation

248 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.

y 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 is a method by
which the charging voltage is limite& 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.

9.3.1,1.1 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.
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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 pul se passed by diode V4 fires
valveVs 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 u sec by a fixed
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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 {rigatrons on the impulse generator and the chopping
unit are designed to operate with a 6 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 uF 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 k2 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 k2. 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 provi'ded 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

V14 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 at 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,

2.8.1.1.7 The Test Cirecuit

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 electrode 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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2.3.1.1.8 The Power Packs

The anode voltages, the grid bias voltages and the
heater element supply voltages 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 5 n. 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,

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 volis.

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 dischargé 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 e.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) Mechahical-()ptical - 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. 2.4la.
(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-elecirode 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:
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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

- Pi"imary sireamer growth
Secondary streamer growth

- Return streamer growth

(3 T S T R
1

- 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 becomes 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 sireamers does not necessarily

lead to breakdown.

2.4.1.2 Secondary Streamers

At higher applied field sirength, primary streamers are
followed by secondary streamers which are luminous, highly ionized
conducting channels following the main stems of the primary stream-
ers., TFigures 2.47 and 2.48 show the secondary streamers super-

imposed on primary ones for films placed transverse and along
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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 N.T. P.

Fig. 2.43 Primary Positive Streamer Pattern when film
is placed a distance _[ 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,
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Patterns when film is placed transverse to the

Fig, 2,47 Primary and Secondary Positive Streamer
main electric field in air at N, T. P,
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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.

il e ) Rétlu‘r'n- S.treamer'.s.

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. Tigure 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 result connecting the

electrodes, and the breakdown is ensured.

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, Np’ 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.




104

ol
s
gy W i s
"
N 3 273 j/ e
' i £ L
v 7 o e 4 =
y
N ;V’;:fg: 2 ‘_/_\\”é negative return
e NN N < sjreamers
-;“;5:-}{_:— S /
.4 )‘3 _ '5'/,:{'11\:\3" )__ 'K::
e :-a. L2 "54 &
) «
.& -
y <
4 - AW
A A " A
» b

Fig. 2.51 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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9 - 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 sireamer 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 Strear'ners.

Figure 2. 53 shows the relationship between the
number of the streamers, Np, and the distance beiween 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
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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,

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
| 15 Np 13 21 33 48 72
| 14 22 35 49 74
i 15 22 35 51 75
i 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
} 15 26 41 67 106 |
20 Lo H¥p 16 26 42 70 110
i 16 217 45 71 110
{ 17 28 45 73 115
: 18 30 48 75 120
| 15 26 52 87 145
i 16 26 53 90 147
16 27 55 91 148
25 | Np 16 30 55 93 150
} 1% 30 51 95 151
18 31 58 96 155
18 33 58 96 157
18 33 60 100 160
i 16 28 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
| g 21 38 70 150 230
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TABLE 2.6. Primary Streamer gpatial 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.

r"I_n-npulse ! Spatial Point - Film Gap, 1 mm
Voltage | Progres
kV | mm 5 10 15 20 25
4 18 20 20 13
6 19 21 20 15
7 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 17 |
10 23 25 25 18 |
8 22 25 26 19 |
9 T b 26 20
11 23 28 28 20
4% % 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
8 T o OOMT:, 55 ot AT i s o VO . . v o i -
| 21 30 35 34 26 |
22 31 37 34 26 |
: 23 33 37 36 27 |
25 R 23 33 38 37 27 |
24 33 38 37 28
24 34 38 37 29
24 35 39 38 29
25 35 40 39 30
25 33 40 37 29
217 35 40 38 29
D% 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 Spatiai-fime 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.
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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,

!_Impulse P8, Point-Film Gap, 1 mm
;Voltage Spread +j
| kV mm 0 5 10 15 20 25
13 10 7 5 3 -
: 14 10 8 5 3 =l
} 14 12 10 7 4 0.5]
15 13 11 7 4 3y |
he - 16 13 5! / 4 gl
| 16 14 11 8 5 1 1
; 16 14 12 8 6 2.}
| 18 15 12 9 6 2
20 18 16 11 7 2 |
21 19 16 12 8 3}
22 20 7 13 8 3 |
: 22 21 117 13 8 4 |
- i 23 21 17 13 g a2
23 21 18 13 9 4 |
23 22 18 14 10 5 |
26 23 19 15 10 5 |
38 35 29 26 15 s 4
38 36 30 26 17 4 |
39 36 32 2% 18 4 |
| 25 S 39 36 32 27 18 5 |
5 39 317 33 217 19 5 |
| 9 " .87 33 28 18- - 6
g 40 38 33 28 20 6
| 40 38 34 29 20 7
§ 43 41 39 35 25 5
; 44 42 42 317 30 8
45 44 42 317 39 10
(30 S 45 44 42 317 80,5 10
45 45 42 38 31’ 1o
46 45 43 39 $1°0 e
47 45 43 39 - { P [
47 417 44 40 52 . 12
58 50 52 44 35 9
53 53 52 46 86 .. .11 !
56 55 52 48 S sl
35 S 56 55 53 48 M
56 55 53 48 $7. %13
57 55 54 48 37 14
57 57 55 50 3870018
59 58 55 50 38. . 15

+
True gap length = 25 - film thickness.
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TABLE 2.8 Primary Streamer Average Parameters in Air
at Mo¥. .,

G, = 2.5 cm;

115

Point-plane electrodes; point anode; gap length,

1/50us impulse wave

radius of curvature of point, C

= 100 microns.

Impulse P. S, Point-film gap, 1mm
voltage Parameters 0 5 10 15 20 95
15 kv Sp mm 15 13 10 7 4 1
Rp mm - 7 21 23 23 16
Np - 14 22 34 48 72
20 kv Sp mm 23 21 17 13 9 4
Rp mm g 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 15 30 56 94 152
30 kv Sp mm 45 44 42 38 30 10
Rp mm g 28 38 43 41 32
Np u 19 33 60 114 191
35 kv Sp mm 56 55 53 48 37 13
Rp mm - 33 43 45 48 40
Np - 20 25 66 136 219
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TABLE 2.9 Primary Streamers Spatial-Time Characteristics |
in Air at N.T.P.
Point-plane electrodes; point-anode; gap length,
G, = 2.5 cm; radius of curvature of point = 100 microns

rectangular voltage wave,

Pulse Point? Pulse Width

height -filmi: 6 ns 10 ns 20 ns 50 ns ! 100 ns | 200 ns

KV gap ST R |S | R S |R |5 R | &R S R
1 mm min mim| min mm mim min {Imin |1mi | mi| mimj mim

6T 110, | =i 15 - 26% P B 5 R T B S )

54ty 15 Padil « 20! 7| 22| 13|24 14| 26/ 15

T S 317 |17{11] 18] 17|22 23 I 24 | 25
o257 §as Fo At 1 - |14]12| 16| 19]20 | 24| 23] 28 :
20 - |- | -1- l11]10]13]18}17 24| 20| 28 |
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e SER RN R S O T o e DT T R T
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TABLE 2.10 Primary Streamer Velocity in Air at N.7T. P.

Point-plane electrodes; point-anode; gap length, G, = 2.5 cm;
radius of curvature of point, C, = 100 microns; rectangular

voltage wave.

[Pulse Width | Streamer Range Velocity
ns Lp mm Vp m/us
35 kV | 25 kV 35 kV__| 25 kV
B L 13 9 2.1 1.5

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 Electfode
System

There has been diversity of opinion in the past about
representing the electrostatic field pattern of point-plane electrode
geometryzB’ B G00, 130. 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 Eclmunci28 who represen-
ted the point by a paraboloid of revolution. This study was
extended by Fitzsimmon537. The point representation by a
small sphere was suggested by Th01n80n130 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:

g Bid B DR L R T 3%,
Dpfc T BT RN oS el O, el g dok

(2.73)

0

AV

Solutions are given in terms of the Legendre functions, The

particular solutions are:
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m

r F’rln (Cos @) SinmY

S
I

-m -1

6.
]

Q?n (Cos@) Cosy (2. 74)
¢ = rman(COSQ) Cosm ¥

The solution of Laplaces' equation is of the form:

¢ ] Z Bmo(g) P (Cosﬁ)

8

oo L0 < m n
< Z Zl {an(z) Pm (Cos@).CosﬂV

m=0 n =

I n

+ A (E) Pm (Cos B) . Sih'n‘Pj (2.75)

where the coefficients are given by

+1 2
. 2m ¥1
Bmo 7 4q ?50 (8, V) . Pm () d¥Pdu
-1 0
P i (2.76)
2 i 2 !
Bon n2:- !(2_4-2;1 ¢0(9;‘/’) Pn (M) Cosn¥Wd¥d u
J=170
2 e m
Amn * n2;1 ((E;nr;);’ Sﬁo(@,‘z")f)n () Sinm¥d¥ d u

J-1)0

Consider two concentric conducting spheres separated by a

dielectric material. The boundary conditions are:

r ¢ = V

b g6 = 0

(2.77)

n

1 i

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

only, Laplace's equation simplifies to:



la3

[
I
B

]
+
=l
e
I
o

(2. 78)

o
*

The general solution of this differential equation is:
§e Ta g B (2.179)
r
Substituting the boundary conditions (Eqn., 2.77), the potential at
any point in the dielectric is given as:
Y& b ]
p g - 2.8
g - < [ L (2. 80)

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

E = -grad;é:-(?. ae aM (2.81)
r dr r 2
(b - ¢c)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 [C <G,

The potential is given by:

iz ch & .y (2.82)

r

and the field strength is given by:

B YC (€ + G)
2
Gr (2.83)
The maximum field strength occurring at r = ¢ is given by:
V _(C + G)
= ] 2,84
Em CG g

The field strength from Eqn.2. 8. 3in per unit value is given as:

e g s ) vk
T P E g

av

where the average field strength E, = "5
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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:

% =gtV Cos Y
e =g o Sin (2.86)
il 2 2
3 il 8- Vet

The co-ordinate surfaces V= constant are paraboloids of

revolution opening upward:

x2 + y2 = Vz( vz + 2z} (2.87)
Metric coefficients for parabolic co-ordinates are
L £ 2 2
£y .~ Bgp  BIBLF Y (2. 88)
gqg = M2V2
Laplace's equation is:
S i 1 B2¢+15¢+52¢+13_¢_}
SRS T T RS TR A R
% 2
e (2.89)
uoy 3?’
which separates into
2 2
2
dg’T+;—-——gT—(q+P‘§“)M=U
du M
2 2
d N 1 dM 2 :
S L L + P .
9 + u dv (q -2"") [ R A (2.90)
dv v
2
d }Z’Jz ] p2 -gy- Ay
d ¥

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 ( ¥ = const. ).



ke e NS

M = A j(tqn) + Lj (‘q“) /(2.91)
N

- A ](qv) £ B )

For ¢ to be a function of V only, the solution of Laplace's
equation is:
asar B [y (2. 92)

Constants A and B are evaluated from the boundary conditions:
SIRLE

A A g = 0
The potential distribution within the electrode geometry is given by:-

Vs &

} (2. 93)

(“b‘)

£ A0t ke

(2. 94)
.In ("")
The field strength is
-3
E = -grad¢ = - av(pz +V£) %?5_
"4
1
2 By *
~ EE
Vin (?)
For the upper surface V= a
1
2 ol
T W (2. 96)
aln(2)
b
The maximum gradient which occurs atu = 0 is given by:
B e i
max 32 In (g) (2.97)

The relationship between Y= a representing an equipotential
of the paraboloids and the radius of the curvature of the 'point'

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

2

&5 o v L (2. 98)

2 2
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The equipotential which just touches the plane V= b is
given, by:

bz (&

e L AR ¢ A =5 (2.99)

where G is the electrode gap.

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

Al
2 2 e
Bl e eV ) (2.100)
Vl.n ( C )
a3+ C
and its per unit value is
2 2 .
s + Ly 7
o T G G (2.101)
Eav v[n (—1~—--—)
1+ 2G
C
The maximum field strength is:
ke s (2.102)
m POl g P
2G + C
If ¢ KaG
T 2 (2.103)
2G

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

E o= — 2V - (2.104)
v¥ [n 3G + ¢

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 ( A @, ¥ ), the following
equations results

a sin 6 cos Y
cosh” - cos e}

x —

(2. 105)
' a_sin @ sin ¥

¥ 7  cosh M - cos e
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Figure 2,61

Bi-spherical co-ordinates. Suraces, when 'YL is

constant, are spheres with centres on the z-axis,



L22

T a sinhn,
" coshn- cosh (v

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

2
2 4 a
€11 €92 (cosh™ - cos® )2
3 a8 oin’8
833 (cosh L & 0059)2 (2.106)
3 3 8.3 sin 68 s
g (cos hm - cos6)

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

bi-spherical co-ordinates as:

2

d H 1 2

d'r(z T st e i
('

L & emel2) + @ (o, - Teyaat KU
s1n

2
Y
dgjz + 0{3'-\11‘: 0

0.

The particular solutions in the case of axial symmetry with the

potential as a function of ’7 and (& only are:

DI

"

¢ (cosh’? - cos@)® exp [t (p + %)’YZ]PP (cos @)

raj=

e [£ @+ H7]Q, (cos0)

=
1

(cosh ‘T - cosf@)

107)

(2.108)

The electrostatic field between the two equal spheres is given by

the solution:

-2 :
$ = (coshﬂ’(- cos @ )* Z A EJIJ?E I[Eﬁi
n=0 n

M]i— \:Ip-

Y
'rf

]] F (cos@

(2.109)
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substituting the boundary conditions

¢ = +V when ”Z=”(
¢

° (2.110)

v when 7 =-7,

givess

Vv = 'E
cosh(? - cos )3 - A Pn(cose)
o =

(2.111)
The left-hand function is expanded in a series of Legendre functions

with coefficients of the series given as:

3!
i e i 50 Al | u)
A = V( ) (oo - =1 du (2.112)
=il o
where u = cos 8.

The electric field strength is given bys:

E = -gradd ='% (cosh”(- Cosa)[dfj% FH%y 5‘5]

(2.113)
From Eqns, 2,109 and 2.113:

;- 1|, &= AP, (cos8)
: O e (cosh”l— cose)za A

bms o LA

{smh 'f( sinh [(n + 2)'7. (n + %)(COS h'Y( - cos§) cosh[(n +%)rLJ}
smh ﬁz(n + %

+& Z sinh

"Z( +_)

(2.114) -I
At the boundaries "z = 2 "( , E is perpendicular to the spherical
o

)
Jz sinf. P(cos a) + cosh‘r‘l- cos@)P(cosO
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surface but, in general, E has both "‘f and @ components,

o

The maximum gradient, E_, occurs at 8= 7 and o i A
m

Hence
PR n
Em = —lé- (cosh'q': 1)* Z (-1) An
n=190
{% sinh?_+ (n +—;—)(cosh7[,o+ 1) coth [(n - -%—)T?azj (2.115)

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, VL= constant, of the same
family. In general, therefore, a series solution is necessaryeven

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 (7’( ,8, ¥) are related to

rectangular co-ordinates by the equations:

X = a sinh'ft sin ® cos W
y = a sinh7 sin @ sin ¥ (2,116)
Zi: = @ cosh'Yz cosCa

The metric coefficients for prolate spheroidal co-ordinates

are given as:

L
= a (sinh 2’? + sin26)

Ey1iu | Bag

Bag " a2 sinz'va sinze (2. 117)
1 S ; il o 7

g @ sinh 7 sin O (sinh M+ sin"0)

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 6 is

constant,
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g = -

az(sin hzf'z o+ sin29)

2 Y 22 D9

{Eg -+ COth’Z'TﬂZ + '—agéi' e Cotes—"‘

: 2

+ = ; - 9 g} = 0 (2.118)
a sinh nz sin“@ oY

The elementary solution is;

g = Him)y . @6y . ¥Y(V) (2119
*q

1]

il
)ﬁ

where H (cosh "? ), H Qz' (cos :h’?)

9
p
® - P;l teosa)) @) - Q;l (cos@)  (2.120)

Y’= e (qy)

cos
If the solution (a) has axial symmetry and is therefore inde-
pendent of ¥, and (b) depends on single variable, e.g. ¢ = ¢ (8

Laplace's equation becomes:

2
d” ¢ dP
dez 4 cot@—e—d = 0 (2.121)

and the solution is:

$ = c I cot(-ze—) 0B (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:

8:90, $ = V
Jire o 0B

]

(2.123)

1]

0

The coefficients C and D become:
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D =30
(2.124)
c = h ;
0
In cot ( 5 )
The solutionltherefore becomes:
n cot, 6
¢ ( 2 )
;6' = e {(2.125)

Vv
1n cot%

The electric field strength is given by:

E = -dgta dg (2.126)
T L
11
From Egns., 2,117 and 2, 126
1
2
V (sin h2"’2 + sin26 )
e a ( In cot"%g) sin 6 (2.127)
The maximum field strength
V
Em Bk ( In cot —62—0) sin2 90 (2.128)

The coefficients a and 90 in terms of radius of curvature of

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

6 = arctan (%) i
0 (2.129)
T s I
Cos @
o

The per unit value of field strength from Eqn, 2,127 becomes:

B .2 =2
& Cos 60 (sinh™ + sin"6)

E
av sin® ( In cot “2—0)

(2.130)

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 hyperboldid in a prolate spheroidal co-ordinate, the

electric field (see Section 2,5.1,4) is given by:

B

'V (sin h2 N + sin28 ):

a ( In cot %) sin 8
In the range of <6 \<-g- (i. e. OQZ £G) along the line
”( = O (i,e. z-axis) from Eqn. 2.116

B

z = dcosB (2.131)
and from Eqgn. 2,129

z = cos 9 (2.132)

cosf,

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

the main field axis is:

L e SoEO 2.133
s G cos 6, ( )

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

cos O,

2,134
sinze ( ln cot -%9-') ( )
v

where the average electric field E = -—
av G
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A computer program of electric field strength from Eqgn.
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 o d at this potential level is given by:

old = 20 (2.135)
This corresponds to a charge amplification of
m = exp (d) = 5 x 108 electrons (2.136)
These values are in accord with the results of Raether and co-

X
workers 1 in uniform eleciric 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 fieid 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 BlB.. 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 0.9982 191.9 160. 1
5. 50 31,4476 0.9974 ' 100.6 132.4
6. 00 26, 4402 0.9965 | 84. 6 111.3
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 49,17
9. 50 10. 6051 0. 9883 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 1
29. 50 1.1914 0. 8721 3.8 5.0
34, 50 0. 9005 0. 8258 2.9 3.8
39. 50 ; 0. 7140 0. 7732 2.3 3.0
44,50 | 0. 5880 0.7147 1.8 2.8
49, 50 0.4996 0. 6507 1.6 2.1
54. 50 0.4359 0.5819 | 1.4 1.8
59. 50 0.3891 0.5086 | 1.2 1.6
64. 50 0.3546 0.4314 | Al 1.5
69. 50 0. 3293 0.3509 | 1.3 1.4
74, 50 0.3111 0.2678 | 1.0 1.3
79. 50 0.2988 0.1826 | 1.0 1.3
84, 50 0.2916 0.0960 | 0.9 1.2
89. 50 0. 2889 0.0087 0.9 (-
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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 E X oL

the point 1, em p P

V/em torr

ion pairs/cm

ion pairs/cm

microns
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 1.5 1140
88 291,33 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 i 76
225 55, 7 0. 07 ! 53
257 49,17 0. 055 i 42
293 44,7 0.015 ] 11
750 19,4 0.0001 0.07
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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
sireamers 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 tipis a
sphere of charge having a radius T and a centre O at the reference

point, a single photo-electron is created at a distance ry from the

cenire of the sphere and moves to a point r This forms an avalanche

2.
of multiplication given by:

2 o
1
M= exD (( X dr) (2,137)
ra
having a diffusion radius given by (see Appendix 7, 2)

rl D 1
Ti=" .8 f Bl dr) (2.138)
d | U,
/ry



142

where & = Townsend's first ionization coefficient
D = diffusion coefficient

Mg 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 r, 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 sirength propagation of the
primary streamers aref— ;
(a) The number of new positive ions created by electron avalanche
must be equal to n_, the number of ions in the original sphere,
(b) The diffusion radius of the avalanche head must not become larg-
er than T the radius of the original sphere,
(c) The avalanche must reach the required amplification before the

two charge regions begin to overlap, i.e. 2r( \<r2'

The distance r_, at which a single photo-electron is created

1,
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

1
given by:
% = 30 v/em torr (2.139)
The electric field at a distance r is given by:
B e (2. 140)
2
47 €, T

where charge Q = 'l’teq coulomb,
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The value of ry is deduced from Eqgns. 2.139 and 2. 140 in

terms of number of electrons, ¢ , in air at N, T. P.

(g1]

1
e 2.5 = 10 6( ﬂe)z cm (2.141)

The total number of electrons, N o can be deduced from
Eqn. 2.137 by graphically integrating the curve of o4 as a function
of r between the limits r, and r_,. A value of ﬂe is first

1 2
chosen which provides a value of r, from Eqn, 2.141. The

1

integration then proceeds with such values of r, which will

result in the same electron density I'le.

The ratio of diffusion coefficient to electron drift velocity

is given(sl) by:'
' A

D e

sl 9 2.142

= - e
where k = 1.37 x 10 -16 ergs per "K and the electron temper-
ature, Te, for air at a value of -—E;— = 30 is given by
T, = 2.32 x 10% %k,

GD" = 6,6 x 10°° @' (2.143)
e

where E isin e.s.v/cm,

The diffusion radius, r can be calculated from Eqns.

d’
2.138 and 2, 143 for appropriate values of ry and Lge 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 ne \<107 condition 'e!
for primary streamer propagation, i.e, 2 r \<r2, 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, ne = 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 r length r Diffusion
. : 1 5 2 :
electrons v/cm%orr microns microns radius r
ne microns
6 30 25 0.8 11
10 50 19,4 0.8 10 .
100 13,8 0.3 8 |
|
7 30 79 i) 19 |
10 50 61,2 0 17 [
100 43,5 5,0 14 l
g 30 250 65 29 i
10 50 194 65 26 i
100 138 56 21 I
!
9 30 790 300 51
10 50 612 300 41
100 435 265 | 30
;
10 30 2500 1230 82
10 50 1940 | 1230 E 61
100 1380 | 1090 | 39
| E
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requirements. This suggests thala primary streamer tip contain-
; 8 . ; A : ¢
ing at least 10 ion pairs with a radius of 30 microns becomes

self-propagating in zero electric field.

2.5.4 Theory of'Pos.itive.Secc.andary Streamer Propégafibh

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, n and n, 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,

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:

% U
ox 2 SRR C ot
(2,144)
021 di
RO &
y, I ot
These equations are of the forms
2 1 dJ
Vod, L pY i~ (2.145)

Called the diffusion equation., Where J is a function of x only
and the Laplacian operator reduces tos
etk
i %
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towards plane cathode

T

~———point anode o— k
' /'s

> Positive secondary streamer progagcting at speed U

)

- »r
Vlr >
>
>r

Fig.2.65 SOME PARAMETEKS OF A POSITIVE SECONDARY STREAMER
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A possible solution for Eqn. 2,144 is given from Appendix 7.3 as:

: X et el
Ui v, erte [2 s (2.146)
where Vp = potential of the point-anode, and R and C are given
from Appendix 7.4 as:
. . 4nes. % e o
R = (2.147)
nez rs Ur
1_
c . _
Yoo
2 In(=2) (2.148)
s
1 ‘%’
"l ¥ = n ‘i 11“3 }
J(x, ) Vp [1 erfx( el. (2t nea L Ur 111 4 ]I
s

(2.149)
where erf is the error function and erfc is the complementary

error function given by:

grtfc vy .5 1. - @erfy (2.150)

At the streamer tip assuming
XoEE nw
and substituting, from Appendix 7.5
el
() (2.151)

Vv = E r
p 8

psln

The potential of streamer tip is therefore given by:

[

- 1 U Megi e X ]
u-(x, t) Vp [1 Bt T Tt T it @)
T z P
1
= o 1 2
Vp [1 erf(zEQx P-u) ] (2.152)
where Q = ~U— n-es_. P'C‘\ (2. 153)
O Ty Wy
|
and xp.u- 5T

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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149

is taken as the condition for secondary streamer propagation with
constant velocity across the gap. This case corresponds to
Q =1, ie,

v y f[IL 265
P r ez

E_G 2.154
5 ( )
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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
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116 78
Raether 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 cm is about 2 x 108 cm/sec, This observation is in

2 .
agreement with those obtained by photomultiplier techniques g 59.

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 cornbined photoelectric-avalanche

process. This is shown fo account semi-quantitatively for some
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of the experimental results,

The experimental methods employed by molst 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 arc 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
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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 voltage
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 Gemant”,
. 76 , 51 34 45 .. . 67
Whitehead ', Nikuradse =, Koppelmann ~, Macfadyen ~, Vick ,

Lewis41, Sharbaugh and Watsonso.

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

: ; : ; 16
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 1020

2
ohm-cm are obtainable for hydrocarbons. Hart and Mungall .
have made a thorough and systematic study of several of the
phenomena associated with low field conduction. Very high values

13,6365

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 workers3’ 418, 50,94, 65,110 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
e o oL a: 36
mobilities of positive and negative ions are found by Le Blanc

2 . : ;
. cm’ /V-sec. The positive ion is

to be in the range 10—4 v
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:
: -E (3.1)
.lu ”0 EXP ( ke 2
where E = 0,14 - 0,02 eVanduo = 0.3-0.2cm”/V - 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
19,20 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 breakdown48’ 73.

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 8 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 Sharbaugh73 found
no evidence for o -process at fieldsup 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

i

The influence of the nature of the electrode metal and particular-

ly that of the cathode upon the breakdown of liquid dielectrics has
been studied by many investigatorsls’ 15, 87,48, 53, 80. 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 Hiranozﬁ, 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,

Salvage53 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 Algera9 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,

t ]

3 : -
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 electiric 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 poini-to-plane electrodes composed of metals

having different work functions,

A recent tendency has been the use of highly polished electrode
surface. Kao and Higham:a9 have shown that po lishing 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 Crowess. 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 worl«:12 so eliminating a troublesome correction caused by

the deformation of the mercury under electrostatic stress.

Sharbaugh, Cox, Crowe and Auersa, 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 Higham29 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?4’ A2 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

s (S e L & 2. X8
evidence of an electron multiplication process in liquid dielectrics

Kao and Higham29 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 Sharbaugh73 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
64,65

2

Lewis 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 sirength., If
sho;‘t 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 blocking 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 Gemant”. 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 Troppergo. Matsijenski and Tropper49
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 workersl4’ 13,4k

32. The idea has developed that the particles cause distortion of
field across the gap. Kok and Corbey32 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-
s;:rvation is made by Hakim and Higham22 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.

Edward15 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 Work14 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, Hiran025 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,

S::llvage53 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 eleciric strength of aliphatic hydrocarbons
on temperature is accounted for by the change in density due to

thermal expansion according to Crowe, Sharbaugh and Bragglz.

18
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

A1, 40 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.

37,4

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 I—Iighang 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 st'rength
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
30
strength of liquid dielectrics was Kock . He found that the electric
strength of pureliquids such as benzene increases with increasing

pressure,

The effect of absorbed gas on the breakdown of liquid insul-
ations was investigated by Hiran024' 25. Experimental resulis
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 elecirode 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 Bar‘nes1 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.

EdwardM, 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,

Cla.l:‘k6 found no pressure dependence using impulse voltages,
but with a d.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 Higham72 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-
de;r)endent, particularly in the range immediately above atmos-

pheric pressure.

This possibility draws attention to the hydrostatic pressure

s (6-1)24(c:+2)t-2

(8.2)

existing in a liquid of dielectric constant & when exposed to a
field intensity E, as shown by Hakim and Highamzl. With

approaching breakdown, this pressure may reach one atmosphere,

Kao and Highang 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 Higham29 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
can 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 Slflarlzuaugl'l9 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 Cox59. 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.

2

Lewis3 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

IVIacfau:iyen18 (see Fig., 3.6) and Salvagesg.

Paschen's similarity law for breakdown in gases is known
68
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,

1 4
Crow, Bragg and Sharbaugh . 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 Edward46’ 47, 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 Edward14 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 Macfadyen18 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 Braggll 12, 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 ig 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 MacfadyenlB_
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 .

Crowe7 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 Edwa.rdl4 and also with Goodwin and MacfadyenlB. 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 Macfadyenls found a
regular variation with molecular structure while Edwa:r'cl14 and

9-11 :
Croweand co-workers 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 experimental data, it is estimated that the mobility
of the species of charge particle involved is 9,1 x IO-Ssz/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, ¢, breakdown measurements is

simplified to some extent by the absence of any time variation in
61, 62

2

the individual processes. Sletton has shown that this ad-
vantage is lost by the formation of space charges ard by the

influelice of solid impurities,



190

2:2
29
520
—
>

E
I
-
% b n-NONAME
vl . A
W g
-~
]
9 -]
e
=
O
516
w

n-HEXANE
|4 i ) ;
O 2 4 6 8

PULSE DURATION  J SEC

Fio. 3.11. THE TIE DEPEUDAICE OF ELECTRICAL RREAKDOLN TN
LIQUID HYDROCAREONS.
(After Crow, Sharbauch and Bragas 12).

Stainless steel electrodes, d = 50 microns.



191

STRESS — - mV/CM

BREAKDOWN

o = 0a5 o 1S 225 i
PULSE DURATION P SEC

Fig.3.12. RELATIOHSHIP BETWEEN TIME LAG, GAP LENGTH, AND
ELECTRIC STRENGTH FOR n-HEXANE.
Gap Tength in microns indicated on each curve.

Croweg; Steel electrodes,

(8]

. ” 1 .
------ Goodwin and lacgadyen'”; Phosphur-bronze alectrodes
v | e Edwards14; Phosphur-bronze electrodes



192

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 Lewis'?0 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 Tc (Fig. 3.10)
is a result of statistical availability of electrons and is therefore
dependent on electrode material and surface condition. For
pulsesgreater than Tc the probability that each electron produces
a breakdown becomes significant, and the strength depends more

on liquid properties.

3.2.9 Mechanism of Breakdown

1 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 breakdownzg’ 48

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 ; .
Salvage performed a very extensive series of measurements

on hydrocarbons, mostly hexane, with steady and pulsed field and



193

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 Sharbaughg’ 12. Eleciron 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,

Ly

Toriyama and Sakamotoss 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, Saka.mcnto52 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, Hirancaz4

attributes the breakdown of liquid insulations to ionization by collision.

Studies of conduction and breakdown in pure organic liquids
by Goodwin and Mr:u:f:a.c:lyen18 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 aistortion 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 Suita79 have applied their techniques for
measuring electron avalanche distiribution 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

(105 electrons)than that in solids (107 electrons).

From the observed pressure effects on the breakdown of
transformer oil, Watson and Higham'?2 conclude that a break-
down mechanism involving cavitation is possible under certain
circumstances, ‘;J'Va‘cson?1 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 Sharl:caugh'?3 is
based upon the energy, /A H, needed to boil the liquid, that is:

Ams = Tmfes B, U gnlie 1] )
where m is the amount of liqyid evaporated, Cp is the average
specific heat of the liquid at constant pressure over the range
from the ambient temperature (3 " to the boiling point & b
and lb 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:

n
AH = AE Tr (3. 4)

where T‘r 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 TC (see Fig. 3.10). In most cases, n = -g- gives

the closest approximation as shown in Fig. 3. 8.

Krasuck135 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 A = kh (3. 5)

X

The left-hand side where E is the applied field and A is

the electron mean free path gives the energy gained by an
electron from the field between collisions - thatis, in
travelling a distance X . If hy 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,
0, 37

K] a3

The criterion has been applied to liquids by many authorsl
D1, 25,48 and has been re-examined in great detail by Lewis42
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:

- T- 'T . .-::_.o
E KN (2 "G ) (3.6)

where Qi and n, are the maximum value of the cross section
and the density of Group CHi (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.
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In the normal alkanes only CH3 and CH_, groups are present

2
) -1 -1 : -1
S0 that‘a plot of EN nCHs against nCHz' HCH3 should
give a straight line with an intercept of knCH and a slope of
3
KQCH ; Such is indeed found to be true42, 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 Lewiss9
This concept may be applied to results such as those of Sharbaugh,

9 . J
Crowe and Cc:x5 on the substituted aromatic compounds,

Kao and Highang 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 that 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 /em 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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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 in a
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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Fig. 3.14 The Test Cell Scale 1:1
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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 cm in Fig, 3.16, The radius

of curvature of the point-electirode is kept unchanged at 100 microns.

The extent of photo-ionization and primary streamers is
found to be so negligible that practically all the resulis 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 us impulse wave.

(a) Electrode gap length, G, = 2.5 cm

Streamer range, LS, mm 2 5 10 15 20 25
Point-
ITmpulse 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
1., mm
s
Point- )
Cathode, 50 65 10 85 90 97 100 100
Impulse
Wave
KV Point-

Anode 35 45 60 70 75 77 79 79
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Secondary negative-streamer range, L, in
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3.4.3 'Streamer Velocity

To make a reasonable evaluation of the extensive
volume of measurements on the streamer gpatial-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 velo