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ABSTRACT

Results of recent research on physical and chemical processes
in partial discharge (PO) phenomena are reviewed. The ter-
minology used to specify different types or modes of PO are
discussed in light of a general theory of electrical discharges.
The limitations and assumptions inherent to present theoret-
ical models are examined. The influence of memory propa-
gation effects in controlling the stochastic behavior of PO is
shown. Examples of experimental results are presented that
demonstrate the nonstationary characteristics of PD which can
be related to permanent or quasi-permanent discharge-induced
modifications (aging) of the site where the PO occur. Recom-
mendations for future research are proposed.

1. INTRODUCTION

W ITHIN the past fifteen years there has been a rapid
growth of research activity concerned with partial

discharge (PD) phenomena. A PD is generally thought
of as a highly localized or confined electrical discharge
within an insulating medium between two conductors,
and in some cases PD is the precursor to a complete
electrical breakdown or fault. The occurrence of PD can
be the cause of electrically-induced aging of insulating
materials manifested, for example, by formation of cor-
rosive gaseous byproducts, erosion, sputtering, and 'tree'
formation. PD, despite its localized nature, is an enor-
mously complex phenomenon that often exhibits chaotic,
nonstationary, or fractal type behavior with seemingly
unpredictable transitions between different modes that
exhibit distinctly different time-dependent characteris-

tics. The existence of many different observed modes
of PD behavior has caused some confusion and inconsis-
tencies in the terminology used to define these modes,
and this has, in turn, led to attempts at clarifying the
terminology [1]. One source of confusion in the search
for generalized descriptors of PD phenomena arises from
the infinite variety of geometrical and material conditions
under which PD can occur.

The recent upsurge of research on PD phenomena has
been driven in part by development of new fast digital
and computer-based techniques that can process and an-
alyze signals derived from PD measurements [2]. There
seems to be an expectation that, with sufficiently sophis-
ticated digital processing techniques, it should be possi-
ble not only to gain new insight into the physical and
chemical basis of PD phenomena, but also to define PD
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'pa~~erns' that can be used for identifying the character-
istics of the insulation 'defects' at which the observed PD
occur. Among the various digital techniques that have
been applied recently to PD measurements are
1. precise pulse-shape and pulse-burst characterizations

using broad-band detection [3-5],
2. recording of phase-resolved PD pulse-height distribu-

tions using various types of digitizers or multichannel
analyzers [6-8],

3. quantification of PD pulse-to-pulse or phase-to-phase
memory propagation effects using stochastic analysis
[9, 10), and

4. removal or reduction of noise using digital filtering
techniques [11].
The impressive results from use of these measurement

techniques have been compared with predictions from
computer simulations, e.g., of discharge pulse shape [4,12]
and stochastic behavior [13,14].

In addition to the introduction of new signal processing
techniques applied to PD measurement, recent investiga-
tions have been undertaken also into effects that PD have
on the properties of the materials in which they occur.
Included in these investigations are measurements of
1. gaseous byproduds from the discharge [15, 16),
2. removal of solid material or other local changes in mor-

phology [17],
3. changes in solid dieledric surface resistivity [18,19],
4. surface acidification, oxidation or deposition of mate-

rial [20-22], and
5. growth of voids, cracks, or trees within a dielectric

[23-26].
It has been noted [18,27] that the PD-induced changes

in the physical and chemical characteristics of the dis-
charge site will in turn cause changes in the PD behav-
ior that make the phenomenon inherently nonstationary.
The susceptibility to nonstationary behavior complicates
the interpretation of PD signals. In general, PD phenom-
ena are described theoretically by a set of coupled nonlin-
ear differential equations from which it can be shown that
feedback and memory effects are important and can be
responsible for complex stochastic behavior. The prob-
lems of quantifying, unraveling, interpreting, and under-
standing the complicated behavior of PD are the chal-
lenges of present and future research.

PD has been the subject of numerous published re-
views [1,28-32] some of which were presented in previous
Whitehead Memorial Lectures [33-35]. The focus of the
present review will be on relatively recent work published
within the past fifteen years dealing primarily with the
basic physical and chemical processea responsible for, or
associated with the discharge phenomenon. Particular
emphasis will be Jtiven to work carried out in our labora-

SF6, and SF6/02 gas mixtures in point-plane or point-
dielectric barrier gaps.

2. DEFINITIONS AND TERMINOLOGY

A persistent difficulty that has plagued the field of gas-
discharge physics is that of imprecision and confusion
in the terrns used to define different types of electrical-
discharge phenomena. There continues to be disagree-
ment about the meaning and appropriateness of the words
that have been applied as designators of discharge type.
The definitions used for PD phenomena have been die-
cuned in recently published papers [1,4,28]. As has been
noted in these works, part of the difficulty with finding
precise definitions is a consequence of the multitude of
different types of discharge behavior that have been ob-
served. Another inue confronting those who seek mean-
ingful definitions is that concerning the regions of tran-
sition between different types of pischarge behavior. An
example is the case of the transition from a pulsating
negative corona (Trichel pulse [36]) to a glow discuned
in the work of Cernak and Hosokawa [37]. A Trichel
pulse can be viewed as a discharge current pulse associat-
ed with a transient glow discharge or as a glow discharge
that tries to develop but is extinguished by accumulating
space charge.

The purpose of this Section is to clarify the meaning of
the terms used here to designate discharge phenomena. It
is not intended as a recommendation to standardize def-
initions. It should always be kept in mind that different
words are sometimes used to identify what are in reali-
ty simply different modes or manifestations of the same
phenomenon. One is confronted with a situation that is
not unlike that of describing the phenomena of weather.
It is easy to distinguish 'clear' or 'cloudy' days but 'part-
ly cloudy' or 'mostly sunny' days present a problem of
imprecision in definition.

As will be discuned in Section 3, PD phenomena can
be described in general by a set of coupled differential
equations, and different discharge types may simply cor-
respond to different solutions of these equations for dif-
ferent boundary conditions. Ideally the 'mathematical
description' provides the only meaningful 'definition'. In
practice, because of the complexity of a complete math-
ematical treatment, one is forced to rely on qualitative
descriptors that cannot have precise definitions.

The term 'partial discharge' will refer here to a class
of discharge phenomena that satisfy a set of restrictions
on such parameters as sise, intensity, and temperature.
Included in the category of PD are various types of dis-
charges that have been given different names such as
corona, constrided glows, electron avalanches, localized
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discharges. PO is assumed here to be a gas discharge
that mayor may not occur in the presence of a solid (or
liquid) dielectric. The presence of the solid (or liquid)
dielectric can affect the behavior of PO by providing a
source of secondary electrons or by modifying the local
field due to accumulation of surface or bulk charge.

Table1. Table of Symbols
N

Ne

Np
Nn
a

gas number density (em-a)
electron number density (em-a)
positive ion number density (cm-3)
negative ion number density (cm-3)
ionized coefficient (em-i)

The actual discharge zone of PO is assumed to be
restricted to a portion of the insulating gap between
two conductors to which voltage is applied. The dis-
charge zone is defined here to be that region in which
the electric.field strength is sufficiently high to allow re.
lease of electrons by various collision processes either in
the gas or on a surface. The examples considered here

" electron attachment coefficient
(cm-l)
electron-ion recombination coeffi-
cient (cm3/s)
ion-ion recombination coefficient

(cm3/s)
ion diffusion coefficients (cm2/s)
electron charge (C)
permittivity of free space
dielectric permittivity (i = 1,2)
surface charge density (C/cm2)

Pi

f32

Eo

E,
U

r surface conductivity (A/Vcm)

K
E
Et

surface current density (A/cm2)
electric field strength (V/cm)
transverse electric field component
(V/cm)
electron mean free path (em-i)
electron velocity (cm/s)
electron kinetic energy (eV)
electron mass (kg)

~e

Ve
C

me

'Yp" efficiency factor (electrons/photon)

1/

f
photon frequency (s-l)
electron energy distribution function

F electron energy distribution function

Q, Iionization cross section (cm2)

Q.
Qu
k.,
qn

~t,.-1

qlim

Po(qn)

Pl(qnl~t,.-l)

~t,
Ztf

Q%

~i
Po(Q%)

PoQ%

Po(~i)
Po(~iIQ+)

R%e

w%
w

Itf

[XI

~E.

1J
r(X)

rt

attachment cross section (cm2)
momentum transfer cross section (cm2)
reaction rate coefficient (cm3/s)
amplitude of nt" PO pulse (C)
time separation between nt" and (n-
l)t" pulses
limiting maximum corona pulse ampli-
tude (C)
unconditional PO pulse amplitude
distribution
conditional PO amplitude

ion transit time in gap (s)
gap spacing (cm)
integrated pos. or neg. PO charg~ (C)
phase of it" neg. PO pulse (rad)
unconditional integrat~ charge distri-
bution
unconditional integrated charge distri-
bution

unconditional phase distribution
conditional phase distribution
rates of electron release( 6-1 )

surface work functions (eV)
frequency of applied voltage (rad/s)
corona discharge current (A)
concentration of chemical species X
(mol)
space charge contribution to local field
(V cm-1)
ion mobility (cm2/Vs)
normalized production rates
(mol/C/SF6 mol)
sum of normalized production rates
(mol/C/SF6 mol)

are mainly restricted to PO generated in point-to-plane
type electrode gaps where the plane electrode mayor
may not be covered by a dielectric surface. The discharge
zone in this case is confined to the immediate vicinity of
the point electrode. Although, there may exist regions
outside of the discharge zone in which charge transport
occurs, they are not considered to be part of this zone
because the field strength is not high enough to support
ionization. On the other hand, the existence of charge
carriers outside of the discharge zone can have an influ-
ence on activity within this zone.

PO is also assumed to be a relatively 'cold discharge'
in the sense that the mean energy of electrons is always
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considerably higher than the mean energy of the mole-
cules in the gas, i.e., the discharge is not very effective in
heating its surroundings, and there is a lack of equilibri-
um between charged and neutral species.

The tt.m 'corona' applies to a special category of PD
that occur in cases where solid insulating surfaces are ab-
sent or are far removed from the discharge zone. The des-
ignations of positive and negative to corona refer to the
polarity ofthe voltage applied to tbe most highly stressed
electrode assuming that this can be defined. In the case
of a point-plane gap, the point is obviously the most high-
ly stressed electrode. In the case of a point-point gap, the
polarity designation losses its meaning. In general, the
behavior of positive and negative corona can be quite
different and can exhibit distinctly different modes. For
example, regular Trichel pulse corona [36] occurs only
at a negatively stressed point electrode. The ,differences
between positive and negative corona discharge behavior
are, in part, a consequence of the different predominant
sources of initiatory or secondary electrons [28,38].

PD can exhibit either pulsating or non pulsating char-
acteristics. The pulsating behavior generally results from
the buildup of surface charge or space charge at the dis-
charge site which causes the local electric-field I!t~--,~~\
to drop below the level necessary to sustain ionization.
The pulsating PD are said to be self-quenching. Pulsat-
ing behavior is particularly common when PD occur in
proximity to a solid insulating surface, e.g., in a dielectric
cavity or in a point.dielectric gap. Pulsating discharges
that occur in gaps in which one or both of the electrodes
is covered with a dielectric surface are sometimes referred
to as dielectric barrier discharges or silent discharges [39].

A particular type of nonpulsating discharge that will
be considered in the present work is a glow discharge.
Glow discharges are sometimes designated as either pos-
itive or negative depending on whether they occur near
the anode or cathode. The specific type of glow dis-
charge considered in this work is a constricted negative
glow corona that occurs near a negatively stressed point
electrode. In electronegative gases like air and SF6, this
type of glow is preceded at lower gap voltages by the
pulsating (Trichel-pulse) corona mentioned above. It is
constricted in the sense that the region of ionization and
light emission (discharge zone) is confined to the imme-
diate vicinity of the point electrode.

Glow discharges can occur under a wide range of condi-
tions and can exhibit different voltage-current and time-
dependent behavior. At the present time, there seems to
som!=confusion and disageement about the proper def-
initions and terminology that should be applied to this
type of discharge [1,2,19,40-42]. The present discussion
will be restricted to steady glows for which the spatial

and temporal characteristics are determined largely by
an equilibrated ion-electron space-charge density distri.
bution that significantly modifies the electric field within
the discharge zone. The glow is 'steady' in the sense
that, for a given applied voltage, the discharge current
is constant or changes very slowly with time. In general,
'glow discharges' can be unstable, especially near con-
ditions identified with transitions to other modes, and
can exhibit fluctuating, oscillatory, or pulsating behavior
[43,44]. The different observed modes of glow-type dis-
charge behavior have been described using a variety of
terms such as 'abnormal glow', 'pulsating glow', 'pseu-
doglow', and 'swarming microdischarge'. The meanings
of these terms will not be explored here.

There is a weaker class of discharges that is often placed
in the category of PD, namely electron avalanches and
diffuse Townsend discharges. These discharges are 'weak'
in the sense that their development is not significantly af-
fected by space charge, i.e., the electron and ion densities
are not high enough to perturb the applied electric field.
An electron avalanche is an electron multiplication pro-
cess that is usually very localized in its development and
appears as a pulse. Its growth is usually restricted by ge-
ometrical constraints, and its pulsating behavior is main-
ly due to an inability to regenerate, i.e., its intensity as
measured in terms of number of ions produced and radi-
ation emitted is too weak to produce a sufficient number
of secondary initiatory electrons needed for regeneration.
An electron avalanche can be considered as a special case
of a Townsend discharge which may also be diffuse, i.e.,
it can occur over a relatively broad area between par-
allel plates, and can be regenerative, i.e., self-sustained.
The electron-avalanche or Townsend discharge descrip-
tions are applicable to the early stages of breakdown or
PD development when the numbers of electrons and ions
are relatively low. When the local space-charge density
reaches a level high enough to significantly perturb the
local field, the discharge can propagate in the gas by the
streamer mechanism discussed in earlier works [28,35].
It is generally believed that photoionization accounts for
the high speed of streamer propagation [45,46]. Under
some conditions, pulsating PD may involve streamer for-
mation in the development stage of the discharge.

Most of the PD phenomena considered here, as well as
those of most practical interest, are self-sustained, i.e.,
their maintenance does not require exposure of the gap to
external radiation. Discharges known as sparks, arcs, or
flashover are considered to be complete electrical break-
down processes that are too intense or too hot to be
categorized as PD. There are some authors [40,41], how-
ever, who include intermittent or self-quenching sparks
among PD phenomena.
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3. GENERALTHEORYOF PARTIAL
DISCHARGE

PD phenomenacan be describedmathematically by a
set of coupled differential equations. A solution to these
equations,if it can be found, willyieldobservablecharac-
teristics of the dischatge such as the time dependence of
the discharge current. It can be argued that all types of
discharges such as glow-type corona or diffuse Townsend
discharges satisfy the same set of equations. The dif-
ferences in discharge type should arise from differences
in assumed initial conditions (defined, for example, by
gas content, pressure, and dielectric surface conductivi-
ty), and assumed boundary conditions (defined, for ex-
ample, by electrode geometry, thickness of a dielectric,
and applied voltage). In general, the discharge mod-
el should include both physical and chemical processes.
Examples of physical processes are: ionization by vari-
ous mechanisms, electron attachment, diffusion of neu-
tral and charged species, and deposition or sputtering at
surfaces. In the category of chemical processes are vari-
ous chemical reactions that can occur in the gas phase or
on surfaces and may involve neutral or charged species.
In general, the physical and chemical processes cannot
be treated as independent,e.g.,the rate of ion formation
by electron collision affects the rate of reactions between
ion and neutral molecules that may be responsible for
formation of observable stable or quasi-stable molecular
byproducts.

The coupling between various types of discharge pro-
cesses is illustrated by the block diagrams in Figure 1.
The normal physical processes that affect the initiation,
growth, and extinction of a discharge are indicated in
Figure l(a), and physical and chemical processes ass0-
ciated with discharge-induced 'aging' are indicated in
Figure l(b). Aging processes involve modifications of
gas composition and electrode or dielectric surface con-
ditions and generally have a much longer time frame than
the processes responsible for development of a single dis-
charge event. Advantage can be taken of this large dif-
ference in time scales to simplifydischarge models that
consider both the discharge physics and related discharge
chemistry [39,45,46).

An example of a set of coupled equations similar to
that used by Morrow [12,47] to model negative-corona
pulses in oxygen is given below. These equations in-
clude only the physical processes occurring in the dis-
charge, i.e., they correspond to the situation shown in
Figure l(a). In a somewhat generalized version of Mor-
row's corona model, the electron, positive ion, and neg-
ative ion densities are assumed to satisfy the continuity
equations
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Figure 1.

(a) Block diagram of a model for discharge initi-
ation, growth, and decay that applies in a short
time frame in which PD-induced aging can be ne-
glected. (b) Block diagram of a discharge model
that includes physical and chemical changes due
to PD-induced aging that applies in a long time
frame.

a:e =Nealvel- Ne'1lvel- NeNpPI

- V . (veNe)+ V2(DeNe)
(1)

a:p =NealVel- NeNpPI - NnNpP2

- V. (vpNp)+ V2(DpNp)
(2)

a:n =Ne'1lVel- NnNpl32- V. (inNn)
+ V2(DnNn)

(3)

Here Nu Np, and Nn are respectively the electron, pos-

itive-ion, and negative-ion number densities and Vu vp,
and tin are the corresponding electron, positive-ion, and
negative-ion drift velocities. In general, the densities
and drift velocities depend on position in the gap. The
parameters a, '1, and PI, are respectively the electron-
impact ionization, attachment, and electron-ion recom-
bination coefficients which also depend on position. The
positive and negative ion diffusion coefficients and ion-ion
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recombination coefficients are denoted by Dp, Dn' and
f)'2 respedively. The spatial variations of the above co-
efficients are determined primarily by their dependence
on the local electric field-to-gas density ratio, E(r)/N,
where N, without a subscript, denotes the neutral gas
density, generally assumed for PD conditions to be much
greater than the charged-particle densities. The vector r
denotes position in the discharge gap measured from an
arbitrary origin.
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Figure 2.

Calculated PD current pulses for a 0.5 mm gap
in an air-like gas mixture at atmosperic pressure
for: (a) high overvoltage and (b) low ovenoltage
[4].

ISO 300

Equations (1) to (3) are coupled to the three-dimension-
al Poisson's equation for the electric field

... e
V. E(r) =-[Np(r) - Nn(r) - N.(r)] (4)

Eo

where e is the electron charge, and Eois the permittivity
offree space, which is assumed to apply in the gas. lOt
can be assumed that ionization, attachment, recombina.-
tion, and diffusion are the only significant processes, then
the electrical characteristics of the discharge can be mod-
eled by numerically solving the above set of simultaneous
equations subject to boundary conditions that apply, for
example, at the electrode or dielectric surfaces [12,50].
By using a model based on the above equations, Morrow
was able to predict the shape of the first negative-corona
pulse in oxygen [12,49]. Similar models have been used
to calculate PD pulse shapes for small gaps or gaps in

«»

which solid dielectrics are present [4,50]. Lui and Raju
[51] have recently developed a Monte-Carlo method to
simulate corona current pulses in SFe. Figure 2 shows
examples of PD current pulses calculated by Novak and
Bartnikas [4] for a 0.5 mm gap in a model gas (air-like
mixture) for high and low overvoltages. Indicated in this
Figure are the total current and the ion current compo-
nent. The calculations are consistent with observations
[4,52,53] which show that the electron component of PD
pulses typically have a fast rise time and a width that is
less than 50 ns. It is also seen from the example shown
in Figure 2 that details of the pulse shape can depend
significantly on the conditions of the gap in which the
PD is formed.

When solid dielectrics are present, the surface bound-
ary conditions can be quite complex and may exhibit a
spatial and temporal dependence. The electric field at a
dielectric boundary depends on the instantaneous surface
charge density u according to the requirement [50,54]

[E2.EL(r',t)-E1I+(r',t)].ii=u(r',t) . (5)

where ii is a unit vector normal to the surface and E'2,El
and 1_,1+ are the corresponding permittivities and fields
that apply on either side of the boundary. The value of tT
at any time is determined by the fluxes of charged parti-
cles (ions and electrons) at the surface, by the probabil-
ities that ions either' stick to the surface or are reflected,
and by the probability that charged particles are ejected
from the surface by ion bombardment or other mecha.-
nisms.350

Assuming that the bulk conductivity of the dielectric is
much less than its surface conductivity r, it is necessary
from charge conservation that the surface charge density
satisfy a continuity equation of the form

... 8u
V. K + at =5 (6)

where K is the surface current density and 5 is a source

term. Assuming that r is independent of the field, the
surface current density is related to the tangential com-
ponent of the electric-field strength It at the surface by

K =rlt (7)

which gives

... ;:t 8u
Et .Vr +rv . l!it + at - 5 =0 (8)

allowing that r can depend on r'. In the absence of the
source term, the solution to Equation (8) leads to a lo-
cal decay of the charge density [55,56]. In general, the
source term depends on the incident -ion flux, which can,
in turn, depend on the field at the surface, e.g., at a suffi-
ciently high charge density, the incoming ions can simply



IEEE 7ransactions on Dielectrics and Electrical Insulation

be repelled from the surface. The dynamics of surface
charging when a dielectric is present, as represented by
Equation (8), must be considered in a complete model of
PD.

Both dielectric and metallic surfaces in the discharge
gap are sources and sinks for charged particles. Sec-
ondary processes for release of electrons at surfaces by ion
or photon bombardment, quenching of metastable excit-
ed species, or field emission are important in initiating
and sustaining PD. Under conditions of high electrical
stress, such as near a sharp point electrode, the secondary
processes may depend on the local electric-field strength.
If we consider only the release of photo-electrons from a
cathode, the derivative aNe! at within approximately one
mean-free path .\e of an area element dA of the cathode
surface will be given by

8Ne 1"
-at:::: r- L...J1'"h(V,dA)4i(v,dA,t) - V. (DeNe) (9)

e II

where 4i is the time-dependent photon flux (number of
photons per second per unit area) at dA for a photon
of frequency v, 1'"h is the efficiency factor (number of
photoelectrons released per incident photon), and De is
the mean photoelectron velocity. In general, 1'"h can de-
pend on the location of ~A, i.e., the properties of the
cathode surface need not be uniform. On a longer time
scale, 1'"h can have a time dependence due to discharge-
induced aging effects. The flux 4i must be computed
from radiation transport theory that takes into account
the electron-impact excitation coefficients, absorption co-
efficients, and cascading effects [12].

Equations (1) to (3) are valid only if the coefficients a,
'I, and A are constants that are independent of time and
depend only on the local reduced field strength E / N. In
general, a complete description of the electron transport
in a discharge requires the determination of the phase-
space distribution function f(ve, r, t), which can be Cound
either Croma solution oCthe Boltzmann transport equa-
tion [57]

8f e -
at +ve.Vf+ -E.Vvf=I(1) (10)me

or Croma Monte-Carlo simulation [58]. In Equation (10),
me is the electron mass and 1(1) is a source-sink term,
usually reCerred to as the collision integral. This term ac-
counts for the transport of particles into and out of a vol-
ume of phase space due to collisions. The transport equa-
tion is essentially a continuity equation in phase space,
and various numerical methods have been developed to
solve this equation [59-61] under different conditions.
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For conditions of steady-state and spatial uniformity
of the field where

af -0
at- Vf=O (11)

the solution of Equation (10) yields a field-dependent ve-
locity distribution function that can be converted to an
electron kinetic-energy distribution function F(c, E/N),
using

F (c, ~) de= me! (Ve,;) vedve (12)
The E / N -dependent electron-impact ionization and attach-
ment coefficients are then given respectively by [62,63]

a 1

(
2

)
1/2

J
oo

(
E

)N = De me Q,(c)F c, N de
o

(13)

and

1

(
2

)
1/2

J
oo

(
E

); = De me Q",(c)F c, N de
o

where Q,(c) and Q",(c)denote the total ionization and
attachment cross sections. The drift velocitycan also be
computed from the kinetic-energydistribution function
using the integral expression

(14)

-e

(
2

)
1/2 E

J
oo 1 dF

De= - - - QAt -dc3 me N de
o

where QM is the momentum transfer cross section.

Equations (13) and (14) imply an average over a large
number of electrons. It can thus be argued [35] that
the ionization and attachment coefficients as defined by
these equations have no meaning in the early stages of
discharge growth when there are only a small number
of electrons in the discharge gap. Moreover, the steady-
state condition implied by Equation (11) breaks down if
there is a sufficiently rapid change in the electric field
with time or with position. The meaning of the coef-
ficients is therefore also questionable in the immediate
vicinity of a sharp electrode where there can be a large
gradient in the electric field. It is necessary to keep these
limitations in mind when ionization and attachment co-

efficients are used to model discharges [64].

It should be realized that the forms of Equation (1) to
(3) imply simplifications and assumptions that are not
always clearly stated. For example, it is tacitly assumed
in writing Equation (3) that only one type of negative
ion is formed in the discharge. As is shown in Table 2 for
the case of pure oxygen, there is the possibility of forming
more than one type of negative ion. Moreover, there are
reactions that convert one negative ion into another, and

(15)
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Table 2.

Examples of reactions involving formation, de-
struction, and conversion of negative ions in oxy-
gen.

e + O2 + M - O2 - + M
[M = O2,0,03, 02e..1,»)

e + O2 - O2- + hv
e + O2 - 0- + 0+ + e
e + O2 - 0- + 0
e + O2eLl,) + M - O2- + M

[M =O2, 0, O2 e..1,»)
- O2+ e- 0 + O2- 03 + e- 0+2e- O+M+e

[M= O2)- 2 O2 + e- 03 - + 0- 03 - + O2- 0- + O2

0- + 0
0- + O2+
0- + O2 eLl,)
e + 0-
0- + M

O2- + O2 eE:>
0- + 03
O2- + 03
O2- + 0

destruction of negative ions can occur by processes other
than ion-ion recombination. To be more complete, Equa-
tion (3) could be replaced with a set of coupled equations
for the different negative ions represented by

a~ni = Ne77ilVel-NniN"l32i- V'. (VniNni)

+V'(D.,N.;) + [~k;'N.;N' (16)

- ~IcleiNniNIe - NelceiNni]

where Nni(i = 1,2,...) is the number density of the ith
negative-ion species and the added term in brackets is
a source-sink term that allows for ion conversion and
negative-ion destruction by collisional detachment. Here
1c;1eof the first term in brackets is the reaction rate co-
efficient for conversion of the jth ion species into the ith
species by reaction with a molecular species of density
Nle. Similarly, the second term corresponds to conversion
of the ith species into another species and the last term
corresponds to collisional detachment by electron impact.
In some cases, it may also be necessary to include addi-
tional negative-ion processes such as photodetachment
and detachment by heavy particle collisions [65,66].

When the multitude of different reactions is consid-
ered, it can be seen that the formulation of the problem
takes on a significant added complexity. Generally it can
be expected that most of the many possible processes are

relatively unimportant and can usually be safely neglect-
ed. Ideally one should start with as complete a model
as possible and eliminate processes only after perform-
ing a sensitivity analysis that determines their relative
importance [48].

Simplified models such as based on Equations (1) to
(4) are usually deterministic in the sense that they always
yield the same result for a given set of boundary con-
ditions, e.g., the predicted PD current pulse amplitude
and shape can have no statistical variability. In reality,
PD current pulses exhibit significant statistical variation.
The statistical distributions of PD pulse parameters such
as amplitude, shape, and time-of-occurrence can be de-
rived when the statistical natures of the initiatory elec-
tron release and initial electron avalanche growth are con-
sidered [13,28]. Statistical variations in PD behavior are
often largely determined by the effects of pulse-to-pulse
memory propagation whereby residual space charge, etc.
left behind by a PD pulse will influence the probabilities
for initiation and development of subsequent pulses. The
importance of memory effects in determining the stati~
tical properties of pulsating PD is shown in Section 4.
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Motion of ion space associated with pulsating
negative corona generated by a point-plane elec-
trode configuration in an electronegative gu. In-
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after extinction of the first corona pulse up to
the initiation of the second pulse (..1t < 1, - tl)'

~#,#;W@}4{X
+
t2

4. STOCHASTIC BEHAVIORAND
MEMORY EFFECTS

4.1. de DISCHARGES

It is known that pulsating PD phenomena can ex-
hibit complex stochastic behavior in which 'memory ef-
fects' play an important role [28]. The importance of

I
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memory effects was first established from the measure-
ment of various conditional and unconditional PD pulse-
amplitude and time-separation distributions for negative
point-plane Trichel-pulse corona [9,67,68]. In the case
of Trichel pulses, the memory effect results from the in-
fluence of space charge and metastable excited species
generated during a discharge pulse on the initiation and
growth of subsequent discharge events as illustrated by
the diagram shown in Figure 3 that was suggested in the
work of Lama and Gallo [69].

The pulsating nature of negative corona that occurs in
electronegative gases like O2 and SF6 is a consequence
of the accumulation of a negative-ion space charge in the
gap that causes a reduction of the electric-field strength
below the level needed to sustain the discharge. The next
discharge pulse occurs only after the ion space charge has
moved sufficiently far away from the point electrode to
allow restoration of the field to the level required for dis-
charge initiation and growth. However, the presence of
negative-ion space charge 'clouds' in the gap from previ-
ous events will tend to reduce the field strength near the
point and thus affect the environment in which the next
pulse develops. The discharge model discussed in Sec-
tion xx which was used by Morrow [12,49] to describe
Trichel pulses in oxygen only applies to the first pulse
because it does not consider the modifications of gap con-
ditions due to previous pulses.

Because the initial growth of a dillChargepulse depends
exponentially on the local field strength, it can be expect-
ed that the 'size' of a discharge pulse, as measured for
example by its amplitude or integrated charge, will be
sensitive to the small reductions in the field at the point
electrode due to the presence of space-charge clouds in
the gap. The significant effect of space-charge clouds
on the growth of Trichel pulses was demonstrated [67]
from measurement of conditional pulse amplitude distri-
butions P1(qnILltn-1), which give the probability that the
nth discharge pulse will have an amplitude between qn
and qn + dq" if its time separation Lltn-1 from the pre-
vious event is restricted to lie within a narrow window
between Lltn_1 and Lltn_1 + 6(Lltn_1).

Figure 4 shows examples of normalized conditional neg-
ative-corona pulse amplitude distributions measured by
Kulkarni and Van Brunt [70]for different indicated values
for Lltn_1. These results were obtained for a point-plane
gap in an SF6/02 mixture containing 10% SFe for an ab-
solute pressure of 100 kPa, a point-plane gap of 1.7 cm,
and a gap voltage of 14.0 kV. The expectation values
defined by

00

(qn(Lltn-1») = J qnP1(qnILltn-1)dqn (17)
o
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Figure 4.

Normalized conditional pulse-amplitude distribu.
tions for negative point-plane corona pulses in
a 02/10% SFe mixture for the indicated fixed
time separations .dt"_l, compared with the cor-
responding measured and calculated normalized
unconditional pulse-amplitude distributions [61].
The calculated distribution (dashed line) was
obtained from the measured pl(q..l.dt..-d and
po(.dt"-l) using Equation (18). The solid lines
are Gaussian fits to the Pl(q..l.dt.._l) distribu-
tions.

show a pronounced dependence on Lltn-1, namely
(qn(Lltn-1») increases with increasing Lltn-1. This is an
expected trend since the greater the time separation from
the previous discharge event the greater will be the dis-
tance that the negative ion space-charge clouds will have
moved away from the point electrode, and consequent-
ly the greater will be the local field in which the next
discharge event develops.

The conditional amplitude distributions are compared
in Figure 4 with the corresponding unconditional ampli-
tude distribution Po(qn),measured under the same con-
dition. The fact that Po(qn) # P1(qnILltn-1) for an ar-
bitrary Lltn-1 implies that there exists a correlation be-
tween the random variables qn and Lltn-1. Because of
the dependence of qn on Lltn_1, the distribution Po(qn)
is related to the time separation distribution function,
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p,,(.£1tn-1), by the integral
00

Po(qn) = JPo(L1tn-l)Pl(qnlL1tn-l)d(.£1tn-l) (18)
.:u.

where .£1tcis the minimum pulse-to-pulse time separa-
tion required for restoration of the local field to a value
that is high enough to allow the growth of a discharge
pulse. The result of performing this integration using
the corresponding measured time-separation distribution
is shown by the dashed line in Figure 4 whieh is in rea-
sonable agreement with the measured Po(qn) distribu-
tion. From this analysis, it is clear that the statistical
spread in corona pulse amplitudes is determined largely
by pulse-to-pulse memory propagation.
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Normali.ed pulse amplitude and corresponding
pulse time separation distributions for negative
point-plane corona pulses in a 02/10% SF. mix-
ture obtained with and without ultra-violet irra-

diation of the point [61],

150 200

It can be inferred from Equation (18) that any changes
which occur in the time separation distribution of tbe
corona pulses will necessarily produce changes in the cor-
responding pulse-amplitude distributions. This is illus-
trated in Figure 5 which shows corresponding uncondi-
tional amplitude and time separation distributions mea-
sured for point-plane negative corona pulses in a 02/10%
SFs gas mixture with and without exposure of the point
to ultra-violet radiation [60]. When radiation is present,
it artificially enhances the rate for release of initiatory
photoelectrons from the point and thus reduces the mean
time between pulses. It is seen that when the radiation
is on, the distribution Po(.£1tn)is narrower and shifted to
lower .£140values than when the radiation is absent. The
corresponding Po(qn) also becomes narrower and yields
a lower mean value for qn when the radiation is on. In
the absence of radiation, Po(qn) exhibits a sharp peak
at a value denoted in Figure 5 as 9Jim. This is the lim-
iting maximum mean value of the amplitude for corona
pulses that occur in a gap free of space charge and corre-
sponds to time separations from the previous pulse that
are greater than about 80 pa which is the approximate
minimum time required for a negative-ion cloud to make
a transit across the gap.

The gap transit time .£1t,for negative ions can be es-
timated using the expression

z.

.£1t,~ .; f dZ[E(Z)]-1
o

(19)

where Ztl is the point-to-plane gap distance, E is the
unperturbed axial electric-field strength, and IJ is the ion
mobility which is assumed to be independent of E. Thus,
there should be a loss of memory due to space charge from
previous corona pulses if .£140-1> .£1t,. Successive pulses
that satisfy this condition are essentially equivalent to
the 'first' pulses treated in Morrow's model.

A more complete stochastic analysis of Trichel pulses
[67] has shown that both the amplitude of a pulse and
its time separation from a previous pulse are, in gener-
al, correlated with the amplitudes and time separations
of all previous pulses, i.e., the Triehel-pulse phenome-
non is a non-Markovian process in which memory can
extend indefinitely back in time. Moreover, the complete
analysis reveals that there are other sources of memory
propagation such as that asaociated with metastable ex-
cited species produced during previous PD events which
affect not only the growth of subsequebt events through
a local enhancement of the ionilation coefficient, but al-
so the discharge initiation probability through electron
ejection by metastable quenching on the surface of the
point electrode. The ion space charge dominated mem-
ory effect evident from the conditional pulse-amplitude
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distributions shown here for SF6/02 gas mixtures is con-
sistent with results obtained for other electronegative gas
mixtures 8uch as N2/02 and Ne/02 [67,71].
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Figure6.

The expectation value (q..(Llt..-d) VB.Llt.._1 for
de negative PD pulses generated at a point elec-
trode separated in air from a 7.5 em diameter
PTFE surface by a distance of 0.4 cm [63].

When a solid dielectric such as polytetraftuoroethylene
(PTFE) is placed on the surface of the plane electrode in
a point-plane gap, it is found [72] that Trichel pulses still
occur when the point is negative, even at relatively 8mall
gap spacings. Moreover, for most point-dielectric spac-
ing8 at which Trichel pulses occur, the dominant memory
effect is still that due to the motion of negative-ion space
charge. At 8ufficiently small spacings, there i8 evidence
of a memory effect due to the accumulation and decay
of charge on the dielectric surface. Thi8 is illustrated
by the data in Figure 6 which which shows a plot of
(q,,(L14o-1)) VS.L1tn-1 for negative corona pulses gener-
ated using a point electrode located 0.4 cm from a PTFE
surface in air. Also marked on this Figure are the crit-
ical minimum time between successive pulses L1tc, and
the gap transit time L1t" estimated u8ing Equation (19).
It i8 seen that even for L1tn-1 > L1t, there is an in-
crease of (qn(L14o-1)) with .1140-1, albeit a slower in-
crease than for L14o-1 < L1t,. It is speculated that for
L1tn_1 > L1t" the memory effect is due predominantly to
changes in the electric field at the point that result from
a relatively slow dissipation or redistribution of charge
deposited on the PTFE surface by previous discharge
events. At a small enough gap distance, it is found [72]
that the discharge willceaseentirely after the occurrence
of a relatively small number of pulses. The cessation
of the discharge can be attributed to the accumulation
of enough quasi-permanent dielectric surface charge be-
neath the point electrode to keep the local field below
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the level required for discharge development. The initia.-
tion of subsequent discharge activity will depend on the
rate of surface-charge dissipation. Under dc conditions,
it can therefore be expected that the mean time between
PO events which occur within a dielectric cavity can be
quite long, i.e., > 5 h.

~
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Figure 7.

Dlustration of a sequence or PD pulses generated
at a 'crac:lt' in the insulation of shielded cable

when an alternating voltage is applied.

4.2. ac DISCHARGES

The cessation of PO due to the accumulation of per-
manent or quasi-permanent charge on dielectric surfaces
which happens for constant applied gap voltage need not
occur for alternating voltages. This is because the sur-
face charge deposited during any half cycle of the applied
voltage will enhance the local field during the subsequent
half cycle when the polarity reverse8. An example of the
situation that can be encountered for alternating voltages
is illustrated in Figure 7. For the case shown in this Fig-
ure, PO are assumed to occur at a crack in the insulation
of a shielded cable. The first PO might occur near the
peak of the applied voltage on either half cycle once the
local field strength exceeds the inception level denoted by
Ec. The charge deposited on the insulator surface by this
event will inftuence the phase-of-occurrence of the next
event which is shown to appear near the zero crossing.
Because of the deposited charge, the local field strength
in the crack will exceed the field Eo that would occur in
the absence of this charge as the polarity of the applied
voltage changes sign. This explains why the first PO on
the next half cycle can occur at or near the zero crossing.

This picture suggests that the predominant memory
effect for ac-generated PO which occur on or near insu-
lating surfaces is that due to 8urface charging. The sig-
nificant inftuence of surface charging on phase-to-phase
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Normalized conditional and corresponding un-
conditional phase-of-occurrence distributions of
the first, eighth, and sixteenth PD pulses to a~
pear in the negative half cycle for a I.S mm point-
to-dielectric discharge gap in air at 3.0 leV rms
and 200 Hz. The dashed lines correspond to
the unconditional distributions and the open and
closed points correspond respectively to phase
distributions conditioned on the indicated re-

stricted ranges for Q+ of the previous half cycle
[14].

memory propagation for ac-generated PD was first exper-
imentally demonstrated '[73] by measuring various condi-
tional probability distributions such as Pl(tlli IQ+), where
q,i is the phase-of-occurrence of the ith negative PD
pulse on an arbitrary negative half cycle' of the applied
voltage and Q+ is the net integrated charge associated
with positive PD on the previous positive half cycle, i.e.,

Q+ = L qt
j

(20)

Examples of measured conditional and unconditional
phase-of-occurrence distributions of negative PD pulses
previously report.ed [14]for a point electrode slightly dis-
placed from a PTFE surface are displayed in Figure 8.
Given in this Figure are results for the first, eighth, and
sixteenth pulses on the negative half cycle. The fact that
the mean phase of the first pulse occurs near the le-
ro crossing, i.e. (q,1)~ "', suggeststhe significanceof
surface charge in enhancing the local field. Moreover,
the fact that the unconditional and conditional distri-
butions are not equal even for the sixteenth pulse, i.e.

__4___U. ___ ~________

po(q,16) f; Pl(q,16IQ+),implies a correlation between the
variables q,i and Q+. The results clearly demonstrate,
as expected, that the larger the amount of charge Q+,
the sooner in phase will be the occurrence of negative
pulses on the subsequent negative half cycle, i.e. as Q+
increases, (q,i (Q+» will decrease, where

2.

(q,i(Q+»= f q,ipl(q,iIQ+)dq,i (21)
o

The unconditional phase-of-occurrence distributions can
be constructed from the conditional distributions using
the integral expression

00

Po(tII;) = f Po(Q+)Pl(q,i IQ+)dQ+ (22)
o

where Po(Q+) is the unconditional distribution of inte-
grated positive PD charge in a half cycle.

It is important to point out that the phase-resolved PD
pulse-height distributions previously reported by others
[7-9,74], do not contain information about memory prop-
agation. Although phase-resolved distributions are 'con-
ditional' in the sense that they restrict the phase interval
of observation, they are not conditional in the sense of
either selecting individual pulses according to their order
of occurrence or in imposing restrictions related to the
behavior of PD that occurred at earlier times (or phas-
es). A physical interpretation of phase-resolved PD data
requires an unraveling of memory effects as discussed in
the recent work of Van Brunt and coworkers [14]. The
complexity of the unraveling process makes it extremely
difficult to interpret phase-resolved pulse-height distribu-
tions in terms of discharge mechanisms. It can thus be ar-
gued that the measurement of selective PD amplitude or
phase distributions that are conditioned on a particular
past history of the discharge process can provide greater
physical insight than the usual phase-resolved distribu-
tions.

t

The PD memory effects considered in this Section are
those associated with residuals produced by previous dis-
charge events such as space charge that can dissipate
with time. It is this kind of memory effect that large-
ly controls the stochastic behavior of PD at any given
time. This effect is also distinct from 'memory effects'
associated with aging processes that produce permanent
changes of materials or geometrical configuration from
which the discharge gap cannot recover. The aging pro-
duced by PD contributes to the nonstationary behavior
in the stochastic properties of PD that is discussed in
Section 5.

j
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5. NONSTATIONARYBEHAVIOR

-

Nonstationary behavior of PD has been observed under
a variety of experimental conditions [18,19,26,21,15].
By the term nonstationary behavior it is meant that the
statistical characteristics of PD such as the pulse height
or phase distributions have a dependence on time. It has
previously been argued [14] that, because the statistical
characteristics of PD are determined largely by memory
effects, it can be expected that these characteristics will
be susceptible to nonstationary behavior. The suscepti-
bility to nonstationary behavior can be understood from
a consideration of the implications of memory effects. If
it is found, as shown in Section 4, that the amplitude of
a PD pulse depends strongly on its time separation from
the previous pulse, then anything that changes the pulse
time separation distribution will necessarily, according to
Equation (18), also change the amplitude distribution. It
will be shown below that the time (or phase) distribution
of PD is primarily controlled by the rate of initiatory elec-
tron release into the gap, which is, in turn, affected by
the local field strength at or near the emitting electrode
(or dielectric) surface.

To show the connection between the PD pulse time-
separation distribution, Po(.dtn_l), and the rate R; of
the electron release from a surface, it will be assumed
that the probability for occurrence of a PD between times
t and t + dt is proportional to R; and given by

r

t
f
J"

~

t"

I

t

I

.:'(t)dt =R;(t) [1 -i,:'(t')dt'] dt (23)

where the :!:designation refers to the polarity of the ap-
plied voltage at the most highly stressed electrode, e.g.,
the point electrode. The time differential probability
function satisfies the requirement

co

J p~(t')dt' ~ 1
o

(24)

The term in brackets on the right-hand side of Equa-
tion (23)is the probability that a PD has not occurred
up to time t.

In general, R;(t) depends on time, where, as shown
below, the time dependence in a short time frame is most
likely governed by the time dependence of the local field,
and in a long time frame by aging processes such as re-
sult from discharge-induced modification of surfaces that
produce changes in the effective work functions. Assum-
ing that t is restricted to a small increment of time 6t
in which R; is assumed to be constant, it can be shown
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that the function which satisfies Equation (23) and (24)
has the form

p~(t) =R;exp(-R;t) (25)

where t E 6t. The probability that a PD occurs in the
time interval 6t is then given by

6t

P%(6t) =J p~(t')dt'
o

(26)

which gives

P%(6t) = 1 - exp(-R;6t) (21)

Using a field emission model for electron release from
surfaces [13] gives a time dependence for R;(t) of the
form

R;(t) =CtIE(tWexp(-C; /IE(t)1) (28)
where ct and C; are factors that are related to the
anode, cathode work functions w+ and w_ by

..L ( :i: 1/2 )C1 = ht 10 62"':i: (29)
and

C % - h% 3/2
2 - 3 w%

Here hI, h2, and h3 are positive constants.

For the case of a sinusoidal applied voltage of frequency
w, the local field is given by

(30)

E(t + 6t) =Eosin[w(t + 6t)] - .dE.(t + 6t) (31)

where the second term on the right-hand side is the con-
tribution to the local field by space charge or surface
charge. For a point electrode on or dose to the surface
of an insulator, the changes in .dE. associated with the
deposition of surface charge for a PD event are consid-
ered to be abrupt provided 6t is comparable to or smaller

. than the intrinsic width of the PD pulse. This means that
.dE. behaves like a step function where

.dE.(t + 6t) = LiE.(t) (32)

if no PD occurs within 6t, and

LiE.(t + 6t) = LiE.(t) =fLiEj (33)

if the jth positive or negative PD occurs within 6t. Here
.dEj is the change in local field due to charge deposited
on the surface by the jth PD pulse. The behavior of the
local field represented by Equation (31) to (33) will, when
substituted into Equation (28), give the time dependence
for R;(t).

The PD time-separation distribution can be computed
numerically by discretizing each pulse time separation
into multiples of 6t, i.e.,

Litn_l= tn - tn-I = m6t (34)
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where m is an integer and ~tn-l :» cSt.The probability
that the nth pulse will be separated from the (n - 1)th
pulse by a time ~t,.-1 is then given by

Po(.1tn-l)d(.1t,.-I) =
m-l

II {exp [-R;(A:cSt)cSt)} {I - exp [-R;(mc5t)6t)}
1:=1

(35)
which is obtained using Equation (27) and the law of
probabilities. Of particular relevance in the present dis-
cussion is the strong dependence of R; ODE(t) and also
on the surface work functions implied by Equations (28)
to (30). The dependeDce of R; ODE(t) wheD UI+ and
UI_ are constant produces the type of'statioDary' mem-
ory effect discussed in Section 4, i.e., the statistical dis-
tributions represented by Po(qn) and Po(.1t,.-I) do not
vary with time. However, time variations in either UI+or
UI_can introduce nonstationary behavior that is reftect-
ed in a time dependence of the distributioDs Po(qn) and
Po(~tn-.). The numerical procedure discussed above has
been used in the formulation of a Monte-Carlo simulator

of PD [10,13,14,18) from which various cODditioDaland
unconditioDal PD amplitude, phase, or time distributions
can be extracted.

2
cO

'"M
cO

..
~ci

-'"
Sr.-..
d~

tl

1
A ~..

t' ./ cqt>. I~1
V .. ~o

o A 1.lI: ~.JI:" .

k{
,..,

~~.~ .',~ ~r
( ,/~ .' Y

.

It) 1 ..' . .

~c~::~ y
~J ~~

Figure 9.

Measured phase-of-occurrence distributions of
the first negative PD pulse and unconditional aID-
plitude distributions of the corresponding posi-
tive PD pulses YS.distance of a point electrode
from a flat PTFE surface in air. Also indicated

by the dashed lines are the corresponding mean
values (~n and (9t>. i ~ 1 [67).

Results of receDt experimeDtal iDvestigations indicate
that there can be several sources of DODstatioDarybehav-
ior iD the statistical characteristics of PD. For example,
there is evideDce that small changes iD the geometrical

configuration of a poiDt-dielectric gap such as could re-
sult from mechaDical motioD or removal of material dur-
iDg the discharge. as discussed in Section 6. will produce
large changes iD the behavior of PD [76]. The seDsitivity
to gap spacing for PD geDerated by applying an alter-
nating voltage to a point electrode over a PTFE sur-
face in air is illustrated by the experimeDtal results dis-
played in Figure 9. This Figure shows measured phase-
of-occurrence distributions of the first Degative PD pulse
and unconditional amplitude distributions of the corre-
sponding positive PD pulses VIJ.poiDt-to-dielectric gap
spacing. Also indicated by the dashed liDcs are the cor-
responding mean values (;i) and (qt), i ~ 1. The most
dramatic change occurs as the gap spacing is iDcreased
from 0 to 0.75 cm. The statistical characteristics of PD
for the case where the point touches the dielectric are
distinctly different from the case where there is a small
spacing of 0.5 mm. As the gap spacing iDcreascs, the
characteristics change from those of a surface discharge
to those of a corona discharge, i.e., the preseDceof the di-
electric surface becomes increasingly less important. For
gap spacings greater thaD about 1.20cm, the positive dis-
charge ceases entirely, and the negative diacharge takes
ODthe appearance of a phase-restricted traiD of Trichel
pulses.

Another source of nonstationary PD behavior is that
associated with discharge-iDduced changes iD dielectric
surface cODductivity. It was argued iD an earlier work
by Rogers (77) that the 'self-extinctioD' of pulsatiDg PD
in a dielectric cavity can be attributed to an iDcrease in
the cODductivity of the cavity walls that occurs wheD the
discharge is active. More recently, HudoD and cowork-
ers (19) have reported the transformation of a pulsating
discharge into a pulseless glow discharge iDa gap formed
by parallel epoxy resiD planes. They showed that this
transformatioD is related to aD increase in the surface
conductivity of the epoxy. Possible mechanisms for the
iDcrease iDsurface conductivity will be meDtioDediDSec-
tioD 6.

AdditioDal evideDce of the effect of changiDg surface
cODductivity is provided from receDt work ODpoiDt-epoxy
gaps [18,27,78). Figure 10 shows examples of iDtegrat-
ed charge distributioDs po(Q+) and Po(Q-), measured at
differeDt indicated times for discharge pulses generated
by applyiDg a 50 HI, 3.0 kV rrns alterDating voltage to a
sharp poiDt electrode that touches a flat cast epoxy sur-
face. In this case, the epoxy cODtained Al20S filler. Also
shown iD this Figure are the measured mean numbers of
positive and negative PD pulses (n+) and (n-». The
significant feature of these results is the disappearance
of positive PD pulses after -1.5 h. In the early stages
of diacharge activity, there is an approximate charge bal-
ance, i.e. (Q+) =:::-(Q-), thus suggesting (from charge
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Figure 10.

Positive and negative integrated-charge distribu-
tions measured for PD generated by a point elec-
trode touching a flat epoxy surface at the indi-
cated times after a SO Hz voltage was applied.
Also shown are the corresponding mean numbers
of positive and negative PD pulses-per-cycle and
the mean charge (vertical arrows) [18].

conservation) that all of the discharge current can be
accounted for by the observed PD pulses. However, as
time progresses, an obvious imbalance occurs which im-
plies that some of the current is not associated with the
discharge pulses.

Subsequent measurements (see Section 6) showed that
there was a significant increase in epoxy surface conduc-
tivity near the discharge site consistent with the observa-
tions of Hudon and coworkers (19). With a modified ver-
sion of the previously discussed Monte-Carlo simulator,
it was possible to show that the disappearance of posi-
tive PD is consistent with an increase in the local surface

conductivity (18). Using Poisson's equation coupled with
Equation (6) for 8 =0, and assuming a locally uniform
surface conductivity r gives the following expression for
surface charge density

au
at --ru (36)

If it can be assumed that L!E. in Equation (31) is
proportional to u at the discharge site, then the solution
to Equation (36) leads to an exponential decay in a time
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interval 6t given by

L!E.(t + 6t) = L!E.(t) exp(-(r6t) (37)

where ( > 0 is a proportionality constant. In the Monte-
Carlo simulation, only the negative surface charge is al-
lowed to decay. The numerical procedure described above
is then modified so that if L!E.(t) ~ 0 and no PD event
occurs in the time 6t, Equation (32) for L!E.(t + 6t) is
replaced with Equation (37). Equation (32) still applies
if ..1E.(t) > 0 and Equation (33) still applies if a PD
event occurs in 6t independent of the sign of ..1E.(t).

In the original model [13], the effective work function
w+ of the dielectric surface was assumed to be constant,
i.e., independent of the local field. 1:0 account for the
disappearance of positive PD, it was also necessary to
assume that the positive PD initiation probability de-
creases with decreasing negative surface charge density.
This was accomplished by giving w+ a time dependence
of the form

w+(t) =00 - 01 ( ..1~o(t»)_ 02 ( ..1~o(t»)2 (38)

for L!E.(t) < 0, where 00,011 and 02 are positive con-
stants. The form implied by Equation (38), although
empirical, is considered to be physically reasonable, since
the probability for removing an electron from a nega-
tively charged insulating surface should increase with in-
creasing negative-charge density.

Using the model described above, positive PD are found
to disappear if [18]

(r ~ w/'Il (39)

When this condition is satisfied, the charge deposited
by PD during the negative half cycle will have almost
completely disappeared when the next positive half cycle
begins.

Another contribution to nonstationary behavior that
might be especially important under static-gas conditions
such as within a cavity of a solid dielectric is that ass0-
ciated with discharge-induced changes in the chemical
composition of a gas. An example of nonstationary be-
havior due to this effect is illustrated by the positive PD
pulse-height distributions for SF6 shown in Figure 11. In
this case, the PD were generated using a point-plane gap
in an enclosed vessel containing SF6 at an absolute gas
pressure of 200 kPa [79]. In pure SF6 under these con-
ditions, the point-plane positive corona exhibits a dis-
tinctive pulse-burst characteristic [80]. However, after-4 h of operation, the PD burst characteristic is found
to be replaced by a continuous chain of pulses that have
a relatively lower amplitude, and this is reflected by the
change in the pulse-height distribution such as shown
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Figure11.
Time variation of pulse-height distributions for
positive-de-corona pulses in SF. at 200 ItPa. Al-
so indicated are the corresponding average coro-
na currents I and observed burst pulse repetition
rates J [70,71].

in Figure 12. That the changes seen in Figure 11 were
indeed due to changes in the gas composition was veri-
fied by replacing the gas in the vessel and restarting the
discharge. When this was done, it was found that the
amplitude distribution again exhibited a shape similar
to that which had appeared initially in the previous test
and the same change in PD behavior occurred with in-
creasing time-of-operation.

There is convincing evidence in this case that the ob-
served rapid change in the positive-corona characteris-
tics of SF6 is due to a buildup of water vapor in the gas
during the discharge. Although the source of the wa.-
ter vapor is unknown, it is speculated that it comes from
discharge-induced desorption from the electrode surfaces.
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Measured pulse-height distributions of positive-
dc-corona pulses for pure and H20-contaminated
SF. at a gas pressure of 300 ItPa [72].

255 20

The change in amplitude distribution seen in Figure 11
can be simulated by adding a trace amount of water va.-
por to SF6 as shown in Figure 12 [81].

It is now known that discharge initiation near a posi-
tive point electrode can be significantly enhanced by the
presence ofsmall quantities of H20 [82]. The initiation of
a corona discharge near a positive point electrode is ex-
pected to be due largely to the release of electrons from
negative ions by a collisional electron detachment pro-
cess. It has been shown [83] that in pure SF6, the only
collisional.detachment process which can occur with a
reasonable probability is that involving the negative ion
F- , namely

..
t

F- + SF6 --+F + SF6,+ e (40)
t
,Because of the high threshold energy for this process

(8.0 eV), and because F- is likely to be a minor ion in
pure SFs, the probability of initiation by process (40) is

. .
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expected to be quite low for E /N above the critical val-
ue needed for ionization growth where Q ~ '1. On the

other hand, when H20 is added, other types of nega-
tive ions 8uch as OH- can appear [84] that will undergo
detachment with orders-of-magnitude higher probabili-
ty than F-. It can thus be expected that low levels of
water-vapor contamination can have a disproportionately
large effect in initiating and maintaining positive corona
in SF6. On a longer time frame, there are other chemical
changes in SF6 discussed in Section xx that could influ-
ence the behavior of PD such as through modification of
the ionization or attachment coefficients.

The tendency for PD to exhibit nonstationary behav-
ior complicates any attempts to define meaningful sta-
tistical patterns that can be used in proposed pattern-
recognition schemes based on neural networks, etc. for
possible identification of the defect sites at which PD oc-
cur [85-87]. Nevertheless, the time development of sta-
tistical PD patterns may provide additional useful infor-
mation for identification purposes.

6. PD-INDUCED AGING
When discharges occur in an insulating medium, they

can be expected to cause physical and chemical changes
of the surrounding material, and in many cases, these
changes will be detrimental to the performance of the
materials as an electrical insulator. The material changes
resulting from exposure to PD are either directly or indi-
rectly a consequence of bombardment of energetic elec-
trons that can have mean energies in excess of 10 eV
under breakdown conditions. From a practical point-of.
view, the problem of insulation aging has been of para-
mount concern and there has been extensive research into
the mechanisms of aging. In this Section, the focus will
be on a few selected aging processes that are relevant to
the types of PD phenomena discussed above.

It was pointed out in Section 5 that the exposure of
cast epoxy resin surfaces to PD under alternating voltage
conditions causes changes in the surface characteristics
which can, in turn, influence the behavior of PD. Micro-
scopic examinations of the epoxy surfaces after exposure
to PD in air revealed that material had been removed at
the discharge site. Results of typical surface profile mea-
8urements in the vicinity of a discharge site are shown
by the profilograms in Figure 13 [17]. The locations of
the point electrode used to generate PD are indicated
by t.he vertical arrows. The epoxy materials used in this
case contained an Ab03 filler. The discharges were gen-
erated in room air by applying a 4.0 kV nns (50 Hz)
voltage to the point electrode for a period of 22 h. In
all cases, it was found, as seen in the Figure, that the
surface roughness increased significantly at the center of
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Figure13.
Profilograms of epoxy surfaces after exposure to
PD in air. The vertical arrows indicate the loca-
tion of the point electrode [17J.

discharge activity. The measurements before and after
PD exposure showed that there was a volume decrement
indicating that material had been removed. For longer
PD exposures, narrow channels appeared that are per-
haps the precursors to tree formation [26,75]. Changes in
surface profiles such as seen in Figure 13 can also change
the local electric-field strength as well as the ability of the
surface to trap charged particles. Removal of dielectric
material by PD can be safely considered as a 'permanent'
alteration or aging effect.
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Figure 14.

Measured changes in epoxy surface resistance vs.
distance from the center of the PD site for dif-
ferent times since the termination of discharge
exposure in air [17J.

It was noted that PD also cause increases in the local
surface conductivity of epoxy. Figure 14 shows the re-
sults from measurements of the epoxy surface resistance
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vs. distance from the center of the ~ischarge site for dif-
ferent indicated times since the termination of discharge
exposure. The discharge conditions were similar to those
that produced the surface damage shown in Figure 13.
The resistances were measured by moving small paral-
lel wires across the epoxy surface as described previously
[17,18]. The change in surface conductivity at the dis-
charge site appears to be 'quasi-permanent' in a sense
that the conductivity will, given a sufficiently long time
after PO exposure, decrease to a value closer to that
observed before initiation of the discharge. This is il-
lustrated by the trend shown in Figure 14. Moreover,
wiping the surface with a damp cloth tended to restore
the conductivity to the pre-discharge value [17].

The precise nature of the PO-induced physical and
chemical changes of epoxy surfaces that give rise to an
increase in surface conductivity remain unknown. The
fact that the predischarge condition can be largely re-
stored after wiping suggests that the changes are likely
due to formation of deposits. There is evidence from the
work of Hudon and coworkers [22] that droplets of glycol-
ic and formic acid are formed on epoxy surfaces during
exposure to PO. These acids are known to be far more
conductive than the epoxy resin matrix.

A necessary condition for the formation of PO is that
the mean energy of electrons should be sufficiently high
to cause a net growth in the ionization of the gas. Specif-
ically for electronegative gases, this requires that Q > 17.
Under this condition, the electron energies are also high
enough to produce molecular dissociation leading to the
formation of highly reactive free radicals such as 0, OH,
F, and SFs by processes like

e+02-0+0+e (41)

and

e+SF6-SF,,+(6-n)F+e (42)

where n is an integer satisfying the restriction 1 ~ n ~ 5.
These reactive fragments can then lead to the forma-
tion of other reactive species. In the case of SF6/02
mixtures, the discharge byproducb are known to include
S02, SOF2, S02F2, SOF4, SF4, S2FI0, S20FI0, S202FI0,
and HF [15,16). Examples offast neutral reactions in the
active discharge zone that occur in SF6 corona when O2
and H20 are present are listed in Table 3. Species like
F and HF will attack solid insulating surfaces and con-
tribute to the removal of material.

As seen from Table 3, the gas-phase chemistry a&8O-
dated with PO phenomena can be very. complex. The
decomposition of SF6 in corona discharges has been ex-
tensively investigated in recent years because of the wide-
spread use of SF6 as an insulating medium in HV appara-

Table3.

Examples of important fast reactions that occur
in the discharge sone of a negative corona in SFe
containing H20 and 02. M = third body.

tus and related concerns about toxicity and corrosiveness
of the discharge byproducts [15,16,88-90].

Figure 15 shows examples of data on the production
rates for the major sulfur-containing oxyfluoride by-prod-
ucts from negative point-plane corona discharges in SFs
[91]. These results were obtained using a continuous
constant-current negative-glow corona operated at 40 #SA
for a total absolute gas pressure of 200 kPa. Shown in
Figure 15 are the charge rates of production normalized
to the SF6 concentration as given by

r(X) = 1 (d[X] )1"[SF6] dt

where I" is the discharge current, [X] is the quantity
in moles of the by-product of interest, and [SF6] is the
absolute quantity of SF6 in moles. The total oxyfluoride
production given by

(43) J
f

rt = r(SOF4) + r(SOF2) + r(S02F2) (44)

is compared in Figure 15 with the estimated maximum
possible SF6 decomposition rate rt(max). The estimate
of the maximum rate is based on using the calculated
rate for reaction (42) [61] in a model of the discharge
[47,48], and assuming that every sulfur-containing frag-
ment (SF,,) converts to an observable by-product.

The tendency of rt to faU considerably below rt(max)
is a consequence of the fact that recombination reactions
such as

!
I

I

t

SFs + F + SF6- 2SF6 (45)

are fast at moderately high gas pressures and therefore
very efficient in reforming SFs after it has been dissociat-
ed. The increase in rt with increasing oxygen content is
primarily a consequence of the diluting effect of O2 which

Reaction Rate coeff.
cm3/s

F + H2O -+ OH + HF 9.0 x 10 '1;'
OH + SFs -+ SOF4 + HF 1.1 x 10-12
SFs + O+M -+ SOFs + M 1.0 x 10-11
SOFs + SFs - SOF4 + SF6 1.0 x 10-13
SFs + 0 - SOF4 + F 2.0 x 10-11
SF3+ 0 - SOF2+ F 1.0 x 10-12
SFs + F + M - SF6 + M 1.5 x 10-11
SF3+ F + M - SF4 + M 2.4 x 10-11
SFs + SFs + M - S2FlO + M 1.4 x 10-12
SF3+ SF3 - SF2 + SF4 2.2 x 10-12
SF3+ SFs - SF6 + SF2 5.0 x 10-12
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Measured charge rates-of-production of the
oxyfluorides SOF" SOF2, and S02F2 from neg-
ative dc point-plane glow-type corona in SF./02
mixtures [81). Also shown are the net oxyftuoride
production rate "t, and the calculated maximum
SF. destruction rate in the discharge "t(max).
The production rates have been normalised to the
SF. concentration. The discharge current was
40 pA and the total pressure was 200 kPa.

can inhibit the recombination reactions such as process
(45).

Under the discharge conditions that yielded the results
shown in Figure 15, it was found that other gaseous
byproducts can be formed which are not derived from
SF6 di880ciation, i.e., they contain neither 8ulfur nor Buo-
rine. Among these is the gaseous compound C02. Shown
in Figure 16 are examples ofthe measured yields of C02
VB.net charge transported given by the product of dis-
charge current and time. The data in this Figure were ob-
tained for a 40 p.Aglow-type negative corona in the three
indicated SF6/02 mixtures at an absolute total gas pres-
sure of 200 kPa. For these experiments, a 8tainless steel
point electrode was used. It is speculated that the C02 is
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Measured yields of C02 VI. net charge transport-
ed in a 40 pA negative glow corona in SF. and
indicated mixtures of SF. with O2.

derived from reactions of oxygen with carbon contained
in the steel electrode. The rate for C02 production is
seen to increase with oxygen content as expected.

The production of C02, even in relatively pure SF6,
may be a good indication of 80 called 'electrode condi-
tioning'. During a negative-corona discharge, the point
electrode can be eroded by ion bombardment. This is
manifested by the appearance of increased surface rough-
ness or micro-pits at the tip of the electrode. The discharge-
enhanced roughness of the electrode 8urface can cause it
to become a more efficient emitter of electrons [80] and
can cause an increase in the catalytic destruction of some
relatively unstable byproducts 8uch as S2Fl0 [90].

The production rates for SF6 byproducts from corona
or PD implied by the results shown in Figure 15 sug-
gest that under practical condition8 where the volume of
SF6 is relatively large, the buildup of byproducts from
the discharge will be too slow to 8ignificantly affect the
ionisation, attachment, and recombination coefficients of
the gas. On the other hand, if the decomposition oc-
curs in a small volume such as in a dielectric cavity, it
i8 possible that a large fraction of the gas can become
decomposed in a short time, and this could significant-
ly modify the discharge behavior. In general, if the gas
consists of more than one component, then the ionisation
coefficient given by Equation (13) must be replaced by
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the sum (63]

o 1

(
2

)1/"l N; Joo B

N = De me ~ Ii Qi;(t:)F(t:'W)dt:
J 0

where Qi; is the ionization cross section of the jth com-
ponent of density N;, and

N = L N;
;

Similar modifications would need to be made in '1 and
other coefficients. Hence, if N; changes with time due
to discharge-induced modifications of the gas, then so
will the ionization coefficients, etc., and likewise also the
discharge characteristics.

To date, there have not been many attempts to mod-
el the chemistry in PD. Only recently has a success-
ful model been formulated for SF6, and this is restrict-
ed to negative-glow type discharges in point-plane gaps
[47,48]. Some success has also been achieved in modeling
the chemistry of pulsating dielectric barrier discharges in
oxygen [39]. The task of modeling the chemistry in PD
is quite formidable as can be appreciated when it is real-
ized that Tables 1 and 2 list only a small fraction of the
many hundreds of possible chemical processes that may
need to be considered.

7. CONCLUSIONS AND
RECOMMENDATIONS

EVIDENCE is provided here of significant progress
that has been made in achieving a better understand-

ing of the physical and chemical bases of PD phenomena.
If anything is to be gained from reading this work, it
should hopefully be an appreciation of the fact that PD
phenomena are enormously complex. In attempts to ex-
plain PD behavior, caution must be exercised in making
simplifying assumptions about the relevant mechanisms.

As is often the case with basic research, the increase
in knowledge about PD raises more questions and places
ever greater demands on the quality of fundamental data
needed to carry us up to the next level of understanding.
In pursuit of this next level, it is recommended that em-
phasis be given to the following avenues of research: (1)
extend computer simulations of discharge growth to in-
clude the modifications of the local environment by resid-
uals from prior discharge activity; (2) develop models
that can predict the transition from a pulsating corona to
a glow discharge; (3) develop models that predict the size
of constricted glows in highly nonuniform fields; (4) per-
form experiments and calculations to give more informa-
tion about the influence of high local fields on secondary
electron emission from surfaces due to impact of photons,

- - --- -- .-- -+-- --- --+---- --- -+---------.

(46)

ions, and metastable species; (5) develop better experi-
mental and theoretical techniques to investigate the dy-
namics of dielectric surface charging during PD activity;
(6) acquire more information about changes in PD behav-
ior during electrical tree formation in solids; (7) develop
better diagnostics to investigate permanent and quasi-
permanent changes in the composition and morphology
of solid surfaces exposed to PDt (8) extend measurements
of PD-induced decomposition of dielectric gases to lower
currents and pulsating PD conditions; (9) develop spec-
troscopic or other nonintrusive methods for measuring
temperature profiles in PDt and last but not least, (10)
give special attention to determination of the effects of
absorbed and gas-phase H20 on PD behavior. In re-
ality, there is a much greater number of avenues than
suggested here for future basic research on PD that is
at least as great as the multitude of different modes of
discharge activity. There is yet much more to be learned
about PD, and as more is learned, this information can
hopefully be put to good use in constructing better di-
agnostics of insulation performance. I caution against
undertaking new large scale efforts to develop practical
PD diagnostics without a good understanding of the phe-
nomena being observed.

J. B. Whitehead, for whom this lecture series is named,
was fascinated and concerned with corona discharge phe-
nomena in insulation, and conducted significant pioneer-
ing research on this topic [92]. It can be argued that the
following comments offered in the conclusions of his 1910
paper [92] on the dielectric strength of air are relevant
today:

"Corona formation and the laws which regulate
it are of the first importance for electrical en-
gineers since corona is to be prevented both as
a source of loss and as an enemy of insulation.
The field is replete with fascinating problems.
Their solution however involves the use of meth-
ods and apparatus generally not familiar to the
physicist. "

(47)
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