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ABSTRACT 

Bulk breakdown in dielectrics occurs when the applied electric field exceeds a 

critical field and the insulating dielectric becomes conducting. This breakdown 

event damages the dielectric by producing a permanent channel of fractal 

dimension inside the dielectric. The resulting conducting structure is referred to as 

a tree because of its treelike structure. The production of electric field induced 

microvoids, or precursors, has been theorized to precede the breakdown event. 

Electric breakdown through solid dielectrics is heavily influenced by charge 

injected into the dielectric from electrodes. 

An experimental apparatus to study dielectrics stressed by impulse electric 

fields in a vacuum has been constructed. This apparatus is used to study several 

physical processes related to the initiation of electrical breakdown in 

polycarbonate (PC) and polymethylmethacrylate (PMMA) dielectrics. 

A critical field is found to exist below which no charge is injected into the 

dielectrics. This critical field for charge injection is slightly below the critical field 

for bulk breakdown. When an applied voltage produces fields greater than the 

critical field for charge injection, a space charge cloud is injected into the 

dielectric. Values of the critical field necessary for charge injection, total amount 

of injected charge, radius of the space charge cloud region and a limit on the time 

required to produce the space charge cloud region are obtained in this experiment. 



From these parameters, limits on the high field mobility of charge carriers, and 

trap densities in the materials are determined. 

After the electrical fields are applied to the dielectrics, the dielectrics are 

studied with an optical microscope to detect damage caused by charge injection. 

This damage may be experimental detection of precursors hypothesized by one 

theory of bulk breakdown. 

In addition, a computer simulation of dielectric breakdown, that introduces 

variables representing physical phenomena such as electron impact ionization, field 

ionization, and breakdown threshold, as well as the random structural nature of 

polymers and defects has been developed. These computer generated fractal 

breakdown structures are similar to experimentally produced breakdown trees. 
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CHAPTER I 

THEORETICAL BACKGROUND 

1.1 Introduction 

Dielectric breakdown of insulators has been studied for many years. It is 

widely accepted that charge injection into the dielectric plays an important role in 

the breakdown process. Furthermore, the breakdown event is believed to originate 

in the dielectric at a field enhanced region. This enhancement is typically due to 

the electrode arrangement, material impurities, voids in the dielectric or a 

combination of these features. When dielectric breakdown occurs, a channel of 

fractal dimension is formed. Many theories exist regarding dielectric breakdown. 

These theories treat features such as injection of space charge, charge densities 

and mobilities and conduction mechanisms in insulators. 

Experimental approaches of studying field stresses, charge injection and bulk 

breakdown structures in dielectrics involve irradiation of the dielectric with 

charged beams or actual contact with electrodes. In electrode contact 

experiments, point-plane or point-point geometries are commonly utilized because 

they produce field enhancements at the point electrodes. Typically, the point 

electrode is embedded into the dielectric, and the electrode and dielectric are 

submersed in oil in order to avoid surface flashover. A common method of 

embedding the electrode into the dielectric is to heat the dielectric and then insert 

the point electrode into the dielectric. This method introduces mechanical stresses 



in the dielectric; therefore, the resulting damage must be a combination of electric 

field and mechanical stress effects. When the dielectric is formed around the 

electrode in the laboratory to eliminate these stresses, the resulting dielectric may 

have properties that differ from commercially available materials. 

When a breakdown tree is formed, information regarding the dielectric in the 

region where the tree exists is lost due to the channel formation. The purpose of 

this experiment is to investigate the initial events which lead to an electrical 

breakdown in the bulk of a polymer insulator. Therefore, a large electric field is 

applied at a point on the insulator surface for a short time. This electric field is 

intended to be just below the field required to produce bulk breakdown in the 

dielectric. Stressing the dielectric with this field pulse should produce damage to 

the dielectric that corresponds to the damage done to a dielectric immediately 

preceding bulk breakdown. The common method of embedding the point electrode 

is avoided; therefore, any damage detected in the field stressed region should be 

due entirely to the applied electric field. In this experiment, a point electrode is 

placed in contact with the dielectric via a weak spring in order to reduce the role 

of mechanical stress. Furthermore, the sample electrode arrangement is not 

submersed in oil to inhibit surface flashover, as this would also affect subsequent 

analysis of the dielectric. The high electric field in this experiment is achieved by 

utilizing point-plane electrode geometry in a vacuum environment. Furthermore, 

the energies used in this experiment are intentionally low in order to keep the 
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damaged area localized near the point electrode and to further inhibit the 

production of a complete breakdown channel in the dielectric. 

This experiment stresses a polymer dielectric with pulses on a nanosecond time 

scale in order to determine information about insulator damage related to a 

distinct field stressing event. Information obtained in this manner can then be 

used to increase the understanding of the events leading to bulk breakdown. 

1.2 Band Structure 

The tight-binding band structure [1, 2] is useful in understanding conduction 

in solids via the conduction band and valence band approach. However for this 

approach to be valid suflSciently long range order must be present in the solid. 

Electrons move in the band structure with an effective mass given by 

Where E is the energy of the band and k is the wave vector. At the bottom of the 

valence band where ^ = 0, the effective mass becomes 

where a is the lattice spacing and W is the energy bandwidth. 

Since motion of charge carriers is responsible for electrical conductivity in a 

solid, the electrical conductivity is given by 



a = nen (1.3) 

where n is the carrier density, e is the electric charge, and ^i is the mobility of of 

the charge carrier. This mobility is defined by 

er 
l^ = — (1-4) 

where r is the electron lattice scattering time. In a polymer, this mobility depends 

on the interaction between the electron and the polymer backbone. 

For an electron with a scattering time of r to remain in an energy band of 

width W, the uncertainty principle requires that 

WT>h. (1.5) 

Using equations 1.2, 1.4 and 1.5, a minimum mobility is determined for the 

validity of band theory to be applicable. This minimum mobility is given by 

Table 1.1 illustrates minimum mobilities for the validity of band theory with 

regard to various bonds in most polymers. 

At room temperature, for fields of lO^iycm, charge carrier mobilities are 

between 10~' and 10~^cm^/Vsec for polycarbonate [3]. This low mobility clearly 

precludes the application of band theory for low field conduction in polycarbonate. 



(a) (b) (c) 

Figure 1.1: Various possible polymer structures: (a) linear backbone, (b) branched 
backbone, (c) cross-linked polymer. 

1.3 Polymers 

A polymer is a molecule that is made up of many repetitions of the single unit 

(moiiomer). Each monomer, by definition, contains the same number of atoms of 

the same elements; however, some monomers may differ in structural arrangement. 

The term used to describe such different configurations is an isomer [4, 5]. In 

addition to variations on the smaller scale of the monomer, the structure of the 

polymer molecule can be linear, branched or cross-linked. Also the linear chain 

can be of helical structure or zigzag structure. A branched polymer exists when 

the main chain has chain extensions or branches perpendicular to the linear 

polymer chain. In cross-linked polymers, these chain branches tie into other 

polymer chains and form a three-dimensional matrix [4, 5, 6]. Figure 1.1 

illustrates these variations of polymer structure. 

Carbon forms most or all of the main chain in most polymer molecules [7]. 

Hydrogen is the next most common element found in polymer structures. 
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Table 1.1: Bond and Mobility information. 
Bond Typical Typical average ^^,„ 

bond length Bond energy 
A eV cmyv^ 

C—C 1.54 3.6 0.045 
C=C 1.34 6.4 0.034 
C=C 1.20 8.4 0.027 
C—H 1.09 4.3 0.023 
C—O 1.43 3.6 0.039 

O—H - - 0 2.7 1.3 to 2.6 0.14 

Therefore, the bonds along the chain of most polymers are strong (1.5 to 6.5eV) 

covalent bonds [4, 7]. Bonds between chains and between chain parts however, are 

weaker, usually referred to as intermolecular or van der Waals bonds. When 

bonding between chains is made up of the stronger covalent bonds, the polymer is 

said to be cross-linked as illustrated in Figure 1.1. Table 1.1 gives bond lengths 

and energies of various bonds containing carbon, hydrogen and oxygen. 

In polymer systems there is a small amount of volume within the polymer that 

is not occupied by the polymer. This void volume is termed the free volume. A 

definition of free volume commonly used in polymer studies is the free volume per 

gram, vj, defined by [7] 

Vf = V - vo (1.7) 

where v is the measured specific volume of the polymer at temperature T and t'o is 

the ''occupied volume" which is determined by extrapolation of v to O/v [7]. This 

definition assumes that the thermal expansion of v is due entirely to vj. 



1.4 Conduction 

1.4.1 Excited states in amorphous solids 

In amorphous solids, there exist a variety of excited states. First of all, 

chemical impurities or lattice defects, give rise to localized states. For small 

concentrations of these defects, or small interactions between defects, the localized 

states will remain at the same lattice site location during its lifetime [8]. Secondly, 

excitons, which are excited electron-hole pairs, can exist in the solid. The nature 

of the excitons is subdivided into two classes, labeled Frenkel and Wannier 

excitons. In contrast to the immobility of localized lattice defects, a Frenkel 

exciton is not limited to remain at the site where it is formed, however the 

electron-hole pair of the Frenkel exciton is considered to be located at only one 

lattice site. The Wannier exciton is also a neutral excited state, in which the 

electron and hole of the exciton can be considered to be located at different lattice 

positions. In contrast to excitons, if electrons and holes move independently in the 

lattice, the associated electronic energy transfer can be influenced by an applied 

electric field [8]. 
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1.4.2 Low Field Conduction in Dielectrics 

Electrical conductivity is a direct measure of charge motion or transfer. 

Rewriting equation 1.3 to explicitly account for different types of charge carriers, 

electrical conductivity a becomes 

(y = ^niti^i (1.8) 
i 

where rij is the density of carriers, e, is the charge, and /i, is the mobility of the zth 

species respectively [10]. In solid insulators, low field conductivity can be 

associated with several different mechanisms, such as electronic conductivity, ionic 

conductivity, polaron conductivity, impurity conduction, and hopping. 

At temperatures greater than absolute zero, there will be some conductivity 

due to electrons in excited (conduction) states. This conduction can be considered 

to be due to motions of electrons throughout the lattice in the conduction band if 

sufficiently long range order exists for the conduction-valence band theory to be 

appropriate. 

Ionic conduction occurs when the electric conduction is due to the motion of 

ions in the solid. In an ionic substance, physical imperfections alone can be the 

source of ionic conduction; such as Frenkel defects where an ion moves from an 

initial lattice site to an interstitial position, or a Schottky defect where the ion 

moves to a surface position, both of which leave behind a vacant lattice site. In a 



non-ionic substance, chemical imperfections are required to supply the ionic 

charge carriers. 

When a slow (low mobility) electron moves through a polar lattice, the 

interaction between the slow electron and lattice vibrations is too great to be 

treated accurately by perturbation theory. As a slow electron moves through the 

polar lattice, it can cause a polarization of the lattice. This polarization acts back 

on the electron and serves to lower the energy of the moving electron. The 

combination of the slow moving electron and the accompanying polarization field 

can be considered as a quasi-particle called a polaron [10, 11]. 

Impurity conduction occurs when charge transport between electrons in 

isolated donor levels or holes in isolated acceptor levels do not contribute to 

conduction due to thermal excitation into other levels but instead undergo 

quantum mechanical tunnelling to adjacent isolated levels [10]. 

1.4.3 Hopping Conduction in Polymers 

In all of the described conduction processes, the principle features are charge 

carriers and their respective mobilities. If long range order is not present, the 

electrons can be considered to 'hop' from one localized trap to an adjacent trap in 

the solid [12, 13, 14, 15]. This mechanism of electrons hopping from one trap to an 

adjacent trap is dependent on the activation energies of the traps, since in general, 

adjacent localized traps have different energies. 
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A common method used to study conduction in insulators is that of Radiation 

Induced Conduction (RIC) where the current in a biased insulator is measured 

during the application of a radiation pulse. In this method, two components of 

current are detectable. First, during the rise of the radiation pulse, a component of 

the current rises at a rate comparable to the rise time of the radiation pulse. This 

current component is termed the "prompt" component [12]. Secondly, when the 

radiation pulse reaches its maximum, a slower component is observed. This slower 

component is termed the "delayed" or "long-lived" component [12]. When the 

excitation due to the radiation pulse is terminated, the induced current initially 

shows a rapid decrease or "prompt" drop, but a slower decaying "long-lived" tail 

persists. This tail is directly related to the charge storage property of dielectrics. 

and is attributed to a bimolecular-recombination process [12. 13]. 

.\ quahtative model for electronic transport in polymers hcis been presented 

which relates the motion of charges to the polymer chain [13]. This model is 

depicted in Figure 1.2 In Figure 1.2, 0 represents an ionization event. .4 represents 

a deeply trapped electron originating from O and B represents a lightly trapped 

jiole. A- B projected on the field axis is regarded as the prompt drift length. 

B - C represents an intermolecular jump which is responsible for the long-lived 

component. In this model, initial capture of charge carriers via intermolecular 

transport is responsible for the prompt component, while intramolecular transport 
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corresponds to the long-lived current component. It has been estimated that the 

prompt component mobilities are of the order of > Icm'^/Vsec [13]. 

Other descriptions of charge transport in polymers are consistent with this 

model. Charge transport is not believed to occur along the polymer backbone in 

carbozole polymers. The polymer backbone does however influence the 

morphology of the polymer such that the distance between trapping centers of 

adjacent backbones can be smaller than the distance between interchain trapping 

centers. In this case, charge transport in polymers is attributed to intramolecular 

hopping [14, 15]. 

It is shown in Figure 1.2 that the charge transport between adjacent chains is 

believed to be responsible for the slow component of the current. The energies of 

the traps will vary depending on the actual locations of these traps in the polymer 

chains in combination with the external electrical and chemical stresses seen by 

these traps. Furthermore, the potential barriers between traps will vary as a result 

of the amorphous nature of the polymer. Therefore, the corresponding energies 

required for these 'hops' naturally will exhibit a broad distribution. The 

probability of a hopping transition is a result of the combined effect of the 

distance between two sites and the potential barrier between the two sites. The 

hopping may occur due to a thermally (perhaps in combination with external field 

lowering) assisted hop over the barrier or a quantum mechanical tunnelling 

transition through the barrier [16]. 
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(a) 

Electric Field 

(b) 

Figure 1.2: Fast and Slow component charge transport phenomena on polymer 

chains. 
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1.4.4 High Field Conduction in Dielectrics 

When an external electric field is applied to a dielectric, the energy levels in 

the solid are modified. The application of an external electric field can serve to 

change the conductivity by increasing the ionic and/or electronic carrier densities 

and/or their respective mobilities. Excitons may be decomposed by an applied 

field which increases the number of charge carriers [17]. Furthermore, an increase 

in the number of trapping centers as well as the relationship between these 

trapping centers will affect conduction. 

Figure 1.3 is an illustration of the energy levels of a polymer chain and the 

affects of an electric field on these energy levels proposed by Fabish and Duke and 

discussed further by Budenstein [18]. In this model the application of an electric 

field produces a potential gradient and also increases the number of localized 

levels. Hopping along the chain is believed to allow hopping of electrons from the 

end of the polymer chain closest to the cathode to the end closest to the anode. 

The resulting excess of electrons at the anode end and deficiency of electrons at 

the cathode end result in a net change in charge density and can be visualized as a 

form of polarization. However, other theories, such as the one discussed in 

section 1.4.3, attributes charge transport to hopping between the chains instead of 

along the chains. 

This single chain explanation is contradictory to the earlier discussion, which 

states that charge transport is due to intermolecular hopping between adjacent 
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polymer chains. However, this explanation can be made consistent with other 

interpretations of charge transport in polymers by considering the presence of 

more than one polymer chain. With multiple chains present, charges can be 

considered to hop to and from adjacent polymer chains to allow a net motion of 

charges toward the anode end of each chain. 

The 'Poole-Frenkel' effect arises from field dependent thermionic emission from 

traps in the bulk of the insulator [10, 19]. Figure 1.4 illustrates the field effect on 

trapping centers in bulk polymers. 

If the electric field is large enough, electrons injected into the insulator from a 

solid metal electrode can increase the number and energy of charge carriers 

present in the insulator. The two basic theories that treat the mechanism of 

electron emission from the metal into a dielectric are Fowler-Nordheim emission 

and Schottky emission. Theories that are more involved with the actual properties 

of the dielectric are the Field Limited Space Charge and the Space Charge 

Limited Current theories. The Space Charge Limited Current theory is also called 

the Traps Filled Limit theory. These theories are discussed in sections 1.8.1 and 

1.8.2. 

As discussed in the intrinsic model of dielectric breakdown, sufficiently high 

fields may cause the excitation of electrons to temperatures greater than the 

lattice temperature. It has been suggested that phonons control the scattering of 

these 'hot-electrons', and that the energy-loss rate of hot-electron {Ekm ^ kT) 
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Conduction Band 

Valence Band 

(a) 

Anode End 

Cathode End 

(b) 

Figure 1.3: Energy band picture of a polymer chain, (a) without an external applied 
field, (b) with an external applied field. 
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Trap energy level 

Figure 1.4: Field effect of lowering the activation energies of localized traps. 

transport has a maximum at the LO phonon energy associated with the C—H 

stretching mode in polymeric dielectrics [20]. 

Furthermore, assuming pure Frohlich scattering, Pfluger [20] has determined a 

mobility of hot-electrons of /z ~ 20(me/m''Y^^cm^/Vs at a kinetic energy of 1.26V 

in solid hydrocarbon films, where rrie is the mass of the electron and m' is the 

effective mass of the electron. It has been stated that hot electrons play an 

essential role in the injection of space charge into polymeric insulators in regions 

with a strongly inhomogeneous electric field [20]. 

One diflficulty of the hot electron theory is the resulting filamentary nature of 

the breakdown channel which is not explained by the hot-electron model [21]. 

Also, comparisons between thresholds for generation of breakdown and 

hot-electrons demonstrate that cases exist where breakdown can occur before hot 
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electrons are formed [21]. Such a comparison however, considers the electric field 

to be uniform. Nonuniform fields can be imagined where local field intensities are 

great enough to generate hot-electrons while the average field intensity is lower. 

1.5 Charge Storage in Polymers 

Due to the localization and depth of trapping centers, when charges are 

injected into polymers, they may remain trapped in these sites for long periods of 

time. The activation energies associated with these trapping levels occur as a 

distribution, typically in the range of leV to 2eV. 

Considering a trap-release frequency given by [9] 

u = uoexp(-AH/kT) (1.9) 

where UQ is the escape frequency (~ 10"'"^^6"^), and AH is the activation energy, 

trap release frequencies on the order of lO"'*^"^ to 10~^^s"^ are obtained for 

activation energies of leV and 2eV respectively. The associated lifetimes of these 

traps therefore range from hours to years. Figure 1.5 [15] illustrates the charge 

decay of several charged polymer films, including polycarbonate (PC), with a 

metalized electrode on one side. The metal electrode, while necessary to measure 

the charge, serves to increase the charge decay rate. According to Figure 1.5 the 

charge density of a 2.5//m thick PC film decays to 75% of its original value in 

approximately 200 days. This example demonstrates the long lifetime of trapped 

charges in PC. 
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Figure 1.5: Charge decay in polymers. PC-k^ represents a 2.5/xm polycarbonate 
film, (from Sessler [9]) 

1.6 Polycarbonate and Polymethyl Methacrylate 

Polycarbonate (PC) and polymethyl methacrylate (PMMA) are polar 

thermoplastic polymers [22]. The chemical structures of the monomer units of PC 

and PMMA are illustrated in Figure 1.6. The linear chain of PC is zigzag 

structured while PMMA is helical [7]. Table 1.2 lists electrical properties of 

polycarbonate and polymethyl methacrylate. The dielectric breakdown strength 

listed in this table refers to the ASTM D149 test, which refers to dielectric 

breakdown at power frequencies [4, 23]. This breakdown strength is less than the 

breakdown strength for short pulses. 
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Table 1.2: Electrical Properties of Polycarbonate and Polymethyl methacrylate[4], 
Property ASTM Polycarbonate Polymethyl methacrylate 

test 
method 

Dielectric 
constant at 

IkHz 
D150 3.0 3.0 to 3.6 

Dielectric 
Breakdown 

Strength 
kV/cm 

D149 160 160 

^ O 

CHr 

-HCH: - > • 

n 

COOCH3 

(a) 

CH3 

C 

CH3 

(b) 

0 

oc -^ 
n 

Figure 1.6: Monomer units of (a) polymethyl methacrylate and (b) polycarbonate. 
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Sessler et al. have studied charge densities and charge decay in thin polymer 

films [24]. In their study, thin polymer films were charged and the surface charge 

density, a was measured. The charge density in the volume of the polymer, p{x) 

was calculated by projection of the surface charge density with the equation 

CT= r\l-—)p[x)dx, (1.10) 
Jo ^3 

where x is the depth into the polymer film and 0̂ 3 is the total thickness of the film. 

Although decays of PC and PMMA were not studied, it was determined that at 

surface charge densities of 10~^C/cm^, charge decay is nonexponential with time 

'constants' exceeding 10 years for polyethylene terephthalate and 

polyfluoroethylenepropylene in dry atmosphere. The maximum observed charge 

densities and calculated corresponding full-trap densities of thin polymer films 

were also studied by Sessler et al. whose calculations of full-trap densities were 

dependent on the film thicknesses. The two assumptions made in calculating the 

number of traps were that the polymer film contained a uniform full-trap 

distribution of singular polarity throughout the film and that there were no 

surface traps. The trap density, N = pje, was calculated from the equation 

N = ^ (1.11) 
x^e 

where e is the electronic charge. PC films of 2pm were given maximum effective 

surface charge densities of -f 1.0 x lO-^C/cm^ and -1 .0 x lO-^C/cm^ which 

corresponded to full-trap densities of 6.0 x lO^^cm"^ for both polarities of surface 
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charges. While for a PC film of thickness 12.7pm, maximum effective surface 

charge densities of +0.6 x 10~^C/cm^ and —0.8 x 10~^C/cm^ have been observed. 

These thicknesses corresponded to full-trap densities of 0.6 x lO^^cm"^ and 

0.8 x lO^^cm"^ for positive traps and negative traps respectively [24]. 

Free volume holes in polycarbonate have been studied using positron 

annihilation lifetime spectroscopy [25]. At room temperature, the average volume 

of a free volume hole is 565 A^, and the average concentration of holes is 

1.77 X 10^^ hole/cm^. The hole concentration corresponds to one free volume hole 

for every 2 monomer units of polycarbonate [25]. 

1.7 Breakdown Theories 

There are several different theoretical approaches to modelling breakdown in 

dielectrics. Theories such as intrinsic, thermal and avalanche breakdown approach 

the problem by analyzing processes that occur inside a relatively homogeneous 

material, i.e., they approach breakdown as a process of increased conduction by a 

field until breakdown occurs. Other theories such as discharge breakdown, 

electromechanical breakdown, and electrochemical breakdown look at processes 

occurring inside the material that occur due to variations in the morphology of the 

material. 

In the thermal model, the conduction mechanism at breakdown is not 

considered to be different from the conduction mechanism at low fields. All other 

theories of breakdown consider a change in the mechanism of conduction as the 
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breakdown conditions are reached. For this reason, some classifications of 

breakdown simply distinguish between thermal breakdown and electrical 

breakdown which includes all other theories mentioned here [18]. 

1.7.1 Intrinsic Breakdown in Amorphous Dielectrics 

The theory of intrinsic breakdown does not consider the specific morphology of 

the dielectric material. Also the geometry of the electrodes is not generally 

considered so the theory considers only a uniform applied electric field [26]. 

Initially, Zener (1934) developed a theory of intrinsic breakdown with an order of 

magnitude calculation of the rate of quantum mechanical tunnelling from the 

valence band to the conduction band in the presence of a strong electric field [26]. 

From the previous band theory discussion, it is seen that valence band and 

conduction band approaches are not valid for all cases of insulators. Frohlich 

(1947) proposed a theory of intrinsic breakdown that related the energy gained by 

conduction electrons in an electric field to the energy lost to the host lattice by 

trapped electrons [11]. In the theory proposed by Frohlich, the distribution of 

electron energies will have a maximum well below the ionization energy; This 

distribution need only have a tail in the energy region great enough to cause 

impact ionization [27, 17]. 

The theory of intrinsic breakdown considers the initial low field conduction in 

amorphous materials via an energy level diagram for an electron as shown in 
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Figure 1.7: Energy level diagram for an amorphous dielectric. 

Figure 1.7 which shows a ground state (not a valence state), conduction levels and 

isolated levels or traps due to lattice imperfections in the gap between the ground 

and conduction levels. Shallow traps or S levels exist within an energy range AV^ 

of the conduction levels. Deep traps labeled D levels lie below the S levels by an 

amount W » AV. It is assumed that the number of electrons in the conduction 

levels [nc] and the number of electrons in the shallow traps {ng) are of sufficient 

quantity to establish a thermal equilibrium among themselves at some 

temperature T^ which, in the presence of an externally applied field, may be 

different from the lattice temperature To [H, 26, 10]. The transitions from the D 

levels to the C levels will be few since such a transition would require a 

multi-phonon process [26]. Therefore, in the presence of an externally applied 

field, energy gained by the conduction electrons is transferred to the trapped 

electrons in the S levels which then transfer energy to the lattice [11, 26, 10]. 
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Using distribution functions of these energy levels and energy transfer between 

the S levels and the lattice, results in the equation [11, 26] 

where. 

m which TC and TS are the conduction and shallow trap level relaxation times 

respectively; 7 is the ratio of the density of energy levels near the bottom of the 

conduction levels to the density of energy levels near the bottom of the shallow 

trap levels; m is mass; LO is frequency; and n(To) is the number of lattice quanta at 

the temperature TQ. The parameter D is considered to be a slowly varying 

function of temperature. The left hand side of equation 1.12 represents the energy 

gain per electron from the field while the right side of equation 1.12 represents 

energy lost per electron to the lattice. 

Figure 1.8 illustrates solutions to the left hand side and right hand side of 

equation 1.12 versus temperature for three different field values. The equality 

holds only for the intersections of the lines, which represent solutions to equation 

1.12. The relationship between three different values of the applied field shown in 

Figure 1.8 is 

F i < F e < C F 2 . (1.14) 
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The field Fi is low and two solutions are possible with the lower temperature 

solution being the stable solution. The critical field F^ is the field at which there is 

only one intersection and therefore the energy gained by the field is equal to the 

maximum transferable energy to the lattice. The field F2 is high and the energy 

gained by the electron due to the field is greater than the energy that can be 

transferred to the lattice: therefore, the electron temperature will increase until 

the lattice breaks down. The analytical solution for the critical field from equation 

1.12 is [11, 26] 

where e is the natural bcise of logarithms (e = 2.718...) [11. 26, 10]. 

Fc is referred to as the critical field for intrinsic breakdown of amorphous 

dielectrics. A different theoretical approach is used to obtain a different equation 

for the critical field for intrinsic breakdown for such materials as pure crystalline 

dielectrics. Note that the only impurity consideration in this theory is the 

assumption that there are traps. Considering the morphology of polymers, it has 

been suggested that "...the model depicting a polymer as disordered but 

electronically homogeneous and isotropic is inappropriate..." suggesting that the 

model of low field conduction presented by Frolich [11] and used to describe 

intrinsic breakdown theory, is incorrect for polymers [13]. 
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Figure 1.8: Graph for determination of intrinsic breakdown strength. 

1.7.2 Thermal Breakdown 

In thermal breakdown theories, the energy gained by the lattice from collisions 

with charge carriers, serves to heat the lattice. The part of the dielectric that is at 

the highest temperature will be responsible for the initiation of thermal 

breakdown [10]. 

Theories of thermal breakdown are all based on energy transferred to the 

lattice by a conduction process. Equating the rate of energy loss in the solid with 

the rate of energy gain from conduction yields the equation. 

at 
(1.16) 
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where Cy is the specific heat per unit volume of the material, K and a are the 

thermal and electrical conductivities of the material, respectively, T is the 

temperature and F is the appHed field [10]. Numerical solutions to equation 1.16 

reveal that the application of a critical field strength Fm results in an asymptotic 

approach to some critical temperature T^ of the hottest part of the dielectric. 

Applied field strengths below Fm result in asymptotically approached final 

temperatures less than T^. Applied field strengths in excess of Fm result in the 

temperature of the lattice reaching the temperature Tm in a finite time which then 

increases without bound. This field strength Fm is referred to as the thermal 

breakdown strength [10]. 

It is obvious from equation 1.16 that the thermal critical field strength is 

dependent on the duration of the applied field. For an a.c. field, the d.c. 

conductivity a is replaced with the appropriate loss factor [10]. For steady state 

thermal breakdown, the first term in equation 1.16 is ignored, while for impulse 

thermal breakdown, the second term in equation 1.16 (the heat conduction) is 

ignored. Using the same critical temperature Tm-, and ignoring the heat 

conduction term in equation 1.16, a critical field strength for thermal breakdown 

as a function of time can be determined. In this manner the impulse thermal 

critical field strength is determined [10]. 
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1.7.3 Avalanche Breakdown 

The theory of avalanche breakdown treats the dielectric breakdown phenomena 

similar to discharge in a gas. The cathode is assumed to be the source of one or 

more 'free' electrons or conduction electrons. These conduction electrons are 

accelerated by the field until they gain enough energy to produce further 

conduction electrons via collisional ionization with the lattice. These electrons are 

again accelerated by the field until they undergo collisional ionization, creating 

another generation of conduction electrons. This avalanche procedure continues 

until sufficient conduction electrons are generated to destroy the insulating 

properties of the dielectric [10]. 

As in intrinsic theories, the avalanche of electrons can be due to field emission 

from the valence to the conduction band, i.e., by quantum mechanical tunnelling 

from one band to the other in the presence of the applied field. The original 

conduction electron or electrons, however, are due to field emission into the 

insulator from a metal electrode. 

One avalanche theory focuses on the number of generations required to 

produce breakdown in a solid. If sufficient field amplitude is present for collision 

ionization to occur, n generations of the avalanche will produce 2" free electrons in 

the material. Rough calculations have shown that approximately 10^^ electrons 

are required for breakdown, and the number of generations necessary to produce 

this number of free electrons is 40 [10, 17]. 
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Also, space charge created by collisional ionization serves to modify the field 

inside the insulator. This field affects the energy gained by the electrons and 

therefore their likelihood of producing another generation of conduction electrons 

bv collisional ionization. 

1.7.4 Discharge Breakdown 

Theories of discharge breakdown address the experimental evidence that 

partial discharges (PD), or small fast current spikes, occur in insulators as an onset 

or before bulk breakdown. Discharge breakdown theories attribute PD to small 

discharges inside the insulator which cause damage to the lattice of the insulator. 

In one early proposed theory of discharge breakdown, erosion of the dielectric 

is attributed to these discharges [28]. The erosion can be considered to arise from 

thermal degradation of the dielectric or actual breaking of carbon-hydrogen bonds 

by bombardment, and will continue until 'pits' are formed in the dielectric. 

Discharges can then exist in the 'pits' and cause them to grow until breakdown 

occurs [28]. 

More recent developments of discharge breakdown include the 'cumulative 

model of dielectric breakdown' and the 'gaseous model of electrical breakdown of 

solids', both of which are discussed in sections 1.7.7 and 1.7.8. 
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1.7.5 Electromechanical Breakdown 

Materials that can deform significantly without fracture may collapse when the 

electrostatic compression forces on the test specimen exceed its mechanical 

compressive strength. The source of the compressive forces is the electrostatic 

attraction between surface charges which appear due to an applied voltage. 

If the electrically developed compressive stress is increased until its value is in 

equilibrium with the mechanical compressive strength, then the resulting equation 

of equilibrium is given by [29, 23]. 

^^^^25^=^^n ĵ' ^'-''^ 

where do is the initial thickness of a specimen with Young's modulus 1', which 

decreases to a thickness of d under an applied voltage V, and CQ and Cr are the 

permittivity of free space and the relative permittivity of the dielectric. 

When equation 1.17 is solved for V"^ and then differentiated with respect to d 

and set equal to zero, it is found that the expression has a maximum for I ' when 

d 1 
_ = e - 2 = 0 . 6 . (1.18) 
do 

Therefore, if the intrinsic strength of the material is not reached at this voltage, 

any further increase in V will make the thickness unstable and the material will 

fracture. The highest apparent strength is then given by [29, 23] 

V / Y 
Ea = - = 0.dJ . (1.19) 

d V £o£r 
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This treatment ignores instabilities created from lower average fields due to stress 

concentrations from irregularities, the time and stress dependence of V, and 

plastic flow [29]. 

1.7.6 Electrochemical Breakdown 

In the discussion of discharge breakdown, it was pointed out that energies from 

impact ionization of sufficient magnitude to break the bonds of the lattice (such as 

a C-H bond) naturally create damage to the lattice. Energies acquired by charge 

carriers in the lattice are usually transferred to the lattice before they reach 

energies suflRcient to break the strong covalent bonds of the lattice [30]. The 

charge carriers can however, reach sufficient energies to cause micro-cracks in the 

structure by disrupting the weaker bonds. When partial discharges occur in 

gaseous voids or extended defects in the material, the mean free path is increased 

such that sufficient energies can be obtained to generate considerable damage to 

the insulator. 

1.7.7 Cumulative Model of Dielectric Breakdown 

In the previous section on polymers, it has been noted that small voids are 

already present in solids due to impurities, dislocations and thermal fluctuations. 

A 'cumulative model of breakdown' has been presented [30] which extends the 

discharge breakdown theory considering physical processes that take place in the 



32 

volume of the insulator. Charge carriers play an essential role in this model which 

addresses the feature of pre-existing voids in a dielectric. 

It is noted that in dielectrics that have strong bonds in only one direction such 

as linear polymers, the only charge transport that occurs is localized hopping. 

Given this method of charge transport, considerations of energy gained by charge 

carriers from externally applied fields and the corresponding distances they are 

allowed to travel between localized traps show that electrons are not able to 

acquire suflftcient energy to cause serious damage to the lattice. Therefore, the 

conclusion is that the threshold for damage must be lowered and/or the available 

path length of charge carriers accelerated by the field must be increased in order 

to generate damage to the dielectric resulting in bulk breakdown [30]. 

Figure 1.9 illustrates graphically the events that lead to breakdown in this 

model. In this 'cumulative model of breakdown' the initial presence of defects or 

voids is a crucial element. At a given temperature with no externally applied field, 

there will be a distribution of defects according to the thermal equilibrium 

between defect creation and healing. This situation is illustrated in Figure 1.9a. 

Figure 1.9b illustrates the change in defect density due to the application of an 

applied field above some threshold value. In this portion of the process, the rate of 

formation of voids or defects is greater than the rate of healing such that an 

increase in the number of defects occurs. This applied field can also generate ions 

or 'free" electrons which further serve to increase the defect growth. These charge 
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carriers can serve to generate new defects through an accumulative process of 

collective interactions. Also, the energy required to extend an existing defect is 

less than the energy required to initially form a defect. 

As the number of defects continues to increase under the applied field, some 

neighboring defects or voids interact to generate a cluster of defects as illustrated 

in Figure 1.9c. In these clusters, charge carriers can have greater mobilities and 

may move greater distances in the applied field before losing energy to the lattice. 

which means that more energy can be transferred to the lattice from these charge 

carriers. 

The rapid growth of clusters in the direction of the applied field to produce 

extended defects is shown in Figure 1.9d. Partial discharges in these extended 

defects serve to accelerate the growth of these defects. Further possible factors 

effecting the growth of these extended defects include the electromechanical and 

electrochemical processes discussed in sections 1.7.5 and 1.7.6. The extended 

defect growth is in the direction of the apphed field due to the motions of charge 

carriers. 

These extended defects can eventually join with each other to form a 

breakdown channel as shown in Figure 1.9e. In the frame of Figure 1.9e. the scale 

has been changed from the scale of Figures 1.9a-d in order to visualize the 

creation of the breakdown channel. 
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Figure 1.9: Formation of precursors (from Jonscher and Lacoste [30]). 
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Each of the phases of this breakdown process is inherently statistical which 

correlates to the inherent statistical nature of the breakdown process [30]. This 

statistical nature is responsible for the fractal dimension of the breakdown channel. 

In this model, the cluster defects, which should be microscopic, and the 

extended defects which should become macroscopic immediately preceding 

breakdown, are events that lead up to the breakdown of the dielectric. These 

clusters or defects are defined here as precursors. 

1.7.8 Gaseous Model of Electrical Breakdown of Solids 

A theory of breakdown of solids has been presented which stems from the 

assumption that the evolution of a high pressure gas from the dielectric material is 

an intimate part of the breakdown process [18]. This theory addresses the process 

of gas generation in the insulator which is seen to occur in both partial and 

complete breakdowns. Experimentally, the optical spectra observed is that of 

single atomic species in the gaseous state and not of the bound atoms of the solid. 

However, the spectra indicate that the gas is composed of atomic constituents of 

the solid material, indicating that the gas is produced by atomic decomposition of 

the solid [18]. This theory of breakdown of solids differentiates between four 

distinct phases of the breakdown process. The phases in order of occurrence are: 

formative, tree initiation, tree growth, and return streamer [18]. 
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The formative stage of breakdown occurs when external sources, such as an 

applied field and/or an increased temperature, increase the energy of the dielectric 

material [18]. Examples of changes caused by electrical fields include polarization. 

charge injection, excitation of electrons from trapped levels, collision ionization 

and exciton and polaron creation. Conformational changes can also occur from 

such sources as reorientation polarization. 

The tree initiation stage occurs at locations where field concentration exists. 

The origins of these field concentrations can be from regions of field enhancement 

due to electrode geometries such as the point in point-plane electrode geometries. 

Other sources can be from the surface where macroscopic defects are present or 

where large charge densities are present. Finally, macroscopic voids inside the 

dielectric can cause field concentration regions and thus be the source of tree 

initiation [18]. The crucial point of this theory involves the transition of the 

dielectric from a solid to a gas locally. This transition is hypothesized to occur if 

the local charge density increases to the point where non-bonding orbitals are 

formed [18]. This tree initiation phase can also be considered as the production of 

precursors. 

The tree growth stage can be considered from two separate points of view 

according to Budenstein [18]. In the first approach, the energy from the field can 

be considered to be transmitted directly to the gases in the trees and these gases 

in turn erode the solid as in the electrochemical discussion above. Budenstein 
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rejects this approach, with the assumption that this situation should result in a 

single large cavity without any branching. However, if many small cavities were 

present such as the case presented by Jonscher and Lacoste[30] in the 'cumulative 

model of dielectric breakdown', each small void could grow into the others. The 

second approach, which is the one espoused by Budenstein [18], assumes that little 

energy is transferred to the gas from the field; instead, the energy is transferred to 

the solid by the field, and the gas 'feeds' on the solid. In this manner the 

continuous branching is assumed to arise from the statistical variations in 

structural weaknesses in the various locations of the solid [18]. The actual process 

is more likely a combination of both situations, where growth of the voids into 

each other is allowed as in Jonscher's theory. 

Experimental evidence of tree growth shows the development of macroscopic 

channels in a time scale of tens of nanoseconds which indicates that tree growth is 

very rapid once the initiation phase is complete [18]. The rapid growth is 

necessary to support the gaseous phase in the soHd. The atoms in this gaseous 

state have the same density as the solid and are of temperatures great enough to 

be brightly self-luminous [18]. The required reaction rate for conversion of the 

atoms of the solid to gaseous state has been estimated by Budenstein to be greater 

than that characteristic of a high power chemical explosive [18]. 

During the previous three phases, the solid dielectric retains its insulating 

property because the tree structure does not extend completely across the 
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dielectric. However, when the tree structure reaches across the dielectric a 

conduction path across the dielectric is formed. The branches in the tree that 

terminate inside the dielectric do not contribute to the final conduction phase. 

The completed paths experience a dramatic rise in conductance as their diameters 

increase from a few micrometers to hundreds of micrometers. Since channel 

enlargement has been observed to start at the cathode end of an anode initiated 

tree, cathode processes such as electron emission are thought to be important in 

this phase [18]. 

1.8 Charge Injection from a Metal Electrode into a Solid Dielectric 

The two fundamental theoretical descriptions of charge emission from a metal 

surface to a different medium are Schottky emission and Fowler-Nordheim 

emission. Theories that take the properties of the insulator into account are the 

theory of Space Charge Limited Current (SCLC) and the Field Limited Space 

Charge (FLSC). 

Schottky injection of electrons into the conduction band of an insulator from a 

metal electrode is basically a model of thermionic field emission. An applied 

electric field causes the slope of the barrier to be nonzero. Taking account of the 

image force requires a lowering of the barrier. Fowler-Nordheim electron injection 

into solids from metals occurs when the applied field is high enough that the 

potential barrier seen by emitted electrons is thin enough that tunnelling across 
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Figure 1.10: Energy level diagrams at the interface between a conductor and a di
electric, (a) Field lowering of the barrier, (b) Schottky field emission energy level di
agram including field and image charge lowering of the barrier, (c) Fowler-Nordheim 
field emission energy level diagram including high field and image charge lowering 
of the barrier. 

the barrier is possible. Figure 1.10 illustrates the mechanisms of Schottky 

injection and Fowler-Nordheim tunnelling into a dielectric. 

1.8.1 Space Charge Limited Current—Traps Filled 
Limit 

One possible effect of increasing the number of charges located in localized 

traps near the charge injecting electrode is treated in the theory of Space Charge 
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Limited Currents (SCLC) which compares possible limiting cases of charge 

injection [31, 10, 19]. When an electrode injects charge into an insulator by any 

mechanism such as Schottky or Fowler-Nordheim emission, the density of charges 

in the vicinity of the electrode will be increased. The resulting space charge serves 

to impede subsequent flow of electrons into the dielectric. 

In this approach, the metal electrode serves to supply a reservoir of free 

electrons which are located in the region of the contact. The application of a 

voltage causes electrons to be injected into the insulator from the reservoir of free 

electrons [31]. At the injecting electrode, the large carrier density enhances the 

conductivity and the local electric field is small, while the conditions near the 

drain electrode are that of a low carrier density and high electric field [19, 31]. 

The first limiting case involves consideration of the ohmic response of an 

electrically neutral material in which the source of charge carriers is due entirely 

to thermally excited electrons whose density is given by Uc- Using Ohm's law to 

describe the behavior of the current density at a low field {E = V/L), results in 

the equation 

j = aE = n^epnE = ricepnV/L (1.20) 

where Uc is the density of thermally excited (conduction) electrons without an 

applied field, and pn is their mobility. This relationship between current and 

applied voltage is used as a lower limit because the injection of electrons can only 

serve to add additional carriers to those that are already present thermally. 
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The upper limit for charge injection is Child's law for solids, valid for a trap 

free crystal, which is given by [31] 

. 9tpr,V^ 

where e is the static dielectric constant of the material. This current represents 

the case where all the injected charge contributes to conduction and is therefore 

used as an upper limit of charge injection. 

Equating the two currents given in equations 1.20 and 1.21 and solving for the 

voltage results in the crossover between Ohm's law and Child's law given by [31] 

^_c 8 e T V . ^^. 

9e • ^ ^ ^^ 

The voltage given in equation 1.22 represents the case in which the injected carrier 

density at the anode reaches the same magnitude as the density of free charge 

carriers present with no applied field [31]. 

The last case considers the situation that would arise if all the traps in the 

solid were filled with electrons. Application of Poisson's equation to this scenario 

results in the equation [31] 

j , ^ ^ = £ ^ (1.23) 
2e ^ ' 

where Nt is the total trap density in the solid [10, 31]. 

A plot of log(j) versus l og (y ) for each of the limiting cases is shown in 

Figure 1.11 At voltages below the crossover between Child's law and Ohm's law. 

the current-voltage relationship follows Ohm's law. At voltages much greater than 
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Figure 1.11: Lampert triangle — Traps Filled Limit. 

V^^^ the current-volt age relationship follows Child's law. At intermediate 

voltages, the true current-voltage relationship must lie inside this 'Lampert 

triangle. 

1.8.2 Field Limited Space Charge 

The Field Limited Space Charge (FLSC) model [32, 33, 34, 35] also neglects to 

treat the actual mechanism of charge injection in favor of treating the nature of the 

electronic states in the insulator. The foundation of FLSC is based on the drastic 

difference between the low mobilities (< 10 cm /Vsec) of thermally generated 

hopping charge carriers at low fields and the high mobilities (> Icm'^/Vsec) of 
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quasi-free charges caused by high electric fields [32]. There is assumed to be a 

critical field (Fc) at which the onset of the steep increase in mobility is observed. 

Neglecting the mechanism for charge injection from the electrode, simply 

noting that it is strongly nonlinear, a critical field Finj is denoted as the field 

required to inject charge into the solid. If electrode configurations supply a 

diverging field such that the maximum value of the field is greater than both of 

these critical fields (Finj and Fc), then an injection of charge will occur. This 

charge injection will be rapid and a space-charge cloud will be formed. If 

Fc > Finj, then the space-charge cloud will remain in contact with the charge 

injecting electrode; however, if Finj > F^ the space charge cloud will separate 

from the electrode [32, 34]. 

The approximation of the mobility edge by piow ~ 0 for the low mobility region 

and phigh ~ Pinfty for the high mobility region, occur outside and inside the 

space-charge cloud region, respectively. The field inside the solid is determined 

from 

V . F = ^ (1.24) 
eso 

and 

VF = 0 (1.25) 

« 

inside and outside the space charge region, respectively [33]. 
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The high charge mobility inside the space-charge cloud region limits the field 

in the space-charge cloud to 

\^{r)\ = Fc ro<r<rsc (1.26) 

while outside the space-charge region the amplitude of the field is 

\F{r)\ <Fc r> r,e (1.27) 

where TQ is the radius of the needle electrode and rsc is the radius of the space 

charge cloud region [32, 34, 35]. 

Solving equation 1.24 with the condition given by equation 1.26 gives the 

charge density inside the space charge cloud region [32, 35] 

, . 2£6oFc 
Pin = To < r < rsc (1.28) 

This equation has been shown to give results very similar to charge density 

calculations involving charge mobilities and ionization rates [35]. The errors in 

charge density calculations using equation 1.28 occur at the boundaries of the 

space charge region given by ro and rsc, however, these errors are small [35]. 

Integrating equation 1.28 using the space charge boundary as the limits of 

integration yields the total charge, Qsc, in the space charge cloud region given by 

r f r2iv iTsc 
Qsc = / sinOde / d(l) p{r)r^dr. (1.29) 
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Substituting the value for p{r) given in equation 1.28 into equation 1.29 and 

performing the integration gives the total injected charge as 

Qsc = 27reeoFc(ri-rl). (1.30) 

The mobility in the space-charge cloud region will cause the spatial 

distribution of the injected charge to smooth out the local field. In this manner a 

feedback process will occur in the system in which charge injection will counteract 

any attempt to exceed the critical field inside the solid [33]. 

Numerical calculations of the Field Limited Space Charge region for a conical 

needle at voltages greater than that required to generate the critical field have 

been made by Hibma and Zeller and their results are shown in Figure 1.12. 

The radius of the space-charge cloud region rsc at a spherical electrode is given 

by 

^.c = k r o + ^ ) d^ro (1.31) 
Z Fc 

if the applied voltage V is greater than the product of the critical field Fc times 

the radius of the spherical electrode ro-

For a needle electrode with a hyperbolic shaped tip, an approximate 

relationship between the space-charge cloud and the geometrical and electrical 

parameters is obtained by considering the space charge density on the tip-plane 

axis. Considering the structure of electrodes and sample to be that of point plane 

geometry as shown in Figure 1.13 where the radius of curvature of the tip of the 
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4—V/Vc 

Figure 1.12: Space charge cloud region according to FLSC (from Hibma and Zeller 
[34]). 

needle electrode is given by ro and the distance between this tip and the plane 

counter-electrode is given by d (where <f >^ ro), the radius of the space charge 

cloud region is approximated by [32] 

sc 1 + l n (ai 2V 
ro + jr <f > To. (1.32) 

Applying some numbers to the previous equation for an example, Zeller and 

Schneider point out that if ro = 5/i, <f = 5mm, and Fc = lOMV/cm, the FLSC 

begins formation at V = 21kV; and at V = bOkV the radius of the space^charge 

cloud region is rsc = 12.5/x. They point out that the time required for an electron 

to cross the FLSC in this example is on the order of 10"^°5ec. This example 

demonstrates that the formation time of the FLSC cloud is in the subnanosecond 

region [32]. 
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Figure 1.13: Point-plane geometry. 

For a given experimental arrangement, the voltage that produces the critical 

field Fc is defined as Vc. The FLSC model predicts that for applied voltages 

exceeding 2Vc. a backflow of homocharge and possibly, if identical critical fields are 

necessary for injection of positive and negative charges, injection of heterocharges 

may occur during the decreasing part of the pulse. This injection of opposite 

polarity charges occurs when the decreasing part of the pulse reaches an amplitude 

of Vmax — 2Vc because the field at the tip will change sign and exceed the critical 

field again [34]. When the applied field drops the space-charge is trapped because 

a.t F < Fc in the material, the space-charge is stationary. The value of the critical 

field should be a material dependent parameter associated with the mobility edge 

within the material. 
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An experimental study of such a critical voltage for space charge injection into 

epoxy resins has been performed by Hibma and Zeller [34]. A variety of electrode 

materials (Ag. Au, Cr. Pt.) and tip radii {1pm to 20^m) were used with 

point-to-plane distances of ~ 0.5mm in most cases. No apparent differences in Fc 

were observed for the different electrode materials. However, when electrodes of 

very small radii (;$ 3//) were used, deviations from the FLSC model were noticed. 

The critical voltage Vc did not continue to follow the r~^ dependence as expected 

by the FLSC and observed in the experiments when electrodes of larger radii were 

used. Furthermore, the quantity of charge injection observed was greater than the 

predicted amount based on the observed Vc. Hibma and Zeller propose two 

possible causes for these discrepancies. First of all, since the area of the tip is so 

small, there may be a decreased number of active sites in field enhanced region 

which would affect carrier injection from the needle. Secondly, impact ionization 

due to the high field may affect the injection process. Finally, the authors suggest 

that it may be necessary to introduce a critical distance for trapping of mobile 

charge carriers which would cause a noticeable effect for the small distances 

involved. 

1.8.3 Discussion 

The important feature to note in distinguishing between the 

Traps-Filled-Limit effect of the Space-Charge-Limiting-Current (SCLC) theory 
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and the Field-Limited-Space-Charge (FLSC) theory is that the field in the 

space-charge region is assumed to be F^^^^ w 0 in the SCLC theory while it is 

assumed to be F^^^^ w Fc > 0 in the FLSC model. Furthermore, charge 

injection is assumed to exist without the application of a field in the SCLC theory 

while the FLSC theory predicts that a critical field exists which much be reached 

before any charge is injected. 
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CHAPTER II 

COMPUTER SIMULATION OF DIELECTRIC 

BREAKDOWN 

2.1 Introduction 

As discussed in the previous chapter, dielectric breakdown of insulators occurs 

when the local field in the dielectric exceeds a critical field for breakdown in the 

insulator, and a conduction channel is produced in the insulator. The fractal 

dimension [36] of electrical breakdown of insulators has been well established and 

studied to great extent [37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. In fact there have 

been attempts to study the insulator breakdown by use of computer generated 

fractal trees [37, 38, 39, 40, 41, 42, 43, 44, 45, 46]. In order to gain more insight 

into the physical phenomena that contribute to electrical breakdown in insulators. 

a computer model that more accurately simulates the breakdown process by using 

parameters that model these phenomena has been written. This computer 

simulation model is based on the processes occurring in the avalanche theory of 

dielectric breakdown. Comparing the results of the computer model with 

experimental evidence as these parameters are varied should give insight into the 

relative importance of the corresponding phenomena. 

Computer simulations of dielectric breakdown must approximate the region in 

which breakdown is simulated by a discrete grid of lattice points. This 

discretization permits computations and applications of potentials, properties, etc. 

50 
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only at the locations of these grid points. This limitation is unavoidable in all 

forms of Finite Element Analysis techniques commonly used in computer analysis. 

2.2 Previous Models for Computer Simulation of Dielectric Breakdown 

An early computer model used to simulate the structure produced by dielectric 

breakdown assigned an arbitrary priority growth probability R that introduced a 

larger probability for growth at the tips of the breakdown structure than at the 

sides of the structure [37]. This a priori growth probability is given as 

R=^ (2.1) 
Ps 

where pt is the probability of the tip to grow, and ps is the probability of a side 

branch to grow. R was chosen to be between 1 and 200 arbitrarily. 

The structures generated by this method would eventually fill all space and 

have a Euclidian dimension of 2 which did not agree with the fractal dimensions of 

experimentally generated breakdown structures. This method was strictly 

numerical with no physical basis and did not generate fractal patterns. 

The model for dielectric breakdown simulation was improved [38] by 

eliminating the a priori growth probability factor and introducing a growth 

probability given by 

n(i k -> i' k') - ^^''^^'^"^ (2.2) 

where (f)ii^k> is the potential at the discrete lattice coordinates (?"', k'). The (?', k') 

are the lattice coordinates of points adjacent to the structure and therefore 
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available for growth while (z, k) are the lattice coordinates of the existing tree 

structure. Figure 2.1 illustrates the boundary conditions and lattice parameters 

used by Neimeyer et. al. Since this model set the potential on the structure to 

(l>i,k = 0, the term (l>ii^k> in equation 2.2 is proportional to the field between the 

structure points (i,k) and the adjacent points {i\k'). The denominator in 

equation 2.2 normalizes the probability by all possible growth processes. The 

exponent rj in equation 2.2 , which was allowed to assume values of 0,0.5,1.0, and 

2.0, produces a power-law dependence assumed to describe the nonlinear 

relationship between the local field and the probability for growth. 

This introduction of the exponent 7/ is an artificial mathematical method of 

introducing the necessary requirements for fractal growth. With 7/ = 0 the growth 

is independent of the field and the growth process is similar to an Eden cancer 

model [41]. With 77 = 1 growth is proportional to the field. 

Growth of the tree structure involves solving for the lattice potentials that 

satisfy the current boundary conditions. These lattice potentials are then used in 

conjunction with equation 2.2 to produce a probability of growth for each step. 

Using this probability a new point is chosen "randomly" and added to the tree 

structure. This new tree point is assigned to be at the potential of the tree 

structure and the potentials on the lattice are again calculated with the new 

boundary conditions. Using these new potentials, a new probability for growth is 

determined and the cycle begins again. This process continues until the 
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Figure 2.1: Lattice for previous dielectric breakdown computer model (from 
Neimeyer, Pietroero and Wiesmann [38]). 

counterelectrode is reached. This dielectric breakdown model (DBM) is widely 

used in the literature [38, 39], although sometimes with modifications [43]. The 

fractal dimension of trees grown in this manner with T) = 1 were calculated to be 

D = 1.75 ± 0.01 which agrees closely with experiment [38]. 

As discussed in Chapter I, a critical field exists below which dielectric 

breakdown does not occur. This threshold has been observed experimentally [48]. 

Furthermore, dielectric breakdown has been observed to terminate inside the 

dielectric before a complete breakdown channel has reached the counter-electrode 

[48]. The DBM model did not include a critical field for growth, therefore growth 

was guaranteed to proceed until the counterelectrode was reached. Another aspect 

of the DBM model was the perfect conduction within the tree structure. These 
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issues were addressed by Wiesmann et al. [43] who included a critical field for 

growth Fc and a field within the tree structure Fs in which the potential of the tree 

was allowed to diminish as the tree grew further from the electrode that initiated 

the tree. The potential distribution within the branches of the tree was defined as 

(l>i,k = (i>electrode -\- Fsl (2.3) 

where / is the length of the path connecting the point (z, k) to the electrode 

through the tree structure. This critical field for growth allowed stable 

prebreakdown structures to be produced which have been seen experimentally 

[48]. Another modification of the growth process that was included in the model of 

Wiesmann et al. [43] was to allow for diagonal bonds in the tree structure. This 

inclusion of diagonal bonds increases the correlation between finite element 

computer simulation methods and real dielectrics. 

The literature extensively uses the term Laplacian fractal growth 

[49, 50, 51, 52]. The results of these simulations are, in essence, a self avoiding 

random walk (SAW). Simulations of dielectric breakdown using methods other 

than those which solve for potentials using Laplace's equation (such as the DBM 

method) include percolation and invasion percolation [44], cellular automata [45] 

and diffusion limited aggregation (DLA) [46, 47, 53]. The DBM model reduces to 

DLA when 7/ = 1 [41]. These models are clearly based strictly on numerical 

methods of producing fractal patterns. 
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2.3 A New Model 

A new model described here for computer simulation of dielectric breakdown is 

based on the theoretical model of avalanche breakdown, which is discussed in 

section 1.7.3. The primary physical phenomena that contributes to breakdown in 

polymer dielectrics according to avalanche breakdown theories is impact ionization 

which is the main focus of this new computer model. Furthermore, in avalanche 

breakdown, the initiation of breakdown is assumed to be caused by electron 

emission into the dielectric from a field enhanced electrode. This feature is also 

implemented in this model. Other phenomena that are assumed to affect dielectric 

breakdown, such as field ionization, charge transport and space charge, are not 

included in the present version of this model. Features such as micro-voids, 

mechanical stresses, etc., in other theories discussed in chapter one are also 

neglected in this model. 

Two aspects that are neglected in previous models but are included in the 

present model are material inhomogeneity and a "lucky electron" coeflftcient. both 

of which affect electron impact ionization. The present model also includes a 

critical field for growth which is a manifestation of a critical value for electron 

impact ionization. A parameter corresponding to a field within the breakdown 

structure is also included. The parameters related to these physical phenomena 

are varied in order to determine their corresponding role in the breakdown event. 
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Although dielectric bulk breakdown is not planar, this computer model is a 

two-dimensional approximation of the three-dimensional geometry of point-plane 

bulk dielectric breakdown experiments. Reduction of the geometry allows the 

application of a 2-D finite element approach in lieu of the more computationally 

demanding 3-D finite element approach. 

This model simulates dielectric breakdown between two linear (two planes in 

3-D) electrodes with a needle enhancement located at the center of the cathode. 

For the initial boundary conditions, the voltage of the anode is normalized to 1 

and the voltage at the cathode and needle is set to 0. The dielectric material 

between the electrodes is approximated by a discretized grid of lattice spacings. 

For most simulations, the grid is 144 points by 100 points and the needle is 20 grid 

points long. To agree with the avalanche model of dielectric breakdown, growth is 

only allowed to initiate from the needle or existing tree structure, not from the 

remainder of the high voltage electrode nor from within the dielectric. Figure 2.2 

illustrates the electrodes and the dielectric as well as the initial boundary 

conditions. 

2.3.1 Model Parameters 

Due to the inhomogeneous nature of polymers, there is a spatially random 

fluctuation of the local permittivity inside the polymer since the permittivity will 

varv as the chemical structure varies. This inhomogeneity therefore produces a 
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spatially random field enhancement in the polymer that is sample dependent. This 

spatially random field enhancement can also be interpreted to correspond to the 

distribution of activation energies of the localized traps that are due to impurities 

and dislocations in the material. This latter interpretation of the spatially random 

enhancement would correspond to a change of scale of the model (i.e., looking at 

breakdown on a smaller scale). Therefore, a spatially random enhancement on the 

lattice is introduced that is constant for each tree growth simulation. The values 

of the spatially random enhancement factor are not uniformly random but fall 

within an exponential envelope due to the fact that few points will have high 

enhancement features while most of the insulator will have features closer to the 

average. 

The equation used to generate these random enhancement values Ex^y on each 

{x,y) lattice point, is given by 

Ea:,y = {Max - Min)log{R) -j- Min (2.4) 

where Max and Min are the maximum and minimum enhancement values 

respectively and J? is a random number such that 1 < R < 10, which allows 

log(i^) to be between 0 and 1 with an exponential envelope. A typical histogram 

of spatial random enhancement values for a parameter range from 1 to 5 is shown 

in Figure 2.3 in order to demonstrate the exponential envelope of the values. For a 

range of 1 to 10, the values of the x-axis are twice those given in Figure 2.3. 
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For a given local field within an insulator, electron impact ionization may or 

may not occur, depending on whether or not a free electron travels far enough in 

the local field for the electron to gain sufficient kinetic energy to cause ionization 

before a collision occurs. The "lucky electron" effect represents the distribution of 

mean free path lengths of the electrons. This random "lucky electron" coefficient 

is generated for each step in the growth process. The envelope of the random 

"lucky electron" coefficient is also exponential since fewer electrons will travel 

distances much greater than the mean free path. Since the envelopes of the "lucky 

electron" coefficients and the random spatial enhancements are both exponential. 

equation 2.4 is also used for generating the "lucky electron" coefficients. 

Therefore, typical histograms of lucky electron values for parameters ranging from 

1 to 5 and 1 to 10 are similar to the spatial enhancement parameters shown in 

Figure 2.3 which demonstrates the exponential envelope of the values. 

The critical field for growth can be thought of as a factor representing the 

critical value of the energy required for impact ionization. There should also be 

random fluctuations in this value of the impact ionization barrier due to the 

distribution of activation energies of the localized traps. However, this distribution 

is already accounted for with the random spatial field enhancements. 

A parameter representing the possibility of a field within the tree structure is 

also included. This parameter is used to define potentials of lattice points added 

to the tree structure. When this parameter is set equal to zero, all tree points are 
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Cathode and Needle Potential = 0 

Dielectric 

Anode Potential = 1.0 

Figure 2.2: Geometry and boundary conditions for new dielectric breakdown com
puter model. 

at the same potential. For a nonzero field within the tree structure, a new tree 

point is assigned a potential determined by the potential of the tree point where 

growth initiates and the field within the tree structure. 

2.3.2 Tree Growth Process 

The random enhancement, lucky-electron, and critical field for growth 

parameters are intended to model the physical phenomena which occur to produce 

breakdown according to the avalanche breakdown model. The method for 

determination of tree growth points, using these parameters, is outlined below. 
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Figure 2.3: Histogram of enhancement values in the range 1 to 5 for new dielectric 
breakdown computer model. 
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First of all, the boundary conditions are established and a spatially random 

field enhancement is established for each point on the grid. The anode potential is 

defined to be 1 and the cathode-needle potential is defined to be 0. The potentials 

of the dielectric lattice points are calculated as described below. 

Before each growth step occurs, the potential on each grid point is needed. 

The calculation of the potentials involves solving Laplace's equation 

V V = 0 (2.5) 

on the lattice. The solution is obtained by using the relaxation method on the 

two-dimensional discrete form of Laplace's equation which is given by 

(/>i,k = -7{(l>i+i,k + <l>i-i,k + (l>i,k+i + (l>i,k-i)- (2.6) 

In the relaxation method, when the n^^ iteration of calculating the potentials 

produces a maximum change for all lattice points less than some predescribed 

tolerance {\{(l)i,k)n-i — {<l>i,k)n\ < tolerance), then the potentials on the lattice are 

solved to within that tolerance and the iteration is stopped. 

After application of the relaxation method generates values for potentials on 

each grid point, the spatially random field enhancement value for each point on the 

grid is multiplied by the relaxed potential. These new values of the potentials on 

each grid point are used in calculating the fields on the grid for each growth step. 

For each grid point on the tree or the needle, the field between each of these 

points and every adjacent lattice point is calculated by dividing the difference 
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between the grid potentials by the distance between the grid points. Figure 2.4 

illustrates the possible growth paths on an existing tree structure. The field for 

each possible growth path is multiplied by a freshly generated lucky electron 

factor. 

The greatest product from each possible growth origin (needle or existing tree) 

must be greater than the critical field in order for growth to occur along that 

path. During each growth cycle all possible growth paths (with a maximum of one 

from each existing tree or needle point) are allowed to be added to the tree 

structure. Existing points on the tree are not arbitrarily excluded from being 

possible growth paths. The test for growth between these points should naturally 

keep the tree structure from reconnecting to itself since experimentally, branches 

are not seen to cross. Arbitrarily including the restriction that the tree is not 

allowed to reconnect to itself is equivalent to the mathematically generated self 

avoided random walk (SAW). 

When these new tree points are added to the structure, their corresponding 

potentials are determined by the potential of the point they grew from and the 

field within the structure. With the added points and their set potentials, the 

relaxation method is used to recalculate the potentials on the remaining grid and 

the cycle begins again. Growth is allowed to proceed until the counterelectrode is 

reached or no possible growth paths are produced in a cycle (i.e., no possible paths 

achieve/produce impact ionization). The first case corresponds to complete 
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Legend 

o lattice point unavailable for growth 

9 tree point on lattice 

O possible growth point on lattice 

" possible growth path on lattice 

Figure 2.4: Lattice for new dielectric breakdown computer model. 
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dielectric breakdown while the latter case represents the situation where no 

complete conduction channel has been formed. As each growth step is completed. 

the change in the tree structure is updated on the computer monitor in order to 

visualize the tree growth. 

2.3.3 The Fractal Dimension of the Tree 

The fractal dimension of the tree structure is calculated after completion of the 

growth process. Several methods exist for determining the fractal dimension of 

structures [54, 55]. These various methods produce different approximations to the 

actual fractal dimension [54, 55]. The method utilized to determine the fractal 

dimensions of these trees is the correlation dimension dc [54]. In the correlation 

dimension approach, the number of neighbors of a given point within a discretized 

structure is related to the dimension of the structure. This relationship is 

determined by initially defining a correlation function which gives the average 

fraction of tree points within a given distance of each tree point as a function of 

the distance. For a two-dimensional structure, the average number of tree points 

inside a square of side / centered on the lattice point {i,j) is given by. 

^ N N 

C(0 = l i m ^ E E 
m n 

+1/2 +1/2 

li=-l/2 j = -l/2 
(2.7) 

where (i.j) are the {x,y) coordinates of the entire lattice, {m,n) are the (x,y) 

coordinates of the tree points on the lattice and Â  is the total number of tree 

points. Sa,b is the kronecker delta function which is 1 for a = 6 and 0 for a 7̂  b. In 
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many instances, as / approaches zero, this correlation function has been found to 

exhibit a power law dependence on / given by [54, 55] 

limC{l) = al'^\ (2.8) 
4 

Equation 2.8 allows the definition of the correlation dimension {dc) as the slope of 

the curve of log(C) versus log(/). The correlation dimension is defined by [54] 

4 ^ 1 i n , M i ) . (2.9) 
1^0 log( / ) 

The linear relationship between log(C) and log(/) exists only in an 

intermediate region for finite data sets obtained in computer simulations such as 

this. As / becomes large, effects due to the finite size of the lattice cause a change 

in the behavior of the correlation function. In the limiting case where / approaches 

the size of the entire lattice, the correlation function saturates to unity, which 

clearly does not follow equation 2.8. Furthermore, as / becomes smaller than the 

spacing between the lattice points, the correlation function saturates to a value of 

1/N'^, which also does not follow equation 2.8. Therefore, only the intermediate 

region of the plot of log(C) versus log(/) provides a linear relationship where the 

slope represents the correlation dimension of the structure. For this reason, the 

maximum value of / used in calculating the correlation function is set to 30. . 

Table 2.1 shows the calculated fractal dimensions of the structures generated with 

this model. 
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One more source of error in the correlation dimension arises due to the finite 

number of points on the structure. When the number of points on the structure is 

few, the correlation method for determining the fractal dimension does not 

produce meaningful results. 

2.4 Results 

The most noticeable result of this model is that when the field within the 

structure is allowed to be nonzero, the tree structure reconnects to itself from 

different branches of the tree. This result is not experimentally observed, so the 

assumption that a field exists within the tree structure is deemed to be unphysical. 

Therefore, this parameter is set to zero for the simulations presented here. 

The simulation of the tree growth with a grid size of 144 by 100 was repeated 

for various values of the parameters for the random field enhancement and the 

lucky electron factor. Each parameter was allowed three different ranges for the 

simulations. First the parameters are set at a constant of 1 and then they are 

allowed to range from 1.0 to 5.0 and then from 1.0 to 10.0. Figures 2.5, 2.6 and 

2.7 show the trees generated from these various runs with the critical field for 

growth set equal to 0.1, 0.15, and 0.2, respectively. 

A typical log(C) versus log(/) plot is illustrated in Figure 2.8, which shows 

the plot used for calculating correlation dimension for the tree of Figure 2.5d. The 

linear fit to the data points in Figure 2.8 demonstrates the linearity of the log(C) 

versus log(/) relationship. The error in the fractal dimension calculations due to 
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Table 2.1: Fractal dimensions of generated tree structures. 
Figure 

2.5a 
2.5b 
2.5c 
2.5d 
2.5e 
2.5f 
2.5g 
2.5h 
2.5i 
2.6a 
2.6b 
2.6c 
2.6d 
2.6e 
2.6f 
2.6g 
2.6h 
2.6i 
2.7a 
2.7b 
2.7c 
2.7d 
2.7e 
2.7f 
2.7g 
2.7h 
2.7i 

Critical Field 
for growth 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

Lucky electron 
factor range 

1 to 1 
1 to 1 
1 to 1 
1 to 5 
1 to 5 
1 to 5 
1 to 10 
1 to 10 
1 to 10 
1 t o l 
1 to 1 
1 to 1 
1 to 5 
1 to 5 
1 to 5 

1 to 10 
1 to 10 
1 to 10 
1 to 1 
1 to 1 
1 to 1 
1 to 5 
1 to 5 
1 to 5 

1 to 10 
1 to 10 
1 to 10 

Random spatial 
enhancement range 

1 to 1 
1 to 5 

1 to 10 
1 to 1 
1 to 5 

1 to 10 
1 to 1 
1 to 5 

1 to 10 
1 to 1 
1 to 5 

1 to 10 
1 to 1 
1 to 5 
1 to 10 
1 to 1 
1 to 5 
1 to 10 
1 to 1 
1 to 5 

1 to 10 
1 to 1 
1 to 5 
1 to 10 
1 to 1 
1 to 5 

1 to 10 

fractal 
dimension 
1.62 ±0 .01 
1.67 ±0 .02 
1.72 ±0 .01 

1.70 ±0.002 
1.74 ±0 .01 
1.76±a.01 
1.74 ±0 .01 
1.76 ±0 .01 
1.77 ±0 .01 

1.64 ±0.02 

1.71 ±0 .01 
1.74 ±0 .01 
1.70 ±0 .01 
1.75 ±0 .01 
1.76 ±0 .01 

1.65 ±0 .02 
1.71 ±0 .01 
1.63 ±0 .02 
1.73 ±0 .01 
1.75 ±0 .01 
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Lucky 
Electron 
Range 

1 tol 

Spatial 
Enhancement 

^Range I to 1 

I to 5 

N = 638 0=1.62 + 0.01 

(a.) 

N = 3099 D =1.700 ±0.002 

(d.) 

1 tolO 

N = 5067 0=1.74 + 0.01 

(g) 

1 to5 

-̂ t; ̂  

-%< 

?^ .̂„".î îf̂ "'̂ ' 

N = 2122 D =1.67 ±0.02 

(b.) 

N = 4686 0=1.74 ±0.01 

(e.) 

N = 6787 D =1.76 ±0.01 

(h.) 

1 to 10 

i^<ki^-->> 
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(c.) 
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Figure 2.5: Computer generated trees using the new model with the critical field 
for growth equal 0.1. 
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Figure 2.6: Computer generated trees using the new model with the critical field 
for growth equal 0.15. 
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Figure 2.7: Computer generated trees using the new model with the critical field 
for growth equal 0.2. 
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Figure 2.8: log(C) versus log(/) plot for calculating correlation dimension. 

finite size grids and finite numbers of points is not an easily quantitative error to 

determine. Therefore, the error values in the reported fractal dimensions are due 

only to the linear fitting of the log(C) versus log(/) data points. For the cases in 

which complete breakdown channels were not formed, the fractal dimension was 

not calculated due to the small number of points available. For the cases in which 

complete breakdown channels did form, the range of fractal dimensions varied 

from 1.62 to 1.77 for the parameters studied. 

When both random parameters were set at 1 as in Figure 2.5a (i.e., no random 

growth), the tree grew straight from the needle to the anode as expected. The 

linear branching of this tree occurs when potential differences orthogonal to the 
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direction of the main streamer reach the critical field for breakdown. The increase 

in the field at the leading edge of the tree as it approaches the counterelectrode 

occurs because the field within the tree is defined to be 0. 

When the random parameters are allowed to differ from unity, the growth 

process resembles that of dielectric bulk breakdown. The fractal dimension of 

breakdown is illustrated in Figure 2.9 which is a photograph showing tracks left by 

surface flashover. This event occurred during the experimental phase of this 

research. The lowest values of the critical field for growth in conjunction with the 

largest ranges of the random enhancement parameters produce tree structures 

with the greatest fractal dimension. As the critical field for growth is increased or 

the ranges of the random parameters are decreased, the tree structures become 

less dense and have correspondingly smaller fractal dimensions. These different 

densities of tree structures have been seen experimentally [48]. When a high 

critical field for growth is combined with low ranges of random enhancement 

values, it is seen from Figures 2.6a, 2.6b, 2.6d and 2.7a through 2.7d that a 

complete breakdown channel does not form, which also corresponds to 

experimental observations. [48]. 
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Figure 2.9: Fractal damage of dielectric breakdown. 
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CHAPTER III 

EXPERIMENTAL APPROACH 

3.1 Experimental Apparatus 

Figure 3.1 shows a simplified block diagram of the experimental setup used to 

apply an electric pulse to the dielectric. A dc power supply capable of voltages up 

to 40kV is used to charge a Marx generator. A circuit diagram of the Marx 

generator is shown in Figure 3.2. The erected Marx generator appears as a 

charged capacitance. The output of this erected Marx generator is transmitted 

through a ring-up inductor to the high-voltage vacuum-feedthrough bushing. 

Figure 3.3 shows the bushing, which has a capacitance of 70pF. This bushing is 

connected to the cathode inside the vacuum chamber. A needle is housed inside 

this cathode to provide the point electrode in the point-plane geometry 

configuration. The equivalent circuit of the erected Marx generator (675pF), 

ring-up inductor {2.5pH), and bushing (70pF)is illustrated in Figure 3.4. This is a 

CLC ringing circuit which charges a small capacitor from a larger capacitor 

through an inductor. The resulting voltage on the cathode is given by 

HW = ^rp^/C^(l-'=<'*'^<), (3.1) 
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Figure 3.1: Block diagram of experimental system. 

where 14 is the initial voltage on Ci (which is the erected Marx generator), V2{t) is 

the output voltage on C2 (which is the parallel combination of the capacitances of 

the bushing and sample), and the frequency of oscillation is given by 

With the values of the given components, the appropriate expressions become 

V2{t) = ^{1-cosujt) 

\V2max\ = ^ | y i | = 1.8|Vi| 

and 

f= — = IMHz. 
•̂  27r 

3.1.1 Marx Generator 

Figure 3.2 shows a simple equivalent circuit of the 8-stage Marx generator 

used to produce the high voltage pulse in this experiment. The principle of Marx 
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Figure 3.2: Circuit diagram of the Marx generator. 
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Figure 3.3: Diagram of the high-voltage vacuum-feedthrough bushing. 
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Figure 3.4: Equivalent circuit of the Marx generator, ring up inductor and bushing. 
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generator operation is to charge a bank of capacitors in parallel and then switch 

the capacitors to a series configuration in order to achieve a voltage amplification 

[29]. Each stage of the Marx generator consists of two parallel 2700pF doorknob 

capacitors rated at 40/:V. The stages are connected in parallel, with two 3^-0 two 

watt carbon resistors {Ri in Figure 3.2) between stages. This configuration gives a 

capacitance of 5400/)F for each stage, and an erected capacitance of 675pF. The 

dc charging voltage is applied through a 400AfO resistor, {R2 in Figure 3.2) in 

series with the charging power supply. This large resistor limits the current during 

charging and provides isolation of the power supply during erection. The smaller 

resistors which are located between the stages, serve to isolate the stages during 

the erection phase and to control the switching speed of each stage. 

Switching into the series configuration is achieved by spark gaps located 

between the stages of the Marx generator. The spark gaps are brass hemispheres 

with radii of ~ 0.375 inches. These spark gaps are positioned in a line in order to 

allow the UV light produced from the initial spark gap, and each consecutive 

spark gap, to ionize the gas in the remaining spark gaps. This ionization enhances 

the switching process. Each spark gap between stages consists of two brass 

hemispheres separated by 2mm. The output spark gap is made with the same 

brass electrodes but the spacing is 15mm in order to further insure that the 

output spark gap does not close before the Marx generater has erected. The 

capacitance of each spark gap including stray capacitances {IpF) and the 
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stage-to-stage resistances {SkQ) affect the erection waveform of the Marx 

generator through the RC charging time constant of these spark gaps, which is 

21ns. Smaller time constants would require smaller resistors which would decrease 

the isolation between stages. The RC time constant with which the voltage of 

each stage decays due to the stage-to-stage resistors is 3kQ x 5400pF = 16.2ps, 

which is longer than the time of interest. 

The first spark gap is a trigatron which is used to initiate the chain-reaction 

switching of the spark gaps. A trigatron is a spark gap which contains a third 

electrode used to trigger the two main electrodes [29]. The trigger electrode is a 

pin which projects through a hole drilled through the center of one of the main 

electrodes (typically the grounded electrode). A trigger pulse is applied to this 

center pin which initiates breakdown between the two main electrodes. The 

trigger circuit for this trigatron is discussed below. 

The voltage at which the Marx generator can operate is dependent on the gap 

spacing and the pressure of the air in the Marx generator. This Marx generator 

configuration allows charging voltages of QkV to 7kV per stage at atmospheric 

pressure. Below these voltages the Marx generator does not erect when triggered. 

For charging voltages of SkV or greater, the pressure in the Marx generator must 

be increased to prevent self breakdown without a trigger applied to the first gap. 

The pressure is increased to lOpsi (above atmospheric pressure) for SkV, and 

SOpsi for 12kV with intermediate voltages scaled accordingly. 
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3.1.2 Marx Trigger Circuit 

Figure 3.5 is a circuit diagram of the trigger circuit used to trigger the first gap 

of the Marx generator. A dc power supply is used to charge a l.OpF capacitor to 

150y through a 7.2Mn Resistor and the primary winding of an automotive 

ignition coil. A momentary pushbutton switch shorts the capacitor to ground 

through the coil. The output of the coil secondary is transmitted through 6 feet of 

RG8 coax cable to the trigatron located at the first gap of the Marx generator. 

This pulse is a slowly rising pulse of maximum amplitude 15kV, and it causes the 

trigatron to initiate the erection of the Marx generator. 

Three feet of the RG8 cable has its outer grounding braid intact. This portion 

of the RG8 coax has a capacitance of « 90pF. The remainder of the RG8 coax 

cable has its outer braid removed to allow it to pass through the inductor tube 

and into the Marx generator housing to the trigatron. A Ferrite core with 10 turns 

of magnet wire is located around the center conductor of the RG8 coax cable 

between the 3 feet of unaltered cable and the entrance of the cable into the 

inductor tube. When the first stage of the Marx generator erects, the capacitance 

of the 3 feet of RG8 cable discharges very quickly. This fast current pulse from the 

Marx trigger cable causes an output pulse to appear on the windings on the 

Ferrite core. This output pulse is used to externally trigger the time mark 

generator and the oscilloscopes for data recording. This output pulse has the 

necessary feature of sharp rise occurring at the beginning of the Marx generator 
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Figure 3.5: Circuit diagram of the Marx generator trigger circuit. 

erection, and allows the oscilloscopes to be reliably triggered early enough to 

insure capture of the first part of the waveform. 

3.1.3 Ring-Up Inductor Tube 

The inductor tube, which is an aluminum tube 1 meter long with an ID of 9.75 

inches, is illustrated in Figure 3.6. The output pulse of the Marx generator is 

input into the inductor tube with RG19 coax cable that has the outer shield 

removed. This RG19 coax cable passes through a plate that isolates the Marx 

generator from the inductor tube. The inductor tube is separate from the Marx 

generator section in order to allow pressurization of the inductor tube with a 

mixture of 80% of N2 and 20% of 5^6 at Wpsi. This insulating gas mixture 

reduces the likelihood of an electrical discharge in the inductor tube. Further 

measures to reduce the likelihood of a discharge in this tube include corona rings 

made of anodized aluminum at each end of the inductor inside the tube. The 
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Figure 3.6: Diagram of the inductor tube. 

inductor consists of 11 turns of 1/4 inch Copper tubing with a turn to turn 

distance of ~ 1 inch. The outside diameters of the inductor and corona rings are 

3.5 inches. The ratio of the inner diameter of the inductor tube to the outer 

diameters of the inductor and corona rings is e. This ratio is chosen to minimize 

the fields inside the inductor tube. 

3.1.4 High-Voltage Vacuum-Feedthrough Bushing 

Figure 3.3 illustrates the high-voltage vacuum-feedthrough bushing which has 

a coaxial structure. The bushing is designed to allow negative voltage pulses of up 

to 600kV to be passed through the wall of the vacuum chamber. A stainless steel 

rod 21m long with a 0.75m outside diameter serves as the center conductor. 

Transformer oil serves as the insulator between the center conductor and a stack 

of aluminum and Lexan® donuts. 

These stacks serve as capacitive dividers to step the voltage down from the 

high voltage at the ends to ground at the center where it is bolted onto the 

vacuum chamber wall. The inner diameter of the Lexan and aluminum donut 

rings is 2 inches in order to minimize the fields inside the bushing utilizing the 
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usual ratio (e) of outer to inner diameters of a cylindrical system. The outer 

diameter of the aluminum rings located in the inductor tube is 3.5 inches to utilize 

the same field minimization since the I.D. of the inductor tube is 9.75 inches. The 

outer diameter of the disks in the vacuum chamber is 8 inches. The aluminum and 

Lexan disks are sealed by o-rings in order to keep the oil inside the bushing. 

Stainless Steel compression nuts on each end of the bushing and fine threads on 

the center conductor are used to compress all o-ring seals. The o-rings seals are 

not permanent and therefore allow disassembly and reassembly of the bushing if 

necessary. Possible causes for the need to reassemble the bushing include 

replacement of one or more stacks in the event of a failure, and reassembly with 

the angle of the outer surface of the Lexan spacers reversed. Reversal of the stacks 

would be necessary if it were determined that the polarity of the voltage pulse 

needed to be changed. The current setup, with the Lexan spacers angled in, is for 

a negative pulse. 

Figure 3.7 is a magnified drawing of the interfaces between the Lexan and 

aluminum disks in the bushing. The triple point at each joint is recessed in order 

to reduce the likelihood of flashover, since initiation of surface flashover by field 

emission from the triple point is more likely if the triple point is not shielded. The 

edges of the aluminum disks are radiused in order to decrease field enhancement 

which could also lead to flashover. The angle of the Lexan spacers is 45° which 

further minimizes the likelihood of flashover. 
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Figure 3.7: Interfaces between Lexan and aluminum disks in the bushing. 

Upon assembly of the bushing, the oil must be conditioned to remove any 

existing particulates, water, and air bubbles. Figure 3.8 illustrates the oil 

conditioning setup. Conditioning is accomplished by circulating the oil through 

the bushing, in at each end and out through the center, for several days. The oil 

chamber is evacuated to a pressure of ~ 20mtorr during this conditioning in order 

to remove air and water. During the conditioning phase all of the outer spacers 

and center conductor are electrically connected and a dc bias voltage of lOkV is 

applied between the connected spacers and the center plates of the bushing. This 

voltage is intended to enhance the removal of any charged particles and/or any 

polar contaminates such as water. After the conditioning phase is complete, the dc 

bias and connection between stacks is removed. Then the valves are closed and the 

hose connections are removed. The entire volume is then completely full of 

conditioned oil. 

The closed volume between the center conductor and the stacks does not allow 

thermal expansion of the oil; therefore, an oil expansion cavity is included in a 
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plate at the center of the bushing. This oil expansion cavity is in the center 

portion of the bushing where oil exits the bushing during the conditioning phase. 

A nitrogen gas bottle is attached to the valve at the top of the oil expansion 

cavity. One valve at the end of the bushing is opened and a volume of 10m/ of oil 

is allowed to exit the bushing. This introduces a volume of 10m/ of nitrogen at 

atmospheric pressure in the top of the oil expansion cavity which causes the cavity 

to be approximately half full of oil and half full of nitrogen. The nitrogen gas 

connection is then removed and the valves are closed to complete the oil 

conditioning process. 

The equivalent capacitance of the bushing is calculated to be ̂  60pF. This 

calculation ignores fringing effects, 'second nearest neighbor* capacitances and 

capacitances between the bushing and vacuum chamber and inductor tube walls. 

The measured capacitance of the bushing in parallel with the capacitance of the 

sample is % 70pF. This value of capacitance is used for calculation of the ring up 

inductance of the CLC circuit. In the previous treatment, the inductances of the 

bushing have been ignored. Figure 3.3 illustrates the periodic structure of the 

bushing which indicates a resonant structure. Measurement of the resonant 

frequency of the bushing revealed a ringing frequency of 130MHz with a Q of 65. 
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Figure 3.8: Oil conditioning setup for bushing. 

3.1.5 Ferrites 

Marx generators are inherently electrically noisy due to the nature of the 

switching process in the spark gaps. Signals with frequency components 

> IZOMHz, which is the natural ringing frequency of the bushing.will excite the 

bushing resonance. Therefore the Marx generator erection will excite the bushing 

unless the noise from the Marx can be diminished. In order to accomplish this 

goal, ferrite cores have been inserted between stages of the Marx generator and 

after the output gap in the Marx generator. Since these ferrites decrease the noise 

but do not eliminate it, ferrite cores are also inserted in the inductor tube before 

and after the inductor. 

The ferrite cores used are either made from material 4C4 manufactured by 

Philips or made from material 61 from Fair-Rite. These materials have a low 
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initial permeability {pi = 125) and become lossy at frequencies > 30MHz. At 

lower frequencies, such as the 7MHz frequency of the CLC circuit, the ferrites do 

not significantly alter the signal. However, higher frequency components are 

attenuated and therefore excitation of the bushing is decreased. 

This noise has been reduced in the Marx generator used here by introducing 

one ferrite core between each stage of the Marx generator. Three ferrite cores are 

located immediately after the output gap of the Marx generator. There are 8 

ferrite cores around the RG19 cable in the inductor tube before the inductor, and 

there are 15 ferrite cores between the inductor and the bushing. 

These ferrite cores damp the high frequency components provided the cores do 

not saturate. The ferrite cores located between stages in the Marx generator are 

smaller than the others due to space limitations. The current in the Marx 

generator is great enough to saturate these small cores. Therefore, an air gap was 

cut into these cores to keep them from saturating. 

3.1.6 Cathode 

Figure 3.9 illustrates the geometry of the cathode, needle, sample, anode and 

ground return strap. The cathode is an anodized aluminum hemisphere attached 

to the high voltage end of the bushing inside the vacuum chamber. 

This cathode reduces the likelihood of surface flashover in several ways. First 

of all, it shields the high field point produced by the needle from the outer portion 
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of the Lexan sample and creates a triple point at a radius of 3.5 inches from the 

center of the sample. The curvature of the cathode at this triplepoint location is 

low in order to reduce the field enhancement. Secondly, the anodization of the 

cathode reduces the field emission of electrons from the surface of the cathode. 

Equipotential plots obtained for the geometries inside the vacuum chamber 

were generated using MacPoisson software. Figure 3.10a is an equipotential plot of 

the fields produced by the geometry of the cathode, sample, anode, bushing and 

ground return strap. Figure 3.10b is an equipotential plot of the fields produced in 

the region of the needle and demonstrates how the cathode does not eliminate the 

field enhancement produced by the point-plane geometry. 

3.1.7 Needle 

The point electrode is a needle made from tungsten wire by electrochemical 

etching. Figure 3.11 illustrates this needle sharpening setup. A tungsten wire to 

be sharpened into a needle is placed vertically with the bottom tip just touching 

the top surface of a 1.5 M KOH solution in a beaker. A copper wire is coiled at 

the bottom of the beaker in the KOH solution. The tungsten needle and copper 

wire are connected to a variac in order to use them as electrodes in the etching 

procedure. The variac is adjusted until a 60Hz a.c. voltage of approximately 

2\'rms is applied between the electrodes. This voltage causes the KOH solution to 

"boil" at the contact point with the tungsten needle and the tungsten is slowly 
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Figure 3.9: Geometry of cathode, needle, sample, anode and ground return strap. 
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(b) 

Figure 3.10: EJqiiipotentials inside vacuum chamber: (a) around the sample and 
bushing, and (b) at the needle location. 
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Figure 3.11: Needle sharpening setup. 

etched away. Higher voltages result in faster etching and a rougher surface left on 

the tungsten wire. The diameter of the wire determines the ultimate radius of 

curvature using this technique. Figure 3.12 shows the 30^ radius needle tip 

created using this method at 2.5Vrms for 20 minutes. 

3.1.8 Needle Actuator 

The cathode houses the needle electrode necessary for producing the high fields 

required for this experiment. Also inside the cathode is an actuator that allows 

the needle to be released from a retracted position. Figure 3.13 is a block diagram 

of this actuator which consists of a battery pack, reed switch, dc motor, linear 

bearings, spring, trap door and gears. 
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Figure 3.12: Tungsten needle used in the experiment. 

In the retracted position, a door is located over the opening in the center of 

the cathode. This door is made from an insulator with a conducting metal surface 

on one side. The conducting surface faces inside the cathode towards the retracted 

needle, while the insulating surface faces the sample. The conducting surface of 

the door is in contact with the cathode in order to maintain the door at the 

cathode potential during insulator surface flashover conditioning pulses. In this 

manner, the door eliminates any field enhancement by the needle in the retracted 

state. The insulating surface facing the sample in intended to decrease the amount 

of field emitted electrons from the door into the center part of the sample during 

pulses while the needle is retracted. 

The actuator is operated by using a vacuum feedthrough port to bring a 

magnet outside the cathode into close proximity of the reed switch. The magnetic 
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field from the magnet closes the reed switch which completes the connection 

between the battery pack and the DC motor. The motor then causes the trap door 

to open and the needle to slowly advance. The gear drive is designed to run off the 

threads when the needle approaches complete release in order to allow the spring 

to supply the force between the needle and the sample, instead of allowing the gear 

to drive the needle into the sample. The gear drive is such that the time required 

for complete release of the needle is approximately one minute. After the needle 

has been released, the magnet is returned to its initial position out of the way. 

3.1.9 Point-Plane Geometry 

The field enhancement by a needle-sample-plane arrangement is given by 

2T/o 

Roln{'-^) 
EM AX ~ r. 1 /4dx ro<:d (3.3) 

ro 

where Vo is the voltage of the needle which has a tip radius TQ, and d is the sample 

thickness as shown in Figure 1.13. 

Equation 3.3 is valid for ro ^ d and does not take into account any shielding 

that may take place due to charge injection. The needle used in this experiment is 

a tungsten needle with a radius of ~ 30p as shown in Figure 3.12. The dielectric 

samples are 9 inch disks cut from commercially available sheets of Lexan® (PC) 

and Acrylite® (PMMA) 1/8 inch thick. The anode is a disk of aluminum 1/4 inch 

thick and 1.5 inches in diameter. The edge of the disk is radiused to eliminate field 
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Figure 3.13: Block diagram of mechanism used to retract and release the needle. 
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enhancement. Using the thickness of c? = 1/8 inch and the needle radius of 

To = 30pm equation 3.3 becomes 

EMAX « lOOcm-^ X Vo (3.4) 

for the geometry of this experiment. 

3.1.10 Ground Return Strap 

A ground return strap made from 1/4-inch copper tubing is used to connect 

the anode to the ground plane of the bushing. The functions of this ground return 

strap are to define the potential of the anode and to shape the field at the sample 

to reduce the likelihood of surface flashover. The inductance of the ground return 

strap prohibits the anode from actually maintaining ground potential. The 

capacitances of the bushing and sample and the inductance of the ground return 

strap produce a second mesh in the equivalent circuit as shown in Figure 3.14. 

This second mesh has a resonant frequency of bbMHz and a Q of 7.5. Figure 3.15 

is a computer simulation of this equivalent circuit with the initial conditions of an 

erected Marx generator at —lOOkV and no initial current in any component. It is 

seen from Figure 3.15 that the amplitude of the 5bMHz ringing in the second 

mesh is significantly lower than the 7MHz oscillation of the bushing and cathode 

produced by the CLC ringup. The ratios of these amplitudes illustrate that the 

voltage across the sample is approximately equivalent to the voltage on the 

bushing and the cathode. However measurement and analysis of the ringing in 
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Figure 3.14: Equivalent circuit of system showing second mesh produced by induc
tance of ground return strap. 

this second mesh provides information on charge injection into the sample, if this 

charge injection occurs on a time scale greater than 12ns because it would excite 

ringing in this second mesh. 

The computer simulation of the equivalent circuit of Figure 3.14 which is 

shown in Figure 3.15 does not include any damping and does not take into account 

the resonant structure of the bushing. The 130MHz ringing of the bushing would 

serve 
to excite the 55MHz ringing in the second mesh if it were not suppressed. 

3.1.11 Vacuum System 

The vacuum system consists of a cylindrical vacuum chamber of diameter 1 

meter and a height of 0.7 meters. A diffusion pump located below the chamber 

pumps the chamber down to a working pressure of 1 to 3 xlO'Horr in 24 hours. 
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Figure 3.15: Computer simulation of equivalent circuit of system. 

A cold trap filled with methanol chilled to temperatures from -10°C to -30°C 

inhibits diffusion pump oil from backstreaming into the vacuum chamber. 

3.1.12 Data Acquisition 

The voltage on the cathode is monitored by a capacitive probe located ~ 3 

inches below the cathode. This capacitive probe consists of a copper ground plate 

of diameter Ri 6 inches with a thin mylar sheet between two copper electrodes. 

Copper was vacuum evaporated onto both sides of the mylar sheet in order to 

eliminate any gaps between the electrodes and dielectric. This capacitive probe 

has a capacitance of 70.6nF in order to have a time constant of 3.bps with the 

50ri oscilloscope input. This time constant allows an accurate measurement of the 

voltage on the cathode on the time scales necessary for this experiment. 
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Calibration of the capacitive probe was determined by connecting a high 

voltage pulser to the cathode and measuring the output with the capacitive probe 

and also with a Tektronix High Voltage probe connected to the top of the cathode. 

This connection is made above the cathode to eliminate any chance of the probe 

effecting the fields seen by the capacitive probe. Figure 3.16 shows these two 

measured signals. The decay (or droop) of the capacitive probe signal is due to the 

time constant of the capacitive probe and oscilloscope resistance. After eliminating 

the high frequency components of each signal and using the leading edge of the 

pulse, the voltage division factor of the stray capacitance and capacitive probe is 

calculated to be 6.25 x lO'*. Using this voltage division ratio, the measured voltage 

can be used in equation 3.4 in place of the actual cathode voltage giving 

EMAX ~ 6.25 x 10^cm~^ x Vmeasured (3.5) 

where Vmeasured IS the actual measured voltage on the capacitive probe. 

In order to determine the current in the second mesh, a Pearson model 2877 

Rogowski coil is placed at the ground end of the ground return strap as illustrated 

in Figure 3.1. The Pearson model 2877 has a usable rise time of 2ns and frequency 

domain parameters of 300Hz to 200MHz, where the 3db rolloff points occur [56]. 

This time response of the Pearson coil allows accurate measurement of the 

55MHz current in the second mesh. Figure 3.17 shows an equivalent circuit which 

demonstrates the relationships of these measurement devices to the experimental 

system. 
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Figure 3.16: Measurement used to calibrate capacitive probe. 

The outer braid of the Pearson coil coax cable is connected to the ground 

plane of the bushing which is used to define ground for the measured signals. 

Ground for the capacitive probe is referenced from the point where the BNC 

feedthroughs of the Pearson coil and capacitive probe signals enter the screen 

room. The single ground connection inside the vacuum chamber serves to 

eliminate the possibility of a ground loop in the signal detection circuit. 

The coax cables from the capacitive probe and Pearson coil exit the vacuum 

chamber through a Lexan port with BNC bulkhead feedthroughs. This Lexan port 

insulates the feedthroughs from the tank wall for further ground loop elimination. 

Immediately after exiting the vacuum chamber, the coax cable from the Pearson 
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Figure 3.17: Equivalent circuit of system including measurement probes. 

coil is coiled around three ferrite cores, five times each. More than five turns on 

any one ferrite core would increase the turn to turn capacitance of the windings 

around the core which could pass high frequency signals turn to turn. These 

ferrite cores are used to eliminate common mode noise on the coax cable carrying 

the signals to the screen room. It was determined that addition of ferrite cores on 

the capacitive probe signal has no effect on the measured waveform; therefore no 

common mode signals are observed on the capacitive probe signal. Both coax 

cables are shielded in braid between the insulating vacuum BNC feedthrough port 

and the screen room to decrease EMI pickup. The braid shielding is connected to 

the screen room and left floating on the other end immediately before the vacuum 

chamber feedthrough port for the capacitive probe signal coax and immediately 

before the ferrite cores on the pearson coil signal coax. This single connection of 



• ^ ».»•>» ! > • ! • • 

100 

the EMI braid shielding is used to eliminate the possibility of multiple ground 

connections providing a ground loop path. 

All data acquisition equipment is enclosed in a double shielded screen room of 

dimensions 1 meter x 1 meter x 1.7 meters. This screen room houses a computer 

and two Tektronix 7104 analog oscilloscopes which have a bandwidth of IGHz. 

The "bright eye" screen of these oscilloscopes allows the acquisition of the fast 

signals by Tektronix Digital Camera Systems. 

The Tektronix DCS camera system consists of a CCD camera mounted on each 

oscilloscope to capture raw video signals of the oscilloscope waveform traces. 

These two cameras are connected to a computer inside the screen room via two 

Tektronix DCS frame store boards. These frame store boards in conjunction with 

the computer, digitize the video signals obtained from the CCD cameras. The raw 

video signals as well as the digitized version of these signals are stored on the hard 

drive of the computer for further analysis. The CCD cameras consist of arrays 

with 512 by 512 pixels for detecting the raw video signal. The intensity of each 

pixel is digitized to 256 levels of greyscale. Since the waveform trace on the 

oscilloscope screen is wider than one pixel, the DCSOIGPH software in 

conjunction with the frame store boards fits a gaussian to the intensity profile of 

each vertical column of pixels. Then the center of the gaussian is taken to be the 

actual vertical amplitude for the given pixel column. Therefore, the digitization 

Jii 
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accuracy of the camera system is limited to 512 points on the vertical scale as well 

as 512 points on the horizontal scale regardless of the oscilloscope settings. 

Smce the relative time relationship between the two signals acquired on two 

separate oscilloscopes is important, a Hewlett-Packard 8013B pulse generat 

used to provide a pulse late in the waveform signal. This late pulse is used 

time mark to shift the time axis of the signals if necessary, in order to provide 

synchronization. The trigger generator is triggered by the ferrite core on the Marx 

generator trigger circuit which is discussed in the section 3.1.2. This trigger signal 

is then passed to each of the two oscilloscopes' external trigger inputs on coax 

cables of equal length. The pulse generator produces an output that is separated 

and sent to the second vertical inputs of each oscilloscope on coax cables of 

equivalent lengths. 

3.2 Experimental Procedure 

3.2.1 Sample Preparation Method 

Materials studied in this experiment are Polycarbonate (PC) which has many 

trade names such as Lexan® and Makrolon^ and Polymethyl methacrylate 

(PMMA) which has many trade names including Lucite®, Plexiglass®and 

Acry l i t e^ For this study Lexan®from General Electric and Acrylite®GP from 

Gyro industries are used. The properties of these materials has been presented in 

section 1.6. 
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The dielectric samples are from stock sheets 8 feet by 4 feet with a thickness of 

1/8-inch. These sheets are protected by paper glued to each side of the sheet. 

From these sheets samples are cut to into disks 9inches in diameter with radiused 

edges. In order to ensure that the polymer contains no adhesive residue after 

removing the protective paper, a series of cleansing and rinsing steps is followed 

for each sample. Firstly, the sample is cleaned in a soap and distilled water 

solution to remove the adhesive. Secondly a 2% acetic acid solution is used to 

remove the soap film from the surface of the polymer. Distilled water is used to 

rinse the sample after each of these cleaning steps. The clean sample is then 

placed in a storage vacuum chamber at % 20mtorr for a minimum time period of 

two days to remove water from the polymer. After this preparation method has 

been followed, the sample is ready for insertion into the test vacuum chamber 

between the cathode and anode. 

3.2.2 Generating Damage in the Insulator 

After the preparation phase is complete, a sample is ready for field stressing. 

The vacuum chamber is backfilled with N2 and the lid is removed. The previous 

sample is removed by moving the anode away from the cathode with a micrometer 

head that is used for horizontal translation of the anode. 

After the previous sample has been removed and stored for further study, the 

cathode is removed from the bushing. On the workbench, the DC motor housed 
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inside the cathode is used to retract the needle and close the trap door. This 

retraction is achieved by applying a dc voltage with the polarity reversed from 

that required to release the needle. The cathode is then replaced on the bushing. 

With the anode centered on the new sample, the micrometer head is used to move 

the sample and anode into contact with the cathode. The lid of the vacuum 

chamber is replaced and the vacuum system is used to pump down the chamber. 

In 12 to 24 hours, the necessary vacuum of 3 x 10~^ to 1 x 10"^ torr is obtained. 

Preparation for data acquisition involves filling the inductor tube initially with 

2Apsi of Â2 and then increasing the pressure to 30psi with SFQ. This partial 

pressure procedure provides a mixture of 80% Â2 and 20% SFe. The data 

acquisition equipment and high voltage equipment is then prepared. The Marx 

generator is charged initially at 6kV per stage, which corresponds to a maximum 

cathode voltage amplitude of « 100^V. Application of voltage pulses greater than 

« 125kV initially on a sample results in surface flashover. However, pulsing the 

insulator several times at voltages below 125kV conditions the sample for higher 

voltage pulses. Figure 3.18 is a photograph of a surface flashover event that 

occurred due to a pulse of « l^OkV in this experiment when the sample was not 

properly conditioned. 

The sample conditioning process is due to electrons emitted from the cathode 

that impinge on the sample. These bombarding electrons serve to liberate some of 

the adsorbed gas molecules that are attached to the surface of the sample and also 
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to charge the insulator. Removal of some of the adsorbed gas molecules serves to 

reduce the number of molecules available to be released on consecutive shots. 

Also, charging the insulator serves to decrease the energy of impinging electrons 

on consecutive shots. These two phenomena combine to condition the sample 

which permits voltages two to three times greater than the flashover voltage on an 

unconditioned sample. It has been experimentally determined that three to five 

shots at each voltage step of l^kV to 30kV per step provides the necessary 

conditioning to increase the voltage from lOOkV to 300kV for this experiment. A 

time period of at least 10 minutes is allowed between each pulse. Figure 3.19 

shows a surface flashover event that occurred due to insufficient conditioning. 

After conditioning, the needle is released as described in section 3.1.8. With 

the needle in contact with the center uncharged portion of the sample, one final 

pulse is applied to generate insulator damage. The waveforms of this pulse are 

analyzed to determine charge injection information. 

3.3 Sample Analysis 

An optical microscope is used to visually inspect the area where insulator 

damage may have occurred. A video camera connected to a computer is used to 

digitize the image seen by this microscope. Magnifications of 50x, lOOx, 200x, and 

400x are possible with the microscope. This same microscope is used to determine 

the radius of curvature of the Tungsten needle. 
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Figure 3.18: Photograph of surface flashover of a sample during a conditioning pulse 
of =s 150A-r. 

Figure 3.19: Photograph of experiment from same view as flashover photo. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

4.1 Charge Injection 

The results of field stressing thirteen PC samples and three PMMA samples 

are reported here. The needle was also released on one additional PC sample 

without the application of an electrical pulse in order to demonstrate the 

mechanical damage produced by releasing the needle. This sample is designated as 

PCI . The amplitudes of the 7MHz component of the negative voltage pulses 

applied to the PC samples ranged from S7kV to 220^;^. The amplitudes of the 

7MHz component of the negative voltage pulses applied to the PMMA samples 

ranged from 170kV to 190kV. 

Figure 4.1 is a plot of the waveforms obtained during a conditioning shot on 

the fifth PC sample (PC5) with the needle retracted. The maximum amplitude of 

this shot is UOkV. The cathode voltage shown in Figure 4.1(a) demonstrates the 

1 - cosujt waveform at the frequency of 7MHz corresponding to the CLC network 

composed of the erected Marx generator, the ring-up inductor and the combined 

capacitances of the bushing and sample. This 7MHz signal is the voltage on the 

cathode and needle. The 130MHz ringing of the bushing is visible in the first 

cycle of Figure 4.1(a). This 130MHz resonance of the bushing modulates the 

7MHz voltage of the cathode and needle. The capacitive probe detects both 

components of this voltage via the same capacitive coupling. The 3.bps time 

106 
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constant of the capacitive probe is slow compared to the time periods of both the 

7MHz and 130MHz components of the cathode voltage. Therefore, both 

frequency components are calibrated. 

Figure 4.1(b) shows the current measured in the ground return strap for this 

same shot. The initial low frequency {7MHz) peak on the current signal occurs 

during the initial rising voltage on the bushing. The 7MHz signal is seen to be 

small after the initial pulse on this current waveform. The ^b.hMHz component 

of the current measurement is due to the natural ringing of the second mesh. The 

time marker is visible in both traces at ~ 370^5. 

The waveforms shown in Figure 4.1 are representative of measurements 

obtained after the noise was reduced by adding the ferrite cores. Figure 4.2 

illustrates the noise present in the system before the ferrites were included. The 

amplitudes of the 7MHz applied voltages for the detected waveforms of Figures 

4.1 and 4.2 are equivalent (~ l^OkV). The signals in the first 250n5 of Figure 4.2 

are clipped by the digitization process. This clipping occurs when the amplitude 

of the voltage signal being measured becomes too large to be displayed on the 

oscilloscope screen. 

Figure 4.3 shows all the waveforms acquired for the sample labeled PC5. This 

Figure illustrates the conditioning process and the indication of charge injection 

that occurs when the needle is released. The maximum voltage on this sample for 

the first four conditioning shots shown in Figure 4.3a through Figure 4.3d was 
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V % 105A-V. The conditioning voltage was increased to V « 122kV for the shots 

m 

m 

shown in Figure 4.3e through Figure 4.3j. The conditioning shots shown i] 

Figure 4.3k through Figure 4.3m were taken at a conditioning voltage of 

V ^ liOkV. The conditioning voltage was V « 157kV for the plots shown 

Figure 4.3n through Figure 4.3p. The conditioning shots shown in Figure 4.3q 

through Figure 4.3u and the needle released shot shown in Figure 4.3v were 

obtained at an applied voltage oi V ^ 175kV. These voltages were modified by 

the 130MHz component. The 130MHz component of the bushing is negligible in 

the initial (low voltage) pulses. As the voltage is raised for consecutive shots, the 

increased noise produced by the Marx generator begins to excite the bushing. 

This excitation is stable for each set of shots at a given cathode voltage once 

charge injection from the cathode has ceased due to saturation. 

Comparison of the last two waveforms of Figure 4.3 illustrates the change in 

the waveforms due to charge injection into the sample when the needle is released. 

The bbMHz component of the current in the second mesh is excited during the 

initial rise of the first cycle of the 7MHz waveform. When the needle voltage 

reaches a critical value, current is injected into the sample from the needle. This 

current injection occurs on a time scale fast enough to excite the bbMHz ringing 

in the second mesh. The 130MHz resonance of the bushing is also excited by the 

current injection into the sample. The time scale on which this charge injection 
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Figure 4.1: Waveforms taken during conditioning shot on PC5. 
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Figure 4.3: Entire data set taken for sample PC5. 
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occurs is therefore less than 2ns, which is the time of 1/4 of a period of the 

1 3 0 M ^ ^ signal. 

The time response of the Pearson coil is 2ns which prohibits detection of any 

signal component on a time scale below 2ns. Furthermore, the digitization of the 

data is obtained at O.Ans/point on most samples. Some data was acquired at 

Ins/point to determine that the charge injection does not occur on the second 

period of the 7MHz signal. These factors prohibit determination of any event 

occurring on a timescale less than ~ 2ns. 

This experimental evidence of the time scale associated with charge injection is 

in agreement with the theoretical example given in section 1.8.2, where charge 

injection is calculated to occur on a subnanosecond time scale. The voltage of the 

7MHz signal corresponding to the time of excitation of the second mesh and 

bushing due to charge injection indicates the critical voltage necessary for charge 

injection into the dielectric for the geometry of this experiment. Using this charge 

injection inception voltage and the geometry, in conjunction with equation 3.4 

gives the critical field for charge injection into the dielectric. 

Further indication of charge injection is provided by bright 

electroluminescence. This electroluminescence is a result of injecting space charge 

into the dielectric. This luminescence has been reported to be caused by 

recombination of positive and negative charges [57, 60, 35]. An analysis of the 

threshold voltage of luminescence in polyethylene has shown that the voltage 
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threshold for luminescence corresponds to the threshold for degradation of the 

polymer [58]. On some samples, dim luminescence sometimes occurs during 

conditioning shots. The conditioning shots that produce this luminescence are the 

initial conditioning shots after the voltage has been increased from the previous 

conditioning shot. Subsequent pulses at the same conditioning voltage do not 

produce luminescence in the sample. This luminescence does not occur during any 

conditioning shots until the voltage has been increased to > 200kV by large 

voltage steps between conditioning voltages. This luminescence is due to charge 

injected into the sample from the cathode surface. This indication that charge 

injection from the cathode occurs only on initial pulses at a given voltage, is an 

indication that the injected charge becomes trapped in the insulator. The trapped 

charge produces a field which inhibits further injection at that voltage. 

When consecutive shots are fired with the needle released, the 

electroluminescence persists for each shot. However the initial shot is the only 

shot which produces bright luminescence. On all consecutive shots, the 

luminescence is very dim. The waveforms for these consecutive shots are identical 

to the conditioning shots where the needle was retracted showing no additional 

injected charge. Since these additional needle released shots do not inject 

significant amounts of charge, the injected space charge is believed to remain in 

contact with the needle electrode. 



114 

Figure 4.4 shows the data obtained on the needle released shot of sample PC5. 

It is evident from direct observation of Figure 4.4 that the high frequency 

components of the current and voltage waveforms are initiated between t = bOns 

and t = 7bns. In order to increase the accuracy in determining when the high 

frequency components are excited, the signals are filtered into low and high 

frequency components. The cutoff frequency for this filtering process is chosen to 

be 20MHz. These separated signals are shown in Figure 4.5 which indicates the 

initiation of the bbMHz component of the current signal and the 130Af ^ ~ 

component of the voltage signal occurs at ^ « 56n5. At this time, the voltage 

measured by the capacitive probe is « 2.75 ± 0.3f. The error in determining the 

exact time of charge injection more accurately than within « 2ns causes the 

130MHz component of the cathode voltage to introduce an error in determing the 

true cathode and needle voltage. This error shown in the column labeled Vc in 

Table 4.1 is equal to the amplitude of the 130MHz component. Using 

equation 3.5, this voltage measured by the capacitive probe corresponds to a 

critical field for charge injection of 17.2 ± 1.9MV/cm. This method is used on all 

waveforms to determine the charge injection inception field. When the applied field 

was less than the critical field, no charge injection was observed. Table 4.1 lists 

the critical fields for charge injection obtained using this method on the samples 

studied. Vmax in Table 4.1 is the maximum voltage applied to each sample. 
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Figure 4.4: Waveforms acquired during the needle released shot on sample PC5. 



116 

O.OEO 

O.OEO 

v>>: 

l.OE-07 2.0E-07 3.0E-07 
Seconds 

(a.) 

4.0E-07 5.0E-07 

20.0 
15.0 
10.0 
5.0 

0.0 
-5.0 
-100 

-15.0 
-20.0 

t 
< 
'c 

ir
e 

3 

u 
.c 

s 
•o c 
o 

00 

-100 

> 
u 
bO 
2 
o > 
u 
•o 
o 

-150 C 

l.OE-07 2.0E-07 3.0E-07 
Seconds 

(b.) 

4.0E-07 5.0E-07 

Figure 4.5: High frequency and low frequency components of data obtained on the 
needle released shot on sample PC5. 



117 

In addition to conditioning the surface of the sample to avoid surface flashover, 

several shots at each conditioning voltage serve to saturate the charge injection 

from the cathode. Furthermore, several conditioning shots are taken at the voltage 

which will be used for the final needle released shot to insure that the current 

injection during the needle released shot is due entirely to the needle. For some 

instances the voltage was decreased from the maximum conditioning voltage for 

the needle released shot. Decreasing the applied voltage for the shot for which the 

needle is released further insures that the current injection during the needle 

released shot is due to the needle and not due to the portion of the cathode 

housing the needle. No obvious difference was observed between the cases where 

the final needle released shot was taken at the same voltage as the highest 

conditioning voltage and when the final needle released shot was taken at a lower 

voltage than the highest conditioning voltage. This indicates that charge injection 

from the portion of the cathode housing the needle did not occur during the 

needle released shots. 

Using the average critical field for charge injection for each material and the 

maximum voltage applied to each sample, equation 1.32 is used to calculate the 

space charge cloud radius for each sample. These radii are reported in Table 4.2. 

Since the charge injection excites the 130MHz resonance of the bushing, the 

charge injection must occur on a timescale less than 2ns. Using this time for 
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Table 4.1: Measured voltages, calculated critical fields for charge injection, and 
calculated radii of the space charge clouds. 

Sample Vc V Vc 
kV 

max -t c 

kV MV/cm 
sc 

pm 

PCI 
PC2 
PC3 
PC4 
PCS 
PC6 
PC7 
PCS 
PC9 

PCIO 
PCll 
PC12 
PC13 
PC14 

N/A 
Not observed 

116 ± 6 
131 ± 6 
172 ± 19 
156 ±31 

N/A flashover 
146 ± 6 
162 ±31 
180 ± 44 
169 ± 13 
144 ± 6 
153 ± 16 
153 ± 16 

N/A 
93 
119 
140 
216 
210 

212 
231 
225 
213 
319 
228 
263 

N/A 
N/A 

12 ± . 5 
13 ± . 5 
17 ± 2 
16 ± 3 

15 ± 1 
16 ± 3 
18 ± 4 
17 ± 1 
14 ± . 5 
15 ± 2 
15 ± 2 

30.6 
48.2 
46.6 

47.0 
51.5 
50.1 
47.2 
73.4 
50.8 
59.3 

PMMAl 
PMMA2 
PMMA3 

148 ± 8 
156 ± 44 
141 ± 6 

200 
219 
219 

15 ± . 5 
16 ± 4 
14 ± . 5 

45.0 
49.6 
49.6 
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charge injection, a lower limit on the high field mobility Pmin-htgh of charge 

carriers is determined with the equation 

// . . > (^^c - y p ) / , , v 
PTTiin—high _ 7-, ^ {'^•^1 

tclns 

where rsc — ^o is the distance the charge carriers travel in the field Fc on a time 

scale less than 2ns. The minimum high field mobilities calculated by this equation 

are listed in Table 4.2 

The volume of the space charge cloud region is also determined from the space 

charge cloud radius. The equation used to calculate the volume of the space 

charge cloud is 

Volsc = \^rl-\'^rl (4.2) 

where rsc is the calculated radius of the space charge cloud region and TQ is the 

radius of the needle tip {30pm). The values of these calculated volumes are shown 

in Table 4.2. Subtracting out the hemispherical volume of the needle takes into 

account the small divot made in the plastic by the needle. These divots are 

discussed in section 4.2. 

Using the expression for the total injected charge Qsc given by equation 1.30 in 

conjunction with equation 4.2, a lower limit of the trap density N in the material 

can be determined by the equation 

N = - ^ (4.3) 
ev Vol sc 
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Table 4.2: Radius of space charge cloud and calculated values of lower limit on high 
field mobility, volume of the space charge, total injected space charge, and lower 
limit on density of traps in the materials PC and PMMA based on the space charge 
cloud value calculated using the hyperbolic needle approximation. 

Sample T^c Umin-hinh Vol 

pm 
f^min—high 

2 
cm^ cm 

sc 
3 

Qs 
C 

N 

cm 
PCI 
PC2 
PC3 
PC4 30.6 0.002 
PC5 48.2 0.061 
PC6 46.6 0.055 
PC7 N/A (flashover) 
PC8 47.0 0.056 
PC9 51.5 0.071 

PCIO 50.1 0.066 
P C l l 47.2 0.057 
PC12 73.4 0.143 
PC13 50.8 0.068 
PC14 59.3 0.096 

N/A 
N/A 

3.46 E-9 
1.78 E-7 
1.55 E-7 

1.61 E-7 
2.30 E-7 
2.07 E-7 
1.64 E-7 
7.72 E-7 
2.18 E-7 
3.80 E-7 

1.82E-9 
7.13E-8 
6.37E-8 

6.55E-8 
8.77E-8 
8.06E-8 
6.65E-8 
2.25E-7 
8.42E-8 
41.31-7 

3.28E18 
2.50E18 
2.56E18 

2.54E18 
2.39E18 
2.43E18 
2.54E18 
1.82E18 
2.41E18 
2.15E18 

PMMAl 
PMMA2 
PMMA3 

45.0 
49.6 
49.6 

0.050 
0.065 
0.065 

1.34 E-7 
1.90 E-7 
1.90 E-7 

5.63E-8 
7.52E-8 
7.52E-8 

2.62E18 
2.47E18 
2.47E18 

where e is the elementary charge. This determination of the trap density is based 

on the fact that the charge cloud becomes trapped in the dielectric when the field 

drops below the critical threshold field. This trapping is believed to occur because 

additional charge is not injected on consecutive 7MHz periods of the needle 

released shot or on consecutive needle released shots. For each sample, the total 

charge injected determined by equation 1.30 and the trap density calculated using 

equation 4.3 are reported in Table 4.2. 
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Figure 4.6: The divot created by the needle release on sample PCI. 

4.2 Sample Analysis 

Photos of the regions where the needle was in contact with the samples were 

obtained for the samples using an optical microscope. Figure 4.6 is a photo of the 

center region of the sample PCI , which shows the divot created in the sample by 

the needle. This divot is a result of the contact of the needle with the sample, and 

therefore occurs when the needle is released and comes into contact with the 

sample. The diameter of this divot at the surface of the sample is ^ 115pm. 

Comparing this radius with the curvature of the needle shown in Figure 3.12 gives 

the depth of this divot as « 60pm. The divots on most samples have diameters of 

and depths close to these values. There was no voltage applied to the sample 
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Figure 4.7: Stained glass damage at needle contact point on sample PC6. 

shown in Figure 4.6. However, for some samples where charge injection did occur, 

the photographs showed no visible difference from the divot shown in Figure 4.6. 

Sample PC6 had a unique damage pattern that resembled a 'stain glass' 

structure on the surface of the divot. Figure 4.7 shows this damage. The radius of 

this structure is approximately half the radius of the divots on most other 

samples. The cause of this stain glass structure is unknown. 

Samples PC9 and PC 14 showed damage inside the sample in the region of the 

divot. Figure 4.8 shows field damage produced inside sample PC9. The radius of 

the space charge cloud region of sample PC9 determined from equation 1.32 is 

51.5/zm as shown in Table 4.1. The radius of the damaged region near the needle 

is approximately 100pm This damage however is not symmetrical around the 
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needle. This damage region appears to be below the surface of the sample at a 

depth of ^ 6pm. This depth was determined by noting the depth of the needle 

crater in focus when this volume damage is also in focus. Close observation of this 

damaged region shows structure that resembles bubbles or blistering of the 

insulator. Blistering is also evident on the surface of the needle divot. The size of 

the 'blisters' located on the surface of the divot is approximated to be % 9//m. 

The fine structure of the damage in the region around the needle appears to be 

smaller than the blisters on the surface of the divot. The dimensions of these 

blisters is, however, much greater than the size of free volume holes inside the 

material. This damage may be evidence of damage done to the insulator due to 

the applied field, however only two samples (PC9 and PC14) exhibited this type of 

damage. Figure 4.9 shows the damaged area on the sample labeled PC 14. The 

damage is more distinct on PC9 which had a lower applied field than PC 14. 

However, the damage on sample PC 14 extends over a larger distance. The size of 

the divot for sample PC 14 is « 60pm. The space charge cloud radius of sample 

PC14 is determined to be 59.3pm from equation 1.32 which is less than the radial 

distance of the observed damage on PC 14. 

4.3 Discussion 

4.3.1 Experimental Results 

This research describes charge injection into the polymer insulator on a 

timescale in the nanosecond range which provides information about charge 
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Figure 4.8: Field damage of sample PC9. 

Figure 4.9: Field damage of sample PC14. 
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mjection. The charge injection event has a well defined field threshold below 

which charge is not injected into the insulator with sufficient quantities to cause 

damage. The fact that a critical field for charge injection was observed supports 

the theory of Field Limited Space Charge [32, 33, 34, 35]. The value of this critical 

charge injection inception is found to be 15 ± 2MV/cm for PC and 15 ± 2MV/cm 

for PMMA. Using these critical fields for charge injection and the maximum 

voltage applied to the point-plane electrode arrangement, information about the 

intrinsic properties of the material is determined. 

Using features of the FLSC model, the radius of the space charge cloud region 

for each sample is estimated. Also, an upper limit on the time required for charge 

injection is experimentally verified to be less than 2ns, which is in agreement with 

the theoretical estimates of subnanosecond charge injection. Using these space 

charge cloud radii and the experimentally determined upper limit on the charge 

injection time, lower limits on the high field mobilities of charge carriers in PC 

and PMMA are determined. The experimentally determined lower limits on these 

mobilities are 0.076cm^/Vs for PC and 0.06cm'^/Vs for PMMA. Other research 

has used radiation induced current measurements to determine lower limits on 

high field mobilities of lO'^cm^V^^ in polymers [13]. The lower limits determined 

here are two orders of magnitude less than the mobilities required for bandlike 

charge transport. These mobility estimations were made possible by the short 

timescale of the pulse used to inject charge. Previous experimental studies 
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mvolving the FLSC model, which requires rapid charge injection, have been 

performed on millisecond timescales [33, 34]. 

Furthermore, a lower Hmit of the trap density in the two materials studied is 

experimentally determined. The average trap density limits are 2.5 x lO^^cm-^ for 

PC and 2.4 x lO^^cm'^ for PMMA. The trap density limit for PC is 2 orders of 

magnitude greater than the maximum trap densities previously determined using 

thin foils [24]. 

Inspection of the samples after field stressing shows damage produced in some 

PC samples. The nature of this damage is not known in detail. However, the 

nature of the damage seen in samples PC9 and PC14 appears to be due to the 

field stress applied to these samples. Although care was taken to minimize the 

mechanical stresses in these samples, it is evident from the divots that the 

polymer samples did experience some mechanical damage due to the needle 

contact. There was no damage due to the field stress observed in the three PMMA 

samples studied. The size of the damaged areas is the only quantitative 

information obtained from the visual inspection of the damaged areas. Further 

analysis is necessary to extract more information about these damage areas. 

4.3.2 Computer Simulation Results 

Also, a computer code that models dielectric breakdown has been developed. 

This computer code has parameters that can be varied to study the effect of 
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different processes on breakdown. This computer code contains a critical field for 

breakdown. 

The new computer model of dielectric breakdown produces fractal structures 

that resemble those observed experimentally. The inclusion of various parameters 

corresponding to physical phenomena beheved to occur during the breakdown 

process enables the model to be used to study the relative importance of these 

parameters. Results from this model suggest that the field within the tree 

structure must be w 0, which indicates that the structure is conductive even 

before the counterelectrode is reached by the tree. Increasing the range of the 

material or ionization (lucky-electron) factors produces denser trees. These 

features can be used to estimate the relative importance of phenomena occurring 

during tree growth. 

The model presented here is an initial step in attempting to more accurately 

model the actual physical phenomena occurring in dielectrics to produce 

breakdown. However, some aspects of the model perfect and should be modified 

for future versions of computer simulations of the breakdown process. The first 

problem with the revised model is the use of Laplace's equation for calculating the 

potentials in the dielectric. For a more accurate representation of the actual field 

fluctuations in the dielectric, Poisson's equation should be used so that the 

injected charge from the needle into the tree structure as well as localized charge 

pockets that exist inside the insulator can be included. However, including the 
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charge in the structure and insulator introduces the added complexity of modeling 

charge transport. Secondly, the impact ionization effect should be different from 

the tree to the insulator than from the insulator to the tree because the electrons 

in the tree are 'free' while electrons in the insulator are bound to their host in 

localized traps. The solution to this circumstance can be addressed by introducing 

two separate critical fields for growth; one if the potential of the the tree is greater 

than that of the dielectric and a different one if the potential of the dielectric is 

greater than that of the tree. This feature can also be interpreted as addressing 

the different barriers seen by holes and electrons. 
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