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2ABSTRACT 

 

 Dielectric surface flashover along insulators in atmospheric conditions has been 

empirically characterized over the years. However, the underlying physics involved in 

atmospheric flashover has yet to be extensively analyzed and understood with variable 

parameters such as background gas, humidity, surface roughness, and temporal 

characteristics of the applied voltage. Understanding the fundamental physical 

mechanisms and the extent to which these processes influence discharge behavior is vital 

to characterizing and modeling surface flashover for various structures and conditions. 

 Previous dc and unipolar excitation experiments show distinct spark behavior in 

air and nitrogen. Specifically, flashovers in air form along the dielectric surface. This is 

possibly due to relatively high UV emission from a discharge forming in atmospheric air 

which contributes to photoemission. Discharges in nitrogen develop along the electric 

field lines, above the surface of the dielectric. Given this behavior, experiments with UV 

surface illumination in nitrogen were performed to study the impact on flashover 

behavior. Also, it was of importance to alter the temporal characteristics of the applied 

voltage to simulate lightning situations and investigate the resulting discharge behavior. 

Based on these results, the physical mechanisms primarily involved in pulsed unipolar 

surface flashover will be discussed. Note that the research presented here led to a total of 

three publications, including an invited paper presented at the 27th IEEE Power 

Modulator Conference. 
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CHAPTER 1 

1INTRODUCTION 

 

 Surface flashover and dielectric breakdown has been extensively researched at the 

Center for Pulsed Power and Power Electronics over the past two decades. These 

previous studies focused on developing an understanding of flashover physics in vacuum 

and at cryogenic temperatures [1, 2]. Less studied in the field of surface flashover 

phenomena is flashover at atmospheric pressures. On a broad scale, surface flashover is 

highly complex, encompassing numerous interrelated variables and parameters. 

Quantifying each specific parameter influencing spark development is essential to 

characterizing flashover in atmosphere, thereby making the experimental setup and 

diagnostics crucial to this process. Special diagnostics and experimental setups for 

conducting flashover experiments in the nanosecond time regime and in various 

environmental conditions were developed at the Center by Neuber, Hegeler, and Krile [2, 

3, and 4].  

 Previous dc and unipolar excitation experiments conducted at the Center by Krile 

[4] established distinct flashover behavior in air and nitrogen environments for an 

electrode geometry that produces applied electric field lines that curve above the 

dielectric surface. Specifically, flashover discharges in air environments were observed to 

develop along the dielectric surface. Experiments conducted in pure nitrogen revealed 

that the spark followed the electric field lines and lifted-off the surface of the dielectric. 

The subsequent flashover studies presented in the following chapters focus on 

determining the environmental parameters contributing to the observed behavior in air 
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and nitrogen. In addition, ultraviolet (UV) surface illumination, in combination with 

optical filters, were utilized to investigate surface effects of the dielectric. It was also of 

importance to determine the influence of the temporal characteristics of the applied 

voltage on the flashover behavior. Thus, two HV pulsers, each with distinct output 

characteristics were used for voltage excitation in the surface flashover experiments to be 

discussed. 

 

1.1 Motivation 

 Flashover along insulators or insulating support structures is a primary limitation 

in the design and operation of apparatuses for high voltage applications. Of specific 

importance is characterizing and modeling surface flashover behavior for practical 

applications at atmospheric pressures. Understanding and identifying the underlying 

physics involved in atmospheric flashover is the first crucial step in developing a model 

for predicting the discharge behavior with variable parameters such as background gas, 

electrode geometry, UV illumination, humidity, surface roughness, and temporal 

characteristics of the applied voltage. 

 Sandia National Laboratories is responsible for developing practices for the safe 

storage and handling of explosives and other sensitive materials that have the possibility 

of being ignited when struck by lightning. Many of these materials, in particular 

explosives, are stored in bunkers constructed of concrete with reinforcing steel rebar. As 

a result, Sandia needed to develop a means for simulating the temporal characteristics of 

voltages produced by lightning strikes to a building. The generated voltages are time 
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derivatives of the current, essentially an inductive voltage drop across the reinforcing 

steel rebar within the concrete walls [5]. Furthermore, investigating the impact of 

utilizing dielectric spacers to isolate sensitive devices from the bunker walls was also of 

interest. Sandia additionally sought to create a computer model for predicting the 

flashover behavior across the dielectric spacers. Figure 1.1 below is diagram of a typical 

bunker depicting the placement of spacers and sensitive objects. 

 
Figure 1.1: Diagram of explosives handling bay and vulnerable breakdown areas. 

 

 Sandia engineers found a large body of data on flashover at atmospheric 

conditions, however, almost all of which was empirical and in some disagreement 

pertaining to the influence of a dielectric surface on breakdown. Thus, Krile at the Center 
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for Pulsed Power and Power Electronics, funded by Sandia, began the existing research 

project to provide basic information concerning flashover behavior in atmosphere. The 

current research is a continuation of Krile’s initial findings and examines in more detail 

the influence of UV surface illumination and the impact of altering the temporal 

characteristics of the applied voltage to simulate those of a lightning strike. 
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CHAPTER 2 

2BACKGROUND THEORY 

 

 Several processes contribute to surface flashover phenomena. These processes 

stem from the complexity of interactions between the contact of metal, dielectric, and 

gas, known as the triple point. The effects from the metal electrodes and dielectric result 

in electron emission mechanisms, while the gaseous processes result in ionization and 

deionization mechanisms. Together, these processes combine to produce conditions 

conducive for surface flashover to occur. Townsends’s mechanisms and the physical 

transitions to streamer development will be briefly discussed as well. 

 

2.1 Electron Emission Mechanisms 

 Electron emission mechanisms play a significant role in dielectric surface 

flashover. Thermionic, photoelectric, and secondary electron emission processes require 

imparting sufficient energy to release an electron from the material. The particular 

amount of energy necessary to extract an electron from a material is known as the work 

function, Φ. Insulators such as polycarbonate and nylon have work functions of 4.26 eV 

and 4.85 eV respectively [6]. Field emission involves altering the potential barrier in 

order for electrons to be released from the material. Only three of the four mechanisms, 

field, photoelectric, and secondary emission will be presented, as thermionic emission is 

not a significant factor in surface flashover experiments conducted at room temperature. 
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2.1.1 Field Emission 

 Field electron emission is a prominent factor in the presence of high electrostatic 

fields. Field emission occurs when the potential barrier at the surface of the material is 

altered. For an electron leaving the surface, the field between can be approximated as a 

point charge and an equipotential plane. The potential energy from this field is found 

using Coulomb’s law for the force on the electron and then integrating the expression 

from ∞ to x [7]. The result yields the potential barrier without an external field, see 

Figure 2.1, curve 1. Application of an electric field to the cathode yields the dashed line 

in Figure 2.1, curve 2. Thus, combining the energies represented by 1 and 2 produces the 

altered potential barrier, identified as curve 3 in Figure 2.1. 

 
Figure 2.1: Illustration of the modified potential barrier due to an applied field [7]. 

 The modified potential barrier now has a depth of finite value. However, electrons 

in the conduction band still do not have enough energy to overcome the barrier. 
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Nevertheless, a quantum mechanical phenomenon, called “tunneling,” allows or increases 

the probability that an electron will be able to penetrate through a barrier of finite height 

and thickness [8].  

 The emission current due to the applied field is described by the Fowler-

Nordheim equation; see Equation 2.1 and Table 2.1 [7]. Currents of only a few 

microamperes require field intensities on the order of 108-109 V/cm [9]. The currents at 

lower fields are enhanced by microscopic protrusions and dielectric inclusions present on 

the material surface. These factors can increase local electric fields to intensities 

sufficiently high for field emission to occur [9]. The Fowler-Nordheim equation is 

modified to include the influence of micro-protrusions by introducing β, the field 

enhancement factor. Typical values for β range somewhere from 10 to several 100 for 

vacuum environments [10] and from 1 to 250 for atmospheric air [11]. Thus, 

macroscopic fields much lower than 108 and 109 V/cm, such as those in the 106 V/cm 

range, can lead to significant field emission currents [9]. 

( ) E
ug

e
e
Efj φββ ⋅Φ⋅−

⋅
Φ

⋅=
2
3

2

     (2.1) 

Table 2.1: Variables for Fowler-Nordheim equation. 

Variable (units) Variable Definition 
j (A/m2) current density 
E (V/m) macroscopic electric 

field 
f 1.54 x 10-6 
g 6.83 x 109 

eΦ (V) work function 
u 1-√(1.4 x 10-9 βE/Φ2) 
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2.1.2 Photoelectric Emission 

 A second type of electron emission contributing to surface flashover is 

photoelectric emission. Photoelectric emission is a result of the photoelectric effect, a 

quantum process that results in liberating electrons from a material by irradiating it with 

photons. Photons collide with the material, imparting energy to the surface electrons. If 

the electron gains sufficient energy to overcome the work function, photoelectric 

emission occurs. Extra photon energy, in excess of the work function, will be transformed 

to kinetic energy of the released electron. The following equation, Equation. 2.2, is an 

expression of the energy necessary for electron emission [7]. Note that hv > eΦ for 

photoemission to occur at all. 

Φ==⋅⋅ ehvum ee
2

2
1       (2.2) 

Table 2.2: Variables for photoelectric emission equation. 

Variable (units) Variable Definition 
me (kg) mass of electron 

ue (V/m) electron velocity 
h (kg m2/s) Planck’s constant 

v (1/s) photon frequency 
eΦ (V) work function 

 

 The photoelectric yield, γ, is an important material property and characteristic of 

photoelectric emission. The photoelectric yield is the number of electrons per incident 

photon. Significant photoelectric yield, ~10-2 to 10-1, typically occurs in the far UV or 

below the 200 nm range [9]. The dielectric primarily utilized for all flashover 

experiments discussed within this paper was polycarbonate. From literature, it was found 
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that polycarbonate has a measurable work function at 4.26 eV [6], which corresponds to a 

wavelength of ~290  nm. 

 

2.1.3 Secondary Electron Emission 

 The secondary electron emission (SEE) process results from an initial electron, 

the primary electron, impacting the material surface and transferring all or part of its 

energy to a lattice electron within the material. An electron receiving adequate energy to 

overcome the material’s work function is emitted. The emitted electron is called the 

secondary electron. An electron lacking sufficient energy will be trapped in the bulk of 

the material without emitting a secondary electron. Other important factors to consider 

with SEE are the primary electron’s energy and penetration depth into the material. 

Electrons penetrating too deep have a much smaller probability of imparting enough 

energy to the secondary to allow it to escape from the material.  

 As with photoelectric emission, an important characteristic of SEE is the 

secondary electron emission yield, δ. The SEE yield is the ratio of secondary electrons 

emitted per primary electron. For δ > 1 more secondary electrons are escaping the 

material than incident primary electrons [12]. If δ < 1, there are more incident electrons 

than emitted secondary electrons [12]. 

 

2.2 Ionization Mechanisms 

 Gaseous processes occurring in the background gas are major contributing factors 

leading to breakdown. Electron impact ionization is the most prominent gaseous 



 

  10

mechanisms for increasing the number of liberated electrons within a gas. An applied 

electric field also contributes to ionization by accelerating free electrons and increasing 

the probability of collision and energy transfer with surrounding gas molecules. In 

addition, free electrons for ionization mechanisms are provided from field and 

photoelectric electron emission mechanisms, all of which contribute to final breakdown 

of the gas.  

 

2.2.1 Impact Ionization 

 Electron impact ionization is one of the most significant factors leading to 

breakdown in gases. Impact ionization is the result of a collision between an electron and 

a neutral atom. Dissociative ionization is a type of ionization dominant in molecular 

gases resulting in the disassociation of the molecule due to an electron collision [7]. For 

example, dissociative ionization would be of significance for experiments conducted in 

nitrogen (N2) and air, due to the oxygen (O2) content. These ionization processes are 

illustrated symbolically in Equations 2.3 and 2.4 [7] where A represents an atom or 

molecule, e an electron, and + represents a positive ion. 

eAeA 2+→+ +      (2.3) 

eAAeA 22 ++→+ +       (2.4) 

 Collisions may also free additional electrons or excite an atom or molecule to a 

higher state. A key factor in aiding impact ionization is the application of an external 

electric field. In the presence of an applied field, electrons will experience a force parallel 

to the field direction, thus accelerating free electrons. Electrons gain kinetic energy along 
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the mean free path while being accelerated, increasing the probability that a collision will 

lead to ionization. Two impact ionization cross sections for oxygen and nitrogen are 

shown in Figure 2.2. 

 

Figure 2.2: Impact ionization cross section for oxygen (red) and nitrogen (black) [13]. 

 

2.2.2 Photoionization 

 Photoionization is another contributing element initiating breakdown and 

flashover. Photoionization occurs when a photon is absorbed by an atom or molecule 

resulting in a positive ion and a free electron. Photoionization is depicted symbolically in 

Equation 2.5, where hυ is the photon energy [7]. 

eAhA +→+ +ν       (2.5) 

 Ultraviolet light, in the range of 125 nm, has been shown experimentally to have 

sufficient energy to ionize a majority of gases [7]. Thus, any VUV emitted during the 
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breakdown process or provided by an external UV source will have a significant impact 

on the importance of photoionization leading to flashover. 

 

2.3 Loss Mechanisms 

 Deionization, attachment, and excitation losses are loss mechanisms that reduce 

the number or energy of free electrons in the background gas. These processes occur 

simultaneously along with electron amplification mechanisms such as ionization. 

Gaseous breakdown can only occur if the amplification processes outweigh the loss 

mechanisms discussed below. 

 

2.3.1 Deionization 

 Deionization occurs mainly through the process of recombination of electrons 

with ions. Therefore, deionization results in the reduction of free electrons within a gas 

and consequently impedes the breakdown process. Electron-ion recombination is one 

form of deionization in which a free electron is captured by an ion. Electrons within a gas 

have a much higher velocity in comparison to surrounding molecules and ions due to 

their smaller mass. As a result, the probability of electron-ion recombination is dependent 

upon the number of slower moving electrons that can be captured by ions. Electron-ion 

recombination is represented symbolically in Equation 2.6 below, where A* represents an 

excited state [7].  

BAeBA +→+++ *      (2.6) 
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 Another type of recombination is radiative recombination. If an electron 

recombines with a positive ion in the ground state and the ion becomes excited, then the 

difference in the ionization and excitation energy will be emitted as a photon. The 

emitted photon will lie within the line spectrum characteristic of the atom or molecule 

[7]. The symbolic representation of radiative recombination is shown below [7]. 

νhAeA +→++ *      (2.7) 

 

2.3.2 Attachment 

 Atomic or molecular gases lacking electron(s) in the outer shell will readily 

acquire free electrons in order to create a more stable negative ion. Gases that exhibit this 

characteristic, such as SF6 and O2, are called electronegative gases. This type of 

attachment is also known as dissociative electron attachment [7]. Ionization occurring in 

an electronegative gas or mixture can be affected by the attachment of unbound electrons. 

Like deionization, attachment results in decreasing the amount of free electrons within 

the gas and reducing the likelihood of breakdown. 

 

2.3.3 Excitation Losses 

 A third loss mechanism, excitation loss, does not directly result in the reduction of 

liberated electrons, but results in electron energy loss. Excitation collisions occur when 

an incident electron excites the molecule, but does not ionize it. These types of collisions 

can result in vibrational, rotational, and electronic excitation of the molecule. The 
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incident electron loses the amount of energy required to excite the molecule from one 

state to another. As a result, if the incident electron impacts a second molecule, it has less 

energy and less of a probability of ionizing that molecule. Consequently, if this less 

energetic electron impacts a dielectric surface it is susceptible to being trapped in the bulk 

of the dielectric, which would result in a decrease of free electrons. 

 Molecular excitation in conjunction with optical emission spectroscopy also 

reveals important information in regards to the spark channel molecular characteristics. 

Excited molecules returning to the ground or lower states emit photons. These photons 

will emit light of a particular wavelength corresponding to the energy level transition. 

The light emission from the flashover discharge is collected by a spectrograph and high 

speed camera. The spectra can then be analyzed for the appearance of specific band-

heads yielding information about the atoms and molecules present, transitions, and 

molecular energies.  

 Additionally, with the aid of a computer simulation program developed at the 

Center [14, 15], experimental spectra can be compared with simulated spectra. 

Parameters for known molecular transitions can be used to generate spectra with user 

defined variables such a temperature and pressure. In this way, the experimental and 

simulated spectra can be compared as an indirect means of determining the flashover 

plasma temperature. 
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2.4 Breakdown Mechanisms 

 Many ionization and recombination mechanisms discussed in Sections 2.2 and 2.3 

may occur normally within any gas, with the processes naturally reaching equilibrium. 

However, under the influence of an applied field with sufficient amplitude, electron 

amplification processes begin to dominate resulting in current flow [16]. The mechanisms 

leading to gaseous breakdown, studied by Townsend, Raether, and Nasser, will be 

discussed in the following sections. 

 

2.4.1 Townsend Mechanisms 

 J.S. Townsend was the first to study the electric current through a gas as a 

function of an applied voltage [16]. Townsend observed the following current versus 

voltage behavior summarized in Figure 2.3. Townsend observed that an applied voltage 

resulted in a linear current increase to point V1. Electrons inherently present within the 

gas due to cosmic radiation may be transported from the cathode to the anode. In the 

process, some electrons will be lost to recombination or attachment. The rate of electron 

movement will increase with increasing strength of the applied electric field [9]. Thus, 

the electron transport or current will increase with increasing voltage in a linear fashion.  
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Figure 2.3: Current vs. voltage relationship developed by Townsend [16]. 

 

 Past V1, the current remains constant until reaching a threshold point, V2. This 

occurs once all the electrons and ions within the gas reach the anode and cathode 

respectively. At this point the current has reached saturation and will not increase without 

electron amplification mechanisms [9]. It was observed by Townsend, that increasing the 

voltage beyond V2 caused the current to increase at an exponential rate. With an increase 

in the applied field, primary mechanisms such as impact ionization will lead to electron 

amplification and a possible self-sustaining discharge. 

 These observations lead Townsend to derive the term, α, known as Townsend’s 

first ionization coefficient. The ionization coefficient expresses the number of ionizations 

produced by an electron per unit length of path in the direction of the applied electric 

field. Equation 2.8 is the empirical formula derived by Townsend for the first ionization 

coefficient [9]. Some typical values for the ionization constants A and B are given in 

Table 2.4. 

 

Io 



 

  17

⎟
⎠
⎞

⎜
⎝
⎛ −

⋅= E
Bp

eApα      (2.8) 

Table 2.3: Variables for Townsend’s first ionization coefficient equation. 

Variable (units) Variable Definition 
α (m-1)  Townsend’s first ionization 

coefficient 
A (cm-1·Torr-1) ionization constant related to 

temperature 
B (V/cm·Torr) ionization constant related to type 

of gas 
p (Torr) atmospheric pressure 

E (V/cm) electric field 
 

Table 2.4: Values for ionization constants A and B [9]. 

Gas A (cm-1·Torr-1) B (V/cm·Torr) 
Air 15 365 

N2 8.8 275 
H2O 13 290 
Ar 12 180 

CO2 20 466 
 

 For the point beyond V2, Townsend developed Equation 2.9 to quantify the 

number of electrons at distance x from the cathode in the direction of the applied field 

[16]. A loss coefficient, η, accounts for deionization and attachment mechanisms leading 

to a reduction in the number of unbound electrons. Equation 2.9 can also be expressed in 

terms of the current leaving the cathode, I0, see Equation 2.10 [16]. 
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d
o enn ⋅−⋅= )( ηα      (2.9) 

Table 2.5: Variables for describing electron amplification. 

Variable (units) Variable Definition 
n (m-3) electron density 
no (m-3) electron density at cathode 
α (m-1)  Townsend’s first ionization 

coefficient 
η (m-1) loss coefficient 
d (m) distance from cathode 

 

d
o eII ⋅−⋅= )( ηα      (2.10) 

Table 2.6: Variables for describing current due to electron amplification. 

Variable (units) Variable Definition 
I (A) current 
Io (A) current leaving cathode 
α (m-1)  Townsend’s first ionization 

coefficient 
η (m-1) loss coefficient 
d (m) distance from cathode 

 

 The exponential term in Equations 2.9 and 2.10 expresses that the number of 

liberated electrons will increase exponentially with distance. This exponential growth of 

electrons is called an electron avalanche. Avalanches develop in the direction opposite of 

the applied electric field. High mobility electrons advance towards the anode leaving 

heavier positive ions behind at the cathode [7]. As the avalanche progresses, diffusion 

and repulsion of neighboring electrons cause the avalanche head to develop away from 

the tail in a radial direction [7]. The length of the avalanche is a function of the electron 

drift velocity in comparison to the positive ion drift. Thus, an avalanche creates a cone-
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like structure characterized by a negatively charged sphere-like head and a positively 

charged tail, see Figure 2.4. 

 
Figure 2.4: Diagram of electron avalanche structure. 

 

 One electron avalanche cannot lead to breakdown. Feedback mechanisms are 

necessary to drive additional avalanches. The coefficient of secondary electron  emission, 

γ, takes into account cathode processes, the gaseous processes occurring at the cathode, 

that aid in driving additional avalanches. When γ(eαd-1) > 1, then each original electron is 

producing a successor and self-sustaining current can be achieved [7]. Among these 

cathode processes are positive-ion bombardment, photon emission from the excited gas, 

and metastable action [7]. However, metastable action can be neglected. Metastables are 

neutral and in a state of excitation and cannot return to the ground state. Most 

importantly, metastables can have lifetimes up to 10 ms [7], which eliminates the 

likelihood of metastables having a significant impact with flashover experiments in the 

nano and microsecond time regimes. Additional mechanisms such as SEE also aid in the 

avalanche process and will be discussed in the following section. 
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2.4.2 Streamer Development 

 A single electron avalanche can lead to the build up of additional avalanches, 

forming what are called streamers. Several processes however, other than Townsend’s 

mechanisms, are necessary to drive the avalanche process to streamer development. The 

transition from avalanche to streamer development requires that the avalanche reach a 

threshold point in which the electric field due to the localized space charge around the 

avalanche approaches that of the applied field [7]. This threshold point is expressed in 

Equation 2.11 below and is known as Raether’s breakdown criteria. The term xc is the 

critical distance where the avalanche space charge becomes comparable to the applied 

field [7]. Achieving Raether’s breakdown criteria will lead to development of a streamer 

once ~108 electrons reach the head of the electron avalanche [16]. However, if xc is 

greater than the gap distance, then the likelihood of streamer formation is small. 

)ln(7.17 cc xx +=⋅α      (2.11) 

Table 2.7: Variables for Raether’s breakdown criteria. 

Variable (units) Variable Definition 
α (cm-1)  Townsend’s first 

ionization coefficient 
xc (cm) critical distance 

 

 It is important to remember that other electron amplification processes are 

occurring simultaneously along with avalanche development. Most importantly a 

byproduct of excitation and ionization of the surrounding gas molecules is the generation 

of photons and possible photoionization [7]. Photoionization leads to additional liberated 

electrons that can aid in avalanche evolution. This process is depicted in Figure 2.5 (a) 
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below. When Raether’s criterion is met, the avalanche space charge drastically increases 

the ionization yield, thus producing more secondary electrons, Figure 2.5 (b) [7]. In 

addition, the secondary processes produce additional photoelectric emission and 

ionization, freeing additional electrons and creating secondary electron avalanches, 

Figure 2.5 (c). As the space charge strengthens, it begins to perturb the external field. 

Simultaneously, subsequent avalanches form and are attracted to the positively charged 

avalanche tails forming the branches seen in Figure 2.5 (d). The branches begin to build 

upon one another creating an ionization channel, Figure 2.6 (e). Some branches are not 

sustained with additional avalanches and never form a complete channel as shown in 

Figure 2.6 (f). A branch that continues to attract additional electron avalanches will 

finally develop a complete ionization path from anode to cathode leading to breakdown, 

Figure 2.6 (g). 

 
Figure 2.5: Streamer development depicting photoemission, primary and secondary 
electron avalanches, and space charges created by ions and electrons [13]. 
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Figure 2.6: Development of an ionization channel and streamers leading to final 
breakdown [13]. 

 

 Although avalanche and streamer development are important mechanisms in 

volume breakdown, these mechanisms do not directly apply to dielectric surface 

flashover. Calculating α and xc yields a critical distance an order of magnitude larger than 

the gap distance utilized in the following experiments. However, prior experimental 

observations have shown that some of the processes involved in streamer development, 

such as photoelectric emission and SEE, do play a role in dielectric flashover [4]. 

 

2.4.3 Secondary Electron Emission Avalanche 

 Secondary electron emission avalanche (SEEA) was found by Miller [17] to be a 

principal physical mechanism in dielectric surface flashover in vacuum. SEEA is initiated 
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from primary and secondary electron emission mechanisms responsible for liberating 

secondary electrons. Secondary electrons striking the dielectric surface may in turn 

produce third generation electrons. Liberating a significant amount of surface electrons 

will precipitate the development of a positive surface charge and establish an electric 

field perpendicular to the surface of the dielectric. Other unbound electrons will then be 

attracted to the surface. The continuation of this process results in a cascade effect or a 

secondary avalanche as shown in Figure 2.7. Although the surface charge will reach 

equilibrium, this does not occur instantaneously. In fact, with nanosecond voltage pulses 

the surface charge may not have adequate time to equalize [17]. 

 

Figure 2.7: Diagram of secondary electron emission avalanche development of positive 
surface charge. 

 

 Note that SEEA is a more relevant process in a vacuum environment. The 

electron mean free path, the distance an electron can travel without experiencing a 

collision, is much greater in vacuum where fewer molecules are present for collisions. 

Liberated surface electrons have a low probability of experiencing a collision before 

being attracted back to the dielectric by surface charges. In vacuum, the distance an 

electron can travel without experiencing a collision ranges up to nearly 80 µm [18]. In a 

gaseous environment at atmospheric pressures many more molecules are present and the 
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mean free path is much smaller, on the order of 10-8 m, two orders of magnitude smaller 

than the distances traveled in vacuum [7]. Thus, electrons released from the surface are 

more likely to experience a collision than return to the surface to initiate a secondary 

avalanche. 

 

2.5 Surface Flashover Background 

 Dielectric surface flashover has been of theoretical and practical interest for many 

years. Insulators are extensively utilized in high voltage applications and endeavors to 

understand the physical mechanisms leading to their failure brought about a volume of 

data for flashover in vacuum environments. It is upon this data that much of the 

theoretical basis for flashover in atmosphere has been derived. The basic stages of 

flashover in vacuum and the relevant theories for atmospheric flashover will be discussed 

below. 

 Most research and publications are in agreement of the three basic stages of 

surface flashover: 1) initiation stage, 2) development or growth stage, and 3) final stage 

[17]. Electron emission mechanisms occurring at the triple point serves as the basis for 

surface flashover initiation. The final stage of flashover in vacuum develops in the gas 

desorbed from the surface of the dielectric [17]. 

 Desorption of the gas layer present on the surface of an insulating ceramic in 

vacuum lead Anderson and Brainard to theorize that SEEA alone could develop to 

flashover [19]. SEEA electrons impacting the ceramic release gases from the surface. As 

a result, a gas cloud forms which is then ionized by SEEA electrons. Ions increase current 
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flow by creating field enchantments at the triple point leading to final breakdown. Other 

excitation theories include photoemission and collision ionization. These electrons gain 

energy and are emitted into the vacuum where the applied electric field accelerates them 

to the anode. 

 Given these theories for flashover in vacuum, the relevance of which must be 

closely examined, elementary speculation of the driving mechanisms for atmospheric 

flashover can be made. The intermediate processes in atmosphere likely do not heavily 

depend upon desorption due to the increased number of gas molecules. Emitted electrons 

will experience a greater number of collisions versus those in vacuum. Therefore, it is 

more probable that a discharge develops as a result of impact ionization versus desorption 

as seen for vacuum flashover. In addition, since molecules are more abundant in 

atmospheric conditions, the spark channel is not limited to just developing near the 

dielectric surface. 
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CHAPTER 3 

3EXPERIMENTAL SETUP 

 

 A fundamental challenge in studying surface flashover phenomena is measuring 

signals in the nanosecond time regime accurately and with minimal distortion. The 

experimental setup design had to optimize both imaging and measurement capabilities. 

Careful consideration was required in developing the charging apparatus to ensure that 

the external charging lines and circuitry did not interfere with the measured signals. In 

addition, the experimental setup had to be designed to also create conditions conducive to 

surface flashover. The experimental setup can be seen in Figure 3.1. Note that the dashed 

lines within the flashover chamber represent a removable section of the outer conductor. 

Also the gas lines, humidifier, and charging apparatus have been omitted for clarity. 

 
Figure 3.1: Experimental setup for pulsed unipolar dielectric surface flashover [20]. 
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 The final experimental design utilized a coaxial geometry of 52 Ω impedance. 

Extensive field simulations and impedance matching between the transmission line and 

electrode feed-throughs was done to ensure minimal signal distortion and system 

robustness [21]. The experimental setup will be discussed in further detail in the 

following sections. 

 

3.1 Flashover Chamber 

 The flashover chamber shown in Figure 3.1 was designed to provide maximum 

accessibility and visibility for imaging. The chamber is composed of clear, half inch thick 

polycarbonate and is 8 inches wide, 6 inches long and 7 inches tall. The chamber is fitted 

with a removable lid that can be tightly sealed to maintain a controlled environment. 

Removal of the chamber lid allows access for easy replacement of samples. Furthermore, 

a quartz window is embedded in the chamber lid to allow for UV illumination of the 

dielectric surface. A photograph of the flashover chamber can be seen in Figure 3.2 

below. 

 
Figure 3.2: Photograph of polycarbonate flashover chamber showing vent line. 
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3.2 Environmental Controls 

 Another important aspect of the experimental setup design was to allow for 

control of the background gas and humidity. The flashover chamber is equipped with gas 

lines and release valve. The gas lines can supply compressed air, nitrogen, or any desired 

gas to the chamber. Gas flow from a main regulator is set to maintain constant pressure 

throughout the duration of a flashover experiment. 

 Flashover experiments utilizing a humid background gas required combining the 

compressed gas with humid gas of the same type. A Vicks44© ultrasonic humidifier and 

two 1359C mass flow controllers along with a 247D 4 channel power supply/readout, 

supplies humid gas to the mixing chamber. The ultrasonic humidifier is mounted on the 

bottom of a water supply tank filled with deionized water. The mass flow controllers 

from MKS Instruments, Inc. are specially calibrated for use with compressed nitrogen. 

The mixing chamber is an empty tank where the humid and dry gases are combined and 

then released into the flashover chamber, shown in Figure 3.3. 

 
Figure 3.3: Schematic representation of humidity setup [13]. 
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3.3 UV Illumination Setup 

 Two external UV sources were used for surface flashover experiments The 

primary source utilized for surface illumination was a 63501 Specta-Physics Oriel 

Illuminator equipped with an Oriel 6427 5 J Xenon Flashlamp. A focusing lens and 

aluminum coated off-axis parabolic mirror are used to focus the UV light through a 

quartz window embedded in the chamber lid. A Si-PIN photodiode (PD), part number 

FND 100Q, is placed in the path of the UV light to detect the timing and duration of the 

light pulse. The photodiode has a response time of 2 ns and is designed for detecting 

wavelengths in the 400 to 1100 nm range [22]. However, this particular photodiode is 

equipped with a quartz entrance window which enhances UV detection. The photodiode, 

focusing lens, and UV pulse source were placed on optical stands to ensure level and 

consistent component placement, see below. Care was also taken in all UV illumination 

experiments to make certain that only the surface and not the electrodes were directly 

exposed to the UV light. 

 
Figure 3.4: Schematic diagram of optical component placement for UV illumination with 
the 5 J Xenon flashlamp. 
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 The nominal pulse length of the 5 J Xenon flashlamp given in the datasheet is 

listed as ~9 µs, see Figure 3.5 [23]. However, the received signal from the photodiode, 

when plotted on a semi-logarithmic scale, illustrates that significant UV intensity 

continues up to ~110 µs after the pulse maximum, see Figure 3.6. The spectral output of 

the flashlamp can range from ~200 nm to ~750 nm, with infrared output lasting the 

longest [23]. See Section 4.2.2, Figure 4.7 for the measured flashlamp spectra. At full 

illumination and pulse maximum, the intensity of the light on the sample surface is 

estimated to be 300 mW/cm2 (see Appendix A for calculation). This is approximately one 

to two orders of magnitude greater than sunlight measured at ~1 km above sea level. 

 
Figure 3.5: Oriel 6427 5 J Xenon flashlamp output as given in the flashlamp datasheet, 
relative power is in arbitrary units [23]. 
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Figure 3.6: Relative UV intensity, as collected from the photodiode, plotted on a semi-
logarithmic scale verses time. Note, the intensity is not corrected for temporal changes in 
UV lamp emission. 

 

 The second UV pulse source utilized was a UV light emitting diode (LED), 

specifically a UVTOP®-280 LED. The LED has a wavelength range from 270 to 290 nm 

[24]. The advantage of the UV LED is that the on/off time is determined by the trigger 

pulse. A 10 µs square pulse from a trigger delay generator was used in conjunction with a 

fiber optic transmitter and receiver. Thus, the LED results in a more predictable on/off 

time of a known pulse shape. 

 The UV LED and circuitry is housed in a metal cylinder. The quartz window on 

the flashover chamber lid is removed and a thin plastic disk, of the same diameter as the 

quartz window, is used to mount the LED onto the chamber lid. A diagram of the UV 

LED placement can be seen in Figure 3.7. 
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Figure 3.7: Diagram of UV LED component placement. 

 

3.4 Diagnostics 

 Measurement of the surface flashover event requires instrumentation with high 

temporal resolution. In addition, it was important to carefully consider diagnostic 

placement in order to minimize signal reflections and distortion. Signals essential to 

characterization of a flashover event and therefore necessary to measure for each shot are 

the incident current and voltage. Two different types of sensors were used to obtain these 

signals and will be discussed below. 

 

3.4.1 Current Measurements 

 Current measurements were obtained from three traveling wave current sensors 

incorporated into the transmission lines on either side of the flashover chamber, see 

Figure 3.1. Traveling wave current sensors produce minimal signal distortion and are 
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suitable for measuring fast transient current signals produced in flashover measurements. 

The measured current signal is actually a voltage produced from the sensor when a 

current is applied through it. This particular type of traveling wave current sensor has 

been tested and characterized previously by Krompholz [25]. The current sensor utilized 

for measuring the incident current has a sensitivity of 0.1 V/A, sensor located to the left 

of the chamber in Figure 3.1. Two additional sensors, placed to the right of the flashover 

chamber, have a sensitivity of 0.1 V/A and 0.2 V/A respectively. Each current sensor has 

a fast risetime of approximately 1 ns. 

 

3.4.2 Voltage Measurements 

 Voltage measurements are obtained with a capacitive voltage divider embedded in 

the transmission line to the left of the flashover chamber, see Figure 3.1. These types of 

dividers are easily incorporated into coaxial transmission lines and provide near sub-

nanosecond risetime. Capacitor, C1, of the divider consists of a piece of copper tape and 

the inner conductor with the transmission line insulator in between. C2 of the divider 

includes the copper tape and the outer conductor with the Kapton tape placed between. 

Figure 3.8 is a simple cross-sectional diagram of a capacitive voltage divider. An 

aluminum shell with a built in BNC connector, for signal transmission, is placed over the 

divider with a center pin that extends through the Kapton to make contact with the copper 

tape. The particular divider utilized for the surface flashover experiments has a sensitivity 

of 3.46 mV/kV and a rise time better than 1 ns. 
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Figure 3.8: Cross-sectional diagram of a capacitive voltage divider. 

 

3.4.3 Flashover Imaging 

 An Andor Technology Intensified CCD (charge couple device) DH-734 GenIII 

camera with nanosecond temporal resolution is used to capture the flashover images. 

Intensified CCD cameras are fiber optically connected to the microchannel plate shutter. 

This allows for the nanosecond gating times required to capture surface flashover events.  

The camera is fitted with a zoom lens and is mounted on a fully adjustable camera stand. 

The camera is typically positioned directly outside the flashover chamber at an angle to 

avoid reflections from the chamber walls. The camera is focused on the dielectric gap 

space between the electrodes through a small hole in the removable outer conductor. The 

output of the first current senor is used to trigger a trigger-delay generator that sends a 
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TTL gate pulse to the camera. Optical gate times of 3 to 300 ns were utilized for the 

flashover experiments. 

 

3.5 Electrode Geometry 

 All surface flashover experiments were conducted with the angled electrode 

geometry depicted in Figure 3.9. Each electrode is constructed of brass and specially 

designed to fit on the mounted pegs connected to the inner conductor. The electrodes are 

mounted at a 90 degree angle from each other and are embedded halfway into the bulk of 

the dielectric material. The angled electrodes were utilized in the surface flashover 

studies because this particular geometry produces strong electric field components 

normal to the dielectric surface as can be seen in the Maxwell 3D simulation vector plot 

shown in Figure 3.10. The importance of the electric field line geometry is to have a 

direct means for observing whether the flashover discharge behavior favors following the 

electric field lines or another path altogether. 

 
Figure 3.9: Angled electrode geometry and dielectric surface [4]. 
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Figure 3.10: Maxwell 3D simulation of electric field lines for the angled electrodes in a 
cut plane normal to the dielectric surface [4]. 

 

3.6 Unipolar Voltage Excitation 

 Two different methods of voltage excitation were utilized for the surface 

flashover experiments conducted. Each method was designed to produce particular 

temporal characteristics. The two high voltage excitation designs and specifications will 

be discussed in the following sections. 

 Each pulser utilized a 1 meter section of RG 220/U coaxial cable for pulse 

transmission. A 13 meter length of the same cable terminated with a 52 Ω water resistor 

served as the termination point for the transmitted voltage pulse. The 13 m cable has a 

one way transit time of ~65 ns [21]. Therefore, the complete transit time is adequately 

long to ensure that reflected pulses occur long after the flashover event. 

 



 

  37

3.6.1 Coaxial Spark Gap Pulser 

 For comparison with DC surface flashover experiments [4] a unipolar high 

voltage pulser was developed. Specifically, the desired pulse was to have a fast risetime, 

approximately 20 ns and a pulse width in the microsecond range. Additionally, the pulser 

design had to incorporate an adjustable pulse amplitude of up to ~35 kV. 

 The final pulser was developed using a HV-pulser and an adjustable coaxial spark 

gap connected to the inner conductor of the transmission line [4]. The adjustable coaxial 

spark gap consists of two brass rings, one at HV potential and another at ground. The 

high voltage side is charged via a HV supply into a 1 MΩ charging resistor and a .12 µF 

capacitor, see Figure 3.11. The capacitor is charged to the desired pulse voltage, typically 

25 kV. An electrode is physically situated midway between the two rings and is 

electrically floating at half of the high voltage potential, see Figure 3.12. The gap is 

triggered by a high voltage pulser connected to the electrode. The HV pulser emits the 

additional voltage necessary to breakdown the gap. The HV pulser has an electronic 

trigger, enabling precise timing of the pulse initiation. The entire coaxial spark gap pulser 

setup is shown in Figure 3.13. 

 
Figure 3.11: Circuit schematic of coaxial spark gap pulser [13]. 
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Figure 3.12: Detailed photograph of coaxial spark gap for unipolar excitation. 

 

 
Figure 3.13: Photograph of coaxial spark gap pulser setup for unipolar pulse generation. 

HV = 25 kV 

HV = 12.5 kV 

0 kV 
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 The resulting voltage output has a risetime of approximately 20 ns and a pulse 

duration of several microseconds. Figure 3.14 depicts the typical pulser risetime. 

Measured on a longer time scale, the observed voltage pulse shape resembles that of a 

step function. The estimated output energy of the coaxial spark gap pulser is 37.5 J. 

 
Figure 3.14: Voltage output waveform for coaxial spark gap setup [4]. 

 

3.6.2 HV Solid State Pulser for Lightning Simulation 

 Another research objective outlined by Sandia National Laboratories was to 

construct a second pulser for voltage generation to simulate the voltage created by a 

lightning strike. However, the pulser was not to simulate the characteristic 50 µs duration 

lightning strike, but reproduce voltages generated when a building structure is hit. More 

specifically, the purpose was to replicate the distinctive voltages produced for electrical 

paths through the steel rebar embedded within the concrete walls, refer to Figure 1.1. The 

reinforcing steel rebar provides alternate paths for the voltage which are time derivatives 

of the current waveform, i.e. inductive voltage drop [26]. The resulting pulse from the 
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inductive voltage drop is characterized by a width of ~500 ns at FWHM. In addition, it 

was determined that the voltages necessary to induce atmospheric flashover with the 

present experimental setup ranged from 20 to 30 kV. 

 A simple, but less versatile solution for meeting the above design requirements 

was to use a pulse forming network. However, it was desired to have a device with more 

flexibility and an adjustable pulse width. As a result, it was determined that the maximum 

amount of flexibility could be achieved utilizing solid state devices. 

 The final design utilized a solid state switching scheme in combination with a 

step-up transformer. Insulated gate bipolar transistors (IGBT), metal oxide semiconductor 

field enhancement transistors (MOSFET), and a high side, high voltage driver were 

utilized in the solid state switching scheme. IGBT’s combine the low conduction losses 

of BJT’s and the fast switching of MOSFET’s. Power IGBT’s in particular can handle the 

high voltages and currents necessary in high voltage applications.  

 After some initial research and testing the IGBT’s chosen were the Powerex 

QIS4506001 power IGBT’s [27]. These specific IGBT’s can handle voltages up to 4.5 

kV. Pulsed currents in excess of 400 A were also utilized with these particular IGBT’s. 

The power MOSFET’s utilized to drive the IGBT’s were n-channel MOSFET’s by IXYS, 

part number IXFH 76 N07-11. These MOSFET’s were chosen due to the low drain to 

source resistance at turn on [28]. A Linear Technology LTC4440 high side n-channel 

MOSFET gate driver was chosen to drive the power MOSFET’s. This specific driver has 

a Vin range of up to 80 V and is triggered with a simple TTL pulse [29].  

 A schematic of the driver and switching scheme is shown in Figure 3.15. The high 

side driver controls the MOSFET switching with the application of a TTL pulse, the 
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MOSFET then in turn drives the IGBT. The IGBT’s load can range from 50 V to 1.8 kV 

which is stored in capacitors C4 and C11. The IGBT’s control the voltage sent through the 

step-up transformer and final voltage output at the secondary. The step-up transformer 

was designed and built using a Metglas® core wound with 20 AWG coated wire with a 

hold-off of 30 kV. The transformer turns ratio is 1:23. It was necessary to also utilize a 

free wheeling diode to protect the IGBT’s from voltage spikes caused by sudden changes 

in current flow. The diodes are manufactured by Powerex and have similar specifications 

as the IGBT’s. 

 
Figure 3.15: Schematic of solid state pulser for unipolar voltage excitation. 

 

 Initially the design approach was to have two driver circuits, MOSFET’s, and 

IGBT’s in parallel on a single printed circuit board (PCB) The fault in this particular 

design was that each driver may have been triggered simultaneously, but due to internal 

variations, each driver triggered at different times. These slight variations in timing lead 

to problems with current sharing. The IGBT that was turned on first would bear the entire 

current load until the second IGBT was activated, causing early failure of the IGBT’s.  

The final solution was to have two individual PCB’s with only one driver, MOSFET, and 
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IGBT on each board (see Appendix B for board layout). Thus, each board would only 

handle half of the total current. The final PCB’s were arranged in the following 

configuration. 

 
Figure 3.16: Diagram of PCB board and transformer layout. The black lines represent the 
primary. Secondary turns not shown. 

 

 The final pulser design incorporates the pulser and necessary power supplies into 

a single stand alone unit only requiring a normal 120 VAC input. The solid state pulser is 

capable of pulse amplitudes in excess of 30 kV, controlled by the charging voltage of C4 

and C11. The output voltage pulse has a 500 ns pulse width at FWHM. The pulse width 

can be varied by increasing or decreasing the TTL gate pulse length sent to the driver. 

The estimated output energy of the pulser is ~4.5 mJ per pulse. A typical pulser output 

waveform is shown in Figure 3.17. 
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Figure 3.17: Typical voltage output waveform from solid state pulser. Vmax ≈ 32 kV, and 
pulse duration ~500 ns at FWHM [30]. 

 

3.7 Procedure 

 It is essential that each set of experiments be conducted in virtually the same 

manner to ensure consistent and accurate results. As a result, a set of procedures was 

established and strictly followed for each of the experiments. The procedure varies 

depending on the type of experiment and the diagnostics required. 

 

3.7.1 Surface Flashover Procedure 

 For each surface flashover experiment the following setup procedures are 

followed. A new dielectric sample is chosen and the protective paper coating is removed. 

The sample is then thoroughly cleaned with cyclohexane. Cyclohexane is a mild cleaning 

agent that is not absorbed into the polycarbonate surface like other cleansers such as 

methanol. The sample is then carefully placed in the chamber between the electrodes. 
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After the sample is placed in the chamber, the camera is focused and the imaging 

parameters are checked. For experiments employing UV illumination, the UV lamp is 

tested and then focused on the dielectric gap space. When focusing the UV an opaque 

cover, specially made to fit snuggly around the electrodes, is placed over the dielectric to 

prevent UV exposure to the electrodes and surface before necessary. The cover is 

removed once the UV is adjusted. The copper mesh outer conductor is then placed 

around the electrodes and secured. For experiments requiring optical filters, the filter is 

placed on an o-ring over the quartz window embedded in the chamber lid. 

 Once sample preparation and placement are completed the oscilloscope and 

trigger-delay generator settings are adjusted. All signals are gathered and saved on an 

Agilent Infinium oscilloscope with 500 MHz bandwidth and 2 GSamples/second. Signals 

for the voltage, current, camera gate, and photodiode are saved for each flashover event. 

Signals are saved in a comma delimited format and can be re-plotted in any number of 

graphing programs. Two digital trigger delay generators are used for flashover 

experiments. A Berkeley Nucleonics Corporation 565 (BNC 565) digital delay generator 

is used to trigger the voltage pulse and UV lamp. A Stanford digital pulse generator, 

which sends a TTL gate pulse to the camera, is externally triggered from the current 

signal sent to the oscilloscope. Triggering the camera in this manner allows for shorter 

gate times and avoids overexposing the image. Once the oscilloscope is set, the high 

voltage is turned on and adjusted to the proper settings. Lastly, the gas is turned on and 

allowed to flood the chamber at 4 to 5 psi for 1½ minutes in order to purge the chamber. 

The gas is left on at a slow flow rate to ensure constant gas flow throughout the 

experiment. In addition, before each shot the camera is manually armed. 
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 Finally, the flashover event is initiated by manually triggering the BNC 565 

generator. The UV lamp and voltage pulser are triggered with a TTL gate pulse at set 

delay times. A block diagram depicting the triggering and timing scheme is shown in 

Figure 3.18 below. After the flashover event, all oscilloscope signals are saved and the 

flashover delay time and voltage amplitude are recorded. Camera images are saved and 

significant discharge behavioral characteristics are also recorded. 

 
Figure 3.18: Trigger delay generator and timing scheme for flashover experiments. Note 
that exact trigger delay times vary depending on the type of experiment being conducted. 
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CHAPTER 4 

4SURFACE FLASHOVER EXPERIMENTS 

 

 Dielectric surface flashover experiments were conducted in various conditions 

and with two different methods of voltage excitation. Initial experiments focused on 

establishing the discharge behavior in nitrogen and determining the contributing factors 

for the observed behavior. Later studies focused on the flashover behavior with voltage 

excitation similar to that induced by lightning strikes. An overview of prior flashover 

research and the relation to subsequent investigations will be presented followed by an 

explanation of recent studies. Basic experiment classifications were established based on 

method of voltage excitation and will be discussed accordingly. 

 

4.1 Previous Research for Surface Flashover in Air and Nitrogen 

 Research of dielectric surface flashover at atmospheric pressures was initially 

funded by Sandia National Laboratories at the Center for Pulsed Power and Power 

Electronics in order to clarify several factors influential to flashover behavior. In 

particular, Sandia was interested in predicting flashover developmental paths in order to 

ascertain the safest means for storing sensitive materials. The basic research to be 

conducted would serve as the basis for the development and implementation of a model 

to predict surface flashover behavior in atmosphere. 

 At the Center, atmospheric flashover research was first conducted by Krile [21] 

who designed and built the present experimental setup. His research focused on the 
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impact of background gas, electrode geometry, and humidity on flashover discharge 

behavior. In addition, Krile utilized high speed imaging and optical emission 

spectroscopy in characterizing the flashover discharge behavior.  

 Early studies concentrated on developing a basic understanding of the elementary 

discharge behavior in atmosphere. Basic studies included determining delay times and 

conditioning thresholds. It was found that the voltage delay times were decreased in the 

presence of a dielectric versus volume breakdown delay times [21]. The dielectric serves 

as a source of additional electrons, decreasing both the statistical and formative delay 

times. Sample conditioning was observed to occur after approximately 6 shots per 

sample, with a marked decrease in delay times after 7 shots [4]. This conditioning occurs 

from voltage pulses with an output energy of approximately 37.5 J per shot.  

 In the course of experimentation, one of the most significant discoveries was the 

distinct discharge behavior trends observed for air and nitrogen environments. 

Specifically, images captured during experiments conducted in an air environment 

revealed that the flashover discharge tended to develop along the surface. It was observed 

that greater than 80% of the flashover sparks in air followed the polycarbonate surface. It 

was postulated that this is due to the electronegative nature of the oxygen in the air. In 

addition, relatively high UV emission was detected by optical emission spectroscopy in 

flashover sparks forming in air. Higher UV emission leads to an increase in the number 

of photoelectrons released from the dielectric surface. Liberated surface electrons leave 

behind a positive surface charge that possibly attracts the flashover discharge to the 

surface. Additionally, these free electrons also provide a source for electron 

amplification. 
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 Flashover discharges in a nitrogen environment behaved in a noticeably different 

manner. Recall that the electrode geometry chosen for surface flashover experiments 

produces electric field lines that curve above the dielectric surface, refer to Figure 3.10. 

For discharges developing in a nitrogen environment the trend was for the spark to 

preferentially lift off the dielectric surface and follow the electric field lines. In fact, less 

than 20% of flashover sparks in nitrogen followed the surface. This particular behavior is 

believed to be due to the lack of electronegative oxygen to scavenge free electrons. 

Furthermore, flashover discharges forming under atmospheric pressure have a much 

lower electron energy versus those forming in air. This effectively prevents secondary 

electron emission from the surface via electron impact [5]. Without an increase in 

electron surface emission, it is possible that the surface is negatively charged, limiting 

spark formation close to the surface.  

 In order to better clarify the effects of UV radiation on the flashover discharge 

path, experiments involving direct UV illumination of the surface in nitrogen were 

conducted. Experiments with optical filters were also conducted to determine the 

intensities and wavelengths most influential to the discharge behavior. Additional studies 

focused on determining the impact of altering the method of voltage excitation. These 

experiments and comparison studies will be discussed in the following sections. 

 

4.2 Surface Flashover Studies with Coaxial Spark Gap Pulser 

 Prior studies established a strong dependence between the flashover development 

path and the background gas present. Specifically, it was theorized that UV 
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photoemission was highly influential to developing discharges in air. In order to study the 

effects of UV, experiments were conducted in nitrogen utilizing UV surface illumination. 

Thus, the liftoff behavior observed in nitrogen became vital to substantiating UV 

emission as a critical parameter for discharge behavior in both gases. Subsequent 

experiments also employed optical filtering techniques to control variables such as UV 

intensity and wavelength exposure. The effect of humidity on the flashover behavior in 

nitrogen was also examined and will be discussed as well. 

 

4.2.1 Reference Waveforms 

 Typical waveforms collected for each flashover event include the camera gate, 

photodiode output (when applicable), current, and voltage. These waveforms were 

collected and saved in a comma delimited format for importing into graphing software at 

a later time. Variations in waveform appearance occurred due to negligible deviations in 

voltage amplitude and statistical fluctuations of the flashover delay times. A 

representative set of surface flashover waveforms is depicted in Figure 4.1.  

 The camera gate is a simple TTL gate pulse with a width that was adjusted from 3 

to 300 ns, depending on the experimental conditions. The typical UV pulse, as detected 

by the photodiode, is characterized by an initial high amplitude pulse. This is followed by 

a slowly decay in UV intensity, mainly determined by the flashlamp circuitry. The typical 

flashover voltage waveform is characterized by a sharp rise in amplitude as the voltage 

pulse is applied to the gap, followed by a distinct drop in voltage as flashover occurs. The 

bipolar appearance of the voltage pulse is due to the droop of the fast capacitive voltage 
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divider incorporated in the transmission line. It was confirmed with a voltage probe of 

slower rise time, but much larger droop time, that the gap voltage is constant after the 

initial rise or charging, until flashover occurs. The collapse of the gap voltage due to 

flashover is also indicated by the simultaneous rise in current. To better illustrate this, the 

camera gate, current, and voltage signals are shown in greater detail in Figure 4.2. 

 
Figure 4.1: Representative set of surface flashover waveforms with voltage excitation for 
the coaxial spark gap pulser. The UV pre-pulse time is identified with the double arrowed 
line. Note that the camera gate and PD output are in arbitrary units. For more detailed 
waveforms, see Figure 4.2 [20]. 
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Figure 4.2: Waveforms for camera gate, current, and voltage signals for flashover 
occurring at t = 0 ns. At t ~ -400 ns, the coaxial line input side is pulse charged to ~ 25 
kV with the coaxial spark gap pulser while the output line is kept grounded via the 52 Ω 
load resistor, cf.  Figure 3.1 [20]. 

 

 Experiments utilizing the ultrasonic humidifier were conducted without UV 

illumination. Accordingly, the PD output waveform was absent and the resulting 

waveforms appeared similar to those in Figure 4.2. Additional experiments, employing 

optical filtering required that the UV pulse maximum coincide with the HV pulse 

application. The resultant waveforms produced with such experiments can be seen in 

Figure 4.3. 
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Figure 4.3: Representative waveform for experiments with optical filters and excitation 
from coaxial spark gap pulser. The HV pulse, Vp = 25 kV, is applied at the UV pulse 
maximum. Camera gate and PD output measured in arbitrary units [20]. 

 

4.2.2 Flashover Behavior in Nitrogen with UV Illumination 

 As stated before, it was speculated that a flashover spark in air followed the 

dielectric surface due to UV produced from the discharge, resulting in a greater amount 

of photoemission from the dielectric surface. In order to ascertain whether UV was 

responsible for the flashover behavior in air, experiments with UV surface illumination in 

nitrogen were conducted. If photoemission was influencing flashover behavior, then the 

flashover discharges in nitrogen could be easily manipulated to follow the surface if an 

external UV source were used to illuminate the dielectric surface prior to a flashover 

event. 
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 In order to begin clarifying the effects of UV illumination on the flashover 

discharge behavior, experiments investigating the time range associated with 

photoemission and surface charging were conducted. In particular, the time between UV 

illumination and application of the voltage pulse was varied and is referred to as the UV 

pre-pulse time. The UV pre-pulse time is labeled by the double arrowed line in Figure 

4.1. Establishing a time during which UV is influential to flashover behavior would yield 

some comprehension of the relative lifetime of the surface charge on the polycarbonate 

surface or the free electrons just above the surface. 

 Initially, a short UV pre-pulse time of ~25 µs was chosen to ensure that the effects 

of the UV would dominate and cause the discharge to follow the surface. Subsequent 

experiments were conducted in which the UV pre-pulse time was increased (in 

increments of 20 µs) to a maximum of 85 µs. It was determined from images obtained 

during each flashover event whether the discharge followed or lifted-off the surface. 

Figure 4.4 depicts the typical images acquired for flashover experiments in air. Figure 4.5 

is an image of a spark liftoff observed in a nitrogen environment. 

 
Figure 4.4: Photonegative side-on image of flashover in air with a polycarbonate surface. 
Voltage excitation from coaxial spark gap pulser. Discharge follows the surface. 
Dielectric gap width = 7.8 mm, Vp = 25 kV, 30 ns optical gate time [20]. 

 

Air 
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Figure 4.5: Photonegative side-on image of flashover discharge in nitrogen. Note that all 
other experimental conditions are identical to Figure 4.4 [20]. 

 
 
 The flashover discharge behavior is characterized by the total number of liftoffs 

divided by the total number of shots for each group of experiments. The resulting 

calculated percentage is called the percent liftoff. The percent liftoff is used to describe 

and differentiate the impact of altering various environmental parameters. 

 For experiments utilizing UV illumination, an almost linear relationship between 

the percent liftoff and the UV pre-pulse time can be seen for times between 25 to 65 µs. 

This can clearly be seen in Figure 4.6. Note that the relative UV intensity is plotted on a 

semi-logarithmic scale. Clearly, the UV lamp produces, for this experiment, non-

negligible intensities at much later times than the specified nominal 9 µs pulse length. 

The approximate linear decrease in UV intensity is accompanied by an approximate 

linear increase in the percentage of spark liftoffs. It appears that the flashover behavior is 

indeed directly related to the UV intensity, as shown in Figure 4.6. 

Nitrogen 
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Figure 4.6: Percentage of liftoffs verses UV pre-pulse time with respect to the logarithmic 
scaled UV intensity vs. time relative to flashover. The relative intensity is not corrected 
for temporal changes in the UV lamp emission spectrum, cf. Figure 4.7. A minimum of 8 
flashovers was recorded for each percent liftoff data point [20]. 

 

 Furthermore, note that a comparable number of liftoffs occurs at the inflection 

points at t = 65 µs and t = 85 µs, indicated by the dashed lines in Figure 4.6. The percent 

liftoff at these points coincides with the change from negative to positive slope in the UV 

signal. This indicates that the emitted photoelectrons possibly provide an immediate pool 

of electrons that favor spark formation close to the surface. For example, recall that the 

percentage of liftoffs with no UV illumination in nitrogen is approximately 80%. Given a 

UV pre-pulse time of 85 µs, long after the 9 µs pulse, one would predict that the percent 

liftoff would begin to approach ~80%. However, a percent liftoff of only 63% was 

observed for a UV pre-pulse time of 85 µs. Therefore, the behavior observed at the longer 
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pre-pulse times is most likely not due to residual surface charge, but due to the fact that 

the flashlamp is still producing enough UV to affect the discharge behavior.  

 Since the UV intensity and percentage of liftoffs follow each other very closely, 

cf. Figure 4.6, the impact of the positive surface charge and lifetime cannot be 

conclusively determined from these measurements. However, two scenarios are possible: 

1) the positive surface charge has a very minor impact compared to the freed 

photoelectrons, 2) the positive surface charge is quickly neutralized on a time scale faster 

than 5 µs. A more spectrally constant and faster decaying UV pulse than currently 

produced with the present setup, e.g. pulsed UV laser, could reveal if scenario 2 holds 

true, or at least yield a better number for the surface charge neutralization time under 

atmospheric conditions. 

 It should be noted that the results above are unsuitable to determine quantitatively 

how much UV intensity is required to affect the flashover path. Moreover, the UV 

flashlamp emission spectrum was inspected and found to change noticeably with later 

times, refer to Figure 4.7. Recall that the flashlamp emits light from 200 to 750 nm, see 

Section 3.3. A shift to the red, indicating a colder, more thermalized Xenon plasma, is 

easily observed. 
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Figure 4.7: 5 J Xenon flashlamp spectra measured at pulse maximum 4 µs, (top), 10 µs 
(middle), and at 25 µs (bottom). Note, not corrected for apparatus spectral response [20]. 

 

4.2.3 UV Intensity Affecting Flashover Discharge Behavior 

 The flashover behavior with UV illumination was determined to be highly 

dependent on the UV lamp intensity at a given time. Another variable emerged with 

regard to the UV lamp spectra not remaining constant over time. With both the UV 

intensity and spectra changing with time, the impact of UV photoemission could not be 

realistically determined. To better determine the influence of UV illumination, one of the 

variables needed to be kept constant. It was concluded that aligning the UV pulse 

maximum with voltage pulse application for every shot would ensure consistent spectral 
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exposure, see Figure 4.3. The effects of the remaining variable, UV intensity, could be 

controlled with the use of optical filters. 

 Neutral density filters (ND), with sufficiently flat response from ~200 to 700 nm, 

were utilized to attenuate the UV intensity. Each neutral density filter has a numerical 

rating with regard to the amount of light it blocks. The neutral density rating is expressed 

in Equation 4.1, where I is the light intensity and ND is the neutral density rating or 

number. Equation 4.2 is the basic equation for converting the neutral density number to 

the percentage of light it transmits. As can be seen from Equation 4.2, the higher the ND 

number, the less light it passes. 

⎟⎟
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⎞
⎜⎜
⎝

⎛
=

out

in

I
I

ND 10log      (4.1) 

dtransmitteND %10010 =⋅−      (4.2) 

 The approximate UV intensity, without a ND filter, at the pulse maximum is ~300 

mW/cm2, about one to two orders of magnitude greater than direct sunlight at ~1 km 

above sea level. Thus, the initial ND value of 1.5, or ~ 3% transmission was used. 

Neutral density (ND) filters with successively higher values of ND = 3, 4, and 6 were 

then utilized to further attenuate the UV intensity. Unusual flashover behavior was 

observed during the experiments conducted with attenuated UV, specifically with a ND 

value of 1.5. See for instance, Figure 4.8, where discharge path essentially separates into 

two sections that follow and liftoff the surface during a single flashover event. It is 

expected that the threshold conditions for the two discharge types are comparable for this 

case. 
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Figure 4.8: In a nitrogen environment, discharge both follows and lifts-offs the surface. 
Voltage excitation from coaxial pulser. ND = 1.5, gap width = 7.8 mm, Vp = 25 kV, 7 ns 
exposure time [20]. 

 

 For the attenuated UV experiments, it was observed that the percentage of 

observed liftoffs with respect to ND value increased with increasing ND value. Figure 4.9 

represents the percent liftoff with respect to the ND number or amount of light 

transmitted. A drastic increase in the liftoff probability was observed between ND values 

1.5 and 3. Between these points the observed percent liftoff jumped from 31% to 56%, a 

total increase of 25%. It is possible that at ND = 1.5 a threshold for the flashover 

development path is reached and the result is the unusual discharge behavior seen in 

Figure 4.8. 

 The percentage of liftoffs at ND = 6 is 75% which is approaching the 80% liftoff 

achieved with no UV surface illumination. As a result, it is reasonable to assume that a 

neutral density filter of 7 or greater will attenuate the UV such that the impact of UV 

illumination on the discharge path becomes negligible. The corresponding intensity level 

for an ND value of 7 is ~.03 µW/cm2. This value is well below that of natural sunlight 

and likely above the UV intensity generated by the spark itself in an air environment. It 

can be speculated that the oxygen content in air is adequate to produce enough UV 

emission for a discharge developing in air to direct itself to the surface. 
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Figure 4.9: Percent of liftoffs in nitrogen verses neutral density value under illumination 
with a 9 µs pulse from a pulsed Xenon lamp (~ 300 mW/cm2 maximum UV intensity 
without filter). At least 15 flashovers were measured for each data point [20]. 

 

4.2.4 Wavelength Range Influencing Flashover Spark Behavior 

 After it was determined that UV illumination had a significant impact on the 

flashover development path, it was of interest to establish the range of wavelengths 

influencing spark formation. The 5 J Xenon flashlamp utilized for UV illumination emits 

light from approximately 200 to 700 nm, see Figure 4.7. Thus a second type of optical 

filter, long pass filters, had to be utilized to reduce the range of wavelengths allowed to 

be transmitted. 

 Long pass filters (LP) are rated in nanometers and pass light from the rated value 

to wavelengths greater than the rated value. Essentially, LP filters cut off light at 
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wavelengths shorter than the rated value or those at higher frequencies. The long pass 

filters utilized for these experiments had cutoff values of 300, 320, and 400 nm. A 

representative curve for the 320 nm LP filter is shown in Figure 4.10. In addition, a 

UG11 filter, a bandpass-like filter with a range of 250 to 400 nm, was also employed for 

these studies. The UG11 transmission curve can be seen in Figure 4.11. 

 
Figure 4.10: Graphical representation of the cutoff characteristics of long pass filters. The 
specific curve shown is for a 320 nm long pass filter [31]. 

 

 
Figure 4.11: UG11 filter bandpass characteristic transmission curve. UG11 passes 
wavelengths from ~250 to 400 nm. 
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 For these studies, the UV pulse maximum was aligned with HV pulse application, 

refer to Figure 4.3. For each experiment, a neutral density filter of 1 was used along with 

the appropriate long pass filter. Notice from Figure 4.10 that at wavelengths below the 

cutoff rating, there is an absolute to near zero transmittance, further aided by a ND filter 

of 1. A ND 1 filter was also used to aid in the bandpass effectiveness or cutoff 

characteristics of the UG11 and LP filters. The ND filter was placed over the quartz 

window with the LP filter positioned on top. O-rings were placed between the two filters 

and the quartz window to prevent scratching.  

 The experimental results are summarized in Table 4.1. A minimum of 25 

flashovers was recorded for each filter type. As evident from Table 4.1, the 300 and 320 

nm filters passed sufficient UV to cause liftoff in less than 44 % of the flashovers. With 

UV illumination, less than 20% of the discharges would liftoff with no filter at all. 

Wavelengths of 400 nm and greater, in the visible light range, had much less of an affect 

on the flashover path. The liftoff probability increased to 76%, again approaching the 

typical 80% liftoff in nitrogen. With the UG11 filter, which primarily passes wavelengths 

in the UV range, it was observed that the flashover discharge behavior was similar to that 

of the 300 and 320 nm long pass filters. 
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Table 4.1: Long pass filter experimental results [15]. 

Filter [nm] Percent Liftoff [%] 

None ~  20% 

300 40 

320 44 

400 76 

UG11 42 

 

 While a large range of wavelengths is emitted in addition to UV from the Xenon 

flashlamp, it can be concluded that the wavelength range most significantly influencing 

the discharge development path are those specifically in the UV range. The observed 

behavior underlines the importance of photoemission from the dielectric surface for the 

flashover path. Furthermore, perhaps the combination of an applied electric field and UV 

illumination allows enough photoemission to still affect the spark behavior even when the 

higher energy photons were cutoff, as was observed with the low percentage of liftoffs 

with the 320 nm filter. Hence, photoemission will have to be included quantitatively in 

any numerical model for the calculation of the flashover path. Among the many 

challenges towards developing such a numerical model, will be finding the fitting 

photoemission yields for materials of interest. The currently available data is limited, 

mostly indicating significant yields at 200 nm and below [9]. 

 

4.2.5 Effect of UV Illumination on Flashover Delay Times 

 Given the impact of UV illumination on flashover behavior, it was also of 

importance to determine if the flashover delay times were affected as well. The time 
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delay consists of both the formative and statistical time delays which are measured from 

the beginning of HV pulse application to breakdown of the test gap in the flashover 

chamber, as labeled in Figure 4.2. The time delays for five samples with and without UV 

surface illumination were measured and recorded. It can readily be seen from Figure 4.12 

that UV illumination significantly decreases the average flashover time delay. Notice also 

that the average time delay with UV is similar from sample to sample, in contrast to the 

wide variation of average values for the samples without UV illumination. In addition, 

the standard deviations for each UV illuminated sample are much less than for the 

samples in which no UV was used. It can be concluded that with UV surface 

illumination, the availability of emitted photoelectrons leads to faster and less varied 

flashover delay times due to largely eliminating the statistical delay time. 

 
Figure 4.12: Flashover delay times with and without UV surface illumination in nitrogen 
with coaxial spark gap pulser. Error bars represent the standard deviation for each point. 
Gap width = 7.8 mm and Vp = 25 kV. At least 4 flashovers were recorded for each data 
point [20]. 
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4.2.6 Impact of Humidity on Flashover Behavior 

 Given previous studies regarding the effects of humid air on the DC breakdown 

voltage [4], it was of interest to ascertain the effects of humidity on the flashover 

discharge behavior with unipolar voltage excitation. Prior experimental data showed that 

the DC breakdown voltage decreased with respect to increasing humidity, up to 50% in 

the 10 to 90% humidity range [4]. 

 The experimental setup was modified with an ultrasonic humidifier and two mass 

flow controllers utilized to mix humid nitrogen with the compressed nitrogen before it 

enters the flashover chamber. The humidity was set to > 90% relative humidity for all the 

entire set of experiments. No UV surface charging was employed for these experiments. 

 From images of the flashover events, it was confirmed that the total number of 

liftoffs drastically decreased as compared to dry nitrogen. Dry nitrogen discharges had 

the tendency to lift off the surface approximately 80% of the time, while the flashover 

discharges in humid nitrogen lifted off only 32% of the time. It is reasonable to assume 

that due to the increase in humidity, a layer of moisture increasing in thickness is formed 

on the dielectric surface. This layer of moisture is more easily ionized, and the discharge 

preferentially follows the dielectric surface. 

 Experiments were also conducted in order to measure the time delays for five 

different samples for both dry and humid nitrogen. For each sample, at least 4 flashovers 

were recorded. Recall that the time delay consists of both the formative and statistical 

time delays, labeled in Figure 4.2.  

 Although the presence of humidity drastically alters the observed flashover 

behavior, the effect of humidity on the flashover time delays was more subtle. The 
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average delay times were close in value for both dry and humid nitrogen, as shown in 

Figure 4.13. However, it can be noted that the time delays for humid nitrogen were 

somewhat longer than those for dry nitrogen. In addition, the standard deviations 

calculated for humid nitrogen were much less than those found for dry. This might 

indicate a smaller statistical delay time in humid nitrogen, possibly due to the moisture 

layer providing weakly bound electrons for flashover initiation. 

 
Figure 4.13: Comparison of dry and humid nitrogen flashover delay times with voltage 
excitation from the coaxial spark gap pulser. Error bars represent the standard deviation 
for each point. Gap width = 7.8 mm and Vp = 25 kV. Each data point represents 4 
flashovers [20]. 

 

4.3 Surface Flashover Studies with HV Pulser for Lightning Simulation 

 Surface flashover experiments with the spark gap pulser resulted in establishing 

that the discharge behavior is a function of UV emission, background gas, and humidity. 
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Distinct discharge behavior was proven to exist for air and nitrogen environments. 

However, the effects of altering the temporal characteristics of the unipolar pulse had yet 

to be evaluated. In particular, Sandia National Laboratories was interested in the 

flashover behavior due to voltage pulses designed to simulate those induced by a 

lightning strike. Such a HV pulser was designed utilizing solid state components for this 

specific purpose, see Section 3.6.2.   

 The finalized solid state pulser primarily delivers a fast, high amplitude, but low 

energy pulse. The estimated pulser output energy is roughly 4.5 mJ per pulse. As a result, 

the typical voltage required to induce breakdown was increased from 25 to ~30 kV. In 

addition, the dielectric gap width was shortened from 7.8 mm to 5 mm in order to achieve 

consistent breakdown. 

 

4.3.1 Reference Waveforms 

 As with previous flashover experiments, waveforms for the voltage, current, and 

camera gate were obtained from the measurement diagnostics and recorded. UV surface 

illumination was not utilized in the following experiments. Consequently, no PD output 

signals were collected. Typical waveforms for surface flashover experiments utilizing the 

solid state pulser are shown in Figure 4.14. 

 For a typical voltage waveform produced by the solid state pulser with no 

breakdown, refer to Figure 3.17 in Section 3.6.2. Notice that the voltage risetime is 

considerably longer, approximately 100 ns longer, than the previous coaxial pulser setup. 

Recall also that the pulse width is ~500 ns versus the coaxial pulser output of several 
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microseconds. The drop in voltage and simultaneous rise in current indicates when the 

flashover event occurs. For these studies, the camera optical gate time was also 

considerably longer, typically 200 to 250 ns. Longer camera gate times were required due 

to the lower light emission generated with this particular method of voltage excitation. 

 
Figure 4.14: Representative flashover waveforms for voltage, current, and camera optical 
gate time. Pulsed voltage excitation from solid state pulser with an amplitude of ~32 kV. 
Note that the camera gate is measured in arbitrary units. 

 

4.3.2 Flashover Behavior in Air 

 Due to the considerable changes in the voltage characteristics, it was necessary to 

develop a baseline for the discharge behavior in air. Immediately, noticeable differences 

were observed in the discharge formation and liftoff phenomena in an air background. 

Excitation from the solid state pulser increased the frequency of liftoffs to 52%. This is 

significantly higher than the percent liftoff of ~20% observed with the coaxial spark gap 
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pulser. The flashover images illustrated that the discharge structure was also notably 

altered. The discharges forming in air did not exclusively follow the dielectric surface, 

yet complete liftoff was not sufficiently achieved either. A representative set of flashover 

images are shown in Figure 4.15 below. 

 
Figure 4.15: Photonegative, side on image of flashovers in air with voltage excitation 
from solid state pulser. Top image is a typical discharge following the surface. Bottom 
image depicts an atypical spark with a pronounced liftoff.  Gap width = 5 mm, Vp = 32 
kV, with ~200 ns exposure time [30]. 

 

 The polycarbonate surface characteristics after each set of experiments were also 

evaluated. It was observed that the polycarbonate samples showed no tracking even after 

10 shots, nearly double the number previously known to fully condition a sample [4]. In 

comparison, flashover samples with the coaxial spark gap pulser showed obvious 

tracking across the surface in both air and nitrogen environments. 

 The observed behavior is possibly due to the temporal characteristics of the 

applied voltage pulse. Since the pulser has a much longer risetime and lower energy, 

other processes may be playing a more dominant role than in previous experiments. In 

addition, this behavior may be due in part to differences in sample conditioning, see 

discussion in Section 4.3.4. UV emission from the flashover itself was shown to be an 

influential factor in the discharge formation along the dielectric surface. Theoretically, if 
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the forming spark is less energetic, then the discharge would not contribute a sufficient 

amount of UV to induce significant photoemission. Thus, the surface would remain 

negatively charged, increasing the number of liftoffs as was observed. 

 

4.3.3 Flashover Behavior in Nitrogen 

 It was necessary to also determine the basic flashover behavior in a pure nitrogen 

environment and reestablish the previously observed liftoff phenomenon. Much like the 

flashover discharges in air, the solid state pulser also greatly impacted spark formations 

in nitrogen. As with the experiments in air, the breakdown voltage was increased to ~30 

kV and the gap width was decreased to 5 mm. The discharge behavior itself was visibly 

different in that the flashover liftoffs were not as pronounced.  While flashover liftoff was 

still evident, the discharge tended to form closer to the polycarbonate surface.  A 

representative set of images for flashover discharges in a nitrogen background is shown 

in Figure 4.16. 

 

 
Figure 4.16: Photonegative, side on image of flashover in nitrogen with voltage excitation 
from solid state pulser. Both images depict typical flashover liftoffs. Gap width = 5 mm, 
Vp = 32 kV, with ~250 ns exposure time. 
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The percentage of liftoffs was also slightly lower, 73% in comparison to the 

~80% observed with the coaxial pulser. Again, no surface tracking was visible on any of 

the samples utilized in the experiments. Although flashovers forming in nitrogen at 

atmospheric pressure emit less UV and the voltage excitation provided less energy for 

photoemission, the percentage of liftoffs was still clearly less than before. Thus, the 

observed behavior is perhaps a result of the slower risetime, which may be allowing 

surface processes to occur that typically cannot be observed on a shorter time scale. 

 

4.3.4 Sample Conditioning 

 Conditioning of the polycarbonate sample occurs with each subsequent flashover. 

The extent to which samples are affected by each discharge from the solid state pulser is 

an essential characteristic to determine. It is important to know the number of flashovers 

required before conditioning begins to influence the observed flashover behavior. 

Therefore, understanding the conditioning behavior is vital for accurate interpolation of 

the experimental results. 

 Conditioning was determined for both air and nitrogen environments. Three 

samples in air and three samples in nitrogen were flashed 10 times each. None of the 

samples showed any visible traces of surface tracking. In addition, the flashover delay 

times were examined for indications of sample conditioning. The flashover delay time is 

indicated in Figure 4.14 by the double arrowed line. The delay times were recorded and 

are plotted in Figure 4.17.  
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Figure 4.17: Sample conditioning in air and nitrogen with solid state pulser excitation. 
Three flashovers from 3 different samples were recorded per data point. Gap width = 5 
mm and Vp = 30 kV. 

 

 For either gas there is an obvious overall increase in the flashover delay times. In 

air, the peaks and valleys occur at relatively similar times. The delay times for air are 

consistently longer than nitrogen until after five flashovers. Flashover delays for nitrogen 

exhibit the same rise and fall pattern, however the delays continue to increase on average 

with each subsequent shot. In addition, the statistical delays for nitrogen are typically 

somewhat smaller in comparison to those for air. For the purposes of determining the 

conditioning threshold, the number of shots that produced the most consistent behavior 

was considered the final limit. Accordingly, the conditioning limit was ascertained to be 

approximately 5 shots. 
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4.3.5 Impact of Surface Roughness on Flashover Behavior 

 The behavior of flashover discharges in air and nitrogen were noticeably altered 

by the lower energy voltage pulses. Specifically, with the slower risetime, it seemed as if 

surface effects were influencing the discharge path. All previous flashovers were 

conducted across a dielectric with a smooth, flat surface between the electrodes. 

However, for these experiments, sanded dielectric surfaces were used to investigate the 

extent to which surface properties influenced the flashover development path. 

 Sandpaper with grits of p60 and p80, both fairly course grits, were used to 

produce rough or scored sample surfaces. The goal was to achieve a surface with both 

smooth and rough areas visible to the unaided eye. The sanding process consisted of 

passing the sandpaper once over the gap in the direction perpendicular to the electrodes. 

The surface was cleaned with cyclohexane after sanding to remove any residual dust. 

 Preliminary results established that surface roughness did indeed have an 

influence on the flashover path in air. The percent liftoff in air was reduced from 52% for 

smooth surfaces to 37% for rough p60 surfaces. For p80 grits, the liftoff percentage was 

decreased to approximately 33%. Considering that the two sandpaper grits were close in 

value and the resulting percent liftoff was also similar, further investigations utilized p60 

and p360 (a finer grit) sandpaper. These additional experiments included a minimum of 

15 total flashovers for each grit. The final percent liftoff for an air environment was 

~30% for p60 and ~32% for p360. 

 The influence of surface roughness was also apparent from the images captured 

during each flashover event. For example, small “bumps” were apparent in successive 
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flashover images corresponding to rough areas on the sample surface. Figure 4.18 depicts 

4 successive shots, each with a protrusion in the region near a sanded area. 

 
Figure 4.18: Flashover images for sanded surface, p60, in air. Notice that the “bump” in 
the middle of each image corresponds to a rough area on the sample surface. 
Approximate exposure time of 250 ns. Dashed lines represent electrode placement. Gap 
width = 5 mm and Vp = 30 kV. 

 

 Surface roughness also had a significant impact on the liftoff behavior in nitrogen. 

Initially, the percent liftoff in a pure nitrogen environment was decreased to 40% from 

the observed 73% for both p60 and p80. Further experiments were also done, utilizing 

p60 and p360 grit sandpapers. Again, a minimum of 15 flashovers was measured for each 

grit. For a nitrogen environment, the percent liftoff for p60 was ~43%, while liftoff 

occurred ~47% of the time for p360 grit. 

 The flashover delay times for the surface roughness experiments were also 

collected and compared. Although, the percentage of liftoffs was reduced more for 

nitrogen, the impact on the flashover delay times was greatest for flashovers in air. Figure 

4.19 illustrates the difference in the delay times for rough and smooth surfaces in air. 

Specifically, the flashover delay times for p60 surfaces on average were somewhat faster 

than smooth. In addition, the standard deviations were reduced considerably versus those 

sanded areas 
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observed for smooth surfaces. Clearly, sanding with p60 grit reduces the statistical delay 

times in an air environment.  

 Surfaces sanded with p360 grit produced an increase in delay fluctuations and the 

standard deviations versus p60 and smooth surfaces. The observed behavior in air was 

predictable considering that the flashover discharge forms closer to the surface in air 

environments, thus changes to the surface would have a greater impact on discharge 

formation in air. 

 Figure 4.20 is a comparison of the flashover delay times for rough and smooth 

samples in a pure nitrogen environment. It can readily be seen that a rough surface has 

little effect on the flashover delay times themselves. All surfaces exhibited the same 

conditioning pattern with a steady increase in delay with successive flashovers. Although, 

the standard deviations were decreased for both p60 and p360 for shots 2 and 3, the 

majority were similar in value to the smooth surfaces. Given these observations, it seems 

that rough surfaces do have an effect on flashover behavior in nitrogen. However, since 

discharges in nitrogen do not follow the surface as closely, surface roughness had only a 

minor impact. 
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Figure 4.19: Flashover delay times for smooth, p60, and p360 surfaces in air. Vp ≈ 32 kV 
and gap width = 5 mm. Each data point represents a minimum of 3 flashovers from 3 
different samples. 

 

 
Figure 4.20: Flashover delay times for smooth, p60, and p360 surfaces in nitrogen. Other 
experimental conditions are similar to those in Figure 4.19. 
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4.3.6 UV Illumination in Nitrogen 

 A second UV pulse source, specifically a UV light emitting diode (LED), was 

utilized for surface illumination. Although the LED has a much lower intensity in 

comparison to the 5 J Xenon flashlamp, the advantage of the LED is that it produces a 

square pulse with a precise turn on and turn off time. Recall the long turn off time 

associated with the flashlamp (refer to Figure 4.6) that proved problematic for UV 

surface illumination with the coaxial spark gap setup. The UV LED pulse width is 

determined by the TTL trigger pulse duration. The pulse width used for these preliminary 

studies was 10 µs. The LED circuitry is housed in a cylindrical metal tube that mounts 

directly onto the chamber lid in place of the circular quartz window, see Figure 3.4. Thus, 

the LED is positioned directly over the dielectric gap. The LED is triggered using a fiber 

optic transmitter and receiver.  

  For these preliminary experiments, the UV was triggered before application of the 

voltage pulse. It was observed that the percent liftoff in nitrogen was reduced from 73% 

to ~33% with UV illumination. Unusual arc behavior, similar to that discussed in Section 

4.2.3 and seen in Figure 4.8, was observed during these studies. The atypical flashover 

discharges are pictured in Figure 4.21 below. The flashover discharge pictured in Figure 

4.21, top, appears to follow the dielectric surface, but notice the fainter spark above that 

is obviously directed away from the surface. In addition, a double arc liftoff was also 

observed and is depicted in Figure 4.21, bottom. 

 The voltage delay times were also examined for behavioral differences in 

comparison to discharges with no UV illumination. Figure 4.22 depicts the flashover 

delays for experiments with and without UV. Despite the lower UV intensity, the delay 
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times were greatly reduced with UV illumination. However, statistical delay times 

appeared to increase rather than decrease as was seen for illumination with the Xenon UV 

pulse source (see Section 4.2.5). Also notice that the basic conditioning behavior was 

preserved even with UV illumination. 

 

 
Figure 4.21: Atypical flashover discharge with solid state pulser and UV illumination in 
nitrogen. Vp ≈ 32 kV and gap width = 5 mm. 

 

 
Figure 4.22: UV surface illumination experiments with UV LED in nitrogen with voltage 
excitation from solid sate pulser. A minimum of 3 flashovers from 3 different samples 
were recorded for each data point. Gap width = 5 mm and Vp = 30 kV. 
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4.3.7 Flashover Behavior in a Humid Nitrogen Environment 

 Studies in a humid nitrogen environment were also conducted for comparison 

with observed results from the coaxial spark gap pulser, see Section 4.2.6. Again the 

ultrasonic humidifier and mass flow controllers were employed for combining and 

delivering humid nitrogen into the flashover chamber. As was seen with the coaxial 

pulser, humidity significantly decreased the liftoff frequency. The percent liftoff with the 

solid state pulser in dry nitrogen was 73%, while the liftoff percentage for humid nitrogen 

was found to be only 23%. The flashover delay times for humid nitrogen were decreased 

considerably, as well as the standard deviations for each shot, shown in Figure 4.23. 

 
Figure 4.23: Comparison of dry and humid nitrogen delay times with excitation from 
solid state pulser. Error bars represent the standard deviation for each point. Gap width = 
5 mm and Vp = 30 kV [30]. 
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 It is believed that the same mechanisms are contributing to the altered flashover 

behavior in humid nitrogen as was discussed in Section 4.2.6. The reduction of the 

standard deviation for each shot is less subtle than that seen for the coaxial spark gap 

setup, however. With the lower energy voltage excitation a spark in nitrogen forms closer 

to the surface and therefore may be affected more by the presence of moisture on the 

dielectric. In comparing the plots of the flashover delay times for both pulsers (Figure 

4.13 and 4.23) it can be seen that the conditioning trends are rather different. Samples 

from the coaxial pulser condition up slightly and then decrease with subsequent shots. In 

contrast, the solid state pulser samples condition up, increasing the time delay for each 

successive shot. The observed trends underscore the impact of the temporal 

characteristics of the applied voltage, such as energy per pulse, on the flashover behavior. 
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CHAPTER 5 

5RESULTS AND DISCUSSION 

 

Distinct differences exist between the flashover behavior in air and nitrogen and 

for the different methods of excitation. These observations are theorized to be due in part 

to the influence of emission mechanisms within the different gases. The temporal 

characteristics of the applied voltage were also found to be influential to the developing 

flashover path. Behavioral differences in the percent liftoff and delay times were clearly 

evident. Differences in discharge behavior, sample conditioning, and basic flashover 

response to environmental variables such as UV and humidity will also be discussed in 

further detail below. 

 

5.1 Impact of Voltage Excitation Methods 

 The temporal characteristics of the applied voltage are extremely influential to the 

flashover development path. The coaxial spark gap pulser generates square wave voltage 

pulses with a fast risetime, microsecond duration, and an energy of ~37.5 J per pulse. The 

solid state pulser outputs voltage pulses with a much slower risetime, a 500 ns pulse 

width at FWHM, and an energy of ~4.5 mJ/pulse. These two pulsers resulted in distinctly 

different surface flashover behaviors. 

 With voltage excitation from the coaxial spark gap pulser a percent liftoff of 

~20% was achieved in an air environment. In comparison, a percent liftoff of ~52% was 

observed with excitation from the solid state pulser. For nitrogen, somewhat similar 
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statistics were found to occur with both pulsers. A liftoff percentage of 84% with the 

coaxial spark gap pulser was observed, while 73% of the discharges lifted-off with the 

solid state pulser.  

 Camera images revealed that the flashover discharge path was also altered by 

differing voltage temporal characteristics. Nitrogen discharge liftoffs formed far from the 

surface with the coaxial spark gap setup, while air flashovers tended to follow the 

dielectric surface completely. The excitation with the solid state pulser caused the 

flashover development paths in nitrogen to form closer to the surface and air discharges 

tended to appear bumpy and less organized along the surface. 

 Differences in sample conditioning were also clearly visible. The surface tracking 

commonly seen on the samples under the coaxial spark gap pulser excitation was absent 

with excitation from the solid state pulser. Analysis of the flashover delays further 

reinforced the conditioning differences. The coaxial spark gap delay times condition 

slightly up and then down with successive flashovers. Delay times tend to condition 

gradually up with pulses from the solid state pulser. 

 Overall, the differences observed affirm that the applied voltage characteristics 

can have considerable effects on the flashover development. The dissimilarities in percent 

liftoff most likely stem from the voltage risetimes and energy differences. Rough 

estimates of the coulomb transfer per voltage pulse for the coaxial spark gap setup yield a 

charge transfer in the millicoulomb range while calculations for the solid state pulser 

yield the transfer in the microcoulomb range. Thus, the charge transfer for the coaxial 

spark gap setup is approximately three orders of magnitude higher per pulse than the 

solid state output. 
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 In addition, the ~100 ns risetime of the solid state pulser may allow surface 

processes to occur that just did not have time to influence the discharge development with 

the previous pulser. This may be responsible for causing discharges in nitrogen to form 

nearer to the dielectric surface. In addition, it was observed that discharges with the solid 

state pulser emitted less light. The camera gate times and gain had to be adjusted to 

account for the decrease in discharge intensity. Dimmer flashovers indicate that the 

forming discharges are much lower in energy. With these factors in mind, it is very 

possible that less UV induced photoemission occurs. If this is the case, then less surface 

electrons would be liberated and the surface would remain negatively charged, repelling 

forming discharges away from surface. It was observed that liftoffs did indeed increase in 

air, an environment for which UV emission was found to be highly influential. Therefore, 

it can be postulated that the solid state pulser is responsible for producing discharges 

lower in energy with less UV emission that results in a significant increase in liftoffs in 

air. These experiments confirm that the voltage temporal characteristics have significant 

impact on flashover behavior. 

 

5.2 UV Surface Illumination and Flashover Behavior in Nitrogen 

 Experiments with external UV surface charging in nitrogen were conducted as 

means for simulating the discharge behavior observed air. Surface photoemission due to 

UV emitted from the flashover discharge itself is thought to produce a positive surface 

charge that attracts forming discharges to the surface. The Xenon flashlamp UV pulse 
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source was utilized with the coaxial spark gap pulser and the UV LED was incorporated 

with the solid state pulser.  

 Experiments in nitrogen, conducted with both pulsers, established that the 

flashover discharge could be manipulated with UV illumination to exhibit the behavior 

observed in air. The percentage of liftoffs was significantly reduced as well as the 

flashover delay times for both pulsers. For the coaxial spark gap, the statistical delays 

were reduced, while the solid state pulser had some decreases and increases in the 

statistical delay times. 

 Additional studies were conducted with the coaxial spark gap and optical filters. 

Experiments with neutral density filters, used to attenuate the externally applied UV, 

established that a ND filter of 6 or .0001% UV transmission resulted in nearly the same 

liftoff percentage seen without any UV illumination. Thus, a ND filter of 7 would reduce 

the UV transmission and intensity to ~.03 µW/cm2, a value well below that of natural 

sunlight. Given the observed flashover intensities in air, it is likely that these discharges 

are capable of producing adequate UV emission to direct the flashover path to the 

dielectric surface. 

 It was also ascertained, with the use of the coaxial spark gap pulser and long pass 

optical filters, that the wavelengths affecting the flashover discharge in nitrogen were 

specifically in the UV range. UV light up to wavelengths of 320 nm was shown to be 

highly influential to flashover development. Previous optical emission spectra collected 

from flashover events in air showed considerable UV emission well below 300 nm [13]. 

From literature, it was also found that the work function of polycarbonate is ~4.26 eV, 

which corresponds to wavelengths in the ~290 nm range. With these factors in mind, it 
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can be concluded that the flashover discharge is able to produce sufficient UV in the 

necessary range to induce significant photoemission from the dielectric surface to 

influence the discharge path. 

 

5.3 Effects of Humidity 

 Studies of the effects of humid nitrogen on the flashover behavior were conducted 

with each pulser setup. It was found that humidity reduced the liftoff frequency for both 

methods of excitation and decreased the statistical flashover delay times. In a humidity 

environment it is postulated that a layer of moisture is formed on dielectric surface 

providing weakly bound electrons for emission. An increase in surface electron emission 

would thus attract more flashover discharges to the dielectric surface and overall would 

result in reducing the percent liftoff as was observed. In addition, this surface layer of 

moisture can also be easily and readily ionized, leading to the observed reduction in the 

flashover statistical delay times. 

 

5.4 Flashover Behavior Due to Surface Roughness 

 Humidity studies indirectly indicated that surface properties had some bearing on 

the resulting flashover behavior. Thus, experiments with the solid state pulser were 

conducted to investigate the impact of surface roughness. A coarse (p60) and fine grit 

(p360) sandpaper were used to sand the surfaces examined in both the air and nitrogen 

environment experiments. 
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 Given that the flashover path in air follows the surface more closely, changes to 

the surface would have a greater impact on flashover behavior in air. It was observed that 

there was indeed a significant reduction in the percent liftoff in air, and in nitrogen as 

well. It was also noticed that the liftoffs in air were decreased to similar percentages for 

both sandpaper grits, and likewise for nitrogen. Although, the surfaces were cleaned after 

sanding, residual dust and sandpaper contaminates could also be involved in altering the 

electric fields at the microscopic level which might explain the discharge behavior for 

nitrogen. Furthermore, the flashover delay times for air were examined and found to vary 

greatly from shot to shot for both grits in comparison to smooth surfaces, while nitrogen 

delay time trends remained similar to those for smooth surfaces. Given this observed 

behavior, it can be concluded that surface characteristics do have an effect on the 

flashover discharge paths. 

 

5.5 Summary of Parameters Influencing Flashover Behavior 

 Throughout the course of experimentation, parameters such as gaseous 

background, humidity, UV surface illumination, and voltage excitation were varied. Each 

of the experiments and the subsequent findings are presented and discussed individually 

in Chapter 4. However, it seemed beneficial to summarize the percent liftoff and 

flashover delay time behavior observed throughout the many experiments in Table 5.1 for 

easier comparison and study. Note that the following abbreviation have been made, solid 

state pulser = SSP, the coaxial spark gap pulser = CSP, and pre-pulse time = PPT. 
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 Throughout experimentation, a general correlation between the liftoff percentage 

and the flashover delay time was noticed, particularly for excitation with the solid state 

pulser. The addition of environmental variables such as UV illumination, humidity, and 

surface roughness decreased the percent liftoff. Additionally, the flashover delay times 

were also reduced along with the standard deviations. Since reduction of the standard 

deviation relates to a reduction in the statistical delay, this is an indirect indication that 

the overall hold-off voltage is being reduced by these environmental parameters as well. 
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CHAPTER 6 

6CONCLUSION 

 

 Investigations of pulsed unipolar dielectric surface flashover at atmospheric 

pressures demonstrated that the discharge behavior is highly dependent on the gaseous 

environment, UV, humidity, dielectric surface characteristics, and method of voltage 

excitation. An experimental setup designed for conducting studies with variable 

environmental parameters was utilized for flashover experiments in air and nitrogen 

backgrounds. Diagnostics specifically developed for measuring flashover events in the 

nanosecond time regime were utilized as well.  

 Prior research established the existence of distinct flashover behavior in air and 

nitrogen environments. Flashovers in air had the tendency to form along the 

polycarbonate surface, while discharges occurring in pure nitrogen were observed to 

follow the applied electric field lines that curved above the dielectric. Two types of high 

voltage pulsers were employed for further analysis of these behaviors. The coaxial spark 

gap pulser generated pulses with a fast risetime and microsecond duration, while the solid 

state pulser produced low energy pulses with ~500 ns duration. The temporal 

characteristics of the applied voltage were found to have considerable effects on sample 

conditioning, percent liftoff, and flashover delay times. 

 Discharge behavioral differences observed in air and nitrogen was theorized to 

originate from UV induced photoemission from the flashover discharge. It was possible 

that surface photoemission created a positive surface charge that attracted the forming 
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flashover spark. Thus, several experiments in nitrogen with UV surface illumination were 

performed in order to determine if UV could manipulate the flashover behavior to 

resemble the discharges in air. Studies were conducted utilizing optical filters and both 

types of voltage excitation. Through these studies it was substantiated that flashover 

discharges were indeed capable of producing adequate UV for surface photoemission to 

occur and significantly impact the resulting flashover behavior. 

 Additional experiments in a humid nitrogen environment established that 

humidity had a significant amount of influence on flashover behavior and delay times. 

For both pulsers the percent liftoff was decreased considerably. Water molecules in the 

adsorbed surface layers in a humid environment are postulated to be a source of charge 

carriers, thus reducing the tendency for liftoff. The effect of surface roughness was also 

investigated using the solid state pulser. The percentage of liftoffs was decreased while 

the various trends were observed in the flashover delay times.  

 While the experimental results provide an improved and extended understanding 

of the physical mechanisms influential to surface flashover discharges, many avenues of 

investigation remain. In particular, DC static flashover liftoff statistics are needed for 

comparison with transient behaviors. In addition, it is necessary to further examine the 

correlation between humidity and the likelihood of liftoff. In all, more studies with the 

fast, lower energy pulses generated by the solid state pulser are needed to further clarify 

the flashover behavioral differences observed. 
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8APPENDIX A 

ESTIMATION OF 5 J XENON FLASHLAMP OUTPUT POWER 
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9APPENDIX B 
 

SOLID STATE PULSER PCB BOARD LAYOUTS 
 

 
Figure B.1: Cadence Orcad Layout Plus® PCB layout for high voltage solid state pulser. 
Component values are given in the circuit schematic found in Figure 3.15. Note that 
layout is not shown to scale. 

 

 
Figure B.2: Circuit schematic of power supply for solid state pulser. 
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Figure B.3: Cadence Orcad Layout Plus® PCB layout of power supply for solid state 
pulser. Component values are shown in circuit schematic above. Layout is not shown to 
scale. 
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10APPENDIX C 

VOLUMETRIC BREAKDOWN STUDIES 

 

 A distinctly different secondary research goal was to statistically characterize the 

volume breakdown delay times for our specific experimental setup. Volume breakdown 

occurs solely in a gaseous environment. Accordingly, no dielectric or triple point is 

present.  Thus, the processes leading to breakdown correspond to the mechanisms 

discussed in Section 2.4. 

 The Weibull statistical distribution was introduced by Waloddi Weibull in 1952 

as a means of failure analysis [1]. Volume breakdown, or flashover for that matter, is 

essentially a failure of the gas or dielectric to hold off voltage. Thus, since its 

introduction, the Weibull analysis has been used to describe various types of breakdown 

in gases and insulators. In only recent endeavors have researchers made an attempt to 

associate the Weibull distribution with specific breakdown mechanisms. For example, 

Osmokrovic [2] in his studies of gaseous breakdowns established that the Townsend 

electrode processes including ionic discharge, photoemission, and metastable discharge 

fit to a Weibull distribution. Dissado [3] also reasoned that the formative mechanisms, 

those processes leading to breakdown, did indeed yield a Weibull distribution in time. It 

was also found by F. Llewellyn Jones that breakdown delay times fit well with Weibull 

                                                 
[1] W. Weibull, “A Statistical Distribution Function of Wide Applicability,” J. Appl. Mechanics, September, 1951, pp. 
293-297. 
[2 ]P. Osmokrović, “Mechanism of Electrical Breakdown of Gases at Very Low Pressure and Interelectrode Gap 
Values,” IEEE Trans. Plasma Sci., Vol. 21, No. 6, pp. 645-653, December, 1993. 
[3] L. A. Dissado, “Theoretical Basis for the Statistics of Dielectric Breakdown,” J. Phys. D: Appl. Phys, Vol. 23, pp. 
1582-1591, 1990. 
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parameters [4]. Therefore, the effort was undertaken to collect and analyze volume 

breakdown delay times and attempt to determine if the data fit the Weibull distribution. 

The following sections compare and contrast our volume breakdown experiments and 

statistical analysis with that obtained by Llewellyn Jones. 

 

 C.1 Volume Breakdown Electrode Geometries 

 Volumetric breakdown studies are conducted solely in a gaseous environment, no 

dielectric surface is present. Two different electrode geometries were utilized for the 

volume breakdown experiments and are shown in Figure C.1. The plane geometry (b) 

was utilized as a means for comparison with previously published breakdown delay time 

data. The hemispherical electrodes (a) were used for comparison with the plane electrode 

data. 

 
Figure C.1: Electrode geometries for volume breakdown experiments. 

 

 

 
 

                                                 
[4] F. Llewellyn Jones, “Electrode Ionization Processes and Spark Initiation,” Proc. Phys. Soc., B, 62, 1949. 

(b) (a) 
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C.2 Volume Breakdown Procedure 

 The experimental procedure for volume breakdowns studies is much simpler than 

that for the surface flashover tests. Since the primary concern was to analyze the voltage 

delay times, it was not necessary to obtain camera images or to employ UV illumination. 

 For volumetric experiments the desired electrodes were gently cleaned with 

cyclohexane and placed in the chamber. The electrodes were tightened into place with 

setscrews and the distance between the electrodes as measured and adjusted with a Lexan 

block of known width. If a particular background gas was required, the gas was turned on 

for approximately 1½ minutes at high flow to purge the chamber. The oscilloscope 

settings were then checked and the high voltage was turned on. As with the flashover 

experiments, the gas is set and left to flow at a continuously lower rate throughout the 

experiment. Oscilloscope signals, current and voltage only, are saved and the breakdown 

delay time and voltage amplitude are recorded. 

 

C.3 Background 

 The objective was to collect volume breakdown time delays for the two electrode 

geometries shown in Figure C.1 and to compare the collected data with previously 

published data. The volume breakdown time delay consists of both the formative and 

statistical time delays and although usually longer, is similar to the flashover delay 

labeled in Figure 4.2. In addition, the waveforms for a typical volume breakdown 

experiment are similar to those in Figure 4.2, only without a camera gate since imaging 

of the discharges was not conducted. 
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 Our volume breakdown times were to be compared with the data published by F. 

Llewellyn Jones. Llewellyn Jones used parallel plate tungsten electrodes with a gap 

distance of .5 to 1 mm to primarily determine the affects of electrode conditioning on 

breakdown time delays [4]. Llewellyn Jones’s experiments utilized repetitive voltage 

pulses of 3 to 4 kV with a repetition rate of 50 pulses/s to 400 pulses/s [4]. The rise time 

of the voltage pulses were on the order of 100 µs for a sample size of 402 [4].  

 In order to make a reasonable comparison with Llewellyn Jones’s experiments, 

the plane electrodes were utilized. The hemispherical electrodes were employed as a 

means for comparison with the plane electrode data. Experiments were conducted with 

gap distances of 1.6 mm and 2.4 mm for the plane and hemispherical electrodes 

respectively. Single voltage pulses were applied with a rise time of ~20 ns. Each set of 

tests conducted for the plane and hemispherical electrodes were done with similar field 

magnitudes (~10 kV/mm) and percentage of over-voltage (over-voltage of ~40%). In 

addition, the sample size for each data set was 400. Although, our main goal was to 

approximately match the average breakdown time of 60 µs as shown in the statistical 

distributions of Figure C.2, curve B. The term “active” in Figure C.2 refers to the 

oxidation state of the electrodes. For example, curve A represents time delays for 

“active” or heavily oxidized electrodes, while the electrodes for curve B were only 

slightly oxidized. 
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Figure C.2: Volume breakdown distributions obtained by Llewellyn Jones for parallel 
plate tungsten electrodes [27]. 

 

C.4 Weibull Analysis 

 Pictorially, our obtained distributions do not correspond to the distributions 

obtained by Llewellyn Jones. These differences can be attributed to utilizing a faster 

voltage rise time and single, rather than repetitive, voltage pulses for our experiments. In 

addition, the percentage of over-voltage is not stated for Llewellyn Jones’s experiments, 

which is another possible explanation for the dissimilarities. 

 Llewellyn Jones stated that his time delay data was of a Weibull distribution; 

however, the exact parameters of the distribution were not specified. Using an empirical 

assessment of our data for the plane electrodes [5], it was determined that the time delays 

had a Weibull distribution, but with a shape factor of β ≈ 1/2, which corresponds to the 

                                                 
[5 ] G. L. Romeu, “Empirical Assessment of Weibull Distribution,” Selected Topics in Assurance Related 
Technologies (START), DoD Reliability Analysis Center, Vol. 10, No. 3, 2003. 
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distributions shown in Figures C.3 and C.4. Essentially, the shape factor is the slope of 

the line on the Weibull probability plot. In addition, the scale factor, α, that defines the 

width of the distribution, was found to be 39 which indicates a narrow distribution as 

seen in the following figures. 

 
Figure C.3: Histogram for plane electrodes, gap width = 1.6 mm, Vp = 17 kV, Vbd = 
6.8kV, sample size = 400, bin size = 5, and average breakdown delay = 71.6 µs. 

 



 

  103

 
Figure C.4: Histogram for hemispherical electrodes, gap width = 2.4 mm, Vp = 24 kV, 
Vbd = 9.8kV, sample size = 400, bin size = 5, and average breakdown delay = 99.8 µs. 

 

 After determining that the derived shape and scale factors were reasonable for a 

Weibull distribution, the next step was to create a Weibull probability plot. Data that fits 

a Weibull distribution will appear linear on the probability plot. The Weibull probability 

plot can be plotted by hand or more accurately modeled using a built-in function in 

MATLAB®, a numerical computing software. Figure C.5 is the Weibull probability plot 

created using MATLAB® for the entire plane electrode geometry data of sample size 

400. 
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Figure C.5: Weibull probability plot for plane electrodes, gap width = 1.6 mm, sample 
size = 400. 

 

 It can be seen from the histogram of the plane electrodes that nearly half of the 

data points are contained in the first bin of 5 µs. Thus, it was of interest to also create a 

probability plot for the first bin, which is the first 160 data points, independent of the rest 

of the data, see Figure C.6. Both of the probability plots follow a linear trend with 

deviations in the first and last portions of the data set. The largest concentration of data is 

in the first 160 data points which show to follow a linear trend as well, once plotted 

independently. 
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Figure C.6: Weibull probability plot for plane electrodes, gap width = 1.6 mm, sample 
size = 160. 

 

 The plane electrode breakdown data was then transformed [5] to obtain a Weibull 

score plot, see Figures C.7 and C.8. The score plot is used to determine patterns within 

the data set. The score plots were found for the entire data set and for the first 160 data 

points as was done for the probability plots. If the score plots are linear, then the data fits 

a Weibull distribution. For both plots, the main concentration of data does follow a linear 

trend, with deviations beginning at the last several data points. 
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Figure C.7: Weibull score plot, plane geometry, sample size = 400. 

 

 
Figure C.8: Weibull score plot, plane geometry, sample size = 160. 
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 The statistical analysis presented here was also done for the hemispherical data 

set. The plots obtained for the hemispherical electrode geometry appear similar to that for 

the planar data. However, it is more difficult to confirm that the hemispherical data fits 

the Weibull distribution since the data does vary some from the planar results. One 

possible explanation is that the field enhancements areas for the hemispherical electrodes 

are considerably different from the fields for the planar electrodes. In addition, the 

hemispherical gap distance is also much larger. 

 

C.5 Conclusions 

 Using an empirical graphical method it was shown that the breakdown delay 

times produced with parallel plate electrodes does fit to a Weibull distribution. Although 

the delay times do not pictorially match those obtained by Llewellyn Jones, the Weibull 

distribution still applies. Calculation of the shape and scale factors, which determine the 

overall appearance of the distribution, for our data produced values consistent with the 

distributions we obtained. Differences in voltage excitation and gap distance were most 

likely responsible for the variations in the distributions.  
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