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ABSTRACT 

The insulator surface flashover potential increases when a magnetic field with 

the proper orientation is present at the surface of the dielectric (magnetic insulation 

effect). In order to observe an obvious magnetic insulation effect, a critical magnetic 

field has to be reached. Earlier studies have shown that the insulator surface 

flashover potential increases after a vacuum spark discharge surface t reatment . 

This research is to study the magnetic effect on a treated sample. A cylindrical 

Lexan sample and brass plate-plate electrodes are used in this study. Small, cubic, 

lightweight permanent magnets which can produce up to 0.38 T magnetic fleld at 

their surface are arranged in proper configuration to create a magnetic field along 

the sample surface. Three experimental configurations are used in this experiment. 

This thesis first gives some background information about the surface flashover, 

then introduces the experimental setup and procedure. Finally results are presented 

and explained. 
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CHAPTER I 

INTRODUCTION 

The requirement of electrical insulators to hold off high voltages under 

increasingly varied and rigorous circumstances has led to great interest in the field 

of surface flashover. Such applications include accelerators, pulsed power, satellites, 

and many other cases, requiring new demands for more effective insulating 

properties. Since the hold off capability of a solid insulator in vacuum is less than 

that of a vacuum gap of the same dimension, and since the most vulnerable area in 

an insulation system in vacuum is generally the surface of the insulator, this has 

sparked a very large body of work, both experimental [3, 4] and theoretical 

[5, 6, 7, 8, 9, 10, 22], to better understand the surface flashover process. 

A number of methods to increase the flashover potential of an insulator have 

been discovered, such as surface treatments [3, 11, 24, 25], insulator angle design [1], 

inserting metal in the insulator[4] and the use of a magnetic field [2, 12, 16]. In this 

study, we focus experimentally on the effect of magnetic insulation on a coated 

insulator. Several theoretical models of surface breakdown have been developed 

[5, 6, 7, 8, 9, 10]. Of these, perhaps the Secondary Electron Emmission Avalanche 

(SEEA) offers the clearest treatment of magnetic effects. The analysis and results of 

this work will be discussed within the context of SEEA. 

Research has been done showing that the flashover potential of an organic 

polymer, Lexan, sample in vacuum will increase after being exposed to the 
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byproducts of a jet engine spark plug [13, 14]. This treatment was first discovered 

by Jackson [15], more research about the coating analysis and the dependence of the 

coating on various parameters was done by Leiker [13] and Bennett [14]. In Leiker's 

work, electron spectroscopy for chemical analysis (ESCA) shows that a 

hydrocarbon/metal film was deposited on the sample surface during the t rea tment . 

It was proposed that the monoenergetic nature of this secondary electron avalanche 

is destroyed because of the collisions between electrons and the gas molecules before 

the onset of the breakdown [13]. The surface charge distribution was speculated to 

change in such a way that the breakdown process is inhibited. It was also suggested 

that the hydrocarbon/metal layer deposited on the insulator surface decreases the 

amount of gas, especially water vapor, desorbed from the surface before the 

flashover process. All of these may contribute to the increase in the flashover 

potential of the coated insulator surface. More research needs to be done in order to 

fully understand the role of the coating in the surface flashover process. This 

coating has been named Pixie Dust [23]. 

It has been found that proper arrangement of a magnetic field can increase the 

flashover potential of an insulator surface significantly [2, 16]. The magnetic field 

should be oriented in such a way that E x B points away from the insulator surface. 

K E X B points into the insulator surface, the flashover potential will not be 

increased by as large a factor. With the presence of the magnetic field, the 

prebreakdown luminance also changed [2]. Considering the influence of the magnetic 
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field on the flashover potential and preflashover phenomena, it is likely that there 

exist free electrons (i.e., collision frequency small compared to gyrofrequency) which 

part icipate in the flashover process. When a magnetic field with the right 

orientation is applied, the trajectories of these free electrons may be changed so that 

the surface flashover process is in some way prevented. This method was discovered 

with the presumption of the SEEA model. 

In this study, the samples are exposed to Pixie Dust and a magnetic field is also 

applied, we want to see if it makes a difference when we use both methods which 

have been proven to be very effective to increase the surface flashover voltage. Tha t 

may give us some information about the physical process involved in the surface 

flashover, such as the emission of the electrons, and the dynamics of the electrons. 

In this study, a cylindrical Lexan sample and brass plate-plate electrodes are 

used. Lightweight permanent magnets (4.5 mm cube), which can produce up to 0.38 

T at their surfaces, were used to produce a magnetic field of the proper orientation 

near the surface. To obtain a magnetic field along the circumference of the sample 

surface, there are three experimental configurations. In the first two configurations, 

permanent magnets are inserted inside the sample along the circumference. The 

third method is to insert the magnets in a groove in the electrode. This study uses 

three configurations, leading to quite different results. 
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A surface flashover is usually initiated by the emission of electrons generally by 

field emission or thermal-field emission from the cathode triple junction which is the 

interface where the insulator, cathode, and vacuum are in close proximity. The most 

generally accepted mechanism for the surface flashover is the secondary electron 

emission avalanche (SEEA) [5, 6, 22]. The details of this theory will be discussed in 

Chapter II. 

The experimental setup and details of the sample arrangement are discussed in 

Chapter III. The experimental results are presented in Chapter IV. Chapter V is the 

conclusion and recommendation section. 



CHAPTER II 

SURFACE FLASHOVER THEORY 

2.1 Surface Flashover 

Many high voltage applications include gaps consisting of two electrodes held 

together by solid insulators in various media (in some kind of dielectric gas or 

vacuum). When the electrodes are bridged by the solid insulator, the holdoff voltage 

of the gap between the electrodes is lower than that of a plain gap (without any 

spacer). The electrical insulation strength of a vacuum gap bridged by an solid 

insulator is only ^ to ^ of that of a plain vacuum gap. Usually the breakdown of a 

system with solid insulators begins at the joint of the electrode, the insulator, and 

the surroundings (triple point). This work also shows the important role of the 

triple point in the flashover process (see Chapter IV). The vulnerable area is the 

surface of the insulator. The breakdown of the insulator along its surface is called 

surface flashover of the insulator. 

There are many factors that influence the flashover voltage of the insulator. The 

main factors are parameters of the insulator, the electrodes, and the experimental 

conditions [1]. 

For insulators, the surface roughness, the geometric parameters [1], the surface 

resistivity, secondary electron emission coefficient, dielectric permittivity, and 

outgassing capability are the main factors to affect the flashover potential of the 

insulator surface. 
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Properties of the electrodes which affect the flashover potential are the geometry 

[1, 21] (shape and surface roughness), secondary electron emission coefficient, and 

electron work function. 

The experimental conditions also have a huge effect on the flashover. Gas 

pressure and composition, temperature, conditioning of the surface, type of voltage 

waveform applied on the surface, irradiation, current limiting resistance, and 

dielectric coating of the electrode surface, all play some important role in 

dertermining the flashover potential. 

2.2 Models for Surface Breakdown 

As just mentioned, there are so many factors that influence the flashover 

potential that it is difficult to model all the experimental phenomenon. Several 

models for surface flashover have been developed. 

The initial stage of a surface flashover is generally believed to be the emission of 

electrons (generally by field emission or thermal-field emission) from the cathode 

triple junction. There is general agreement on this initiation mechnism. Several 

models have different explanations about the mechanism and details of the 

intermediate or development stage of the discharge. In the final stage, most 

investigators believe that since the electrons strike the insulator surface, a lot of gas 

adsorbed by the surface is released, forming a layer of gas above the dielectric, then 

ionization happens in the gas phase above the surface, leading to breakdown in the 
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usual way. The most generally accepted mechanism for the intermediate stage 

probably is the secondary electron emission avalanche model, which emphasizes the 

electron cascade along the surface of the insulator. 

2.3 Saturated Secondary Electron Emission Avalanche Model 

In this model, it is assumed that the electrons initiating the flashover process are 

emit ted at the cathode triple junction (the joint of the insulator, the electrode and 

the vacuum) due to the electric field in the vicinity of that point. These emitted 

electrons are accelerated and gain energy in the applied field and some of them will 

hit the insulator surface with sufficient energy to knock other electrons off the 

insulator surface. These electrons are called secondary electrons. Some of the 

secondary electrons will strike the surface again, producing more secondary 

electrons. The secondaries form an avalanche along the insulator surface. It is 

known that insulators subjected to high voltage can acquire positive charges on the 

surface. These positive charges pull back the secondaries to the surface so that the 

avalanche can proceed along the insulator surface towards the anode. When the 

incident electron flux equals the emitted flux, saturation of the avalanche is reached. 

The SEEA model explains the existence of positive charges on the insulator surface 

successfully. The charging of the insulator surface plays a role in the flashover 

process [17, 18]. 
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The secondary electron emission coefficient is defined as the number of 

secondary electrons one incident electron produces. It depends on the incident 

energy of the electrons and the insulator material. Figure 2.3 shows the secondary 

electron emission coefficient as a function of the incident energy of the incident 

electron for some typical material [13]. At lower energy, the coefficient increases as 

the incident energy increases until it reaches a maximum value, then the coefficient 

begins to drop as the energy gets larger. A\ and A2 are the points where the SEE 

coefficient is unity. If the SEE coefficient is less than unity, the incident electrons 

will produce negative charge on the surface. If the SEE coefficient is greater than 

unity, incident electrons will produce positive charge on the surface. There is an 

energy range between A\ and A2 for which incident electrons will produce positive 

surface charge on the insulator. Outside this range, incident electrons will produce 

negative charges on the insulator. 

Near the cathode where the electrons are just emitted from the triple point and 

have not been accelerated by the electric field between the electrodes long enough, 

the energy of the electrons is usually less than Ai. If these electrons strike the 

insulator surface near the cathode, they will negatively charge the surface. Along 

the surface (in the anode direction), as the electrons gain more energy from the 

electric field, they will strike the surface at higher energy (higher than .4i, but lower 

than A'z), leaving the surface positively charged. Near the anode, the energy of the 

electrons is higher than A2, so when they hit the surface, the surface will be 
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negatively charged. The trajectories of the electrons are determined by the 

combination of the electric field due to the voltage applied to the electrodes and the 

electric field due to the charges on the insulator surface. 

The SEEA model assumes that there is no limit to the supply of electrons from 

the triple point. 

The electrons not only produce secondaries, but also desorb the gas adsorbed on 

the insulator. The amount of gas desorption depends on the number of electrons 

hit t ing the surface after the saturation condition has been reached. The desorbed 

gas forms a gas cloud above the insulator surface. Ionization occurs in this gas cloud 

when a critical density of gas accumulates near the insulator surface. This model 

emphasizes the importance of desorption of adsorbed surface gas, or the vaporized 

insulator material for organic insulators such as polymethylmethacrylate, as a key 

process leading to the surface flashover of an insulator. 

There has been a lot of work done on the relation between the flashover 

potential of an insulator and the secondary electron emmision coefficient of the 

insulator. In the previous work [24, 25] , the secondary electron emission coefficient 

of the insulator was measured and then the flashover potential was measured. The 

insulator was coated with material whose secondary electron emission coefficient is 

lower, and then a higher flashover potential was observed afer the coating. The 

result of this research is consistent with the SEEA model. 
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Research has been done on the influence of magnetic field on the insulator 

surface flashover in vacuum. Results have shown magnetic insulation effects (i.e., an 

increase in flashover potential) [2, 16]. 

The most favorable configuration for magnetic insulation is with the magnetic 

field oriented parallel to the insulator surface and perpendicular to the electric field. 

An increase in flashover potential with an increase of the magnetic field is seen when 

the E X B points away from the surface. The observed influence of magnetic fields 

on the flashover potential suggests the presence of free electrons and this supports 

the SEEA model. 

The SEEA model is the only one among various models that adequately takes 

account of magnetic field effects on insulator flashover. This model suggests that 

the surface flashover may be greatly affected by an external magnetic field. The 

main reason for this is that above the surface the dynamics of the electrons 

initiating the flashover are significantly affected by the applied magnetic field. 

The SEEA model was also successfully used to predict the behavior of the t ime 

delay between the applied pulse and the flashover on the surface [1]. It was found 

that for nanosecond voltage pulses, the delay time is inversely proportional to the 

square of the electric field, and the breakdown field becomes much less dependent 

on the duration of the pulse as the pulse length reaches a critical value. The 

explanation for this is that when the pulse duration is long enough, it sweeps the 
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ions from the gap so rapidly that the the accumulation of ions in the gap is greatly 

reduced. So when this critical pulse length is reached, the breakdown strength does 

not depend on the pulse duration very much. 

2.4 Other Models 

While the SEEA model emphasizes the existence of free electrons and desorbed 

gas above the insulator surface, a subsurface model was proposed as well [9, 10] . In 

the subsurface model, it is postulated that the intermediate stage of the surface 

flashover is the propagation of electrons in a conduction band of the insulator. 

Accelerated by the electric field, the electrons make inelastic collision within the 

insulator. The electrons gain energy in the field and when the energy of the 

electrons exceeds the band gap of the insulator, a cascade along the surface (but 

just inside the insulator) is created. 

There is a similarity between this subsurface model and the SEEA model. 

Looking from the outside, one sees a steadily increasing flow of electrons along the 

surface and these electrons are driven to the anode by the external field. The reason 

for this is that a fraction of the cascade electrons are emitted into the vacuum, 

outside the insulator surface. But the causes of the electrons along the surface in 

the SEEA model and the subsurface model are different. 

According to this electron cascade model, predictions of the surface charge of the 

insulator can also be made. The cascade will produce a number of holes in the 
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valence band, which form localized positive surface charges. The ionization cascade 

also can stimulate desorption of surface gases, which are presumed to be adsorbed 

in traps at or near the surface of the insulator. The electrons cascading just inside 

the insulator surface make inelastic collisions with the traps, transferring sufficient 

energy to free the adsorbed gas molecules. Final flashover then occurs through 

ionization of the desorbed surface gas, as in other models. 

In the model of Blaise and Le Gressus, it is assumed that the presence of a 

subsurface electron cascade (avalanche) plays an important role only in the initial 

stage of the surface flashover [19]. The electron cascade does not contribute much 

during the intermediate stage. The principal development of the flashover is caused 

by the release of electrostatic energy due to detrapping of localized charges, which 

were assumed to be trapped in areas of lower susceptibility. This was analyzed using 

a collective many-body process. 

This theory also predicts the slight time delay (about 3 ns) observed 

experimentally between the initial rise in luminosity and the initial rise in current. 

This theory is called electron triggered polarization (ETPR) theory. 

There are some other models. 

Bugaev and colleagues suggested that a breakdown mechanism similar to tha t of 

a streamer in a gas discharge can be used to explain the flashover in the adsorbed 

gas cloud. In Avdienko and Malev's model, when the insulator resistivity is high 
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{p > W^Q, cm), the initial stage of flashover is thought to be the electron emission 

from the triple junction, while the final surface flashover is thought to occur in the 

desorbed surface gas, but there is no secondary electron emission in the 

intermediate stage. For an insulator of moderate resistivity (/o < lO'^fi cm) under 

long (> 1 ms) voltage pulses, thermal breakdown in the thin surface layer is 

considered to contribute to the flashover across the insulator [8]. 

2.5 Magnetic Insulation Effect 

It has been observed that with the right orientation of the magnetic fleld, the 

surface flashover voltage of an insulator will increase [2, 16, 20]. Prediction from the 

saturated secondary electron emission model shows the existence of free electrons 

(i.e., collision frequency small compared to the gyrofrequency) above the insulator 

surface. When the applied magnetic field is such that E X B points away from the 

insuator surface, these free electrons are lifted off and drift away from the insulator 

surface, leading to an increase of the surface flashover voltage. Figure2.5 shows this 

lift-off process. 

In subsurface models, it is assumed that the prebreakdown process is dominated 

by injection of electrons into the conduction band of the insulator, which produce 

either a subsurface avalanche or create a plasma which leads to flashover. This 

model does not predict the magnetic insulation effect. 
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Experiments were performed to investigate the operating limits of the magnetic 

insulation effect and the dependence on various parameters such as insulator 

material , and ambient gas pressure. The effect also depends on the geometric 

configuration, orientation of the magnetic field with respect to the surface and the 

applied electric field. These are also predicted by the SEEA model. 



CHAPTER III 

EXPERIMENTAL SETUP 

3.1 Vacuum System 

The experiment setup consists of the vacuum system, the Marx bank, the 

resistor tank, and the sparkplug circuit and measurement apparatus. 

Figure 3.1 shows a block diagram of the flashover system. The flashover tests 

were done in the vacuum chamber. 

The vacuum chamber is a cylinder whose inside diameter is 10 inches and height 

is 12 inches. There are four ports at a height of about 6 inches on the chamber. One 

port is used as a window to observe visually the flashover inside the chamber. One 

is used to install the surface discharge ignitor plug. One is used as an connection for 

the mechanical pump. One is used to install the ion gauge tube. The top lid of the 

vacuum chamber can be lifted together with the upper resistor tank so that the test 

stand holding the electrodes and the sample can be removed. The vacuum chamber 

is pumped by a 6-inch oil diffusion pump filled with DC-704 silicon oil which 

produces an ult imate vacuum of 10~^ torr. The backstreaming rate of the silicon oil 

into the vacuum chamber is controlled by a cold trap whose temperature is 

maintained at about -40 C. 

The operating pressure obtained in this vacuum system is about 10~^ torr. 

Many other investigators have shown that the vacuum flashover potential appears to 

17 
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be independent of pressure in the range from 10" ' to 10~" torr. This is the reason 

why this particular pressure was chosen. 

The vacuum chamber is separated from the diffusion pump and the cold trap by 

a six inch gate valve. This gate valve makes it possible to replace the sample in the 

vacuum chamber without cooHng the diffusion pump. When the vacuum chamber is 

to be opened, the gate valve is first shut to separate the diffusion pump and the 

chamber. Then nitrogen gas is used to fill the vacuum chamber instead of air. By 

doing so, water vapor and other impurities which might adsorb on the chamber wall 

will be greatly decreased, which makes it much easier to reach a low pressure. 

When evacuating the chamber, the valve 1 connecting the chamber and 

mechanical pump 1 is first opened to lower the pressure in the chamber from 

atmosphere pressure to 10""^ torr. Valve 1 is closed and the gate valve is opened, so 

the diffusion pump could pump the chamber to the pressure of 10~^ torr. 

Pressure in the range from 10" ' torr to 10~^ torr is measured by an ionization 

vacuum gauge, which is located in one of the ports of the vacuum chamber. 

Pressures in the range from 0.1 to 10~^ torr are measured by a thermocouple 

vacuum gauge. A high voltage feed-through used to supply the flashover pulse to 

the sample is located on the Hd of the chamber. This feed-through is made from a 

segment of RG-17 coaxial cable. The cable is approximatly 1 m long and is carefully 

adjusted so that the cable is in good contact with the test stand via a spring loaded 
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rotatable fixture on the end of the cable. If the cable is too long, it will press too 

hard on the string on the test stand, which will cause the electrodes and the sample 

mounted on the test stand to stop turning during the coating process. On the other 

hand, if the cable is too short, there might be a gap between the cable end and the 

test stand, then the high voltage cannot be applied to the electrodes and the 

sample. Flashover might happen across that gap. If this happens, an unusual 

waveform will be seen. 

3.2 The Marx Bank 

The high voltage applied in this experiment is a double exponential pulse with 

1.2/135 /xs time constants. This is the so-called standard lightning impulse which 

many previous investigators have used. 

A zero to 20 kV high voltage power supply is used to charge the eight-stage 

Marx bank. Figure 3.2 is the schematic of the Marx Bank. 

When the high voltage is applied to the Marx Bank, the eight capacitors are 

charged in parallel to about 20 kV. Then the first spark gap is caused to break 

down by a high voltage trigger pulse. Succeeding gaps trigger because of the 

overvoltage as the Marx Bank erects. Then the capacitors discharge in series 

through the spark gaps. The output high voltage of the Marx bank is nearly eight 

times the charging voltage. The maximum voltage obtained in this experimental 
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setup is about 160 kV, due to the limit of the high voltage power supply. The 

resistor tank is another limiting factor in the high voltage that can be applied. 

The high voltage pulse applied to the sample was supplied by erecting the Marx 

Bank into a RC load. The load capacitance due to the Im long RG-17 feedthrough 

coaxial cable, and the inherent capacitance of the parallel plate electrodes and the 

sample in the test stand is 100 pF . The value of the resistor is 12 kH. So the 1/e 

risetime of the pulse is 1.2 /xs. The maximum current delivered to the test stand by 

the Marx bank during a flashover event is 13 A. When no flashover occurs, the 

decay t ime of the flashover pulse is approximately 135 /is. Figure 3.2 is an 

oscilloscope tracing of the voltage across the sample when there is no flashover. 

The Marx bank is inside an aluminum cylinder which can hold gas pressure up 

to 20 psi in order to avoid breakdown inside the Marx Bank tank. The inner wall of 

the cylinder is covered with a Incite lining to prevent flashover along the wall. Eight 

ceramic capacitors are placed between two parallel Incite plates and held by rubber 

grommets. The capacitors, the charging resistors and the spark gaps are electrically 

connected through the brass screws connected to theaded holes in the sides of the 

capacitors. The spark gaps are vertically aligned along the Incite plates so that the 

ultraviolet radiation produced by the arc from one spark gap will trigger the next 

spark gap. 
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3.3 Sparkplug Circuit 

Figure 3.3 is the schematic of the sparkplug circuit. The sparkplug circuit 

consists of a capacitor, a resistor, an inductor, a spark gap switch and the sparkplug. 

The capacitor is charged to a voltage high enough to cause breakdown of the 

spark gap (approximatly 14 kV). The inductor limits the current entering the 

sparkgap to about 1 kA. The spark rate of the circuit is determined by the RC 

charging t ime. In this case, R is 1.6 M17, C is 0.245 /xF, so the RC charging time is 

0.4 seconds, which is much greater than the RC time of the loop containing the 

sparkgap when the spark gap breaks down. This 0.4 second RC time leads to a 

spark rate of 150 per minute. 

3.4 Voltage Measurement 

A resistive divider is used to measure the flashover voltage across the sample. 

Figure 3.4 shows the voltage divider circuit. 

The terminating resistor at the oscilloscope is 50 fi. Another 50 J7 coaxial 

resistor is connected to the output connector on the end of R2. Thus the terminating 

resistance is 25 fi. The voltage divider ratio is therefore 48000 to 1. The voltage 

across the sample is measured and recorded by a Nicolet 4094C digital oscilloscope. 
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In order to keep radiated electromagnetic noise from the experiment from 

entering the oscilloscope signal and falsely triggering the oscilloscope, an isolation 

transformer is used to supply power to the oscilloscope. 

Figure 3.4 shows an oscilloscope trace of a typical flashover voltage measurement 

using this voltage divider. The RC rise time in the oscilloscope graph is 1.2 

microsecond, which is consistent with the calculated value. 

The resistor string is located in a 10 inch diameter aluminum tank on the top of 

the vacuum chamber. The tank is filled with 80 percent N2 gas and 20 percent SFQ 

during a flashover test. 

The N2 is allowed to slowly flow into the tank to replace air and water vapor, 

then a small amount of SFQ is added. SFQ has a high electron attachment cross 

section and suppresses electrical breakdown from the resistor strings through the 

intervening gas to the wall. 

3.5 Sample 

Two types experiments are done, referred to here as test 1 and test 2. Different 

samples are used in these two tests. The samples in all tests are made of Lexan and 

all have a diameter of 6.35 cm and a height of 1 cm. 

Figure 3.5 is the geometry of the sample for test 1. Magnets or aluminum pieces 

were put in the groove. Aluminum pieces which are of the same size as the magnets 

are used as dummy magnets to compare the samples with magnetic field with the 
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ones without magnetic field. The magnets are oriented in such a way that the 

magnetic field is along the circumference and E x B points away from the sample 

surface. The magnets are NdFe cubes, 4.5 mm on a side. These produce a surface 

magnetic field of 0.38 T. 

In test 2, the sample is just a plain cylinder of Lexan with the same diameter 

and the same height as in test 1. 

The sample is put in the central part of the brass electrodes so that the electric 

field along the sample surface is uniform. In test 1, the sample is placed in such a 

way that the magnets are closer to the cathode. To ensure good contact between 

the magnets or the aluminum pieces and the cathode, copper tape is used at the 

interface of the magnets or dummy magnets and the cathode. The brass electrodes 

were machined to be flat. In order to center the sample between the electrodes, an 

o-ring is glued to the surface of the sample. Figure 3.5 shows the device used to 

center the o-ring on the sample surface. The o-ring goes into the groove of the 

bot tom electrode, so that the sample is centered on the electrodes. 

The roughness of the insulator surface has a big effect on the surface flashover 

potential [1]. Impurities, protrusions and scratches can cause a large decrease in the 

flashover potential and lead to false measurement. In order to get rid of the 

protrusions, impurities and scratches, the samples are cleaned and polished before 

being put in the vacuum chamber. Attention was paid to the edges of the samples 
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while cleaning and polishing. The sharpness of the edges of the samples is very 

critical to the result of the flashover test. 

The samples are polished according to the following procedure: 

Wet a Kimwipe with tooth paste and distilled water and polish the 

circumference of the sample while spinning the sample on a lathe. Rinse the sample 

with destilled water and cyclohexane. Then wet the Kimwipe with 1 micron alpha 

alumina grit and distilled water and polish the sample as before. Finally rinse the 

sample as before. Then the sample was put in the sample box where the humidity 

was kept at 80 percent. The amount of water vapor adsorbed in the sample is a very 

important factor during the surface coating treatment process [12]. 

3.6 Electrodes 

Microprotrusions and scratches on the surface of the electrodes may cause 

electric field enhancement at some places and alter the uniform electric field, which 

might cause the sample to break down at a lower voltage. A layer of film deposited 

on the electrodes when they were exposed to the Pixie Dust must also be removed 

after each sample. They were polished with a German compound paste called 

" P O L " while spinning on a lathe. Then they were washed with methonol. 

In the first two experimental configurations, the bottom electrode is a brass 

plate with an o-ring groove. In the third configuration, the bottom electrode, which 

is the cathode, has the o-ring groove and another groove concentric to the o-ring 
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groove in which the magnets or the aluminum pieces are inserted. Figure 3.6 shows 

the bot tom electrode used in case 3. 

3.7 Test Stand 

The test stand is used to hold the brass plate electrodes and the sample inside 

the vacuum chamber. Three indentations are made at the bottom of the vacuum 

chamber to hold the three legs of the test stand in place so that the high voltage 

feed-through cable would contact the top electrode through the spring. There is a 1 

rpm motor mounted to the test stand to rotate the electrodes and the sample when 

exposed to the sparks so that the coating on the sample will be even. In this 

experiment, a low rotation rate and high torque motor is needed. The power 

connection to the motor is disconnected after the surface coating treatment to keep 

the high voltage from damaging the motor in the following flashover test. 

The Lexan plate on the top of the test stand needs to be polished and cleaned 

every t ime after the coating and flashover test to prevent flashover along the plate. 

It is polished with 1200 grit sand paper and cleaned with cyclohexane. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

Three different experimental arrangements were made in the study. 

4.1 Case 1 

The top electrode is the cathode, and the bottom electrode is the anode. The 

experiment is arranged as in Figure 4.1. 

As explained in the experimental setup part, there is an o-ring groove in the 

bot tom electrode to ensure that the sample is in the center of the two electrodes, 

where the electric field is uniform. 

The drawing of the sample used in this experimental arrangement is shown in 

Figure 3.5, the magnets or the dummy magnets are inserted in the groove in the 

sample. 

Before all the flashover tests, all the samples used in different configurations 

were exposed to 80,000 sparks so that they were coated with Pixie Dust before 

being tested. After the exposure, a layer of hydrocarbon/metal film is deposited on 

the sample surface. In Leiker's work, the SEM was used to investigate the 

uniformity and continuity of this hydrocarbon/metal coating and it was found that 

the coating on the Lexan sample is extremely uniform and continuous [13] . 

One potential problem demands special consideration. When the applied voltage 

is higher than 96 kV, flashover occurs in the resistor tank instead of across the 
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surface of the sample. When this happens, a loud sound can be heard from the 

resistor tank. Bright light from a discharge can also be seen from one port in the 

resistor tank. For normal flashover across the sample surface, one can see the fast 

ringing (frequency is about 50 HZ) in the waveform [15], while for the flashover in 

the resistor tank, there is no ringing in the recorded waveform. 

When the applied voltage is less than 96 kV, no flashover will occur in the 

resistor tank, but the voltage applied to the sample is not high enough to break 

down the surface of the sample. 

4.2 Case 2 

The top electrode is the anode and the bottom electrode is the cathode. The 

magnets or the dummy magnets are inserted in the groove of the sample. 

In order to avoid the problem with the breakdown in the resistor tank instead of 

across the sample surface, the polarity of the applied voltage is changed. The top 

electrode is the anode and the bottom electrode is the cathode. The reason this 

method works is that when the resistor string is negative (corresponding to the case 

when the top electrode is the cathode), and the wall of the tank is positive (refer to 

Figure 4.2) electrons start to drift to the wall from the resistor string where the 

electric field is bigger due to the smaller curvature, but when the resistor string is 

positive and the wall of the tank is negative, the field is smaller due to the greater 
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curvature of the wall so field emission of electrons is less likely. In the first case, 

breakdown is much more likely to occur in the resistor tank than in the second case. 

The sample is treated using the sparkplug following exactly the same procedure 

as in experiment 1. The flashover potential is then measured. For both the samples 

with magnets and the samples with aluminum pieces, when applying 160 kV high 

voltage, the samples did not flash over at the onset of the high voltage. The reason 

for this will be explained later in this chapter. Due to the limits of the experimental 

equipment, the resistor tank can hold off only 160 kV. 

Figure 4.2 is the typical corresponding waveform of the voltage with the 

presence of the magnetic field. Figure 4.2 shows the voltage waveform without 

magnetic field. As can be seen, the samples in both cases did not break down at the 

onset of the high voltage. The reason for this is that the metal pieces (both magnets 

and aluminum) that are put in the groove in the sample have altered the electric 

field at the triple point, which has a critical influence on the surface flashover 

potential . Previous research has shown the same results [4]. Actually, inserting 

metal in the insulator is used as a method to increase the flashover voltage of the 

insulator surface. 

A computer code called Macpoisson was used to simulate the electric field in this 

experimental configuration. Macpoisson (MP) solves 2D (planar) and 3D (having 

symmetry about an axis) problems governed by Poisson's equation and given by 
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Figure 4.3: A Typical Waveform of the Voltage Across the Sample in Case 2 With 

the Presence of Magnetic Field 
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Figure 4.4: A Typical Waveform of the Voltage Across the Sample in Case 2 Without 

the Presence of Magnetic Field 
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some constraints [26]. There are three steps in the method of solution. First, 

discretize the geometry of the problem; second, add constraints to the problem; and 

then MP solves a set of simultaneous linear algebraic equations generated by the 

first two steps. 

Figure 4.2 shows the electric field between the electrodes when 100 kV voltage is 

applied at the anode (the top electrode in this experimental arrangement). The 

electric field in Figure 4.2 near the triple point is about 23 kV/cm, if a plain 

cylinder sample is used, when applying 100 kV voltage, the electric field is uniformly 

100 kV/cm. Even though the electric field of some places in the case of Figure 4.2 is 

greater than lOOkV/cm, the electric field near the triple point, which is critical to 

the flashover voltage, is much less than 100 kV/cm. This accounts for the samples 

with insertion of either magnets or aluminum pieces having a much higher surface 

flashover potential. Due to the limits of the equipment, the difference between the 

surface flashover potential with magnetic field and without magnetic field cannot be 

seen. 

It has been found that the hold-off voltage of an insulator is proportional to the 

square root of the length of the insulator [1]. Based on this, the sample height was 

reduced by 0.4 cm, and the flashover voltage was measured as usual. The 160 kV 

applied to the sample still would not break down the sample (with magnets or with 

dummy magnets) , so no difference between these two samples is seen. 
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Figure 4.5: The Electric Field Between the Electrodes in Case 2 When 100 kV Is 

Applied 
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4.3 Case 3 

The top electrode is the anode and the bottom one is cathode. The magnets and 

dummy magnets are inserted in the bottom electrode. 

In order to keep the electric field unaltered and apply a magnetic field near the 

circumference of the sample, a second groove is made in the bottom electrode, 

which is the cathode. Figure 3.6 shows the bottom electrode. The magnets or 

dummy magnets (aluminum pieces) were inserted in the groove. When magnets 

were inserted, the magnets were arranged such that E x B is away from the sample 

surface, as previously stated in the experimental setup section. Plain cylindrical 

samples are used in this configuration. 

Figure 4.3 is a typical flashover voltage waveform with presence of magnetic field 

taken by the 4094C oscilloscope. The sample broke down at 54 kV. Figure 4.3 shows 

the case without magnetic field. The sample broke down at 56 kV. The voltage 

across the sample increases to a point where the flashover occurs, then there is an 

arc discharge. One can also see the ringing due to the low impedance of the arc 

when breakdown happens. The discharge arc can be seen though the window of the 

vacuum chamber. 

For this experimental configuration, both samples with magnets and samples 

with dummy magnets exhibited lower flashover potentials than for the previous 

experiments. This is because the surface of the sample and the surface of the bot tom 
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electrodes are not in good contact, there are gaps between the sample surface and 

the bot tom electrode. This gap at the insulator-electrode contact is known be one of 

the most critical factors in determining the flashover potential of an insulator [15]. 

Figure 4.3 shows the electric field in the insulator and the field in the gap between 

the electrode and the insulator surface. Following the argument given by Jackson 

[15], the electric field in the insulator is ^ , ê  is the permittivity of the insulator, 

V is the voltage applied, d is the height of the sample. For this experiment, the 

insulator is Lexan, with a permittivity of 3.0. In the gap, as can be seen from 

Figure 4.3, the electric field is \_j, , where d/ is the height of the gap. In this case, 

d=1.0 cm, Cr =3.0, 0.4 mm is a reasonable value for d/, then the electric field in the 

gap is about 2.1 times bigger. This is the reason that the low flashover potential is 

observed in this experiment. Since the gap exits in both experiments with magnetic 

field and without magnetic field, this effect does not affect the relative result. 

Figure 4.3 shows the flashover potential versus the number of shots for samples 

with the presence of the magnetic field and without the presence of the magnetic 

field. Filled diamonds represent flashover with presence of magnetic field; crosses 

represent flashover without magnetic field. 

The first three shots indicate that there are some impurities and voids on the 

surface of the sample, which lead to comparatively lower flashover potential. Then 

the samples are seen to go through the conditioning process. 
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Table 4.1: Average Flashover Voltage (kV) 

first coating 
double coating 

Sample 1 
with B field 

17.2 ±5.0 
20.9 ±6.0 

without B field 
15.6 ±5.4 
17.7 ±7.2 

Sample 2 
with B field 
20.6 ±12.5 
27.3 ±11.5 

without B field 
32.8 ± 13.0 
29.4 ±7.0 

It is frequently found that insulator surface flashover increases after repeated 

surface flashover of the insulator. Many investigators in surface flashover have found 

the existence of this conditioning effect in their works. This conditioning effect was 

explained in [21] as follows. After the insulator surface flashover, the electrode 

surface is melted, causing the adsorbed gas and deposits to evaporate. This process 

cleans the electrode surface. The melting also reduces the microprotrusions, which 

help to decrease the electric field near the cathode. It can be seen that there is no 

difference in the conditioning process between the tests with magnetic field and 

without the magnetic field. After the sample reached the flashover potential, the 

breakdown voltage suddenly dropped, this is an indication that the samples were 

damaged by the arc. A flashover track can be seen on the surface of a damaged 

sample. 

The average flashover voltage of the sample in several tests is shown in Table 4.1. 

Considering the scatter of the experiment data in Table 4.1, no difference is seen 

between the flashover potential with the presence of the magnetic field and without 

the presence of the magnetic field. The reason for that is most likely that the 
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magnetic field present was not strong enough to make an obvious difference in the 

flashover potential . 

As mentioned in the experimental setup, the magnetic field along the surface of 

the sample is about 60-100 Gauss. Since the magnets were arranged in a circle in 

order to produce a magnetic field along the circumference surface of the insulator, 

there were gaps between these magnets. Due to the these gaps, the magnetic field 

actually was not uniform, in some places, even the direction of the magnetic field 

was not the same, which means in these places, E x B actually points the wrong 

way. 

Some work has been done on magnetic insulation effects for pulsed applied 

voltages. This work has shown that there exists a critical magnetic field. The 

critical magnetic field needed to see magnetic insulation effect has been calculated 

by Bergeron [22]. In his calculation, he assumed that the surface charge and space 

charge produced an electric field perpendicular to the surface, and used a 

self-consistent calculation of electron density in the saturated avalanche. The critical 

magnetic field needed to lift off the electrons under saturated avalanche conditions is 

B, = 1.6^E (4.1) 

where Vjj is the emission velocity of secondary electrons, 11 is the impact incident 

velocity of saturated avalanche electrons and corresponds to the energy w at which 
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the secondary electron coefficient first reaches unity, (in Figure 2.3, point /! , ) with 

^ > 0, and E is the applied electric field parallel to the surface. 

Using (4.1), a reasonable range of In (corresponding to energies between 0.5 and 

3 eV) and T', (corresponding to energies between 20 and 50 eV) an electric field of 

50 k V / c m will give a critical magnetic field between 0.2 and 0.5 T, which is much 

higher than the magnetic field that can be applied in this experimental 

configuration, which is only 60-100 Gauss. 

Also from (4.1), it can be seen that the critical magnetic field Be is proportional 

to the applied electric field E. Considering the large enhancement of the electric 

field in this experiment due to the voids between the cathode and the sample 

surface, an even stronger magnetic field is needed in order to see an obvious 

magnetic insulation effect. This expains why there is no difference in the flashover 

potential with and without magnetic field. This result is also consistent with the 

previous work of Lehr [2]. 

From the experimental data, it also can be seen that with a large electric field 

enhancement (due to the gap between the dielectric and the bottom electrode), the 

coating. Pixie Dust does not produce a high flashover voltage. The reason for this is 

unknown. Most likely it has something to with how the coating works in the 

flashover process, which is not completely understood. Many assumptions were 
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made concerning the role the coating plays in the surface breakdown process, but 

the basic mechanism of that hydrocarbon/metal film is still unknown. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Three types of experimental configurations were used in this study. 

In case one, the top electrode is the cathode, and the bottom electrode is the 

anode, the magnets or dummy magnets were inserted in the groove in the sample. 

When applying voltage higher than 96 kV, the flashover happened in the resistor 

tank instead of across the sample surface. When the apphed voltage was less than 

96 kV, no flashover would occur. Thus the voltage was limited by the equipment, 

and no determination of flashover potential was possible. 

In case two, the polarity of the electrodes was changed in order to avoid 

flashover in the resistor tank when high voltage was applied. When a 160 kV 

voltage pulse, which is the maximum capability of the equipment, was applied on 

the samples, neither the sample with magnets nor the one with dummy magnets 

flashed over at the onset of the high voltage pulse. So the magnetic field effect on 

the flashover voltage could not be seen. A computer code called Macpoisson showed 

tha t the electric field at the triple point in this case is reduced to less than half of 

the value when there were no metal pieces inserted in the sample. This result was 

another proof among many that already exist that the electric field at the cathode 

triple point is a critical factor determining the surface flashover voltage. The high 

holdoff voltage of the samples in this configuration is because of the reduced electric 

field at the triple point. 
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Then the sample height was reduced by 0.4 mm, since the flashover potential is 

only proportional to the square root of the insulator length, reducing the height did 

not make much difference. The sample did not break down when a 160 kV voltage 

was applied. 

In case three, the top electrode is the anode, the bottom one is the cathode, and 

the magnets or the dummy magnets were inserted in the second groove in the 

bot tom electrode. This configuration avoided altering the electric field at the triple 

point. Experimental data showed low flashover voltage for both the sample with the 

presence of a magnetic field and the one without the presence of a magnetic field. 

This is because of the field enhancement at the triple point due to the existence of 

voids between the insulator surface and the cathode. Considering the scatter of the 

da ta which is normal in this type of experiment, no obvious difference in the 

flashover voltage was observed between the samples with the presence of the 

magnetic field and without the presence of the magnetic field. According to 

previous work by Lehr [2], in order to observe obvious magnetic insulation effect, a 

critical magnetic field which is given by (4.1) in Chapter IV is needed. From (4.1), 

it can be seen that the critical field Be in this case should be stronger because of the 

enhanced electric field. The critical magnetic field was calculated to be the order of 

0.2 to 0.5 T, while in this experimental arrangement, the magnetic field at the 

sample surface is less than 100 Gauss, which is much less than required. A 
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configuration which produces a stronger magnetic field around the sample surface is 

needed in order to further study the magnetic effect on the cylindrical sample. 

Previous experiments showed that Pixie Dust increased the flashover voltage by 

a factor of two or three depending on the sample material. However, in previous 

experiments, there was no gap between the samples and the cathode and, therefore, 

no field enhancement at the triple point. In this experiment, the field enhancement 

is so large that the magnetic field due to the permanent magnets is less than the 

critical field. Thus, the magnetic field does not increase the surface flashover voltage. 

The fact that a large field enhancement affects the Pixie Dust in the same way 

that it affects the magnetic field results is difficult to explain. It may be that such a 

large number of initial electrons from the triple point can produce a saturated 

secondary electron avalanche even if the SEEA and the gas desorption coeflicient of 

the Pixie Dust are low. 

There are some recommendations for future research: 

1. Find a better configuration or magnets which can produce a stronger 

magnetic field at the sample surface in the case of cyhndrical plate electrodes and 

cylindrical sample. 

2. Machine the electrodes carefully so that there is no gap between the insulator 

surface and the electrodes. The electrodes have been polished too many times and 

probably that is the reason for the existence of the gap. 
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3. Most likely there is a gas leak in the resistor tank. The insulating gas that 

was put in may leak off and this may be one of the reasons the resistor tank cannot 

hold off too much voltage. To stop the leak and increase the hold-off voltage of the 

resistor tank might be very helpful in further study. 
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