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ABSTRACT 

This thesis describes a Monte Cario model of charge accumulation on an 

insulator surface prior to flashover. It is designed to give insight into the effects 

that a flashover-inhibiting coating developed at Texas Tech University has on 

the charging mechanism. It is a first step of a process to better understand the 

processes leading to flashover. The model includes the dominant "Physics" of 

the system and investigates the effects on the charging mechanism of varying 

different parameters such as the secondary electron emission coefficients, length 

of the insulator surface and strength of the applied field. 
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CHAPTER I 

INTRODUCTION 

Surface flashover is the name given to electrical breakdown along the surface 

of an insulator. One of the most common instances of surface flashover occurs 

when a dielectric is used to isolate two electrodes with a high voltage across the 

system. If breakdown occurs, then the surface of the insulator simply becomes 

another conduction path, and the conductors are no longer isolated. In many 

experimental systems, breakdown causes problems leading to the use of large 

safety factors in these systems [1]. These safety compensations lead to increased 

insulator size which causes increased inductance, and this lowers power delivered 

to the load. This is a large limiting factor which affects many appUcations. The 

study of mechanisms leading to surface flashover is important so that better 

methods can be developed for increasing the amount of voltage an insulator 

surface can withstand without breaking down. One way of improving the voltage 

a dielectric can withstand (also called breakdown strength) has been developed 

at Texas Tech University [2]. A hydrocarbon coating is applied to the surface of 

the dielectric to double or triple the breakdown voltage. However, the 

mechanism by which this coating increases the breakdown strength is not 



understood. This study may also be of importance in the aerospace industry 

where charge buildup on spacecraft is a concern [3]. 

Currently, the most widely accepted description of the events leading to 

surface flashover begins with electron emission from the cathode-insulator-

vacuum junction. The electrons from this "triple" junction are emitted in all 

directions, and many hit the surface of the insulator. Electrons incident on the 

surface will cause secondary electron emission if their energy is within a specific 

range dictated by the secondary electron emission (SEE) coefficients. Secondary 

electron emission curves plot the number of electrons emitted per incident 

electron {S) versus the energy of the electrons incident on the surface. If 

secondary electrons are emitted, they will either travel all the way to the anode 

and be collected or travel a certain distance and then reimpact the surface, 

possibly causing further secondary electrons (secondaries) to be emitted. Some 

of these secondaries will in turn continue down the surface, repeating the process 

and if two or more secondaries are emitted per incident electron, causing an 

avalanche. This avalanche of electrons will cause a buildup of charge, positive 

and negative, on the insulator surface. Since the surface is where the 

accumulation of charge takes place, it is considered the weakest point, 

electrically, of the system [4]. 

There are other characteristics of the system that also contribute to the 

mechanisms preceding surface flashover. There are gas molecules trapped on the 



surface of the dielectric that are desorbed by the electrons incident on the 

surface. These molecules will form a layer of gas just above the surface, and 

collisions between the molecules and the electrons can affect the propagation of 

electrons down the insulator. This, in turn, causes changes in the patterns of 

surface charge accumulation. Another characteristic of the system involves the 

surface of the insulator which is not completely smooth. Tiny nonuniformities in 

the surface will cause changes in the electric field perpendicular to the surface, 

causing changes in the trajectories of the avalanching electrons [4,5,6,7]. 

There exist currently two conflicting models of surface flashover. The two 

models differ on several points, most notably in their explanation of the primary 

cause of surface flashover. The model described by Hackam and Pillai says that 

flashover occurs due to charge buildup started by triple junction emission and 

propagated by electron avalanches. The electron collisions with desorbed gas 

molecules just above the dielectric surface cause ionization of the gas leading to 

breakdown [5]. The model is based on a set of assuraiptions that may be 

incomplete. The first assumption is that the surface charging process is begun 

from an equilibrium point on the SEE curve and that it never moves far from 

this point. Also, some of the trajectory equations used to foUow the secondary 

electrons are somewhat oversimplified. Conversely, the model of Jaitly and 

Sudarshan claims that fiashover is the result of charging due to a solid state 

ionization process beneath the surface of the insulator. Instead of secondaries 
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propagating across the surface, positive charges move toward the cathode just 

under the surface. The process is regenerative since the positive charge 

accumulation causes a local stress that leads to further electron emission. When 

there is enough positive charge built up, breakdown occurs [8]. The more 

accepted mechanism for the charging process is that it is initiated by triple 

junction emission. Neither model has been able to predict experimental results 

with much success, especially where the flashover-inhibiting coating developed at 

Texas Tech University is concerned. 

The research reported here involves the development and use of a 

computational model of the phenomena leading to surface flashover. This model 

is being developed because certain aspects of the flashover phenomenon are 

difficult to observe due to the short time it takes for flashover to occur 

experimentally (on the order of a few nanoseconds). The effects of changes in 

the SEE coefficients, interactions between the hopping secondaries and gas 

molecules, and the rates at which electron impacts cause gas desorption axe 

among the processes that are still not understood in great detail. This model 

may contribute to the understanding of these effects. Another advantage of a 

computational model is that certain mechanisms of the process can be decoupled 

and looked at separately. When flashover is examined experimentally, the gas 

molecules trapped on the insulator surface are desorbed by avalanching 

electrons. The gas layer that forms above the surface affects electron trajectories 



which, in turn, alters the charging process. By removing the gas entirely, changes 

in charge accumulation due to shifts in the SEE coefficients can be observed. 

Electron collisions with gas molecules can be dismissed, and the charging process 

can be examined exclusively. This gas decoupling is impossible to manage in a 

laboratory, and therefore this model should complement the experimental work 

currently being done in this area at Texas Tech University. In this first step the 

gas desorption and the nonuniformity of the surface are not being considered and 

will be the subject of future work. This will allow the research to concentrate on 

the charging mechanism and test the effects of changing some of the physical 

parameters, such as the length of the dielectric sample and the applied voltage. 

The model is a simplified Monte Carlo simulation that incorporates the most 

important physical properties. Monte Carlo techniques will be used to model 

certain parameters including the initial charge on the surface of the insulator, 

the angle of emission for secondary electrons, the impact energy of the electrons 

as they hit the surface, and the position of the initial electron avalanches along 

the insulator. Experimentally obtained values for the SEE coefficients will be 

used. In addition, SEE coefficients from insulator surfaces treated with the 

hydrocarbon coating and those that remain untreated will be used so that the 

effects of the coating on the charging process can be examined. 



CHAPTER II 

THEORY OF SURFACE FLASHOVER 

Surface flashover occurs when an insulator is placed between two electrodes 

in a vacuum and a high voltage is placed across the system. The insulator can 

be many shapes, but in the case studied here, the interface is planar with the 

electrodes perpendicular to the surface. An illustration of this system can be 

seen in Figure 2.1 [7]. The work reported here assumes a constant 

(instantaneous) applied electric field. 

2.1 Triple Junction Emission 

The process that leads to surface flashover begins with electron emission 

from the triple junction [5,6]. The electrode emits electrons because the surface 

of the metal is not perfectly smooth on a microscopic scale. The protrusions 

from the cathode are sometimes large enough to cause significant enhancements 

in the local electric field. These increases in the field cause electrons to be 

emitted from the cathode in a direction given by a cosine distribution [2]. Voids 

of sufficient depth also cause field enhancement near the insulator-cathode 

interface and thus lead to electron emission. A diagram of the triple junction can 



Field-Emitted Electrons 

Magnified 

Vacuum 

Dielectric 

Cathode 
; x \ \ \ N \ \ v 

: \ x \ \ \ \ \ \ 
: \ N \ \ \ \ \ \ 
: \ \ \ \ \ \ x \ 
i \ \ \ \ \ \ \ \ 

Vacuum 

Triple Junction 

Desorbed Gas Cloud 

Elecron Trajectory 

Anode 
l \ \ N \ \ \ \ ^ 
: z y x z z / y / | 

• X y • / / z z ! \ \ \ \ \ \ \ S 
\ \ \ \ x \ \ ^ 

' X /» • • • z • I 
' • • X • y X / ! \ *; 

Figure 2.1: Diagram of the flashover system and process. The top diagram is a 
magnified view of the triple junction 



8 

be seen at the top of Figure 2.1. Many of the emitted electrons are swept all the 

way to the anode by the large parallel electric field. However, some of the 

emitted electrons strike the surface of the insulator, causing secondary electrons 

to be released. Not only does triple junction emission trigger the events leading 

to flashover, it also helps perpetuate the process. The buildup of positive charge 

that occurs on the insulator surface due to electron avalanches causes further 

triple junction emission, leading to the possibility of more secondaries being 

emitted [9]. The parallel field strength necessary to initiate emission from the 

cathode varies with the geometry of the system. It is generally believed that the 

planar surface studied here requires an electric field of at least 20 — [2]. 

2.2 Secondary Electron Emission 

An important factor in the accumulation of positive charge on the surface of 

the insulator is secondary electron emission. When an electron is incident on the 

insulator interface, it hits with impact energy, Ai. Depending on the value of A^ 

and the dielectric material, there will be a given number of secondaries emitted. 

This is plotted on an SEE curve, where the ordinate value 6 is defined as the 

number of secondary electrons emitted per incident electron. A typical SEE 

curve is shown in Figure 2.2 [2,5,6,7]. Since the value of 6 tends to increase with 

increasing impact energy, a point is reached where the surface becomes saturated 

with positive charge and then the impact energy starts to decrease. There are 
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Figure 2.2: Typical SEE curve for a polymeric insulator 
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two points on the curve, designated as Ai and A2 in Figure 2.2 where 

^ = 1 [2,5,6,7]. These points have special significance because they are points 

where the process can possibly reach equilibrium. The SEE curves are sensitive 

to many different properties including the insulator material, the microscopic 

roughness of the surface and the contamination of the surface. The shape of the 

SEE curve is very important, and much of the process leading to flashover can 

be explained in terms of this shape. In the very first stages of charging, the 

electrons all come from triple junction emission. When electrons with impact 

energy in the range, Ai < A^ < A2, strike the surface, it becomes positively 

charged. The reason for this is simply that as a primary electron hits the surface 

with an energy in this range, more than one secondary electron is emitted. This 

leads to a net positive charge in that region of the insulator. The impact energy 

obtained by the electrons as they move across the insulator comes from the 

ballistic trajectories they follow in the net electric field. Since at the beginning 

the perpendicular electric field is small, the hops and the impact energies are 

very large. As a result, there will be a region of the insulator near the cathode 

that initially charges positively, while the region closer to the anode m ây charge 

negatively. The positive region grows more intensely charged as more 

secondaries are released, simultaneously the region starts spreading toward the 

anode. The strength of the perpendicular electric field will increase, attracting 

electrons that previously would have traveled directly to the anode. Many 
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secondaries will be emitted and then attracted back to the surface of the 

insulator, causing hop distances to be very small. This means that impact 

energies will decrease due to the smcdl trajectories of the electrons. In terms of 

the SEE curve, the average value of Ai will move down the curve until it hits Ai, 

where the process reaches equilibrium and charging ceases [2,5,6,7]. 

2.2.1 Angle of Incidence 

The values on the SEE curve are not constant. The position of the 

maximum, and to a smaller extent, the shape of the curve can vary as changes to 

the surface occur. One of the most important factors affecting the SEE curve is 

the angle of incidence of the primary electrons. The value of 6 for a given Ai will 

increase as the angle of incidence (f) relative to the surface normal increases [10]. 

The reason for this increase has to do with the average depth below the surface 

that a secondary can be released by a primary electron hitting at normal 

incidence. This average depth is defined as the escape depth of the material. If a 

primary electron hitting the surface at normal incidence (^ = 90°) has an escape 

depth of Xm, then one hitting at a larger angle has a depth of i ^ siiKJ). 

Figure 2.3 shows the difference in escape depths between an electron hitting the 

surface at normal incidence and one hitting with angle (f). Since the distance to 

the surface is smaller, fewer of the secondaries are absorbed before they reach 
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sin((j)) 

Figure 2.3: The effect of incident angle on escape depth 
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the surface and thus a higher yield results [11]. The equation that gives the new 

value of S for a given incident angle in terms oi SQ {6 a.t (j) = 90°) is, 

6{(f>) = 6o{sin(l>)-'' (2.1) 

where n = 1 for most cases [10]. The higher yield results in an upward shift in 

the SEE curve are illustrated in Figure 2.4 [12]. This upward shift holds for all 

angles until the primaries hit the surface near (j) = 10°. At this angle, the 

electrons are effectively moving parallel to the surface, and there is no secondary 

emission. 

2.2.2 Secondary Electron Emission Characteristics 

Every secondary electron is emitted in a particular direction and with a 

certain energy. It is generally believed that a secondary can be emitted in any 

direction from —90° < 9 < 90° where ^ = 0° is perpendicular to the surface. 

Thus there can be instances where electron trajectories begin back towards the 

cathode. The electron is also emitted with an initial kinetic energy. This initial 

energy is largely independent of the incident energy of the primary electron [10]. 

The energy that secondaries are emitted with is somewhat difficult to determine. 

One distribution of initial energies has been defined by Von Seggern and is said 

to be valid for most insulating surfaces. The distribution is based on 
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experimental measurements of initial energies for different materials (metals and 

insulators). The equation for this distribution is, 

g{E') = J:a,e-''^', (2.2) 
i = l 

with ai = 0.476, az = -0.476, 61 = 0.4 and 63 = 2.5. This distribution is plotted 

out in Figure 2.5. According to Von Seggern, this distribution has been 

normalized for numierical calculations [13]. 

2.2.3 High Energy Tail for SEE Curve 

It is well established that the SEE curves vary for a given substance when 

physical characteristics, such as coatings or the roughness of the surface, are 

changed. Experimental SEE curves have been determined at Texas Tech 

University for two insulating materials, including Lucite and Lexan. However, 

the experimental data is not accurate beyond a certain impact energy. Since for 

many cases the electrons impact the surface with a very high energy, it is 

necessary to know how to obtain S for these cases. Burke has developed the 

basic equation, 

6 = fcAp, (2.3) 

where the values for k and n can be found by fitting to experimental data at 

lower (more reliable) energies and depend largely on the insulator surface being 

used [14]. 
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2.3 Kinematics of an Electron Avalanche 

The propagation of charge down the insulator surface takes place through the 

avalanching of the emitted secondaries. The ballistic trajectories that these 

electrons follow are given by a very simple set of kinematic equations. These 

trajectories will depend on the net local electric field {E^ + E^), a,s well as on 

emission energy and angle. The magnitude of the perpendicular electric field 

{Ex) is given by the simple expression, 

K , (T^ 

where K is the dielectric constant of the surface material, EQ is the permittivity of 

free space, and a^ is the total amount of charge per unit area. The value of K. is 

a constant that varies with the type of insulator being used, and the value of CTJ^ 

is obtained by summing the positive charges over a certain area and then 

dividing by that area. It is easily seen that as the amount of positive charge in a 

given area increases, the strength of the perpendicular electric field increases. 

In this model, an electron moves down the surface by making a series of hops 

which can be tracked by using the ballistic equations. If the assumption that the 

local electric field is uniform is satisfied, then these equations are valid. If we 

start with an electron with energy AQ, mass mg, and charge e, then the 
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accelerations it is subjected to in the parallel (z) and perpendicular {x) 

directions are, 

a. = - ( ^ ) (2.5) 
rrie 

a^ = — - . (2.6) 
Trie 

If the electron is emitted at an angle 0, with respect to the perpendicular, and an 

initial velocity, VQ, then the initial velocities in the z and x directions are simply, 

Vz = vosin{6) (2.7) 

Vx = vocos{9). (2.8) 

A schematic of an electron being emitted from the surface can be seen in 

Figure 2.6. Using the above equations, it is possible to obtain an equation for 

the time of flight of the electrons. The time for an electron to reach its 

majcimum height above the surface of the insulator is, 

meVnCOsO 

The height of the electron above the insulator at any given time can be found 

from, 

1 2 
X - Xo = voJ + -at , (2.10) 

and by substituting the values defined above leads to the expression, 

AQCOS^O 

'-'"^-TET- (2.11) 
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X 

Figure 2.6: Emission angle for a secondary electron 
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The preceding equation gives an emission angle dependence to the height of the 

electron above the insulator; and when ^ = 0°, or in other words, is emitted 

perpendicular to the surface, the equation reduces to the one used by Hackam 

and Pillai, and others viz. [5,6], 

x = ^ . (2.12) 
eEx ^ ^ 

The length of a hop is given by a similar kinematic equation; 

z - ZQ = VQJ + -a,t^ (2.13) 

which after substitution becomes, 

^.sindcosd ErCos^O^ , 

Again, there is an angular dependence for the emitted electrons, and at ^ = 0°, 

the equation simplifies to a form used by Hackam and Pillai [5,6], 

z-Zo = M ^ ) . (2.15) 

The energy that the electron has when it returns to the surface of the insulator 

after a hop is called the impact energy {Ai) and is given by the expression, 

Ai = -me•y(2U)^ (2.16) 

where the value for v{2ti.)^ is given by, 

x;(2U)' = U x ( 2 t i ) ' + r , ( 2 t i ) ^ (2.17) 
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If the proper substitutions are made then the expression can be rewritten as, 

Ai = Ao(l + Acose^{sine ^ ^cosd)). (2.18) 
Ex Ex 

Again, this equation can be simplified to agree with the expressions used in 

other models. The equation that is most frequently used in other models for the 

average impact energy can be obtained from equation (2.18) by using the 

standard calculus definition of average, 

Ai = - r Ai{d)d9, (2.19) 

and by performing the integral, the average value of Ai is found to agree with 

the one in the literature, namely [5,6], 

Ai = Ao{l + 2{^Y). (2.20) 

Finally, the angle at which the electron impacts the surface is found from the 

ratios of the perpendicular and parallel velocities at the moment of impact. The 

value for the incident angle, 9i, is given by, 

1, ExCos9 , 
9i = ian-\-—-—^—— -). 2.21 

^Exsin9 + 2E^cos9^ ^ ^ 

The kinematic equations used in this work are more general than those used in 

other models. There are no assumptions of secondary emission occurring 

exclusively at angles perpendicular to the surface. The equations follow an 

emitted electron which is given a random emission energy and a random 
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emission angle. The path of flight of the electron is then given by the preceding 

equations. If the electron does return to the insulator surface, its impact energy 

will then be used with a measured SEE curve to determine if a secondary 

electron is emitted. If a secondary electron is emitted, it is given a new random 

emission energy and angle, and the process is repeated. This is the model used 

for the propagation of secondaries down the surface. 

As stated earlier, there is always gas trapped on the insulator surface 

regardless of how it is prepared. Once surface charge is determined, it is possible 

to calculate the secondary electron current. This current is necessary in order to 

calculate the gas desorption due to the electron bombardment. The equation for 

the surface current per unit length is given by, 

I^ = (T.v^ (2.22) 

where v^ is the average velocity of the hopping electrons and cr_ is the amount of 

negative charge per unit area [2,5,7]. The expression for the average velocity is, 

v. = ( — i ) ' . (2.23) 

The current per unit length is necessary to calculate the rate of electron 

stimiulated gas desorption (ESD) which is, 

7 . = - p ^ , (2.24) 
e{z - ZQ) 

where (Td is the molecular surface density, Qd the desorption cross section, and 

{z — ZQ) \s the distance traveled in the z direction by the electrons before 
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returning to the surface. The gas that is desorbed from the surface is almost 

certainly an important factor in actually causing a breakdown. As molecules are 

desorbed, they form a layer of gas just above the insulator surface. The 

secondary electrons that propagate down the surface will occasionally collide 

with the gas molecules, causing some of them to be ionized. Flashover appears 

to be strongly dependent on the separation of the electrodes and the pressure of 

the gas. It is believed that once the gas layer above the surface of the insiilator 

reaches a critical density and is properly ionized by the collisions with 

secondaries, a plasma forms from cathode to anode and surface flashover 

occurs [2,7], 

A final factor that can affect surface fiashover is the roughness of the 

insulator sample [2,5,6,9,7]. The microscopic crevices affect the buildup of charge 

by changing the local electric fields and the electron trajectories. As was 

mentioned earlier, the work reported here assumes that there is no gas on the 

perfectly smooth surface of the insulator and therefore describes only the charge 

buildup due to changes in the SEE coefficients. It can be seen that the charge 

buildup and trajectories of avalanching electrons are directly related to ga^ 

desorption and must be understood before the effects of the gas layer are added 

to the calculations in the model. 



CHAPTER III 

MONTE CARLO METHODS 

The surface flashover model being developed is a Monte Carlo simulation. 

Monte Carlo techniques derive their name from the fact that they are used to 

solve physical problems by using random numbers such as those that might be 

found at gaming tables in casinos. They are often used to study a wide variety 

of complex physical systems that cannot be simulated in any other fashion. 

3.1 Random Numbers 

Monte Carlo techniques require "high quality random numbers" to be 

effective. High quality refers to the degree of randomness of the digits of the 

number [15]. Although there are a number of ways of obtaining random 

numbers, the three most prevalent methods are the use of special tables, 

m.onitoring the output of a physical process, and an algorithmic determination of 

the numbers. The algorithmic determination produces what are commonly 

known as pseudo-random numbers [15]. These pseudo-random numbers are the 

most widely used because of the convenience and ease of using them in 

calculations. The widespread use of the pseudo-random numbers can be justified 

24 
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despite the apparent contradiction of using deterministic methods to produce 

random numbers. If one compares two sequences of numbers, one determined 

algorithmicaUy and the other determined physically and both are tested and 

determined to be satisfactorily random, then the origin of the sequence of 

numbers becomes irrelevant [16]. A random sequence determined by an 

algorithm will have only a certain finite number of distinct elements before it 

begins to repeat itself. The number of elements that occur before repetition is 

called the period. The larger the period of the random sequence, the less of a 

concern repetition of random numbers will be in the calculations. 

3.2 Producing Random Numbers 

The creation of random numbers on a computer is a fairly straightforward 

process. Most computers have a library routine that will create a random 

number from a given seed number. Calling the routine simply involves a 

command such as, 

y = ran{seed), (3-1) 

where y is a random number in the range 0 <y < I and the seed is a large, 

arbitrary integer. These routines use the linear congruential method of 

generating random numbers which generate a sequence of numbers / i , / 2 , / 3 , . . . . 

between 0 and m-1 by the relation, 

Ij+i = alj + c{mod m), (3.2) 
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where (mod m) is the modulus and a and c are positive integers called the 

multiplier and the increment, respectively [16]. Since the random sequence will 

repeat itself with a period no greater than m, it is best to make m a large 

number. The period is heavily dependent on the values for a, c, and m. 

Therefore the choice for these numbers is very important. On the system used to 

develop the model described here, the values in the random generator are 

a = 69069, c = 1, and m = 2^^. If a and c are not chosen well the value for the 

seed will not matter, and a small period will result. Also, if the same seed is 

used more than once in a program, it will always return the same sequence of 

numbers [16]. 

3.3 Tests for Random Sequences 

It is difficult to determine whether a number or sequence of numbers is 

sufficiently random. If the numbers pass n statistical tests to determine 

randomness, it is not certain that the sequence will pass test n-fl [17\ A 

definition for randomness that is practical from a computational standpoint is 

that any two random number generators should produce statistically consistent 

results when both are used in an applications program. If they do not produce 

consistent results, then one or possibly both are not good generators. Since the 

constants of the computer library random number routine are picked by the 

computer itself, it may be important to test the generator to determine its 
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randomness [16]. There are many statistical tests of varying complexity that are 

used to test sequences. The most commonly used is the Chi-square (x^) test 

[17]. The Chi-square test generates a large number, n, of random values and 

places each in one of k categories. The number in each category, T/,, is obtained 

and the probability of a number falling into a certain category, p , , is determined. 

Then the statistic, V, is calculated using, 

y = l: E (r ) -^ - (3.3) 
^ l < s < k P' 

After calculating the value of V, it is compared with other values on a 

Chi-square distribution chart. A portion of one of these charts is shown in 

Table 3.1 [17]. It gives the value of V as a function of v, where {v = k — 1) and a 

percentage, p. If V is less than the value given for p = 1% or greater than the 

value of V for p = 99%, then the numbers in the sequence are not sufficiently 

random. If V is in the range between 1% < p < 5% or 95% < p < 99% the 

sequence is considered suspect. If the value for V falls in the remaining range, 

then it is considered to be sufficiently random, though a value near that for 

p = 50% is ideal. Knuth defines a method of determining the limiting values of V 

for percentages and values of v that do not appear in his table. The equation is, 

where the value for Xp is a constant dependent on the percentage, p. The 

limiting values of V, for î  = 99, were calculated and are also included in 
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Table 3.1: Selected percentage points of the Chi-Square distribution 

u = l 
i/ = 2 
i/ = 3 
i/ = 4 
i/ = 5 

1/ = 10 
i/ = 20 
i/ = 50 
i/ = 99 

P = 1% 
0.00016 
0.02010 
0.1148 
0.2971 
0.5543 
2.558 
8.260 
29.71 
69.20 

p = 5% 
0.00393 
0.1026 
0.3518 
0.7107 
1.1455 
3.940 
10.85 
34.76 
77.05 

p = 25% 
0.1015 
0.5753 
1.213 
1.923 
2.675 
6.737 
15.45 
42.94 
89.50 

p = 50% 
0.4549 
1.386 
2.366 
3.357 
4.351 
9.342 
19.34 
49.33 
98.33 

p = 75% 
1.323 
2.773 
4.108 
5.385 
6.626 
12.55 
23.83 
56.33 
108.1 

p = 95% 
3.841 
5.991 
7.815 
9.488 
11.07 
18.31 
31.41 
67.50 
116.4 

p = 99% 
6.635 
9.210 
11.34 
13.28 
15.09 
23.21 
37.57 
76.15 
134.7 
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Table 3.1. The Chi-square test is convenient since it is fairly easy to program. 

and it is also quick. It is also often used in conjunction with other tests. There 

are many tests that are more complex also widely used. The number of tests 

used on any sequence depends on how the random numbers will be used and the 

degree of randomness desired [17]. 

A version of the Chi-Square test was used to examine the random number 

generator on the machine used in this work. Different initial seeds were tested to 

see if the generator produced sufficiently random numbers. The test used a value 

of 1/ = 99 and generated a large number of random values. The results for one of 

the seeds, showing the number of values tested, n, the value of V, and its 

"rating" are in Table 3.2. The majority of the values for V were in the 

acceptable or "good" range. After testing several initial seeds, it was determined 

that the random number generator produced sufficiently random numbers. 

3.4 Monte Carlo Distributions 

Once a sequence has been shown to be satisfactorily random, then attention 

can be turned to the type of Monte Carlo techniques that are best for a 

particular application. The Monte Carlo methods that are the most widely used 

include random sampling, inversion, and von Neumann rejection [15,18]. The 

latter two are methods that give random variables a specific distribution. The 

random sampling method involves using the random number generator to give 
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Table 3.2: An example of results from a Chi-Square test on the random number 
generator of the Microvax II using i/ = 99 

seed 
n 

500 
2,000 
4,000 
6,000 
8,000 

10,000 
20,000 
50,000 

= 20044456789 
V 

87.6 
92.9 
100.6 
89.47 
92.5 

108.44 
116.47 
102.76 

Rating 
Good 
Good 
Good 
Good 
Good 
Good 

Suspect 
Good 
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numbers over a certain range. The inversion method is a means of determining a 

random number according to a given distribution. Unfortunately, it is often 

impractical to invert many physical functions. Thus, the method is not as useful 

for the type of calculations that are being used in this model [18]. 

3.4.1 Random Sampling 

Random sampling is not a separate method. It is primarily an extension of 

the use of the random number generator. All numbers in the desired range will 

have the same probability, but random sampling expands the generator's range 

beyond the normal range of 0 to 1 [15]. The range can be shifted or increased by 

algebraic manipulation of constants and the generated values. Changing the 

range for the random value y to —2 < y < 2 is simply a matter of calculating, 

y = 4 ( r a n ( x ) ) - 2 . (3.5) 

The above explanation is basic, but it illustrates that the range of the random 

number generator can be changed. The only distribution is that all values in the 

given range are equally probable. 

Random sampling is used in the charging model to determine the angle at 

which an emitted secondary electron leaves the surface. The electron is equally 

likely to be emitted at any angle between - | < ^ < | radians. Therefore, 

determining the emission angle in the program is simply a matter of producing a 

random number and scaling it to fall within the desired range. 
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3.4.2 Von Neumann Rejection 

One of the most often used Monte Carlo techniques is von Neumann 

rejection. It involves generating random numbers according to a distribution 

W'{x) and then only using those values that fall within a second distribution 

W(x) . It is important that W'{x) > W{x) over the entire region of x from which 

the random values are to be selected. A graph illustrating the rejection scheme 

is shown in Figure 3.1 [18]. A random number pair is generated for the desired 

region, in this case 0 < a; < 1 and 0 < y < W'{x). If the random pair point falls 

below the value for y = W(x), then the point is accepted. If it turns out that the 

point is outside the y = W(x) region, then it is rejected and another random 

pair is generated [18]. The process repeats until enough pairs are accepted to 

fulfill the needs of the application program. Often the function used for W'{x) is 

a constant value giving a straight line distribution [18]. The distribution for 

W(x) is given by physical information. This technique is useful because it does 

not need to use functions that can be inverted nor is it restricted to distributions 

where all values are equally probable. 

Von Neumann rejection is used for determining the values of many 

parameters within the charging model. An example of its use involves finding 

the initial energy with which a secondary electron is emitted. The distribution 

used to calculate the possible energies was shown in Figure 2.5. In order to 

select an energy, a second distribution that limits the values of the energy and 
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Figure 3.1: Distribution for von Neumann rejection 
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the number of particles with that energy is defined. A random number pair is 

then produced within the boundaries of the second distribution. The random 

numbers that are used are the ones that fall on or below the energy curve. There 

is a way to test whether the rejection scheme is producing acceptable numbers. 

The average value of the initial energy distribution equation (2.2) can be found 

by integration to be 2.8 eV. In the course of running the program, the average 

value for the energy used for all secondaries emitted was calculated and found to 

agree with the integrated value. It takes only a few hundred avalanches for the 

value to reach 2.8 eV. 



CHAPTER IV 

MODELING SURFACE FLASHOVER 

Now that the most important factors involved in the surface charging of an 

insulator prior to flashover have been detailed, the model designed to simulate 

the process can be described. The model makes use of the various equations that 

were described in chapter 2 and the Monte Carlo techniques described in 

chapter 3. The experimental values for the SEE coefficients that have been 

determined at Texas Tech University are also incorporated into the model. 

The majority of the computations for this project were done on the Texas 

Tech Department of Physics system, which is a Digital Equipment Corporation 

(DEC) Micro VAX II. The rest of the computing was done on a DEC VAX 8650 -

11/780 cluster. The graphics used in this work were done using the DISSPLA 

graphics package on the VAX 8650. 

4.1 Simulation of the Experimental System 

The physical system is simulated in two dimensions, the length down the 

insulator surface (z) and the height above the surface (x). The reason for not 

using three dimensions is that an attempt to follow the electron hops in a lateral 
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direction would make the problem too cumbersome for calculation in a 

reasonable amount of computing time. The length across the surface is divided 

into a series of segments or "bins," and the amount of charge deposited in each 

bin is monitored. The size of the bins vary with the total length of the insulator 

sample being examined so that the total number of bins remains constant at 

20,000. Since there were so many different variables, certain steps were taken to 

limit the parameter space of the simulation. One of these steps involved limiting 

the length of the insulator to 1, 2, or 4 cm, and therefore the bin sizes used were 

5 X 10~^, 1 X 10""*, and 2 x 10"^ cm, respectively. The amount of charge in any 

given bin is converted to a value for charge per unit area, <r, by taking the total 

number of positive and negative charges in integral numbers, dividing by the bin 

length and squaring the result. Once the value for a is determined, the electric 

field can be calculated using equation (2.4). Charges are added and subtracted 

from the bins according to the trajectories and energies of the hopping electrons 

until all avalanches are completed. 

The variable parameters of interest in the simulation are entered into the 

program at the very beginning. These parameters include the length of the 

sample, the parallel electric field placed across the sample, and the number of 

electron avalanches to be followed. A random seed is also entered for the random 

number generator of the system to be used in the Monte Carlo distributions. 

The variation in strength of the parallel electric field and its effect on surface 
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charging is one of the important parameters studied in the model. However, the 

variations in field strength have been Hmited somewhat in order to keep the 

parameter space reasonable. Fields of 20 —, 50 — and 100 ~ were used for 
cm ' cm cTTi 

nearly all of the computer runs. The variables that are dependant on the type of 

insulator used, such as the dielectric constant, /c, and the SEE coefficients, are 

also entered at the beginning. The SEE coefficients available for use were for 

Lucite and Lexan. Each material has a set of coefficients that represent 

treatment with the experimental coating and a set of coefficients for an 

untreated sample. As explained earlier, the experimental SEE coefficients are 

only valid for certain impact energies. At this point, it is necessary to use 

equation (2.3) to calculate 6. For the sets of experimental data used in our 

simulations, the cutoff energy for lexan is 550 eV and for lucite is 1000 eV. In 

this first stage of the model, the values for K. and the SEE coefficients are the 

only experimentally determined parameters. Once all the parameters are 

entered, a bin length is calculated, and the computations are begun. 

4.2 Simulation of the Propagation of Avalanches 

Rather than attempt to simulate the emission of electrons from the triple 

junction, an initial charge is placed on the surface at the beginning. The initial 

charge is chosen according to a distribution that represents charging on the 

insulator shortly after the field is placed across the electrodes and triple junction 
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emission has begun. The shape of this distribution is based on the assumption 

that most of the triple junction electrons that strike the surface (early in the 

process) hit near the cathode. A small amount of charge is placed in each bin 

using von Neumann rejection. The distribution for this rejection is shown in 

Figure 4.1. A good portion of the rest of the program is a loop that follows each 

of the desired number of "avalanches." An avalanche is defined in this case to 

mean a random emission of an electron from the surface that is tracked until it 

terminates. Therefore if the number of avalanches input to the program is 100, 

there will be 100 emissions and each one will be followed until the electron (or 

its corresponding secondaries) reaches the anode or sticks to the surface. The 

position along the insulator surface from which the initial electron is emitted is 

also given by von Neumann rejection. The distribution used for this rejection is 

shown in Figure 4.2 and reflects that the most Hkely position for an electron to 

be emitted is near the cathode where the majority of the triple junction 

electrons will strike the surface. It is based on the assumption that primary 

must travel a certain distance to be able to cause secondary emission. Secondary 

electrons are emitted in the range Ai < Ai < A2 and the distribution is a basic 

at tempt to correlate that energy range into distance down the insulator. Once 

the initial position and corresponding bin from which the electron will be 

emitted is determined, the local electric field must be calculated. This is done by 

summing the total amount of charge in a 1000 bin region centered on the 
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random position, z ,̂ and then dividing by the length of the region and squaring 

the result, resulting in the value for G. From the value for (T the electric field is 

calculated from equation (2.4). Once the electric field is known, the electron is 

emitted" at a random angle with a random energy. Earlier it was mentioned 

that the energy is determined using von Neumann rejection. The random angle 

is chosen simply by picking a value from -90° < ^ < 90° where all angles are 

equally likely. Once the electron has an energy and an angle of emission, the 

trajectory can be calculated from the kinematic equations. Then a check must 

be made to determine where the electron finishes its hop. If it has hopped a 

large enough distance such that it hits the anode, the avalanche is finished and 

the next random emission follows. If the hop is small enough for the electron to 

reimpact the surface, the incident angle and impact energy are considered. The 

energy is matched to a value for ^ by a cubic spHne fit that allows the values 

between measured data points to be determined. If the energy is higher than the 

cutoff energy for the material, then the high energy equation (2.3) is used to 

calculate S. After the SEE coefficient is determined, the incident angle is used to 

adjust the value of h by using equation (2.1). If the value for the SEE coefficient 

is less than one, the primary sticks and the avalanche is ended. If the value is 

greater than one, then the number of electrons given by h are emitted from the 

surface. In order to avoid decimal portions of electrons, the value for h is 

multiplied by the incoming number of electrons and then rounded. If there is 
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more than one electron emitted, they all have the same trajectory for a given 

hop. Similarly, the impact energy is calculated after each of these "electron" 

trajectories. Again, this is a condition that is included to keep the calculations 

from becoming too unreasonable. Before these secondary electrons can be 

emitted, the local electric field must again be calculated. This calculation is 

different than that for an initial emission. Instead of using a range based on a 

fixed number of bins, the range is calculated using the radius of the previous 

hop. All the charge in the bins covered by that hop length is summed, both 

ahead and behind the position of the secondary emission. The field is then 

calculated in the same manner as before. Again, once the local field is 

calculated, the secondary electrons are given a random energy and angle, and a 

trajectory is calculated. The process is repeated, with varjdng number of 

secondaries being emitted with each hop, until the electrons all stick to the 

surface or hit the anode. This is how the propagation of avalanches is followed 

and how charge builds up on the surface. The program loop finishes when all of 

the specified number of initial electron emissions and their corresponding 

secondaries have completed their paths down the insulator surface. 

4.3 Calculation of Results 

There are several quantities that can be calculated to allow examination of 

the charging process mechanisms. Once all the avalanches have been run, the 
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charge distribution on the surface can be examined by summing the charge into 

"superbins." Looking at the charge in this smaller number of bins, usually 100 or 

200, as a function of distance across the surface gives insight into trends of the 

charge buildup. The charge values in the bins can cdso be plotted against 

distance to give an illustration of the charge accumulation. The total amount of 

charge in all the bins and the mean impact energy are also calculated. The 

importance of the mean impact energy is that as positive charge builds up on 

the surface, electron hops get shorter and impact energies decrease. The average 

impact energy should move down the SEE curve toward the energy that 

represents the first point where 6 = 1. This is the equilibrium point. If the 

average energy reaches that value, the process will be in equilibrium. Another 

value calculated in the simulation is the ratio of the perpendicular and parallel 

fields, • 1 ' , at points | and | of the way along the insulator surface. This ratio 

gives a way of checking the strength of the perpendicular field in a certain 

region. The charge is summed over a range of 1000 bins centered at those two 

points and then divided by the length of the range and squared to obtain a. 

These are the different values that are calculated and examined to give insight 

into what is happening during the surface charging process. 



CHAPTER V 

RESULTS 

This project was undertaken to better understand how different components 

of a high voltage system affect the surface charging process. The model allows 

variation of different parameters, one at a time, in order to study the effects of 

each one. A majority of the test runs were done using Lexan as the insulating 

material. The results obtained from the Lexan runs demonstrate the effects on 

the charging process of the following variables: the number of avalanches 

followed, the strength of the parallel field, insulator length, and the initial seed. 

The results also demonstrate the difference that the coating, which causes 

changes in the SEE coefficients, makes in the the charging process. The 

differences between Lucite and Lexan were also examined, keeping all other 

parameters constant. Examining how each of these parameters affects charging 

(without the interference of gas molecules) is one of the primary advantages of 

the model. 

44 
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5.1 Increasing the Number of Random Avalanches 

The nimaber of initial random electron emissions that are allowed for a given 

program run is defined to be the number of "avalanches" for that run. Ideally, 

the output from the program will give updated values for the "result" 

parameters after each avalanche has progressed, so that changes can be examined 

continuously. Unfortunately, for even a small number of avalanches this is not 

very practical. Therefore, the results have been examined after different numbers 

of avalanches have been run. The program is run for a smaller number of 

avalanches, then the number of emissions is increased in stages (which also 

increase in size) up to a large number of avalanches. For most of the cases, the 

nimiber of stages used to achieve 3,000,000 emissions was ten. It is important to 

note that the stages are progressive, including data from all previous runs and all 

external parameters are kept constant. This procedure was then repeated while 

the various parameters of interest were changed. It seems obvious that with all 

these initial electrons being emitted that the charge buildup on the surface wiU 

increase with increased number of avalanches. An example of a typical increase 

in positive charge is shown in Figure 5.1. It shows six plots in two columns, the 

left column represents an untreated Lexan sample and the right one a sample 

that has been treated with the experimental coating. In each plot, the horizontal 

axis represents the distance down the insulator surface, 2 cm in Figure 5.1, while 

the vertical axis represents the charge accumulated (positive or negative) per 
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Figure 5.1: An example of increasing the number of avalanches on surface charg
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unit length. All the cases for this figure were calculated with a parallel electric 

field of 20 —. The number of avalanches represented in the figure are 500 for the 

two plots at the top, 100,000 for the two in the middle, and 3,000,000 for those 

at the bottom. As was discussed in Section 4.2, the charge buildup was 

calculated by summing the 20,000 bins into superbins. The amount of charge in 

these superbins, as a function of distance across the surface, is plotted. The 

figure shows that in both cases the amount of positive charge on the surface 

increases as the number of avalanches increases. For both cases, the charge 

distribution after 500 avalanches is basically the initial random charge. In the 

case of treated Lexan, there is some secondary charge buildup near the anode. 

Once there have been 100,000 random emissions there is significant charge 

accumulated on the surface for both samples. The charge accumulation appears 

to start close to the anode and move back towards the cathode. The reason that 

there is no charge accumulation near the cathode is because electrons striking 

the surface in that area have not traveled far enough to gain an incident energy 

greater that Ai. The treated sample has accumulated more charge and the 

accumulation has progressed further towards the anode than for the case of the 

untreated sample. Finally, after 3,000,000 avalanches, the positive charge has 

spread toward the cathode, but the surface has ceased charging positively, and, 

in fact, the amount of total charge has decreased in both cases. Also the 

differences between the treated and untreated samples have narrowed and the 
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total charge amounts for each sample type are essentially equal. These patterns 

seem to make sense, since at 500 avalanches the small amount of charge on the 

surface will cause the perpendicular electric field to be small and the electron 

hops will be large. Therefore, many of the primary electrons will hop all the way 

to the anode while any secondary electron emissions would probably occur near 

the anode. The increase in positive charge that occurs by 100,000 avalanches is 

partly due to the increased number of the random electron emissions. This extra 

positive charge causes the smaller hopping distances that are necessary to cause 

secondary emission and possibly start avalanches of electrons. By the time 

3,000,000 emissions have been followed, the perpendicular field has gained so 

much strength that the electron hop radii have become very small and, as a 

result, emit no secondaries. This leads to a decrease in the total amount of 

positive charge on the surface. These patterns can also be seen in terms of the 

impact energy. Table 5.1 illustrates, for the same case, how the impact energy 

changes as a function of increased number of avalanches. It can be seen that the 

impact energy is very large while the positive surface charge is small and there 

have only been a small number of avalanches. As the charge increases with the 

number of avalanches, the impact energy decreases, corresponding to smaller 

electron hops. Ideally, as the charging process continues, there will be a point 

where the impact energy reaches the equilibrium, or Ai, value. This means the 

process has reached an steady state. However, while the mean energies progress 
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Table 5.1: The change in impact energy with increased number of avalanches 

Number of Avalanches 
500 

5,000 
20,000 
40,000 
60,000 

100,000 
500,000 

1,000,000 
2,000,000 
3,000,000 

Mean Impact Energy (eV) 
Untreated Lexan 

4511.22 
1017.89 
513.35 
352.09 
277.80 
207.34 
92.29 
72.79 
59.24 
53.21 

Treated Lexan 
2016.28 
771.53 
392.95 
276.78 
222.01 
168.74 
83.15 
67.20 
55.84 
50.34 
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towards the Ai point, they never quite reach it. These patterns will be shown to 

be fairly consistent, even as different parameters are varied. 

5.2 Changing the Parallel Electric Field 

The strength of the electric field placed across the electrodes also affects the 

charging process. In both the treated and untreated samples of Lexan and 

Lucite, the size of the applied field affects the rate of the charge buildup. Fields 

of three different sizes were tested, keeping all other parameters constant, and 

some trends became apparent. When the field was small, 20 —, the charge built 

up faster and progressed across the surface more quickly than for the larger 

fields of 50 — and 100 —. This trend can be seen in both treated and untreated 
cm cm 

Lexan. The total amount of positive charge is not necessarily greater for the 

smaller fields, and by the time a large number of avalanches have been run, the 

charge is greater for the stronger fields. However, the progress of the positive 

charge from near the anode towards the cathode seems to occur faster as the 

parallel field gets smaller. The trend in charge propagation can be seen in 

Figure 5.2. All the plots are for 20,000 avalanches and an insulator length of 

2 cm but the left column shows untreated Lexan for parallel fields of 20, 50, and 

iQO — while the right column shows treated Lexan for the same fields. The 
cm' ° 

figure shows, for the untreated case, how the charge has built up over a much 

larger area in the 20 ^ case than in the 50 ^ , while the 100 ^ has not even 
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cm. 



52 

charged past what amounts to background charge (the random initial charge). 

The same pattern is repeated for the treated case, with the only difference being 

that treated Lexan at 100 — has accumulated a significant amount of positive 

charge. This underscores the tendency for treated samples to charge more 

quickly. 

Another trend that can be seen in relation to the field strength is the 

difference in how quickly the impact energy decreases. This is illustrated in 

Table 5.2. The energy decreases much faster for the smaller field, since it charges 

so quickly and its initial average impact energy is less. The stronger fields seem 

to charge much more slowly, and thus the electron hops are going to decrease in 

radius more slowly. The smaller fields decrease to significantly lower energies for 

the same number of avalanches. The case of untreated Lexan with an 

E^ = 100 — shows the impact energy increasing with the number of avalanches 

until some secondary charging finally takes place. Then the energy decreases 

quickly with increasing charge. This is probably caused by a combination of the 

strong field and the tendency of untreated samples to charge more slowly. 

Therefore, in the very early stages of the charging process, it appears that the 

stronger the parallel field placed across the system, the more the charge 

accumulation is retarded. 
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Table 5.2: The change in impact energy {Ai) with increased parallel E field 

Avalanches 
500 

5,000 
20,000 
40,000 
60,000 

100,000 
500,000 

1,000,000 
2,000,000 
3,000,000 

Mean Impact Energies (eV) 
Untreated Lexan 

E, = 20 
4511.22 
1017.89 
513.35 
352.09 
277.80 
207.34 
92.29 
72.79 
59.24 
53.21 

50 
15155.13 
14935.39 
4884.12 
2823.56 
2072.23 
1393.08 
406.55 
253.94 
170.47 
139.51 

100 
31129.07 
31797.61 
32067.66 
33039.79 
33667.38 
21040.11 
2259.92 
1095.42 
589.87 
427.97 

Treated Lexan 
20 

2016.28 
771.53 
392.95 
276.78 
222.01 
168.74 
83.15 
67.20 
55.84 
50.34 

50 
15307.10 
4183.68 
2116.21 
1434.87 
1112.07 
790.86 
266.62 
182.83 
132.73 
113.36 

1 0 0 ^ 
30701.59 
20367.20 
5733.60 
4097.49 
3305.93 
2382.09 
688.72 
412.60 
263.22 
211.11 
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5.3 Effects of Insulator Size on the Charging Process 

The distance between the electrodes was varied in order to examine the 

changes in the charging trends that this might cause. The surface lengths tested, 

aside from the 2 cm length that was used in all the previously discussed results, 

were 1 and 4 cm. Results of the program runs for 1 cm lengths of Lexan are 

shown in Figure 5.3. Similar results for 4 cm Lexan surfaces are shown in 

Figure 5.4. These figures are similar to Figure 5.1 in that the results in both 

columns show the charge buildup after 500, 100,000 and 3,000,000 avalanches. 

The parallel electric field is E^ = 20 ^ , and the same random seed is used. The 

total amount of charge that is seen on the longer surface is much greater than 

that on the 1 and 2 cm surfaces. The charge densities that occur are much larger 

for the 4 cm sample. This large discrepancy is possibly explained by the fact 

that the electrons have more area in which to make a greater number of hops to 

maximize secondary electron emission. Also, long hops, that would result in 

absorption of the electron by the anode on a short length, will instead impact 

the surface on the longer insulator sample. In general, the pattern in which 

positive charge accumulates on the surface of both 1 and 4 cm insulator lengths 

is similar to those which were seen on the 2 cm surfaces. Charge starts building 

up near the anode and appears to move toward the cathode as the number of 

random initial emissions is increased. The charge propagation appears to occur 

faster on the 4 cm surface and builds up to a greater charge. All three lengths 
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Figure 5.3: Surface charging for a 1 cm surface of treated and untreated Lexan. 
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show diflterences in the charging process between the treated and untreated 

surfaces. The treated samples consistently charge positively after fewer 

avalanches, and the charge propagates across the surface more quickly. In all 

cases, both the treated and untreated surfaces show roughly equivalent amounts 

of charge accumulation after large numbers of avalanches. The various lengths 

also consistently show similar patterns with respect to the size of the parallel 

electric field. As the field sizes increase, the charge is slower to accumulate, but 

after a large number of avalanches actually builds up a greater amount of charge 

than the smaller fields. 

The one instance where the charging pattern showed distinct differences from 

what has been described previously occurred on a 4 cm surface of untreated 

Lexan for the stronger applied fields. These two different charging patterns are 

shown in Figure 5.5. One of the patterns occurred at E. = 50 — and is shown 
cm 

after 60,000, 100,000 and 500,000 avalanches on the left side of Figure 5.5. The 

charge accumulation did not start only near the anode end and then move 

towards the cathode. Instead it started nearer the cathode, as well as near the 

anode, and the two "islands" of charge grew towards each other. It eventually 

showed a charge accumulation similar to that of the other sets of runs. Another 

pat tern, shown in the right hand colunm of Figure 5.5, after 100,000, 500,000 

and 1,000,000 avalanches, occurred at a parallel electric field of 100 —. This 
•*• cm 

pattern begins exclusively at the end nearer the cathode and propagates back 
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toward the anode. Again, after a sufficient number of avalanches, the 

accumulation appeared to be consistent with other simulations of this type. 

The patterns that the average impact energies follow are similar for all the 

different insulator lengths. The impact energy continues decreasing with 

increasing numbers of avalanches in almost every case. The only time when this 

pattern does not occur is when a surface has a set of parameters in which the 

charge is slow in accumulating. Until positive charge starts to build up, the 

impact energy increases with the number of initial emissions. When the charge 

begins to accumulate, the impact energy decreased. Tables 5.3 and 5.4 show the 

impact energies with different parallel fields for 1 and 4 cm samples. One 

characteristic of the energies is that despite the much greater amount of charge 

deposited on the 4 cm surfaces, the 1 cm surfaces show much smaller impact 

energy values and the energies decrease at a faster rate. The primary reason for 

this occurrence is that if the electrons are confined to smaller distances, the hops 

of longer radius will end at the anode resulting in a "smaller avalanche." On the 

longer surfaces, a hop of the same distance could still impact the surface, 

possibly leading to the release of secondaries. 

5.4 Effects of the Random Seed on Charging 

The manner in which the random variables are selected within the simulation 

was discussed in chapter 3. The Monte Carlo methods that are used to pick the 
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Table 5.3: The values of impact energy {Ai) with increased parallel E field for a 
1 cm surface. 

Avalanches 
500 

5,000 
20,000 
40,000 
60,000 

100,000 
500,000 

1,000,000 
2,000,000 
3,000,000 

Mean Impact Energies (eV) 
Untreated Lexan 

E, = 20 
3259.35 
2341.86 
363.33 
261.23 
217.17 
157.63 
57.54 
41.21 
31.76 
27.86 

50 
7256.50 
6229.03 
2031.68 
1047.70 
729.39 
522.68 
157.30 
101.23 
70.64 
58.71 

100 
16735.84 
12061.51 
11559.82 
11514.83 
11140.36 
3286.54 
474.94 
259.09 
157.17 
132.08 

Treated Lexan 
20 

3238.91 
953.76 
329.38 
237.11 
191.66 
141.28 
54.71 
39.66 
30.96 
27.32 

50 
7196.06 
6145.89 
905.73 
635.48 
518.19 
405.75 
134.09 
89.49 
63.66 
58.66 

1 0 0 ^ 
rm. 16665.39 

11547.05 
10712.86 
2420.00 
1561.24 
915.33 
276.27 
173.05 
116.29 
95.57 

Table 5.4: The values of impact energy {Ai) with increased parallel E field for a 
4 cm surface. 

Avalanches 
500 

5,000 
20,000 
40,000 
60,000 

100,000 
500,000 

1,000,000 
2,000,000 
3,000,000 

Mean Impact Energies (eV) 
Untreated Lexan 

E, = 20 
11905.12 
5250.52 
2015.07 
1286.39 
973.17 
695.69 
252.17 
179.43 
137.20 
120.34 

50 
39392.07 
38608.69 
38741.66 
33592.62 
19861.62 
10547.17 
1969.85 
1057.38 
599.56 
444.44 

100 
89742.11 
82703.43 
80212.52 
82492.99 
83677.91 
86197.09 
18518.00 
6885.72 
2716.33 
1665.58 

Treated Lexan 
20 

6257.84 
2165.85 
1053.28 
730.01 
572.97 
420.75 
189.98 
145.53 
116.28 
104.08 

50 
39687.04 
24934.74 
7914.52 
5059.86 
3844.43 
2686.74 
777.05 
475.00 
310.96 
251.12 

1 0 0 ^ 
cm 84052.12 

77546.40 
67871.10 
27983.31 
20051.58 
13157.20 
3301.75 
1779.00 
975.48 
696.53 
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vanables all depend on a random number generator. The generator used in these 

calculations starts with an initial seed to "grow" a set of random values. Since 

this seed is an input variable, different program runs were made keeping all 

parameters constant except the initial seed. The effects of the seed were found to 

be small enough so that the generator and the Monte Cario selections appeared 

to be performing as expected. The differences are iUustrated in Figures 5.6 

and 5.7, showing the results for identical runs of treated and untreated Lexan. 

The figures show the results for an electric field E^ = oO ^ and the same 
cm 

number of avalanches as previous figures. The figures show that while the strong 

peaks of positive charge occur in different places, the overall charge build up and 

charging patterns are quite similar. There were instances where one seed may 

cause charge to buildup faster after a relatively small number of avalanches. 

This trend was never sustained, and the charge accumulation did even out. The 

consistencies between the runs with different seeds are strong enough to lead to 

the belief that the random number generator is not introducing anomalies into 

the model. 

5.5 Comparison of Lexan and Lucite 

A set of results was produced, showing how a different set of SEE coefficients 

corresponding to a different insulating material, affects the charging process. 

The parameters for Lucite were identical to those used for one set of Lexan 

A . ^ 
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Figure 5.6: Effects of changing initial seed on charging of treated Lexan. Each 
column represents charging after 500, 100,000 and 3,000,000 avalanches(top to 
bottom) 
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results, with the exception of the SEE coefficients and the value of the dielectric 

constant. The SEE curves for Lucite are similar to those for Lexan in that the 

treated curves have higher values for 8 as the impact energy increases. The 

differences in these high energy tails could be the reason Lucite, as well as 

Lexan, show faster charge accumulation for treated surfaces than for untreated. 

The differences between the curves for treated Lexan and Lucite and untreated 

Lexan and Lucite, do not seem to translate into the charge accumulation results. 

The Lucite curves have larger values for 6 at high energies, yet the differences 

between the charging are not as obvious. Figures 5.8 and 5.9 compare the 

charging patterns for untreated Lucite and Lexan as well as treated Lucite and 

Lexan. The parallel electric field was 50 —, and the columns compare charging 

after 500, 100,000, and 3,000,000 avalanches have been initiated. Table 5.5 

compares the average impact energies for the same case. The figures show that 

after only 500 avalanches, none of the surfaces have begun charging due to the 

size of the parallel field. By the time 100,000 avalanches have been run, both of 

the untreated materials have charged similar amounts. However, the Lucite did 

charge more quickly as can be seen in the comparative values for the impact 

energies. In the treated case, by 100,000 avalanches, the Lucite appears to 

charge to a greater extent than the Lexan. After 3,000,000 avalanches, the 

untreated materials stiU have very similar positive charge accumulations. The 

treated Lucite seems to become charged somewhat more extensively than the 
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Figure 5.8: Comparison of charge accumulations on untreated Lucite and Lexan. 
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Table 5.5: Comparison of average impact energies for Lucite and Lexan 

Avalanches 
500 

5,000 
20,000 
40,000 
60,000 

100,000 
500,000 

1,000,000 
2,000,000 
3,000,000 

Mean Impact Energy (eV) 
Untreated 

Lexan 
13463.01 
14130.45 
4961.59 
2731.68 
2030.03 
1402.42 
409.93 
257.73 
173.62 
142.71 

Lucite 
13091.04 
3475.94 
1748.89 
1265.73 
1031.81 
776.51 
303.21 
219.58 
174.03 
156.94 

Treated 
Lexan 

12870.75 
3702.90 
1896.08 
1314.81 
1057.71 
766.40 
262.09 
178.59 
130.72 
111.28 

Lucite 
12632.28 
3308.05 
1704.67 
1176.71 
932.07 
678.86 
239.08 
164.40 
122.35 
105.49 
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Lexan, even after the large number of initial emissions. The accumulation 

patterns for both treated materials cover the same amount of the insulator 

surface. Looking at the mean impact energies, the Lexan samples (treated and 

untreated) were slower in decreasing than the corresponding Lucite sample. 

However, after a large enough number of electron avalanches, the Lexan energies 

decreased to values comparable to those of the Lucite. Despite the fact that the 

differences in the SEE curves do not cause large differences between Lucite and 

Lexan, the treated surfaces in both materials charge more quickly and more 

often to greater extents than the untreated surfaces. 

5.6 Conclusions 

The simulation of surface charging was designed to determine how an 

insulator surface charges in the absence of gas molecules and how different 

system parameters and characteristics of the surface affect the charging. It has 

been found that the SEE coefficients for the experimental coating seem to 

enhance the rate of charge buildup seen on the material. The coating causes a 

shift of the SEE curve upwards that leads to faster charge accumulation in both 

treated lucite and lexan. The difference in SEE coefficients between lucite and 

lexan cause less drastic changes in the charge accumulation rates as compared to 

the coating. It does then appear that the experimental coating has a significant 

effect. 
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The strength of the applied electric field has a distinct effect on charging. 

When the field is larger, the charge accumulates more slowly. However, once 

accumulation does begin, more positive charge is deposited on the surface for the 

higher fields. This trend was consistent throughout the simulation runs of the 

model, it did not change with variations in length or material. The length of the 

insulator surface had an important effect on the charging. On shorter surfaces, 

less charge accumulation is seen. This is at least partly due to the fact that 

there is less room for large electron hops to land without striking the anode. 

Conversely, the longer the surface, the larger the area the electrons has to strike 

the surface, possibly leading to further secondary electron emission. 

This model has eliminated many of the limiting assumptions of previous 

models, making it more physical. There is one assumption that may need to be 

eliminated in future work to improve the model, namely, the assumption of a 

local electric field in which the electron's hop is made. The calculation of the 

field is dependent on the amount of charge in a given area centered around the 

electron emission point. The size of this area was varied for several test runs and 

shown to cause only minor changes in the charging of the surface. However, 

there is another way of calculating the field that affects the hopping electron. If, 

a precise, local (nonuniform) field is calculated, the assumption of a uniform 

electric field would be eliminated. This probably will cause a significant increase 

in computing time and could possibly be the subject of future work. Another 
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factor that will be checked is the distribution for initial electron emission. The 

sensitivity of the charging resuUs to other distributions, including the emission 

of all electrons from the cathode will be investigated. Also, an inclusion of gas 

molecules and an allowance for collisions between particles will be the subject of 

future work. A final step would be to incorporate the effects of microscopic 

roughness on the insulator surface. 

The effects that were seen illustrate that in the absence of gas, the surface is 

Hkely to charge very quickly. The reason that the coating inhibits surface 

flashover is not readily apparent from the charging data. It is possible that the 

coating plays a large part in gas desorption and therefore reduces the flashover 

voltage. The coating, as mentioned earlier, increases the rate of positive charge 

buildup. If an untreated surface is allowed to charge long enough, it shows very 

similar charge accumulation patterns. Also, it can be assumed that if there are 

gas molecules on the surface, electron-molecule colUsions might inhibit the rate 

of charging. 

l iMMBlk 
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