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ABSTRACT 

The surface flashover strengths in vacuum for several 

common insulators, including Lexan, Lucite, polyethylene, 

Macor, quartz, alumina, and an alumina-filled epoxy, have 

been increased using a vacuum spark discharge treatment. 

Analysis of the treated surfaces using Electron Spectroscopy 

for Chemical Analysis (ESCA) show them to be coated with a 

thin hydrocarbon/metal oxide layer. The formation of this 

high-flashover coating is strongly dependent on the amount of 

water vapor in the chamber during treatment. Measurements of 

the secondary electron emission coefficient (SEEC) show that 

the treated surfaces produce many more secondary electrons at 

energies of a few keV than do untreated samples. In current 

theories of electrical breakdown, an avalanche of 

monoenergetic secondary electrons along the dielectric 

surface from the cathode to the anode is believed to cause 

gas desorption and initiate a surface flashover. A new theory 

is proposed in which the monoenergetic nature of this 

secondary electron avalanche is destroyed due to electron-gas 

molecule collisions before the onset of breakdown. This 

phenomenon, coupled with the larger number of secondaries 

produced at high energies, could lead to a modified charge 

distribution on the surface of the treated insulators, which 

delays the breakdown process. 
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CHAPTER I 

INTRODUCTION 

Surface flashover refers to an electrical breakdown 

along the surface of an insulator. Surface flashover of 

dielectrics has been of interest to pulsed power scientists 

for several decades. For any pulsed power system in vacuum, 

the high voltage electrodes will be supported at some point 

by a dielectric material. This dielectric material is 

susceptible to electrical breakdown across its surface and 

represents a weak point in the system. The amount of energy 

and the time in which it can be stored are limited by the 

hold-off strength of the dielectric. 

Electrical breakdown across an insulator surface in 

vacuum is believed to be initiated by electrons which are 

field-emitted from the cathode near the insulator-vacuum-

cathode interface, the so-called triple junction (Fig.1.1). 

According to the Fowler-Nordheim field emission theory [1], 

electric fields of 10 MV/cm are required to obtain field-

emitted electrons from most smooth surfaces. Electrodes 

bridged by dielectric cylinders in vacuum, however, typically 

fail at applied voltages of less than 100 kV/cm. The problem 

stems from the fact that even polished electrodes are not 

smooth on a microscopic scale. Protrusions of electrode 

material with high aspect ratios (needle-like), can 

geometrically enhance the electric fields locally by a factor 

of 100 or more [2]. Field enhancement also results from small 

voids between the insulator and the cathode. For cases in 

which special precautions have not been taken to improve the 

contact between the insulator and the cathode, such voids 

lead to electric fields enhanced by a factor Er, the relative 

dielectric constant of the insulator (Appendix A). For most 

organic insulators, Er is on the order of 2-3 but for ceramics 

and glass, Er can be twice this value. It is possible then for 
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applied voltages of even 20-30 kV/cm to produce Fowler-

Nordheim field emission from the cathode near the triple 

junction. The field-emitted electrons, due to the distorted 

electric field around a needle-like protrusion, have a 

spatial distribution usually assumed to follow a cosine law 

[3]. Therefore, some of the electrons will strike the 

insulator surface instead of making their way to the anode. 

What happens next is determined by the secondary electron 

emission characteristics of the insulator surface. The 

secondary electron emission coefficient (SEEC), 5, is defined 

as the ratio of the number of secondary electrons emitted per 

incident primary electron. Figure 1.2 shows a plot of 5 vs. 

primary electron energy for a typical insulating material. 

For primary energies above A^, the first crossover point, the 

surface will charge positive. This positive charge enhances 

the electric field at the triple junction causing even more 

field emission. At some point, the positive surface charge 

and associated perpendicular field to the surface become so 

intense that emitted secondaries are pulled back to the 

surface before they can travel to the anode. If the 

perpendicular field becomes strong enough, the emitted 

secondaries arrive back at the surface after having traveled 

only a short distance. These electrons impact the surface 

with energies below Ai, in which case, the surface begins to 

charge negatively. The weaker electric field seen by 

subsequent secondary electrons again causes an increase in 

trajectories and a corresponding increase in impact energy. 

Therefore, it is believed by theorists, that the impact 

energy of secondary electrons moving toward the anode 

stabilizes at the Ai crossover energy. Also, as electrons 

bombard the surface, gas molecules are desorbed and diffuse 

outward through the electron avalanche. Ionization of this 

gas cloud by the electrons in the surface avalanche is 
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believed to be ultimately responsible for the electrical 

breakdown. 

Surface flashover of insulators, as described above, is 

one of the major causes of failure in many practical high 

voltage systems. Extensive research has centered around 

methods to improve the breakdown strength of these 

insulators. In the early 1960's, studies were made of an 

X-ray tube vacuum envelope required to withstand pulses of 

several megavolts amplitude and 30 nanoseconds duration 

(Smith [4]). These experiments were performed in a "poor" 

vacuum of anywhere from 0.1 to 100 mTorr. Several techniques 

were used during these experiments to minimize the problems 

associated with surface flashover of the insulators in the 

X-ray tube. One method was to coat the insulator surfaces 

with silicone diffusion pump oil. Although the flashover 

strength of the insulators treated with oil did not improve 

significantly, damage to the insulator surfaces due to 

repeated flashovers was much less than for uncoated samples. 

This was due in part to the "self-healing" nature of the 

oiled surfaces. Once a breakdown occured at some point on the 

surface, the oil would flow into the track and help prevent a 

surface flashover at the same spot for subsequent shots. Also 

an advantage of the oiled surface was that debris blown from 

the anodes of the tubes during operation, became imbedded in 

the oil, instead of the insulators, and could be wiped off 

easily. 

Smith also used a coating of soot on certain insulators, 

such as glass, and obtained what he described as a 

"spectacular" improvement in the high-voltage hold-off 

strength, in some cases, almost double that of an untreated 

surface. Smith attributed the improvement in flashover 

strength to a lower SEEC of the coated surface. His claim was 

that the microscopic roughness of the new surface was 

responsible for the lower SEEC but gave no further details. 



Smith's contributions also included experiments with 

insulators of various positive and negative cone angles 

placed against the electrodes. His results, shown in Fig.1.3, 

showed a maximum breakdown strength for insulators with 

approximately a 50 degree positive cone angle, which means 

the large end at the cathode. For insulators with positive 

cone angles, electrons leaving the cathode travel straight to 

the anode without impacting on the surface of the insulator. 

It is for this reason that positive angles show higher 

flashover strengths than the case when the polarity is 

reversed. As the angle at the cathode is increased, the angle 

at the anode is decreased, causing very strong electric 

fields to develope between the insulator and the anode. 

Eventually, this enhanced field becomes strong enough to 

cause field emission from the insulator near the anode. At 

this point the flashover potential will decrease, accounting 

for the maximum in the positive angle data. Glass has a low 

breakdown strength because it has a higher dielectric 

constant than the plastics, leading to even more field 

enhancement at the anode for a given angle. Also, glass has a 

higher SEEC according to Smith, although he did not measure 

it. For negative angles the flashover strength again 

increases to a maximum but for different reasons. For very 

small negative angles, electrons emitted from the cathode 

strike the insulator at energies which produce large numbers 

of secondaries and a corresponding low flashover strength. As 

the negative angle is increased, the electrons gain less 

energy from the applied field before impacting with the 

insulator surface and secondary emission decreases. The 

flashover potential rises with increasing negative angle 

until field enhancement causes an overwhelming amount of 

field emission from the cathode. At this point the flashover 

strength begins to decrease. Although Fig.1.3 is for voltage 

pulses with 5-10 nanosecond risetimes. Smith also tested the 
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same insulators with pulse lengths of about 1 microsecond. 

The general characteristics were similar to those of Fig.1.3 

with breakdown strengths reduced by about 40%. This reduction 

in flashover strength for relatively long pulse lengths is 

due to the increased amount of time available for a surface 

charge to appear [5]. More about breakdown characteristics of 

angled insulators can be found in Refs.[5-ll]. 

Besides changing the shape of the insulator material, 

numerous other techniques have been used by other 

investigators to improve the hold-off strength of dielectrics 

in vacuum. Many of these methods center around reducing the 

number of electrons field-emitted from the triple junction. 

Improvements have included shielding the triple junction 

[12], recessing the insulator into the electrodes (or vice 

versa) [13], decreasing the size and number of voids between 

the insulator and the electrodes [13], and changing the 

radius of curvature of the edges of the insulator [14]. 

Higher flashover strengths have also been obtained by 

quasimetallizing the surface of the insulator to reduce 

uneven charge distributions [15]. Roughening of the surface 

near the cathode end of the insulator has also resulted in 

significant improvements in the flashover strength [16]. 

Of special interest to the results of this project were 

experiments performed by Cross and Sudarshan [17,18] applying 

metal oxide coatings to alumina ceramic insulators. Thin 

films of cuprous oxide (CU2O) and chromium oxide (Cr203) were 

placed on the alumina in order to lower the SEEC of the 

surface. Figure 1.4 shows the SEEC (6) versus incident 

electron energy for uncoated alumina and for alumina coated 

with CU2O and Cr203. The rate at which a positive surface 

charge appears on the insulator is related to the height and 

width of the secondary maximum. As can be seen from Fig.1.4, 

CU2O and Cr203 coated on the surface of alumina have the 

effect of drastically reducing the height of this secondary 
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maximum. In the case of Cr203, the maximum in the SEEC is 

actually less than one, which implies a negative surface 

charge will form on alumina coated with this material. The 

effects of these coatings on the flashover strength of 

alumina can be seen in Figs.1.5, 1.6 and 1.7. Figure 1.5 

shows the breakdown strength for uncoated alumina using dc, 

ac (60 Hz), and a 2/50 |ls impulse voltage (meaning a 2 |is 

risetime and a 50 |J,s falltime) . One can see from the data a 

conditioning effect, i.e, the breakdown voltage increases 

with the first few shots. This effect is most pronounced for 

the dc case. Figure 1.6 shows that the impulse breakdown 

strength of the alumina is raised by about 60% due to the CU2O 

coating, however, there is no change in electrical strength 

for the dc and ac cases. Note the lack of a conditioning 

effect for the coated sample under all three test conditions. 

Cross and Sudarshan attribute the lack of a conditioning 

effect on the coated samples to a modification of the surface 

charge. They say that dielectric surfaces in low-humidity 

environments, such as vacuum, can support uneven charge 

distributions across the.surface. The CU2O surface has a much 

lower surface resistivity than the untreated surface and 

increases the dielectric strength by smoothing the charge 

distribution. The increase in flashover strength for the 

coated sample under impulse voltages was linked to the time 

taken for a surface charge to appear upon application of the 

high voltage. As the risetime of the pulse was decreased the 

flashover strength of the coated insulator increased. The 

shorter time available requires electrons with higher 

energies impacting the surface to build the surface charge up 

to the critical value necessary for breakdown. For the case 

of dc and ac stress, where the voltage is applied for long 

periods of time, the surface charge for coated and uncoated 

samples will eventually reach the same value. Therefore, from 

a surface charging standpoint, one would not expect an 
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increase in flashover strength for ac and dc conditions. This 

is the result shown Fig.1.6. For alumina coated with Cr203 

(Fig.1.7), there is a huge increase in flashover strength for 

ac and dc voltages as well. The negative surface charge in 

this case, decreases the field enhancement at the cathode and 

raises the breakdown strength significantly. For impulse 

voltages, the surface charge does not have enough time to 

form, causing a lower flashover strength than for the ac and 

dc cases. Note, however, that the Cr203 coating still shows a 

conditioning effect, at least for the dc voltage case. 

Supposedly this is due to the higher surface resistivity of 

the chromium oxide surface as compared to the copper oxide 

layer. The higher resistivity of the chromium oxide layer 

would not allow the surface charge to redistribute smoothly. 

The surface charging model seems to explain most of the data 

very well. The model does not, however, explain why the 

impulse strength of the Cr203 coated sample is, on the 

average, 15 kV smaller than that for the CU2O coated sample. 

The chromium oxide sample will start charging negatively even 

under short-time impulse voltages whereas the copper oxide 

sample will already be showing a positive surface charge, or 

at least, more positive than the chromium oxide sample. It is 

clear that other factors, such as gas desorption from the 

surface or differences in electrode materials (aluminum 

electrodes were used for Cr203 samples and stainless steel 

electrodes for the CU2O samples) may be responsible for the 

discrepancy indicated. Cross and Sudarshan did not discuss 

these factors. 



CHAPTER II 

THEORY OF VACUUM SURFACE FLASHOVER 

In this section we will discuss a quantitative model 

leading to an expression for the surface flashover voltage of 

insulators in vacuum. The treatment follows somewhat that of 

Filial and Hackam [19], which is for dc breakdown only. 

However, the results of microsecond pulse breakdown 

experiments show, in many cases, hold-off voltages not too 

different from dc breakdown strengths. It is therefore 

believed that applying dc theory to microsecond breakdown 

phenomena has some merit. Nanosecond breakdown strengths are, 

in general, much larger than dc or microsecond strengths, and 

it is not clear how much of the present theory applies for 

very fast pulses. 

Any theory of insulator flashover must explain the 

observed buildup of a positive charge on the insulator 

surface when a high voltage is applied [5,6]. As mentioned in 

Ch.I, this charging process is believed to be initiated by 

electrons field-emitted from the cathode near the triple 

junction [6]. A quantitative expression for the surface 

charge can be obtained using a simple ballistic model [19] 

Once the amount of surface charge is known, an expression for 

the electron current density perpendicular to the surface is 

obtained. It is this current density which is responsible for 

electron-stimulated desorption of gas from the surface. By 

knowing the number of gas molecules adsorbed per unit area on 

the surface and the desorption cross section, one can find 

the rate at which molecules leave the surface. At some point, 

a critical density of gas molecules is obtained near the 

surface such that breakdown follows as this gas is ionized by 

the avalanching electrons. 

15 
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Surface Charge 

An electron of energy, AQ, emitted normal to the 

insulator surface reaches a height, x, given by 

X = (A^/eE^) , (2.1) 

where x is in meters, AQ is in Joules, e is the electron 

charge in Coulombs and E_L (in V/m) is the electric field 

normal to the insulator surface. This perpendicular electric 

field is due to the surface charge caused by secondary 

electron emission from the surface. 

The range the electron travels down the insulator 

surface is found by solving the equation of motion in the y-

direction 

my = eE| I , (2.2) 

where m is the mass of the electron in kg and E|| is the 

average applied field (E,, = V/d where V is the applied 

voltage and d is the gap spacing). Assuming the initial 

position and velocity in the y-direction to be equal to zero, 

Eqn.(2.2) can be integrated to yield 

y = J , (2.3) 
2m 

where tf is the time-of-flight of the electron under the 

action of the perpendicular electric field. The time-of-

flight of the electron in the x-direction is found by 

integrating the equation of motion 

mx = -eE_̂  , (2.4) 
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which gives 

X = 
-eEj_t 

m 0 + ^n • (2.5) 

The initial velocity XQ is the velocity due to the initial 

energy AQ . At maximum height, x = 0 and tmax is given by 

mx 
tmax = - ^ . (2.6) 

The time-of-flight for the electron is then 

2mx 
t = 2t = (2 1) 

Using this time-of-flight in Eqn.(2.3) leads to a range 

-^^E| l 
y = Y~ ' ^2-^^ 

eE 
J. 

where the substitution 

1 • 2 A„ = — mx„ , (2.9) 
0 2 0 

has been made. 
The energy of electrons impacting the surface, A^, can 

be found from 

A. = A^ + A' , (2.10) 
1 0 

where A' is the energy gained from the field in the y-

direction. We can rewrite this equation as 
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A^ = AJl + A'/AQ] , (2.11) 

and by substituting Eqn.(2.9) and using 

A' = y my^ , (2.12) 

we obtain 

A^ = AQ[1 + (y/x^)^] . (2.13) 

At this point we must take into account the angular 

distribution of secondaries emitted from the surface which is 

usually assumed to obey a cosine law (Appendix B) [20]. In 

this simple model, the energy of an electron is still assumed 

to be AQ regardless of the angle of emission. This modifies 

Eqn. (2.5) and results in the x-component of velocity given by 

-eEj_t 
X = — - — + XQCOS (j) , (2.14) 

where (j) is the angle the velocity vector makes with the x-

axis. This leads to a new time-of-flight 

2mx cos (|) 

•f ei" 
t. = -̂: . (2.15) 

1 

Substituting this value into Eqn. (2.3) and then into 

Eqn. (2 .12) leads to 

2mE X coŝ (j) 
A' = -̂̂-̂  . (2.16) 

^1 
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Using Eqn.(2.9) we obtain 

-2 7. 4A E coŝ CJ) 
A' = —^^^ . (2.17) 

E ± 

For the average impact energy we take the average of the 

cosine term as 

7t/2 

cos2(l) = ̂ ^ J coŝ c}) d(l) = y , (2.18) 

which leads to 

2 
A^ = AQ[1 + 2(E||/E^) ] . (2.19) 

As mentioned in Ch.I, this impact energy is presumed to 

stabilze at the first crossover energy, Ai. At this point 

E,| = Ej_{y [(A^/AQ) - l]}^^^ (2.20) 

To find the field perpendicular to the insulator surface 

we use Gauss' law for a cylindrical geometry (see Appendix C 

for a correction to Ref.[16] at this point) and obtain 

Ej_ = aye^ , (2.21) 

where EQ is the permittivity of free space (8.85 x 10"^^ p/m) 

and a+ is the surface charge density in C/m^. Using 

Eqns.(2.20) and (2.21) we can find the surface charge density 

at the equilibrium energy Ai 
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a^ = e^EiitanO , (2.22) 

where 9 is defined as the angle between the electric field 

and the insulator surface. At equilibrium, 9 is called the 

critical angle and can be found from the expression 

tan 9 = (E_L/E||) = [2AQ/(A^ - A^)]'^" . (2.23) 

Surface Current 

We will now find expressions for the current parallel to 

the surface and the current density perpendicular to the 

surface. The later value will be used in the next section to 

calculate the amount of gas desorbed from the surface due to 

bombardment by secondary electrons. The surface current 

carried by the secondary emission avalanche depends on the 

areal density of negative space charge, a_, which is taken to 

be equal in magnitude to G+. Increased field emission from the 

cathode is assumed to replenish the supply of electrons 

moving toward the anode. This increase in field emission 

comes about as the result of field enhancement at the 

cathode, since the positive surface charge remains as the 

electrons move away. Although plausible, this assumption has 

certainly not been r:J^orously proved. The main reason for 

making this assumption is to make the calculation more 

tractable in that the normal electric field component is now 

zero outside the layer of avalanche electrons and one can use 

the average interelectrode field for the parallel component. 

The surface current carried by the secondary electron 

avalanche is then given by 

I,, = CJ-v̂  , (2.24) 
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where I,, is the current per unit length (A/m) crossing the 

line of constant z (Fig.2.1) and Vg is the average velocity of 

electrons uniformly accelerated to Ai (m/s). This velocity is 

used as an approximation for the drift velocity and is given 

by 

Vg = (2Aymg)^^^ , (2.25) 

where me is the mass of the electron. 

Electrons travel down the insulator surface an average 

distance of 

s = A^eEii , (2.26) 

in the y-direction (Fig.2.1) before returning to the surface. 

Since it is only the electrons which are returned to the 

surface which produce gas desorption, one can write a 

perpendicular current density in the negative x-direction (in 

A/m^) as 

J_L = I||/s . (2.27) 

Using Eqns.(2.24) and (2.26) this becomes 

J_̂  = a-V^E^e/A^ . (2.28) 

Electron Impact Gas Desorption 

The rate of electron impact gas desorption per unit 

area, Ja, is given by 

Jd = ^dQdV^ ' '2.29) 
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where o^ is the molecular surface density (molecules/m^) and 

Qd is the desorption cross section (m2) . The quantity o^Qd is 

called the desorption probability, y (molecules/electron), 

such that Eqn. (2.29) can be written as 

Jd = YJj./^ • (2.30) 

The number of molecules desorbed from a unit surface area due 

to electron bombardment is given by 

M = yj_Lt/e , (2.31) 

where t is the time in which molecules are being desorbed 

from the surface. If the molecules expand away from the 

surface at a velocity VQ, they will attain a height 

ĝ = V ' (2.32) 

after a time t. 

Breakdown Criterion 

At this point the theory of vacuum surface flashover 

merges with that of electrical breakdown in gases [21]. The 

breakdown voltage of any gas vs. the pressure times the 

electrode separation has the general form shown in Fig.2.2, 

the so-called Paschen curve [22]. For a fixed electrode 

separation, the minimum in the breakdown potential (Paschen 

minimum) occurs at a pressure such that the energy gained by 

electrons in the applied field in one mean free path is 

optimal for ionization of the gas. For lower pressures, the 

mean free path of the electrons is such that the electrons 

cross the gap before undergoing any ionizing collisions. The 

flashover voltage rises accordingly. At high pressures, the 

opposite is true in that electrons collide with the gas 
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molecules so frequently that they never gain sufficient 

energy to ionize the molecules. Therefore, at some point as 

gas is desorbed from the surface of the insulator, a critical 

density, Mcr̂  is reached corresponding to the local Paschen 

minimum. Runaway ionization in this layer of gas forms a low 

impedance plasma channel connecting the anode and cathode and 

a surface flashover occurs (a Townsend breakdown [23]). The 

electric field necessary to cause breakdown can be calculated 

by combining Eqns. (2.21), (2.23), (2.28), (2.31), and (2.32) 

to obtain 

^ 1 , = 

M V A 

Bô eXgYtan 9 

1/2 

(V/m) (2.33) 

The corresponding flashover potential is then given by 

^B = 

M V A d 
'••'cr ̂  0 1 

ô̂ eXgYtan 9 

1/2 

, (Volts), (2.35) 

where d is the length of the insulator 

.q̂ mplf̂  Calculation 

Equation (2.35) looks impressive until one realizes that 

none of the parameters Mcr. Ai, VQ, Y, Xg, and Vg are known 

with certainty for any insulator. However, it is possible to 

make some order-of-magnitude estimates for most quantities. 

Most of the information to be discussed can be found in Refs. 

[19] and [24]. 

In general, the secondary electrons are emitted from the 

surface with energy AQ s 5 eV. The first crossover energy has 

been measured for several insulators with values ranging from 

Ai = 20 eV for alumina to Ai = 50 eV for quartz. A typical 
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value for an organic polymer such as Lucite is Ai = 25 eV. 

Using Lucite as an example, the values for certain 

theoretical quantities have been calculated in Table 2.1. 

Many of the quantities shown in the table seem extremely 

large until one takes into account that most practical gap 

lengths are only a few centimeters. Also, the values 

represented in the table are peak values obtained just before 

a breakdown occurs. Notice that the perpendicular electric 

field can be as high as 70% of the applied field just before 

breakdown. Notice also, from the value for Vg given, that the 

electron avalanche crosses a 1 cm gap in only a few 

nanoseconds. This would explain the very rapid development of 

surface charge to a state of equilibrium. 

The mechanism by which gas is liberated from the surface 

of the insulator is not well understood. The desorption 

probability Y is usually inferred by measuring the outgassing 

rate from the insulator during the time the electron 

avalanche is in operation. This outgassing rate depends on 

the insulator material and the type of molecules adhered to 

the surface, most notably CO, H2, N2, and H2O. Values for y 

reported in the literature range from 0.03 to 200 

molecules/electron. According to time-of-flight measurements 

of excited neutrals, most molecules appear to have energies 

of about 1 eV after desorption, which for a CO molecule 

corresponds to a desorption velocity VQ equal to 3 x 10 m/s. 

However, one must now find some way to estimate the time 

needed for the desorbed gas to reach a critical pressure such 

that ionization by the electron avalanche is likely occur. 

For molecules desorbing with velocity VQ given above, the 

leading edge of the gas cloud will reach the high point of 

the electron trajectories in only a few tenths of a 

nanosecond. More likely, however, it is the time taken for 

the gas pressure to reach the local Paschen minimum at the 

electron orbit height which should be used. The uncertainty 
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Table 2.1 

Typical values of flashover theory quantities 
Ao = 5 eV, Ai = 25 eV and E,, = 10 MV/m 

(values typical of Lucite) 

Quantity Value Eqn.# 

tan 9 .707 (2.23) 

(9 = 35°) 

Ej. 7 X 10^ V/m 

0+ 6.20 X 10-5 C/m2 

s 2.5 X 10-6 ni 

X 

'e 

I I 

7 X 10-6 m 

v^ 3 X 106 m/s 

186 A/m 

j_L 1.9 X 10^ A/m2 

( 2 , 

(2 

( 2 . 

(^ 

( 2 . 

( 2 , 

( 2 . 

. 23 ) 

. 2 2 ) 

26) 

M ) 

, 25 ) 

. 24 ) 

28) 
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in the gas desorption probability and in the time necessary 

to build up a critical density make it very difficult to use 

Eqn. (2.35) for any kind of meaniful estimate. 



CHAPTER III 

EXPERIMENTAL ARRANGEMENT 

The flashover strengths in vacuum of several common 

insulators, including Lexan, Lucite, Delrin, polyethylene, 

Macor, quartz, alumina, an alumina-filled epoxy, and blue 

nylon, have been increased using a spark discharge treatment 

which produces a thin hydrocarbon/metal oxide coating on the 

samples. This treatment was first discovered by Jackson [25], 

and subsequent experiments, described in this report, were 

performed in an effort to pinpoint the properties of this 

coating which lead to the enhanced flashover strength. A 

brief review of the experimental arrangement will be given in 

this chapter. More details can be found in Ref.[25]. 

The insulator samples are right solid cylinders 

measuring 1 cm in length and 6.35 cm in diameter. Polymer 

samples are polished around the circumference, first with 

toothpaste and then with 1 micron alumina grit. Macor and 

alumina samples can be machined to a fine surface and need no 

further polishing. The quartz samples are polished to optical 

quality by the manufacturer. All the samples are rinsed with 

cyclohexane before being placed in the flashover chamber to 

remove residue left over from the polishing process. Virgin 

samples are subjected to an ac conditioning voltage, 

typically 13 kV peak-to-peak, for approximately 15 minutes 

before the high voltage pulse is applied. This conditioning 

process has shown to decrease the fluctuation in the impulse 

breakdown voltage [25]. For treated samples, this ac 

conditioning process had little or no effect on the 

subsequent impulse flashover strength. This is a subtle and 

very interesting result which is discussed later in this 

report. 

Figure 3.1 is a schematic of the experimental setup. The 

samples are situated between two uniform-field, brass 

29 
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electrodes in vacuum (10-^ Torr). These electrodes are 

polished with red rouge after each series of tests using a 

high-speed buffing wheel to remove pits and scratches. Each 

sample is subjected to a 2.5/135 îs double exponential pulse 

from a Marx bank capable of 170 kV. Treated and untreated 

samples are tested for flashover under identical conditions. 

The treated samples have been exposed to discharges from a 

jet engine igniter plug (Champion FHE19-6L) in vacuum for 

2500 to 200,000 sparks. The number of discharges of the 

ignitor plug is monitored using a photodiode focused on the 

discharge. This photodiode is attached to a counter through a 

signal amplifier and pulse stretching circuitry. The ignitor 

plug fires approximately 3 times per second while the sample 

rotates at 1/5 rpm. The voltage at flashover is measured 

using a resistive divider and an oscilloscope which is 

triggered from the pulse taken from the Marx bank. The mass 

spectrometer is used to monitor the background gas in the 

chamber. Further details of the flashover system will be 

presented below. 

Marx Generator 

The Marx generator produces the high voltage for the 

flashover tests. The electrical schematic for the charging 

and triggering circuits is shown in Fig.3.2. This is a 7-

stage capacitor bank in which the capacitors are charged in 

parallel to approximately 30 kV and then discharged in series 

through an array of spark gaps. The first spark gap is 

triggered using a high voltage pulse derived from an 

automobile ignition coil and succeeding gaps fire due to 

overvoltage as the Marx bank erects. 

The capacitor bank is housed in an aluminum cylinder 

with a Lucite tube inner lining. Seven ceramic capacitors are 

fitted vertically between two parallel lucite plates and held 

in place by rubber grommets. The capacitors actually expand 
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and contract slightly when discharged and would eventually 

crack if mounted rigidly. Electrical contact with the 

capacitors is provided by brass screws connected to threaded 

holes in the sides of the capacitors. These screws also 

provide the connection points for the charging resistors and 

spark gaps. The spark gaps are aligned vertically such that 

the UV radiation produced by the arc from one will help to 

trigger the next one. 

The effective capacitance of an n-stage Marx bank is 

given by 

Cn = C/n , (3.1) 

where C is the capacitance of each of the n capacitors. For 

this particular Marx generator C = 3500 pF which gives an 

effective capacitance C7 = 500 pF. For a charging voltage of 

30 kV, the Marx generator could theoretically produce 210 kV, 

however, about 20% of the voltage is lost in the transfer 

circuit. Therefore, the Marx bank produces a 170 kV maximum 

voltage, corresponding to a total energy of 

VI = ^ C-jV^ = 1 Joules . (3.2) 

The average power, considering that the pulselength is 

roughly 100 M-S, is approximately 70 kW. 

Vn11-aaf̂  Divider 

The voltage divider network, used to measure the high 

voltages with an ordinary oscilloscope, is housed in an 10" 

aluminum tube which is back-filled with N2 and SFg during 

flashover tests. The N2 is allowed to slowly flow through the 

tube to replace air and water vapor, then a small amount of 

SF6 is added. The SFg has a high electron attachment cross 
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section and suppresses electrical breakdown from the resistor 

strings through the intervening gas to the outer wall. These 

resistor strings are made from standard 2 Watt carbon 

composition resistors soldered together in long strings and 

wrapped in plastic tubing to minimize breakdown along the 

chain. The 1 MQ resistor in series with the 25 Q terminating 

resistor gives a divider ratio of approximately 40,000:1, 

which allows measurement of the 170 kV pulse on an 

oscilloscope set at 1 V/cm sensitivity. The 25 k^ resistor is 

used to limit the current from the Marx generator. This 

resistor in series with the 100 pF capacitance of the sample 

holder assembly (which includes the capacitance of the RG-17 

feedthrough cable) gives the characteristic 2.5 |ls RC 

risetime of the pulse. The oscilloscope is triggered from the 

Marx bank using another resistive divider (not shown in 

Fig.3.1) consisting of a 200 kH resistor in series with a 

50 Q terminating resistor. This trigger signal also passes 

through a 0.33 |ls integrator circuit to reduce the noise 

coupled into the oscilloscope trigger circuit. 

Vacuum System 

The main chamber for the flashover experiments is an 

aluminum cylinder, 12" in diameter and 12" long. This 

cylinder has 4 ports at the midplane, 90 degrees to each 

other. One of the ports is used for a rough vacuum 

connection, one contains the ignitor plug feedthrough, one is 

used for the mass spectrometer connection, and the last one 

has a 2" diameter MgF2 viewing window. It is through this 

window that actual breakdowns across the insulator can be 

observed. This main chamber is evacuated by a 6" oil 

diffusion pump. On top of the diffusion pump is a chevron-

type cold trap filled with methanol. A copper reservoir, also 

filled with methanol, is cooled to -40 degrees C by a 

refrigerator with a helical probe. This cooled methanol then 
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flows downward replacing the warmer methanol in the cold trap 

and forcing it into the top of the reservoir. This slow 

circulation of hot and cold methanol by gravity has provided 

a very reliable, trouble-free, system which has required no 

maintenace for several years. This trap is cold enough to 

condense water vapor and most backstreaming pump oil. The 

trap temperature is monitored by a thermocouple connected to 

a relay such that the diffusion pump is automatically shut 

off if the cold trap temperature rises above a preset value. 

Pressure in the vacuum system is measured by standard 

thermocouple and ionization gauges. The thermocouple gauge on 

the main chamber is connected to protection circuitry which 

will shut off the diffusion pump if a leak should develop. 

Also, loss of cooling water pressure for the diffusion pump 

and loss of air pressure to operate pneumatic roughing valves 

will also shut off electricity to the diffusion pump heater. 

The diffusion pump itself also has a safety switch to prevent 

overheating. Finally, the ionization gauge controller is 

connected to circuitry which shuts the valve leading to the 

mass spectrometer head in case of vacuum failure. The mass 

spectrometer sensor head must remain under high vacuum at all 

times to prevent contamination. 

Spark Discharae Circuit 

The spark discharge circuit is powered by a high-voltage 

power supply which delivers about 1 mA of current to the 

spark plug when the spark gap is set to breakdown at 14 kV. 

The RC charging time is about 0.3 sec. allowing for a 

sparking rate of about 3 per second. The pulselength of the 

discharge is governed by the LC circuit once the spark gap 

fires and is given by 
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T = 27I/LC = 1 îs . (3.3) 

This pulselength was chosen originally to accommodate the 

response time of the spectroradiometer used to measure the UV 

spectrum of the spark plug [25]. 

Grounding and Shielding System 

The main chamber serves as the central grounding point 

for the entire system. All cabinets and racks are connected 

to a central point on the main chamber using 1/2 inch copper 

braid, using the shortest lengths possible. The mass 

spectrometer, due to its sensitive solid state circuitry, is 

housed in a screen room made of bronze wire mesh. Power into 

the screen room passes through an isolation transform and a 

Corcom low pass filter which keeps noise from the power line 

from coupling to the mass spectrometer. The isolation 

transformer itself is in a screened enclosure to keep 

electromagnetic noise from coupling into the windings. All 

cables entering the screen room have copper braid shields 

around them, which are grounded at one end. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

The experimental system shown in Fig.3.1 was initially 

built to study the effects of high-voltage discharges on the 

insulating strength of various dielectrics. The experiment 

simulates the conditions experienced by insulators in high-

voltage, spark gap switches. Such insulators, after being 

subjected to UV radiation from the discharge and bombarded by 

microparticles blown from the electrodes, typically fail due 

to flashover across the surface. Under these circumstances, 

the increase in surface flashover strength of our treated 

samples was quite unexpected. Table 4.1 is a list of the 

samples tested in our flashover chamber along with treated 

and untreated sample breakdown voltages. The tested materials 

range from typical organic polymers (Lexan, Lucite, Delrin, 

blue nylon), to pure hydrocarbons (polyethylene), to glass 

(quartz) and ceramics (Macor and alumina), and, finally, an 

alumina-filled epoxy. The average flashover voltages of the 

treated samples are all higher than that of the corresponding 

untreated samples. Several of the treated insulators did not 

break down even at the limit of the Marx generator voltage. 

The limiting voltage measured on Macor was 160 kV due to 

problems with the Marx bank on the day of the test. Time 

restraints did not allow retesting of this sample. For the 

blue nylon sample, only the first shot showed an increased 

flashover strength. The sample was damaged on this shot and 

subsequent shots had very low breakdown potentials. The 

statistics is noticeably bad in some cases. The quartz 

samples, for instance, were supplied from the manufacturer 

with a slightly beveled edge which led to large deviations in 

the flashover strength from shot to shot on the same sample. 

It is still not clear why the statistics is poor on some of 

the other samples. Treated samples removed from the chamber 
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Tab le 4 . 1 

Breakdown Vol tage (kV) 

Sample Untreatf^d Treatf^d 

L e x a n 104 ± 3 17 0 * 

L u c i t e 95 ± 4 170 * 

D e l r i n 113 ± 4 170 * 

P o l y e t h y l e n e 37± 5 69± 12 

M a c o r 60 ± 3 1 60 * 

Q u a r t z 59± 12 101 ± 22 

A l u m i n a 34 ± 5 61± 14 

E p o x y 52 ± 1 8 79± 19 
Blue Nylon 115± 4 137** 

*Vol tage i s l i m i t e d by t h e Marx bank o u t p u t . 

* * F i r s t sho t o n l y — s u b s e q u e n t s h o t s were much lower 
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all show a thin, grayish-brown film covering the surface. It 

was found from mass spectrometry data that the formation of 

the proper coating is very sensitive to the amount of water 

vapor in the chamber during treatment. This chapter describes 

efforts to identify the chemical and physical properties of 

the coating using Electron Spectroscopy for Chemical Analysis 

(ESCA) , X-ray diffraction, surface resistivity measurements, 

mass spectrometry, SEE measurements, and other techniques. 

Also discussed are attempts to reproduce this coating under 

more controllable conditions using vacuum evaporation of thin 

carbon films, an r.f. discharge with titrated gases, and a 

homemade spark plug. 

Vacuum Evaporator (Carbon Coating) 

ESCA studies performed by Jackson [25] on treated and 

untreated samples indicated that the coating was a thin 

layer, 100 Angstroms or less, of hydrocarbons (approximately 

75% carbon). Jackson's conclusions were that this layer 

probably had a lower secondary electron emission coefficent 

(SEEC) which, similar to Smith's layer of soot mentioned in 

Ch.I, would increase the flashover strength. To further 

investigate this phenomenon, a separate experiment was built 

to measure the SEEC [2 6] of treated and untreated samples. 

Also constructed was a vacuum evaporation system in which a 

thin film of neutral carbon atoms could be placed on samples. 

Figure 4.1 is a schematic of the vacuum evaporation system. 

The carbon coating apparatus is housed in an 18"x30" Pyrex 

bell jar which is pumped by a 4" silicon oil diffusion pump 

equipped with a liquid nitrogen cold trap. The pressure 

obtained in the system is 10-^ Torr before evaporation begins. 

Samples of Lexan and Lucite are placed in the evaporator 

under high vacuum, approximately 18 to 24 hours before 

coating. These samples are the same size as the samples 

tested in the original flashover chamber and are mounted on 
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an aluminum flywheel using double-sided tape. This flywheel 

is mounted on the motor shaft and spins at approximately 800 

rpm during treatment. The samples are first polished with 

toothpaste and one micron alumina grit then rinsed in 

cyclohexane, just as the samples coated with the ignitor 

plug. Once coated, the samples are removed from the 

evaporator and flashover tested in the system described in 

Fig.3.1. Actual coating of the samples is accomplished by 

ohmic heating of a 1/8" graphite rod to a state of red hot 

glow. In order to keep the amount of heating current to a 

minimum and, thus, the radiated heat impinging on the sample, 

the graphite rod is split into two pieces. One piece is 

sharpened in a pencil sharpener and the other piece is cut 

flat. The sharpened end is spring loaded to maintain 

electrical contact as material is evaporated away. The 

thickness of the coating is measured using a Sloan Digital 

Thickness Monitor (DTM). This monitor is mounted at the same 

height as the sample and measures thickness by charting the 

change in oscillation frequency of a quartz crystal exposed 

to the evaporating material. The frequency of oscillation is 

dependent on the mass of the crystal which depends on the 

thickness of the coated graphite. One has to know only the 

density of the material being evaporated to use this system. 

Figure 4.2 shows that for thin coatings (< 100 Angstroms), 

the thickness is fairly linear in time, amounting to about 

1.33 Angstroms/sec. for power supply settings of 20 V, 20 A. 

Due to the spinning of the sample (used to insure a uniform 

coating around the entire circumference) and the linearity of 

the coating process, the actual coating thickness on the 

sample is only one half that recorded on the monitor. A 

deuterium UV source is used while coating some samples to 

simulate, as closely as possible, the UV environment of 

samples treated with the original ignitor plug. It is quite 

likely that UV from the ignitor plug plays the role of 
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"activating" the sample surface and initiating chemical 

reactions there. More will be said about this later. 

Table 4.2a shows the results of flashover tests for 

Lexan and Lucite samples coated with 2 5 Angstroms of carbon. 

Samples coated with the deuterium lamp on, show much higher 

flashover strengths than samples coated with the UV off. 

However, the improved breakdown strength of the UV treated 

samples lasted for only one or two shots and is much lower 

than the treated sample values shown in Fig.4.1. Samples 

treated with the original spark plug often retained high-

flashover strengths for over 10 shots [25]. It was found that 

carbon coatings with thicknesses of 50 Angstroms or more 

showed very low breakdown strengths. Many of these samples 

were destroyed during the ac conditioning process before they 

could be tested for flashover. Visual observations of these 

samples during ac conditioning showed the coating to be 

slowly eaten away by microdischarges on the surface, even for 

the samples coated with the UV on. Measurements of the 

surface resistivity (using the apparatus described in 

Ref.[25]) showed the 50 Angstrom coating to have a much lower 

resistance than the 25 Angstrom coating (Table 4.2b). This 

lower resistivity may have been responsible for the 

destruction of the coating during ac conditioning. It should 

be noted that the surface resistivity for the Lexan sample 

coated with 25 Angstroms of carbon is of the same order of 

magnitude as that of the samples coated with the original 

spark plug [25]. Overall, efforts to reproduce the effects of 

the original coating using evaporated thin films of carbon, 

were unsuccessful. At this point, problems arose in 

reproducing the high-flashover coating, even using the 

original spark plug. This problem was finally traced to a 

lack of water in the chamber during treatment, as discussed 

in the next section. 
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Table 4.2 

Data from samples using carbon 
film evaporation system 

Film Th: 
(Anast; 

25 

25 

25 

25 

ickness 
roms) IIY 

NO 

YES 

NO 

YES 

Max.Breakdown 
Voltaae (kV/cm) 

52.3* 

117.4 

78.4 

122.1 

Sample 

Lexan 

Lexan 

Lucite 

Lucite 

*This sample damaged by ac conditioning before testing 

(a) 

Sample 

Lexan 

Lexan 

Film Thickne; 
rAnastroms) 

25 

50 

ss 
IIY 

YES 

YES 

Su rfaceResistivity 
(Ohms/square) 

1.2 X 10^3 

1.2 X 108 

(b) 
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Mass Spectrometry 

Figure 3.1 shows the mass spectrometer connected to the 

flashover chamber. Since the flashover chamber itself is part 

of the return ground for the system, the mass spectrometer 

sensor head is isolated by a short section of pyrex glass. As 

a result, the sensitivity of the mass spectrometer is 

reduced, but this is unavoidable. Because of this lack of 

sensitivity, gases blown off from the spark plug during 

treatment were undetectable. However, the mass spectrometer 

did show a decrease in the relative humidity in the chamber 

after a Lucite sample was ac conditioned (Table 4.3). This 

explains the better statistics of breakdown measurements on 

untreated samples that have been ac conditioned [25] since 

water is removed from the outer surface layer. In general, 

the lack of sensitivity forced a more passive program of 

monitoring the background gases in the chamber as a function 

of time. The measurements were made on samples that were not 

being treated at the time. The only gases detected on any of 

the samples, besides water vapor, were nitrogen and oxygen. A 

typical spectrum is shown in Fig.4.3. The amplitude, I, 

(arbitrary scale height of 0-12) is plotted vs. mass number 

for the molecules. For our mass spectrometer, equipped with 

an electron multiplier sensor head, the partial pressure of 

an element is given by 

(PP) = I/(FF * XF * 50) , (4.1) 

where (PP) is the partial pressure of a given substance "A" 

in a gas mixture (in Torr) ; FF the fragmentation factor 

(fraction of total ions from substance "A" having mass "B"), 

and XF is the ionization cross section (relative yield of 

ions from substance "A" compared to nitrogen at the same 

partial pressure). From these values the percentage of "A" is 
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Table 4.3 

Percentage composition of background gas in flashover 
chamber vs. hours under vacuum for untreated samples. 

Sample Hrs. under Vacuum IH2Q 

No Sample 48 16 

Lexan 1 69 
3 60 
7 51 

21 48 

Desiccated* 3 76 
Lexan 8 4 8 

21 11 

Wet Lexan** 1 7 6 
4 62 
9 61 

23 60 

Lucite 2 77 
3 48 
4 43 

24 43 

Polyethylene 1 74 
2 72 
5 52 
10 45 
26 34 

Macor 1 51 
20 6 

Quartz .5 69 
5 14 

Alumina-filled 1 53 
3 39 
8 39 
19 39 

epoxy 

Blue Nylon 1 90 
6 77 

18 61 
25 57 
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Table 4.3 (cont.) 

Sample %H20 

Lucite Virgin 31 
(before ac conditioning) 

Lucite Virgin 22 
(after ac conditioning) 

*This sample was stored in a desiccator jar for two days 
before testing. The sample had to be removed from the 
desiccator jar to be placed in the test chamber and, thus, 
soaked up water from the atmosphere. This is the reason it 
shows a higher water content for the first few hours than 
regular Lexan. 

**This sample was stored in distilled water for two days 
prior to testing. 

All other samples were stored in room humidity (4 0% RH) 
before testing. 
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found as the ratio of its partial pressure to the total 

pressure: 

%A = 
PP of "A" 

PP(H20) + PP(N2) + PP(02) X 100 . (4.2) 

Table 4.3 shows a summary of the mass spectrometry data. 

The nitrogen/oxygen ratio is essentially that of air, and one 

can use this as an internal calibration of the system [27]. 

The percentage of water vapor is then calculated using 

Eqns.4.1 and 4.2. What is of interest in the data is the 

change in water vapor signal vs. time under vacuum for the 

samples listed. Treatment of the samples begins after the 

samples have been in high vacuum approximately 1-2 hours and 

lasts for about 8-10 hours for 80,000 sparks. For Lexan 

(stored in room humidity) the water vapor signal falls slowly 

from roughly 60% to 50% (Table 4.3) during the time of 

treatment. Lexan always shows a higher flashover potential 

when irradiated in this manner. Lexan also shows a high-

flashover strength when left in vacuum overnight and then 

treated. As seen from Table 4.3, the humidity in the chamber 

is still 48% even after 21 hours in vacuum. The desiccated 

Lexan sample starts out with a higher humidity in the chamber 

(see explanation at the bottom of Table 4.3) but falls 

rapidly below 50% during the time the sample would be 

irradiated. This sample did not show an increase in flashover 

strength. Wet Lexan (the sample was soaked in a beaker of 

distilled water for two days) shows an equilibrium humidity 

above 60% for the time of treatment. This sample had very 

poor statistics in the flashover measurement showing 

alternating high and low breakdown potentials. From a 

practical standpoint, the coating on this samples did not 

work either. Lucite samples only form the high-flashover 

coating when allowed to sit in vacuum for several hours 
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before treatment begins. As can be seen from Table 4.3, the 

water content in the chamber remains high for several hours. 

Polyethylene, similar to Lexan, also has a 50% humidity 

during the time of treatment and showed an increase in 

flashover strength. The quartz samples had to have the water 

in the chamber supplemented to form the proper coating. This 

was accomplished by placing a regular Lexan sample in the 

bottom of the chamber during treatment. The same was true for 

the alumina-filled epoxy. As can be seen from Table 4.3, both 

quartz and the epoxy show low levels of water in the chamber 

during the time the samples are treated. With a Lexan sample 

in the bottom of the chamber during treatment, the epoxy 

sample showed an average breakdown increase of almost 30 kV. 

However, the standard deviations for the epoxy sample (Table 

4.1) overlap for treated and untreated samples, making the 

results difficult to interpret. Because of problems which 

developed with the mass spectrometer, no data were taken for 

the alumina samples. Most ceramics, however, absorb very 

little water and one could have suspected a very dry 

environment. To obtain the increase in flashover strength 

shown in Table 4.1 for alumina, two Lexan samples had to be 

placed in the chamber during treatment to provide the 

necessary water. Blue nylon, on the other hand, had to be 

desiccated for two days under high vacuum before the 

treatment resulted in any increase in flashover strength. 

Macor turned out to be an anomaly. Macor samples showed 

increases in flashover strength even though mass 

spectrometer readings showed the chamber to be very dry 

during treatment. In general, flashover measurements indicate 

that the presence of water in the chamber (to varying 

degrees) is essential for the formation of the high-strength 

coating. The most likely scenario is that UV light from the 

spark plug breaks the water molecule into ions, which then 

play a role in the surface chemistry involved in forming the 
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coating. At this point, very little is known about the actual 

mechanism of coating formation. 

ESCA 

Several samples were analyzed using ESCA (Appendix D) 

[28], including virgin and treated samples of Lexan, 

polyethylene, and Macor. Table 4.4 shows data obtained for 

three Lexan samples. The dry sample was desiccated before 

treatment and did not show an increase in flashover strength. 

The sample labeled "worked" was a regular Lexan sample stored 

in room humidity before treatment. This sample did not break 

down at over 160 kV. Table 4.4 shows the change in atomic 

percent of various chemical bonds obtained from high 

resolution scans of individual elemental peaks. These data 

were deconvoluted to obtain the percentages of the bonds 

present. Due to the overlap of certain bond peaks, there is 

some ambiguity in the deconvolution. However, some general 

conclusions can be made. For instance. Table 4.4 shows that 

the carbon/oxygen bonding environment is changed on the 

treated samples. At 286 eV, the C-O bond is depleted by half 

while at 288 eV, a carbonyl group (C=0) is seen on the 

treated samples that is not present on the virgin sample. 

This is also verified by the peak at 532 eV. Since the signal 

from the R-Si-O peak (R is a free radical) is not changing at 

102 eV, one can assume that the increase in signal strength 

at 532 eV is entirely due to increases in carbonyl bonds. 

Later experiments have verified that the Si present on the 

surface came from gloves used to handle the samples. 

Uncontaminated samples, with no Si present, still showed 

high-flashover strengths. Another change in the carbon/oxygen 

bond structure is the disappearance of the carbonate bond 

(2 91 eV) on the "worked" sample. This carbonate structure is 

diminished in strength on the dry sample but still 

detectable. The loss of the carbonate bond signal is an 
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Table 4.4 

Atomic percentages of various bonds in 
Lexan samples analyzed using ESCA 

Species virgin Dry Worked 

C-C (285)* 58.0 60.0 57.0 

C-O (286) 13.0 7.4 7.8 

O-C-O 
C=0 <288) 2.1 2.4 

O-CO-O (291) 3.5 0.1 

O-metal (531) 3.7 3.4 

C=0 
Si-O 5.9 14.0 16.0 
I (532) 
R 

C-O-C 
C-O (534) 11.0 3.7 2.2 
H2O 

R 
I (102) 6.8 6.7 8.8 
Si-O 

WO3 (36) 0.8 0.6 

NiO 
organo (853) 0.1 0.1 
metallic 

Ni(OH) 0 o 0 2 
2 (856) ^-^ 

Ni2 03 
*Binding Energy in eV (see Appendix D). 

Implies no signal detected. 
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indication that the modified surface structure has its 

greatest thickness on the "worked" sample. Use of ESCA depth 

profiling techniques suggests a thickness of 20-100 Angstroms 

for the coated layer for samples treated with 80,000 sparks. 

Both the dry and "worked" samples show much less water (534 

eV) present than for the virgin sample. The presence of a 

strong carbonyl signal and the fact that very little 

dissolved water is present in the coating are indications 

that the surface has been modified by a water plasma 

treatment [28,29]. 

The other most obvious difference between virgin and 

treated samples from Table 4.4 is the overlay of metal oxides 

on the surface of the treated samples. On treated samples of 

the all three materials, Lexan, polyethylene and Macor, high 

resolution scans show that the surface has been coated by the 

oxides of metals blown from the spark plug, including W, Ni, 

AI, Fe, Cu, and Cr. On the treated Macor sample ESCA shows 

that this metal oxide signal dominates at the analysis angle 

of 15 degrees (which is the most surface sensitive one) while 

at larger angles (deeper depths) the oxygen peak 

corresponding to water is enhanced. On the treated 

polyethylene sample, although the oxides are present in small 

amounts, the water signal dominates throughout the surface 

layer. This suggests that the metal oxide layer on Macor may 

be keeping the water from diffusing to the top layer of the 

surface. This also agrees with the data from Table 4.4 on 

treated Lexan samples which shows very little dissolved water 

in the surface layer. From Table 4.1 we see that the effect 

is pronounced in the sense that virgin Macor and polyethylene 

samples have flashover potentials within approximately 20 kV 

of each other and yet, on coated samples, Macor's strength is 

substantially higher. Water, a polar molecule, can align 

itself in an applied field, thus increasing the field 

enhancement at the triple junction. Water is also known to 
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have a high SEEC [30] which could lead to a buildup of 

surface charge and, again, field enhancement at the triple 

junction. 

Lexan samples treated with 40,000 and 200,000 sparks 

were also analyzed using ESCA. These samples show the 

characteristic buildup of metal oxides on the surface. In 

addition, on the 200,000 spark sample, a signal indicating a 

metal carbide peak was detected. Metal carbides are known to 

have a lower resistivity than metal oxides and it is probable 

that the failure of the thick coatings (around 300,000 

sparks) is due to a thermal breakdown. Lexan samples treated 

with only 5000 sparks from the ignitor plug also show an 

increased flashover potential (Fig.4.4). ESCA analysis 

indicates that a very thin layer of metal oxides is already 

present on these samples. 

R.F. Discharae System 

As mentioned, the change in the carbon/oxygen bonding 

structure and lack of water in the surface layer are 

properties of plasma polymerized surface films [29]. An r.f. 

discharge system was built to try to reproduce the effects of 

the coating using a plasma discharge. This system, shown in 

Fig.4.5, consists of an r.f. generator connected by a coax 

line (RG-58) to coils of copper tubing wrapped around a 6" 

Pyrex glass cross. A 0-265 pF tuning capacitor is in series 

with the 2 |IH coil and allows the LC-circuit to be matched to 

the generator. The r.f. generator is a Heathkit 

r.f.transmitter and a linear amplifier capable of a 1 kW 

maximum power output. The transmitter was most often used at 

21 MHz since, at pressures below 10 Torr, the discharge would 

not ignite at lower frequencies. Gases were titrated into the 

system through a leak valve and flowmeter. Gas flow rates 

were extremely small, typically a few cm^/min. at 10 Torr. To 

obtain operating pressures of a few mTorr, the system was 
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first pumped to 10"^ Torr using a silicon oil diffusion pump. 

A combination of throttling the gate valve on the diffusion 

pump and then adjusting the leak valve worked well in 

maintaining a uniform gas flow. Typical treatment times were 

1-5 minutes as most plasma polymerized films are formed in a 

very short time [29]. Power settings for the various samples 

varied depending on how well the LC-circuit could be tuned 

for a given gas and pressure. 

The results of the glow discharge tests are shown in 

Table 4.5. Air was initially used to calibrate the system. 

The insulators treated in air, however, showed no increase in 

flashover potential. The next series of samples was coated 

using water vapor titrated in from a reservoir. As mentioned 

previously, water vapor is known to be present in the 

original treatment chamber and has a profound effect on the 

formation of a successful coating. Films polymerized in a 

water vapor discharge have a low concentration of free 

radicals which renders them chemically inert [29]. Argon was 

added to the discharge to enhance the UV component which 

might be necessary for surface chemistry to take place. As 

can be seen from the data, this approach was also 

unsuccessful. As a final effort, methane was added to the 

discharge since ESCA data also shows hydrocarbon compounds on 

the surface of treated samples other than those already 

present in the polymer substrate. Also, plasma films formed 

from the methane monomer have low water diffusion rates [2 9]; 

a property shared by our coating. Only the Ar/methane sample 

showed any increase in flashover strength above that of an 

untreated sample, though not by nearly the amount of the 

spark plug-treated samples. It would be highly advantageous 

to be able to use this method to coat samples simply because 

it takes far less time. However, the properties of plasma 

polymerized coatings formed using an r.f. discharge depend on 

many factors including the geometry of the chamber, the 
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Table 4.5 

R. F. discharge system 
(All samples are Lexan*) 

Gas 
Mixturp 

Air 

Air 

H2O 

H20/Ar 

H20/Ar 

Ar/CH4 

H20/Ar/CH4 

Press. 
(mTorr) 

10 

.1 

.1 

5 

100 

.1 

100 

Power 
(Watts) 

200 

700 

400 

110 

500 

30 

90 

Freq. 
(MHz) 

3.5 

21 

21 

21 

21 

14 

14 

Time 
(min . ) 

1 

1 

3 

3 

6 

4 

5 

Max. 
Breakdown 

(kV/cm) 

40 

100 

80 

100 

80 

112 

84 

^Virgin sample breakdown voltage for Lexan is 100 kV, 
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titration gas composition and flow rate, the time of 

treatment and the overall system pressure. More detailed 

knowledge of the formation process will be required in order 

to reproduce the high-flashover coating using this method. 

New Spark Plug 

In an attempt to isolate the effects of various metal 

oxides in the coating, a spark plug was fabricated in our 

laboratories as shown in Fig.4.6. The electrodes of the new 

spark plug are 30 mil wires which can be changed to any of 

the metals, including W, Cu, Ni and Zn, present in the 

original spark plug. The electrodes are laid on top of an 

alumina ceramic plate. The electrodes and ceramic form a 

surface discharge plug with a gap spacing of approximately 

3 mm. The center electrode fits through a hole in the alumina 

plate and connects to the center conductor of a modified 

regular spark plug used as a vacuum feedthrough. 

Flashover tests showed that only samples treated with 

the W and Cu plugs had a high-flashover strength 

characteristic of samples treated with the original ignitor 

plug (Figs.4.7 and 4.8). The sample treated with 40k W 

(meaning 40,000 sparks from the spark plug using tungsten 

electrodes) was destroyed on the first shot as was the sample 

treated with 80k Cu. The 80k W sample, however, showed only a 

slow decrease in flashover strength over the five shots it 

was tested. Samples coated with 40k and 80k Ni actually 

decreased the flashover strength as did a 40k Zn sample. Zinc 

has such a low melting point that 40k sparks were all that 

the wire electrodes would provide before serious 

deteriorization occured. It is now clear that some property 

of the metal oxides formed on the surface during treatment is 

responsible for the increase in flashover strength. The two 

most likely candidates are that the coating actually 

decreases gas desorption from the surface and/or the 
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secondary electron emission properties of the coating modify 

the surface charge to create less field enhancement at the 

anode and cathode. More will be said about this in the next 

chapter. 

SEE Measurements 

The apparatus for measuring the SEEC was built by Baker 

and modified to obtain data at lower secondary electron 

energies by Boerwinkle [26,31]. The SEEC is defined as 

5 = Is/Ip . (4.3) 

where Ig is the secondary electron current and Ip is the 

primary electron current. Measurements of 5 vs. energy for 

treated and untreated samples of Lexan and Lucite are shown 

in Figs.4.9 and 4.10 [31]. The most obvious difference 

between treated and untreated samples is the long tail at 

high energies on the treated samples. This tail is 

characteristic of semiconducting materials such as metal 

oxides. Figure 4.11 [31] shows SEE data obtained for a Lexan 

sample coated with 80k W from the new spark plug. This sample 

also shows a high energy tail in the SEE data. If a mechanism 

can be found in which high energy electrons play a 

significant role in the breakdown, then the tail in the SEE 

data becomes very important. Such a mechanism is the subject 

of the next chapter. 
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CHAPTER V 

DISCUSSION OF RESULTS 

In Chapter I it was mentioned that increased flashover 

strengths had been obtained by some investigators by 

shielding the triple junction to reduce the number of field 

emitted electrons. In order to eliminate the possibility that 

our treatment just places a layer over the triple junction, a 

sample was tested after having been removed from the chamber. 

The electrodes were repolished and the coated insulator was 

replaced between them. This sample still showed a high 

flashover potential when tested. Also mentioned in Chapter I 

were the results of Sudarshan and Cross who obtained improved 

flashover strengths using cuprous oxide coated on an alumina 

insulator. The increase in flashover voltage and lack of a 

conditioning effect for their coated samples closely 

resembles the results we have obtained. Sudarshan and Cross 

linked the increased flashover strength to the decrease in 

secondary emission maximum of the coated surface as opposed 

to uncoated alumina. Clearly, as seen from Figs.4.9 and 4.10, 

this argument does not hold for our treated samples. The 

maximum in secondary emission for our treated and untreated 

samples is almost identical in magnitude although separated 

somewhat in energy. In Eqn. (2.35), the flashover voltage is 

shown to depend on Ai, the energy of the first crossover 

point. To account for a doubling of the flashover strength, 

Ai for the treated sample would have to be four times greater 

than Ai for an untreated sample, all other things being equal. 

Although we have not been able to directly measure this 

energy for our samples, it is apparent from Figs.4.9 and 4.10 

that this crossover energy will not be significantly 

different for treated and untreated samples.If the increased 

flashover strength is due to the change in the SEEC, then by 

67 
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what mechanism does this occur? Part of the explanation may 

be that low energy electron-molecule collisions at the time 

of breakdown destroy the energy equilibrium of the electron 

avalanche down the insulator surface. This process combined 

with the large numbers of secondaries produced by our coating 

at high incident energies, could lead to a surface charge 

distribution which disrupts, or at least delays, the 

formation of a low impendace plasma channel. How this occurs 

and the effect on the flashover potential will now be 

discussed. 

Measurements show that during the time preceding 

breakdown the most likely charge distribution to develop on 

the insulator surface is a "heterocharge," consisting of 

positive charge near the cathode and negative charge near the 

anode [32]. This charge distribution is consistent with the 

idea that an avalanche of electrons, with an average impact 

energy near the 1st crossover point, travels down the 

insulator surface. The positive charge developed on the 

surface by this avalanche will soon become strong enough to 

deflect other field-emitted electrons to the surface nearer 

to the anode. These electrons however, have energies greater 

than the 2nd crossover point, A2, and will charge the surface 

negative. In this sense the A2 energy will determine how far 

the positive charge due to the avalanche extends down the 

surface. Figure 5.1 shows the probable charge distributions 

for our untreated and treated samples at equilibrium. Since 

the A2 energy is much larger for treated samples, the positive 

charge covers much more of the surface. The tangential 

electric fields are greatly enhanced at both the anode and 

cathode due to this equilibrium charge distribution, and 

results in increased field emission from the cathode. 

However, as more and more gas is desorbed from the insulator 

surface due to electron bombardment, this equilibrium charge 

distribution could be modified. Secondary electrons are 



69 

O 0 

0 1 cm 

(a) Untreated sample 

secondaries 

O 

O 

0 1 cm 

(b) Treated sample 

Fig. 5.1. Postulated charge distribution along insulator 
surfaces at equilibrium. Avalanche electrons 
strike the surface with Ai impact energy. 
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emitted from the surface with an energy distribution which 

has a peak at typically less than 10 eV of energy. However, 

some secondaries are emitted from the surface with energies 

as high as 50 eV. For electron energies less than 10 eV, the 

cross sections for rotational and vibrational excitations of 

gas molecules, such as water vapor and nitrogen, are much 

larger than those for ionization [33]. In the last few 

nanoseconds, just before the breakdown, these low energy 

secondaries, with low trajectories, could lose most of their 

energy to the gas through non-ionizing collisions. Figure 

5.2, for example, shows the change in the electron energy 

distribution for various E/N (applied electric field divided 

by the electron number density) values in nitrogen gas [34]. 

One can see that for a constant applied field, as the 

electron density increases, the electron energy distribution 

shifts toward lower energies. Although E/N values calculated 

from Table 2.1 are several hundred times larger than those in 

Fig. 5.2 (E/N = E||Xe/G_), one would expect the same 

qualitative behavior. As applied to the breakdown process, 

these electrons could then strike the surface with energies 

well below the first crossover energy, causing a rapid 

depletion of the positive surface charge in the region close 

to the cathode. This effect could reduce the field emission 

from the cathode. It is interesting to note that a rapid 

decrease in the cathode field just before breakdown has been 

observed by Thompson et al., for insulator surfaces oriented 

at 0 degrees to the applied field [35]. It is possible that 

the above mechanism is responsible for this behavior. 

However, this mechanism must operate on virgin samples as 

well, and therefore, by itself, does not explain the 

increased flashover strength of the the treated samples. As 

long as there are no electron-gas collisions, one would still 

expect the average energy at impact to stabilize about the Â  

value, as mentioned in Ch.II. However, the presence of 
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desorbed gas within 1 micron of the surface could have the 

effect of separating the avalanche electrons into low and 

high energy distributions. Figure 5.3 shows how this might 

occur. Electrons with low energies emitted at small angles to 

the surface would spend their entire orbits in the gas, 

increasing their chances for collision and lowering their 

energy further. However, due to the energy distribution of 

the emitted secondaries, some higher energy electrons are 

certain to be emitted more normal to the surface and travel 

through the gas layer, which is rapidly decreasing in 

density. These electrons would gain energy from the applied 

field and impact much further down the surface. By the time 

these electrons reenter the gas cloud their energies are such 

that the vibrational and rotational collision cross sections 

with the gas molecules are very low. These electrons could 

easily impact the surface with energies in the keV range for 

applied fields on the order of 100 kV/cm. It is here that the 

difference in SEEC for treated and untreated samples shows an 

effect. The positively charged region could be shifted toward 

the anode. This region, however, is very small for untreated 

samples with a low SEEC at high energies. Our coated samples, 

however, still have a high SEEC at high energies and the 

surface would charge positive much closer to the anode. In 

the few nanoseconds just before breakdown, the positive 

charge initially at the cathode could be greatly reduced in 

magnitude. Similarly, the negative charge near the anode, 

especially for treated samples, would be greatly reduced. The 

ultimate result of the reduction in surface charge is shown 

in Figs.5.4 [36] and 5.5, where the tangential electric field 

is plotted for the postulated surface charge, before and at 

the onset of breakdown. The electric fields due to surface 

charge, Es, add to the applied field causing field enhancement 

near the electrodes. Near the center of the sample, where the 

surface charge switches polarity, the surface field opposes 



73 

Secondaries 

O © 

Fig. 5.3. Effect of gas desorption on electron 
trajectories. 



74 

O 

I I 

o 
E,,= 1.0 

0 1 cm 

(b) 

Fig. 5.4. Postulated charge distribution (a) and 
tangential electric field distribution (b) 
on treated sample just before breakdown. 



75 

o 
^ = ^ 

0 

0 1 cm 

(a) 

O 0 

0 1 cm 

(b) 

Fig. 5.5. Postulated charge distribution (a) and 
tangential electric field distribution (b) 
on treated sample at onset of breakdown. 



76 

the applied field and net tangential component is actually 

less than E||. One can see that a reduction in surface charge 

near the cathode and anode (Fig.5.5) would have the effect of 

smoothing the tangetial field distribution across the 

surface. Most breakdown mechanisms, such as streamer theory, 

are thought to be initiated by huge electric field gradients 

in the gas [37]. The change in distribution of surface charge 

near the time of breakdown for the treated samples could 

delay the buildup of large-magnitude electric field 

distortions. The result would be a higher flashover strength 

under impulse voltages. 

Although the explanation above is plausible, there are, 

at present, no experimental data or computer modeling to 

verify many of the assumptions made. An alternate possibility 

is that the entire effect of the coated samples is to 

decrease the amount of gas desorbed from the surface. Simply 

put--no gas, no breakdown. As mentioned in Ch.III, there is 

some evidence that the coating keeps at least water vapor 

from diffusing to the surface since ac conditioning has 

little or no effect on the resulting flashover strength of 

treated samples. Also, the ESCA data show the modified 

surface layer to have very little water present. In unbaked 

vacuum systems such as ours, there is evidence that water 

vapor is one of the main gases desorbed by electron 

bombardment [38]. In this scenario a very simplified picture 

emerges. Water initially present on the surface of the 

samples being treated could be broken down by the UV from the 

spark plug and the liberated oxygen used to form metal oxides 

and other compounds. Thus, the water is removed from the 

surface. In addition, if the resulting surface coating stops 

water from diffusing to the surface, the surface water is not 

replenished. Later, when the surface flashover potential is 

measured, this lack of water on the surface during the 

prebreakdown avalanche of electrons could drastically reduce 
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the amount of gas desorbed and increase the time necessary 

for breakdown to occur. In the case of pulsed voltages, this 

time increase translates into a much higher voltage obtained 

before flashover. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The pulsed flashover strength in vacuum of several high-

voltage insulators has been increased using a treatment which 

places a thin layer of metal oxides on the surface of the 

insulators. This coating is formed on the samples by exposing 

them to the by-products of a spark discharge produced by a 

jet engine ignitor plug. The formation of the coating is very 

sensitive to the amount of water in the chamber during 

treatment. It is believed that the water is broken down by 

the UV radiation from the spark plug, providing the oxygen 

for oxide formation on the surface of the insulators. A 

similar increase in flashover strength of Lexan samples 

treated with a homemade spark plug made of pure tungsten wire 

and an alumina insulator has confirmed the effect of the 

metal oxide layer. Measurements of the SEEC show a marked 

difference in secondary emission properties between treated 

and untreated samples at high incident electron energies. It 

is believed that the high SEEC of the treated samples at high 

energies, in conjunction with a modified electron energy 

distribution resulting from electron-molecule collisions, 

could change the surface charge distribution in such a way 

that the breakdown process is inhibited. However, at present, 

there are no experimental data available to test this 

hypothesis. It is also possible that the coating decreases 

the amount of gas, particularly water vapor, desorbed from 

the insulator surface before breakdown. More likely it is a 

combination of the modified charge and gas desorption 

properties of the surface which lead to the increased 

flashover strength. As is usual for this type of work, more 

problems have been created than were solved. More 

experimental and theoretical work is needed to verify the 

actual mechanism by which the flashover strength is increased 
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due of the treatment. Some recommendations as to the . 

direction of further research are as follows: 

1) measure the actual surface charge before and during 
breakdown, 

. 2) measure the gas desorption from the surface of both 

treated and untreated samples to identify the amount and type 

of desorbed species, 

3) computer model the above processes using measured 

values of the SEEC and electron-molecule collision cross 

sections, 

4) measure the 1st crossover energy Ai in the SEEC curve 

for treated and untreated samples to see if there is any 

significant difference that could account for the increased 

flashover strength. 

Number (4) above can be accomplished with modifications 

to the existing experiments discussed in Ch.IV. Suggestions 

(1) and (2) would require extensive modifications to the 

flashover chamber described in Ch.III or more likely, an 

entirely new experimental design. The surface charge 

developed on an insulator in vacuum subjected to electrical 

stress has been measured by DeTourreil, Srivastava, and 

Woelke [39]. These investigators measured the deflection of 

an electron beam passing within 2 cm of the charged insulator 

surface to obtain the surface charge density as a function of 

the applied voltage. These measurements were performed using 

dc and impulse voltages. The measurements, however, were not 

time- or spatially-resolved, giving only the net effect on 

the electron beam due to the total charge developed after the 

voltage was applied. It is not clear whether the use of an 

electron-beam probe could provide the detailed resolution 

necessary to show the changes in the charge distribution 

postulated in Ch.V. Use of a needle-like electrostatic probe 

to measure the surface charge is complicated by the problem 

of how to calibrate such a probe in view of all the 
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electrical interference and capacitive coupling of the probe 

to nearby objects. Also a problem is how to keep such a probe 

and its associated sensitive circuitry from being destroyed 

during a surface flashover. 

The problem of measuring the gas desorbed from the 

surface of insulators in vacuum just before and during 

breakdown has been solved most recently by Miller and Ney 

[38]. These investigators used cylindrical samples mounted on 

a rotary feedthrough. The high voltage is applied through an 

electrode connected to a linear vacuum feedthrough such that 

it can be removed from the sample. The test specimen holder 

has six stationary "ground" tungsten wires around the 

perimeter allowing for measurements at six different sites on 

the same sample. Each site can be rotated into a position in 

front of a mass spectrometer to give maximum sensitivity for 

measurements of the desorbed gas. The use of wires as 

electrodes keeps the breakdown voltage low and minimizes the 

risk of destroying the mass spectrometer sensor head during 

flashover. A system similar to this could help answer the 

question of what species of gas are desorbed from our treated 

and untreated samples, although at voltages not as high as 

those present in our original experimental chamber. 



REFERENCES 

1. R. H. Fowler and L. Nordheim, "Electron Emission in 
Intense Electric Fields," Proc. Roy. Soc. London, Vol. A119, 
1928, pp. 173-184. 

2. R. P. Little and W. T. Whitney, "Electron Emission 
Preceding Electrical Breakdown in Vacuum," J. Appl. Phys., 
Vol. 34, August 1963, pp. 2430-2432. 

3. Original reference not found. This phenomena is mentioned 
in References [6,19] below. 

4. I. D. Smith, "Pulse Breakdown of Insulator Surfaces in a 
Poor Vacuum," Proc.of 1st Int. Symp. on Insul. of High Volt, 
in Vac, October 1964, pp. 261-280. 

5. C. H. DeTourreil and K. D. Srivastava, "Mechanism of 
Surface Charging of High-Voltage Insulators in Vacuum," IEEE 
Trans. Elect. Insul., Vol. EI-8, March 1973, pp. 17-21. 

6. H. Boersch, H. Hamisch and W. Ehrlich, "Surface discharges 
across insulators in vacuum," Z. Angew Physik., 1963, pp. 
518-525. 

7. Osborne Milton, "Pulsed Flashover of Insulators in 
Vacuum," IEEE Trans. Elect. Insul., Vol. EI-7, March 1972, 
pp. 9-15. 

8. A. Sivathanu Filial and Reuben Hackam, "Surface flashover 
of conical insulators in vacuum," J. Appl. Phys., Vol. 56, 
September 1984, pp. 1374-1381. 

9. P. A. Arnold, J. E. Thompson, T. S. Sudarshan, and R. A. 
Dougal, "45 Degree Insulator Surface Flashover; A Review and 
New Results," Proc. of Xllth IEEE Int. Symp. on Disch. and 
Elect. Insul. in Vac, Sept. 1986, pp. 231-240. 

10. Alan Watson, "Pulsed Flashover in Vacuum," J. Appl. 
Phys., Vol. 38, April 1967, pp. 2019-2023. 

11. O. Milton, "Pulsed Flashover of Insulators in Vacuum," 
IEEE Trans. Elect. Insul., Vol. EI-7, March 1972, pp. 9-15. 

12. M. J. Kofoid, "Phenomena at the Metal-Dielectric 
Junctions of High-Voltage Insulators in Vacuum and Magnetic 
Field," Trans, of the AIEE (USA), Vol. 79, December 1960, pp. 
991-999. 

81 



82 

13. S. Grybowski and E. Kuffel, "Surface Deterioration of 
Thermoplastic Materials in Vacuum Under direct and 
?i^?^^^^^^^ Voltages," IEEE Trans. Elect. Insul., Vol. EI-18, 
1983, pp. 250-256. 

14. A. S. Pillai and R. Hackam, "Electric Field Distribution 
at Solid Insulator-Vacuum Interface of Different Electrode-
Insulator Geometries," IEEE Trans. Elect. Insul., Vol. EI-19, 
December 1984, pp. 502-510. 

15. H. Craig Miller and Edward J. Furno, "The effect of Mn/Ti 
surface treatment on voltage-holdoff performance of alumina 
insulators in vacuum," J. Appl. Phys., Vol. 4 9, November 
1978, pp. 5416-5420. 

16. P. H. Gleichauf, "Electrical Breakdown Over Insulators in 
High Vacuum," J. Appl. Phys., Vol. 6, June 1951, pp. 766-771. 

17. J. D. Cross and T. S. Sudarshan, "The Effect of Cuprous 
Oxide Coatings on Surface Flashover of Dielectric Spacers in 
Vacuum," IEEE Trans. Elect. Insul., Vol. EI-9, December 1974, 
pp. 146-150. 

18. T. S. Sudarshan and J. D. Cross, "The Effect of Chromium 
Oxide Coatings on Surface Flashover of Alumina Spacers in 
Vacuum," IEEE Trans. Elect. Insul., Vol. EI-11, March 1976, 
pp. 32-35. 

19. A. S. Pillai and R. Hackam, "Surface flashover of solid 
dielectric in vacuum", J. Appl. Phys., Vol. 53, April 1982, 
pp. 2983-2987. 

20. Joseph I. Goldstein, Dale E. Newbury, Patrick Echlin, 
David C. Joy, Charles Fieri and Eric Lifshin, Scanning 
Electron Microscopy and X-ray Microanalysis, Plenum Press: 
New York and London, 1981, pp. 80. 

21.J. M. Meek and J. D. Craggs, eds., Electrical Breakdown of 
Gases. Clarendon, Oxford, 1953. 

22. F. Paschen, Wied. Ann., 37:69, 1889. 

23. J. S. Townsend, The Theory of the Ionization of Gases by 
r.ol 1 is ion. Constable, London, 1910. 

24. A. Anderson and J. P. Brainard, "Mechanism of pulsed 
surface flashover involving electron-stimulated desorption," 
J. Appl. Phys., Vol. 51, March 1980, pp. 1414-1421. 



83 

25. George L. Jackson, "Pulsed Flashover of Solid Dielectrics 
in Vacuum and Gases," Ph.D Dissertation, Texas Tech 
University, Dec. 1983. 

26. Mary C. Baker, "Secondary Electron Emission from 
Dielectrics," M.S. Thesis, Texas Tech University, Dec 1985. 

27. Private communication. Dr. John Marx, Chemistry Dept., 
Texas Tech University. 

28. ESCA analysis and interpretation performed by Dr. Carlos 
Colmenares and Allison Connors at Lawrence Livermore National 
Laboratories. 

29. H. Yasuda, "Glow Discharge Polymerization," J. Polym. 
Sci.: Macromolecular Reviews, Vol. 16, 1981, pp. 199-293. 

30. H. Seller, "Secondary electron emission in the scanning 
electron microscope," J. Appl. Phys. Vol. 54, November 1983, 
pp. R1-R18. 

31. E. Boerwinkle, M. S. Thesis, Texas Tech University, 1988, 
to be published. 

32. A. S. Pillai and R. Hackam, "Modification of electric 
field at the solid insulator-vacuum interface arising from 
surface charges on the solid insulator," J. Appl. Phys., Vol. 
54, March 1983, pp. 1302-1313. 

33. S. Trajmar, D. F. Register and A. Chutjian, "Electron 
Scattering By Molecules II. Experimental Methods and Data," 
Physics Reports (Review Section of Physics Letters) 97, No. 
5, 1983, pp. 219-356. North-Holland Publishing Co. 

34. W. L. Nighan, "Electron Energy Distributions and 
Collision Rates in Electrically Excited N2, CO and CO2, " Phys. 
Rev. A2, 1970, pp. 1989-2000. 

35. J. E. Thompson, J. Lin, K. Mikkelson and M. Kristiansen, 
"Investigations of Fast Insulator Surface Flashover in 
Vacuum," IEEE Trans. Plasma Science, Vol. PS-8, September, 
1980, pp. 191-197. 

36. A. S. Pillai and R. Hackam, "Electric Field Arising from 
a Heterocharge Accumulation on the Surface of a Solid 
Insulator in a Vacuum," Proc. IEEE, Vol. 71, February, 1983. 



84 

37. Erich E. Kunhardt and Lawrence H. Luessen, eds.. 
Electrical Breakdown ;̂ nd Discharges in Gases. Proc. of a NATO 
Advanced Study Institute on Electrical Breakdown and 
Discharges in Gases, June 28-July 10, 1981. 

38. H. Craig Miller and Robert J. Ney, "Gases released by 
surface flashover of insulators," J. Appl. Phys., Vol. 63, 
February, 1988, pp.668-673. 

39. C. H. DeTourreil, K. D. Srivastava, and U. J. Woelke, 
"Experimental Observation of Surface Charging of High-Voltage 
Insulators for Vacuum Apparatus," IEEE Trans. Elect. Insul., 
Vol. EI-7, December, 1972, pp. 176-179. 

40. K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. 
Hamrin, J. Hedman, G. Johansson, T. Bergmark, S. Karlsson, I. 
Lindgren, and B. J. Lindberg. ESCA Atomic Molecular and Solid 
State Structure Studies by Means of Electron Spectroscopy. 
Almquist and Wiksells, Uppsala (1967). 

41. K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P. F. 
Heden, K. Hamrin, U. Gelius, T. Bergmark, L. Werme, R. Nanne, 
and Y. Baer. ESCA Applied to Free Molecules. North Holland-
American Elsevier, Amsterdam, New York (1969). 



APPENDIX A: FIELD ENHANCEMENT 

The electric field near an electrode can become enhanced 

if there voids between the dielectric and the electrode. In 

Fig.A.l the void is modeled as a dielectric slab with 

dielectric constant Ci. The insulator between the electrodes 

is a slab of dielectric constant £2- From simple 

electromagnetic field theory we know that the normal 

component of the electric displacement field, D, is continuous 

across the dielectric interface providing there is no free 

charge at the interface. Therefore, taking the z-axis to be 

that shown in the figure. 

In terms of the normal electric fields, this becomes 

or, 

^2 
Ê  = / E, . (A.3) 
Iz c 2z 

If region 1 is a vacuum and region 2 an insulator, then 

1̂ = 0̂ ' 2̂ = %^r r (A.4) 

where Er is the relative dielectric constant of the insulator. 

Therefore, 

îz = -̂̂ 2z ' ^^-^^ 

85 



36 

o 

Dielectric 
Interface 

© l̂ . 
© l̂^ 

o 
F i g . A . l . Dielectric mismatch between conductors 

This geometry leads to electric field 
enhancement in region 1. 



r 

87 

which implies the electric field in region 1 is a factor e, 

greater than the electric field in region 2. 



APPENDIX B: COSINE DISTRIBUTION 

FOR SECONDARIES 

Figure B.l is a simplistic view which shows 

qualitatively how the cosine spatial distribution of 

secondary electrons emitted from the surface arises. The path 

an electron must travel to reach the surface is given by 

P = PQ/COS e , (B.l) 

where P is the actual path the electron travels to the 

surface, PQ is the shortest path to the surface from the point 

of origin of the secondary electron, and 9 is the angle 

between them. The probability of escape decreases as P 

becomes larger. For any angle 0, the fraction of electrons 

which escape as compared to those escaping along the shortest 

path, Po, for 9 = 0 is 

N oc i/p occOS 9 . (B.2) 
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Surface 

Point of origin for 
secondary electron 

Fig. B.l. Origin of cosine distribution for emitted 
secondary electrons [20] . 



APPENDIX C: GAUSS' LAW FOR CYLINDER 

Figure C.l shows the top of a cylindrical sample of 

radius, R, surrounded by a cylindrical Gaussian surface of 

radius r. It is desired to obtain the electric field inside 

and outside of the sample due to a uniform surface charge 

density around the circumference of the sample. If we assume 

that the charge rests on the outside surface of the sample, 

then a Gaussian surface just inside the surface encloses no 

charge and the electric field inside is equal to zero. This 

can also be seen just from symmetry reasons. The electric 

field outside can be found from Gauss' law 

E Q ^ E-dS = q,̂ ^ , (C.l) 

where dS is an element of the surface area of the Gaussian 

cylinder and qtot is the total charge enclosed by the Gaussian 

cylinder. Since the electric field is perpendicular to the 

top and bottom surfaces of the Gaussian cylinder, the only 

contribution to the integral will come from the area around 

the circumference, or 

E Q E S ^ = eQE(27Crl ) , ( C . 2 ) 

where 1 is the length of the sample. The total charge 

enclosed can be found as 

where Gf is the charge per unit area on the sample surface. 
Setting Eqn.(C.2) = Eqn.(C.3), we obtain 
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Fig. C.l. Gaussian surface, S, enclosing a 
cylindrical sample. The z-axis 
is into the paper. 
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^ EQ r • (C.4) 

Since we are interested in the electric field near the 

surface where essentially r = R, we have finally, 

E - ^ 
^ - e^ • (C.5) 

k 



APPENDIX D: FUNDAMENTALS OF ESCA 

The analysis of surfaces using ESCA (Electron 

Spectroscopy for Chemical Analysis—also known as X-ray 

Photoelectron Spectroscopy, or XPS) was originated by 

Professor Kai Siegbahn and a host of collaborators at Uppsala 

University in Sweden in the late 1960's [40,41]. The basic 

technique involves bombardment with x-rays (Al-Ka or Mg-Ka) 

and subsequent energy analysis of the ejected electrons. The 

energy of the incident x-rays is sufficient to eject core 

electrons which emerge from the atoms of the sample with 

discrete values of kinetic energy. However, this is true only 

for electrons ejected within the first 1-5 monolayers of the 

surface. Photoelectrons created deeper in the sample will 

loose energy through collisions with the molecules of the 

sample and escape from the surface with low energy, if at 

all. The signal generated in the energy analyzer by these low 

energy electrons forms a background continuum on which 

photoelectron peaks are observed. Electrons emitted within 

100 Angstroms of the surface undergo few collisions with the 

neighboring molecules and thus represent the sharp peaks in 

the spectrum at energies which are characteristic of a 

particular orbital in a particular atom. A simplified picture 

of the interaction of X-rays with the sample and subsequent 

electron ejection can be seen in Fig.D.l. The photon energy, 

hv, seen on the left of the Fig.D.l, can be divided among 

only three processes since the recoil of the excited atom is 

often negligible. A certain energy, the binding energy Eb, is 

needed to raise the electron to the Fermi level of the 

sample. The electron must then overcome the work function of 

the surface, <j)s. Finally, the remainder of the photon energy 

appears as the kinetic energy of the electron, Te. It is this 

quantity which is actually measured by the ESCA spectrometer. 
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Fig. D.l. Energetics of the ESCA process 
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To obtain absolute binding energies one must have an accurate 

determination of the work function. However, for most 

applications, only shifts in the binding energies are 

important and in such cases it matters only that the work 

function for the sample remain constant. In this case, the 

change in binding energy is reflected as a change in the 

electron kinetic energy. 

Origin of Chemical Shifts 

Typical ESCA survey scans, in which the binding energy 

of the ejected electron is plotted versus the number of 

electrons detected at that energy, are shown in Figs.D.2 and 

D.3 [28] for untreated and treated Lexan samples. These low 

resolution scans are used to determine the elements present 

on the surface. To obtain more detailed knowledge of the 

chemical environment of individual elements one must take 

high resolution scans over a small energy range centered 

around each peak. The binding energy of a core electron in an 

atom depends on the attractive force of the nucleus which is 

dependent on the atomic number. A loss of electrons in the 

outer region of the valence band of an atom in a molecule 

results in an increased binding energy for core level 

electrons. Therefore, shifts in the binding energy observed 

by ESCA can often be interpreted as a change in the chemical 

environment or oxidation state of the molecule. These shifts 

in binding energy show quite clearly on high resolution scans 

of individual element peaks. Figures D.4 and D.5 [28] show 

high resolution scans of the carbon Is peak for untreated and 

treated Lexan samples. The individual bond structures seen in 

these figures were obtained using a computer to deconvolute 

the observed intensity profile. This information was 

invaluable in understanding the change between treated and 

untreated samples reported in Ch.IV. 
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Analf̂  Rp̂ .qnlved ESCA Analysis 

The objective of angle resolved analysis is to increase 

the surface sensitivity of the ESCA measurement. Figure D.6 

shows how this accomplished in practice. When the electron 

energy analyzer is set at low angles to the surface, only 

photoelectrons created within a few tens of Angstroms of the 

surface will be detected. The sampling area is 

correspondingly increased at low detection angles. This area 

is typically 100 microns in diameter but can be as large as 

1000 microns. The relationship between the sampling depth, d, 

the mean free path of the electrons in the sample, X, and the 

electron take-off angle, 9, is given by 

d = >.sin 9 . (D.l) 

Since the mean free path of the photoelectron is constant for 

a given material and electron energy, decreasing 9 results in 

a smaller sampling depth. This analysis technigue is often 

used to differentiate between surface films and substrate 

material. 
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Fig. D.l Sample volume of ESCA experiment 
relative to photoelectron take-off 
angle. 




