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ABSTRACT 

Electro-optical measurements of the electric 

field along insulator surfaces in vacuum during the few 

nanoseconds prior to insulator flashover have been 

performed. The Pockels effect in KDP and the Kerr 

effect in nitrobenzene are used in conjunction with a 

polarization interferometer to measure the interfacial 

fields for KDP/vacuum and nylon/vacuum interfaces. The 

insulators are subjected to pulsed fields of approximatel' 
7 

1 X 10 V/m with a risetime of a few nanoseconds. Result 

indicate that insulator surface charging and cathode 

field enhancement occur, followed by plasma formation 

near the cathode which propagates toward the anode at 

approximately one tenth the speed of light. Voltage 

collapse across the insulator occurs approximately 

one nanosecond after the plasma formation has reached 

the anode. 
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CHAPTER I 

INTRODUCTION 

Electrical breakdown across the surface of high 

voltage insulators has been a problem in electrical en

gineering since the inception of power distribution 

systems and high voltage experimental research. In an 

effort to prevent insulator flashover recent research 

has concentrated on using a vacuum insulating medium, 

eliminating the possibility of molecular ionization as 

the cause of flashover. Vacuum breakdown studies have 

shown that the insulating capability of a vacuum gap is 

reduced when a solid insulating spacer is placed between 

the electrodes. An understanding of this phenomenon can 

lead to better insulator designs and a reduction in the 

size of high voltage apparatus. 

Studies of the pre-breakdown mechanisms which initiat 

flashover are the basis for the theory used to explain 

the breakdown phenomenon. Previous results have shown 

that positive surface charging of the insulator occurs 

prior to flashover, and a theory based on secondary elec

tron emission from the insulator surface is used to ex

plain these findings. The experiment described here is 

concerned with the transient behavior of insulator surface 



charging and the subsequent events leading to flash-

over which occur within the first few nanoseconds after 

the application of high voltage stress. 

The unique aspect of this experiment is the time 

scale on which it is conducted. The insulator is sub

jected to a very fast, pulsed field of approximately 
7 

10 V/m with 10 ns duration. The diagnostic system 

must have a response time of less than one nanosecond 

while the timing of the various elements of the experi

ment must be accurate to within + 2 ns. Incidentally, 

one nanosecond is the time needed for light to travel 

approximately one foot. 

The required response of the diagnostics makes 

electro-optical measurement a necessity. A laser in

terferometer technique is used to measure the electric 

field variations along or near the insulator interface 

while a fast streak camera is used to record the temporal 

variations. A pulsed ruby laser is used to give the 

required intensity needed to record nanosecond events. 

The laser is also used for spark cap triggering which 

initiates the high voltage stress for the insulator with 

only 10 ns delay. The voltage pulse is supplied by a 

50 Q, , gas pressurized transmission line capable of pro-
5 

ducing 5 x 10 V pulses. 

Results show the development of a non-uniform 



electric field along the insulator surface and indicate 

appreciable field enhancement near the cathode. Plasma 

formation is observed to begin at the cathode and propa

gate to the anode in less than one nanosecond. Collapse 

of the voltage across the insulator occurs approximately 

one nanosecond later. 



CHAPTER II 

BACKGROUND THEORY 

Surface Charging Induced Insulator Flashover 

Are formation across the surface of solid insula

tors in vacuum has been the subject of numerous investi

gations " because the insulator surface is the weak 

point in vacuum insulated equipment. Experimental 

measurements have shown that the insulator surface be

comes positively charged when subjected to high voltage 

1 2 stress. ' This charging is a result of secondary 

electron emission from the insulator surface due to 

field-emitted electron bombardment from the cathode-

insulator-vacuum triple junction. The positive surface 

charge enhances the field at the cathode and lowers 

the flashover potential of the insulator. 

The charging mechanism can be analyzed using a sys

tem with two parallel electrodes separated by a solid 

insulator. With a potential, V^, applied to the electrodes 

a uniform electric field, E^ = V /d, is produced (d is 

the electrode separation). This field is enhanced in 

regions of sharp protrusions and microscopic vacuiim 

voids between the insulator and electrodes. In vacuum 

voids the enhancement can be as much as the relative 

4 
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dielectric constant of the insulating material due to 

the continuity of D (flux density normal to the surface), 

as shown in Fig. II-l. The theory of field emission 

from clean metal surfaces requires electric fields on 
0 _Q 

the order of 10 V/m for significant emission (10 to 
-12 10 A), but cold emission of electrons has been measured 

6 4 with electric fields as low as 6-7 x 10 V/m. With 

field enhancement, by the previous reasoning, a 6-7 x 
e 

10 V/m field can be found at the triple junction with 

a 2 X 10 V/m field in the interelectrode gap. This 

value compares with an observed threshold field of 1.5 x 

10 V/m at which field emission increased rapidly. 

Upon reaching a threshold field, cold emission of 

electrons from the triple junction begins. This cold 

emission is, no doubt, dependent on many factors such as 

field orientation and strength, insulator and electrode 

material, and pulse length. 

The average energy of electrons emitted via cold 

emission is of the order of a few electron volts. 

Simulation experiments were performed in which a 

1 eV, 1 nA electron beam was used to initiate positive 

surface charging of an insulator. Due to the statis

tical nature of electron emission there is a variation 

in the direction of electron trajectories after emission. 

The angular distribution of electron emission can be 
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approximated as cosinusoidal about an axis perpendicular 

to the electrodes. This implies that some of the 

emitted electrons will encounter the insulator surface. 

The result of these collisions is dependent on the 

probability of secondary electron emission from the 

insulator surface. This probability is a function of the 

incident electron energy and is a property of the in

sulator material, surface contamination, and roughness. 

A typical graph of the secondary electron emission co

efficient, 6, vs incident electron energy is shown in 

Fig. II-2. For the energies A-, and Ao the coefficient 

is one and incident electrons with energies between 

A-, and A^ will produce positive charges on the insulator 

surface due to secondary electron loss. 

As the charging process begins, all of the incident 

electrons are supplied by the initial burst of electrons 

from the triple junction. The incident energy of the 

electrons is primarily that gained from the applied field 

so the emission energy can be neglected. Negative sur

face charging occurs close to the cathode where electrons 

strike with energy less than A-ĵ , while positive surface 

charging occurs on the insulator where electrons with 

energies between A-. and Ao are incident. A negatively 

charged region develops near the anode due to incident 

electrons with energies greater than A2. The interelectrode 
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field is now modified by the surface charge density so 

the subsequent electrons are effected by both the applied 

field and the surface field. The positively charged 

region attracts a greater amount of the electrons emitted 

at the triple junction and when the positive surface 

charge becomes sufficiently large many of the secondary 

electrons emitted from the insulator surface will be 

attracted back to the insulator. Many of these secondary 

electrons will have gained energies between Â , and A2 

while in flight thus producing more positive surface 

charge. This causes regenerative surface charging and 

electron multiplication as shown in Fig. II-3. The 

resulting electron avalanche proceeds towards the anode 

as secondary electrons emitted from the positively charged 

region near the cathode are attracted back to the insulatoi 

surface further toward the anode. As the avalanche pro

ceeds the positively charged region on the insulator ex

pands toward the anode with lateral spreading occurring due 

to the angular distribution of secondary emission. 

As the surface charge density increases, the secon

dary electrons return to the surface earlier, thereby de

creasing the incident energy. Steady state is reached 

when the secondary electrons are returned to the surface 

after acquiring an energy of A-ĵ . Upon reaching this 

state no electron multiplication occurs along the insula

tor surface and only electrons emitted at the triple 
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junction due to field enhancement from the positive surface 

charge are received at the anode after a series of jumps 

across the insulator. This steady state is reached 
g 

after 50 ns of a 1 A electron avalanche. In the case 

where 6 , the maximum secondary emission coefficient, 

is less than one the surface cannot become positively 

charged. Emitted electrons incident on the insulator 

surface will have 6 less than one for all energies and 

will produce negative surface charges, thereby repelling 

the subsequent electrons. Steady state is reached when 

all the electrons emitted by the triple junction are 

repelled, eliminating interaction with the insulator 

surface. 

In the previous discussion, the angle 0 between 

the insulator surface and the normal to the parallel 

electrodes was 0 . Numerous studies have shown the 

flashover potential of conical insulators to be a func

tion of the angle 9 for fast pulsed fields, as shown in 

9 10 

Fig. II-4. ' V̂ ith DC or slow pulsed fields (milli

second duration) the variation of flashover potential 

with 0 is no longer apparent, as the minimum flashover 

potential holds for all angles. The surface charge 

steady state is reached quickly compared to the slow 

pulse risetime. 

The distinction between fast pulse and slow pulse 

flashover potential has entered the discussion. For 
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the slow pulse the electron avalanche is initiated upon 

reaching the threshold field and quickly ends, leaving the 

steady state positive surface charge. In this state elec

trons are supplied only by the triple junction. As time 

passes a small plasma could form a number of ways (gas 

desorption, whisker explosion) and supply a large number 

of electrons which could initiate breakdown. This will not 

be discussed directly since the experiment at hand dealt 

with extremely fast pulse conditions. In fast pulse flash-

over, breakdown can occur before the electron avalanche 

has ended, while surface charging is still in progress. 

The data shown in Fig. II-4 indicate that the charging 

mechanism is modified by the insulator geometry, causing 

the insulator surface charging to occur at a much slower 

rate, or that different processes begin to play a major 

role in the flashover strength at certain angles. 

The triple junction has been shown to be the weak 

link of insulators in vacuum in that proper shielding 

of this junction can improve the flashover strength of 

12 
insulators. Changing 9, the inclination of the insula
tor, also changes the field at the triple junction. 

-| o 

Brainard has made an interesting correlation between 

the data of Fig. II-4 and theoretical equipotential plots 

of uncharged and charged insulators at various angles. 

The field enhancement near the triple junction for 
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uncharged and charged insulators at various angles was 

calculated from the theoretical equipotential plots. 

Using the flashover field data the field enhancement was 

then calculated and plotted with the field enhancement 

calculated from the equipotential data, as shown in Fig. 

II-5. The flashover field data follows the uncharged 

insulator enhancement curve for angles between -30 and 

-45 . This indicates there is no positive surface charg

ing occurring. The electron avalanche discussed earlier 

cannot propagate along the insulator at these large angles 

because the secondary electrons released by the insulator 

strike the surface before gaining sufficient energy (A-.) , 

to produce more secondary emission. The electrons become 

attached to the insulator causing negative surface charg-

14 ing as reported for these angles. The negatively 

charged region can grow only by collecting the electrons 

supplied by field emission at the triple junction. The 

negative surface charge reduces the triple junction field 

thereby decreasing the emission. This negative feedback 

makes the charging process much slower (see Fig. II-6). 

For angles between -30° and 0° the flashover field 

data follows the charged insulator enhancement curve, 

which implies that positive surface charging is occurring. 

The electron avalanche discussed earlier applies to this 
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case. The 35 ns pulse data makes a transition to the 

uncharged enhancement curve over the region of -15° 

to 0 while the 5 ys pulse data makes the same transition 

over the region of 0° to +30°. This indicates that 

more electrons are escaping from the electron avalanche 

as the angle approaches 0° and the corresponding positive 

surface charging occurs at a slower rate. The lower 

enhancement for the 35 ns pulse data is due to in

complete positive charging of the insulator which is 

a consequence of the slower surface charging rate. 

For angles greater than +30° the flashover field 

data follows the uncharged enhancement curve indicating 

that all electrons are escaping the avalanche. The 

field is inclined so that electrons are drawn away from 

the insulator. Very few field-emitted electrons are 

incident on the surface and the secondaries produced 

are drawn away from the surface making the charging 

process much slower (see Fig. II-6). 

The experiment described here involved measurement 

of the surface charge along an insulator placed perpen

dicular to the electrodes. With 9 = 0 ° the steady state 

surface charge density is directly proportional to E^, 
16 

the applied electric field. A high voltage, fast 

rising pulse will force the insulator to attain a high 

surface charge density quickly, which corresponds to a 
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large avalanche current. Calculations by Anderson 

indicate that the space charge limited avalanche surface 

current is directly proportional to E so the power dissi

pated at the insulator surface during the avalanche varies 

2 
with E^ . The time delay for breakdown varies linearly 

2 
with E indicating that a fixed amount of energy is 

deposited in the breakdown channel before flashover 

18 
occurs. The energy deposited causes heating of the 

insulator surface which could lead to plasma generation 

along the surface or in desorbed gas layers, ionized by 

the continuing electron avalanche. This leads to a low 

resistance discharge bridging the gap. The minimiim 

breakdown delay is dependent mainly on the time required 

for initiation and propagation of the avalanche. 

The fastest electrons able to produce positive 

surface charging are those with incident energy just 

below A^. These electrons create the initial positive 

surface charge which the electron avalanche follows. 

If a magnetic field is placed normal to the insulator 

surface these electrons will have a velocity component 

- - 19 

in the direction of E X B. Using these ideas Anderson 

measured the velocity, v^, of the leading electrons by 

observing the angle between the flashover path and the 

applied electric field. He reported v^ = .15c for 

plexiglas using the previous measurement and measured 
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the flashover propagation speed to be .05c using a 

Faraday cup probe. Assuming a symmetric electron 

velocity distribution the average electron velocity in 

the avalanche would be v^/2 = .075c which corresponds 

closely to the measured flashover propagation speed. 

This corresponds to a centimeter gap closing in .67 ns 

and data reported indicates a change in impedance from 
3 

10 r̂  to a fraction of an ohm within a nanosecond , 

causing an underdamped oscillitory current in break-

20 down channel. 

The previous discussion forms the basis of what 

was expected to be observed in this experiment. A 

unique measurement technique was needed to record these 

extremely fast events. 

Electro-Optical Field Measurements 

The insulator surface charging causes modifi

cations in the uniform applied electric field. These 

modifications in the interfacial electric field along 

the insulator can be electro-optically measured using the 

Pockels or Kerr effects in an optically active material 

adjacent to the insulator surface. The measurement 

system involves a light beam being passed through the 

optically active material. Here the field interacts 

with the material so that some property of the light 

beam is changed. The light beam then travels away from 
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the high voltage area, with the encoded information in

tact, to the information processing and recording equip

ment. The system is electrically isolated from the 

high voltage with the light beam being the only con

necting link. Another attractive feature is the noise 

immunity of the light beam. This is very important 

when a high voltage, fast rising pulse and its associated 

electromagnetic fields are involved. 

The original work on the Pockels and Kerr effects 

was done approximately a 100 years ago. The Pockels 

effect was found to be a linear electro-optical effect 

with the induced birefringence, or optical anisotropy 

in the index of refraction of the material, proportional 

to the first power of the applied electric field. This 

effect is present only in crystals which lack a center 

of S37mmetry. These same crystals are also piezoelectric. 

The Kerr effect was found to be a quadratic electro-

optical effect with the induced birefringence propor

tional to the second power of the applied electric field. 

This effect is present in a number of liquids and some 

solids. 

The Pockels effect is characterized by the fact 

that components of linearly polarized light in directions 

parallel and perpendicular to the applied electric field 

travel through the crystal with different velocities. 
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The velocity difference is proportional to the applied 

electric field so the orthogonal light components are 

no longer in phase after passing through the crystal. 

The magnitude of the phase difference introduced, (p , 

is given by 

Trr^.n ilE 
(h = 63 o o 
p 

A 

3 
for a parallel electrode geometry where r^^n is an 

electro-optic constant measured to be 3.3 x 10 (mks) 

for KDP, £ is the path length through the crystal, E 

is the applied electric field, and A, is the wavelength 

21 

of the light. The phase difference between the ortho

gonal light components is indicative of the electric 

field strength averaged over the length of the light 

path in the crystal, 

<Ep(x,y)) = ~j- ( E^(x,y,z)dz, 

^ 0 

(see Fig. II-7). The piezoelectric properties of the 

crystal will cause dimensional deformation with an 

applied field. This phenomenon leads to a second 

electro-optical effect but, the mechanical response is 

negligible for applied fields with frequencies above 

10^ Hz. The electrical response of KDP extends to 

9 22 
10^ Hz.^^ 

The Kerr effect is similar to the Pockels effect 
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in that the orthogonal light components travel through 

the medium with different velocities. However, with the 

Kerr effect the velocity difference is proportional to 

the square of the applied electric field. The magnitude 

of the phase difference introduced is 

({), = 27TK£E 
^k o 

for a parallel electrode geometry where K is the Kerr 

coefficient of the liquid, measured to be 325 x 10" 

(mks) for nitrobenzene, i is the path length through 

the parallel electrodes, and E is the applied electric 

23 field. The measurement of (Jĵ îs indicative of the 

square of the electric field strength averaged over the 

length of the light path between the electrodes, 

(E2(x,y)) = -}-j E2(x,y,z)dz, 
0 

(see Fig. II-7). The Kerr effect in polar organic 

solvents (e.g. nitrobenzene) is a consequence of the dipole 

moments of the molecules. With no applied electric 

field the liquid appears isotropic to light because the 

dipoles are randomly oriented. If an external field 

is applied, however, the molecules will tend to align 

with the field (this effect being counteracted by ther

mal vibrations). The time for the Kerr effect to occur 

after application of the electric field is comparable 

to the molecular relaxation time, reported to be of 
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the order of .05 ns for nitrobenzene with the relative 

dielectric constant equal to 36 from DC to 10^ Hz.^^ 

Thus, the Kerr coeficient is frequency independent to 
Q 

approximately 10^ Hz. The effect of temperature is to 

disorient molecules in the fluid, thereby changing the 

Kerr constant and creating measurement errors. For 

nitrobenzene the temperature variation of the Kerr con

stant has been reported to be .57o/°K at room temperatures. 

Measurement of (j) , the phase difference between 

the orthogonal light components, yields data about the 

electric field along the vacuum-insulator interface. 

The phase difference is measured using a polarization 

26 

analyzer. A finite fringe interference pattern in

dicative of 0 is produced by the analyzer in the follow

ing way. The linearly polarized light with orthogonal 

components E„ and Ej. , passes through the anisotropic 

medium as shown in Fig. II-8. Upon emerging, these 

orthogonal components are out of phase by an amount Q . 

The light enters the analyzer and is divided. Linear 

polarizers are then used to pass only E^ in one path 

and E,, in the other path of the analyzer. A half-wave 

plate is used in one path to change the polarization 

direction of the light component 90° so the orthogonal 

light components now have the same polarization and 

will interfere. The light is then recombined, forming 

25 



0) 
• p 

a r-^ 
PL| 

a> 
> 
aJ 
^ 
1 

CH 

^ 1 
dJ 1 
•^ 1 
'i-' 1 
•H 1 
H 1 ^ 1 
m i 

s / cd / 
03 1 
PQ / 

(1) Q) 
tjD O 
C 

•H 

u P«H 

0) 

+̂  

d 
Q) 
;^ 

c JH 
0) 

0 -p 
CH -P 
SM nJ 
0 PH 

•H -P 
c c •H M 

ptH 

25 

0 

H 
cd 

o § 

cd-g 

u 
cd 
o 
Pk 

(X) 
I 

M 

• H 
FiH 

wV 
\ 

w 



26 

a finite fringe interference pattern giving a measure 

of the phase difference between the interfering com

ponents. A further discussion of the polarization anal

yzer including the mathematical theory is found in 

reference 26. 

Laser Triggered Switching 

The production and timing of a high voltage pulse 

is necessary for the electro-optical measurement of 

transient surface charging of the insulator. For many years 

laser initiated spark gap breakdown has been used as a 

high precision switch. Laser triggered svzitching of 

under-volted spark gaps has given very short delays and 

very low jitter (i.e. variation in delay) when using a 

27 28 29 

short pulse laser. ' From early experiments Guenther 

found that a coaxial geometry for laser triggering was 

important for improved switch performance. In this 

arrangement the laser is introduced along the gap 

(and arc) axis striking the target electrode, leaving 

a weakly ionized path in the gas where the beam has 
passed. 

The basic theory includes two accepted methods of 

arc formation in gases: Townsend avalanche and streamer 

mechanisms. In a Townsend avalanche, charged particles 

are produced by laser irradiation of the target elec-
19 -3 

trode surface. A very dense plasma (10 cm ) can be 
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on 

produced by focussing a laser pulse onto a metal surface. 

The charged particles drift across the gap due to the 

applied electric field making a ionzing collisions per 

meter of travel. This produces an avalanche with n 

charge carriers after a distance x where n = N e*̂ ,̂ 
o * 

with N^ being the initial number of charge carriers due 
31 to the laser irradiation. The avalanche continues 

until an ionized path bridges the gap causing breakdown. 

The avalanche propagation speed is 10-10 m/s. 

This gives breakdown times much greater than those re

ported for laser-initiated breakdown. In the streamer 

mechanism, initial growth is the avalanche process until 

a critical distance, x , which depends on the pressure 

and gas in the spark gap. At this distance the space 

charge around the head of the avalanche reaches a critical 

value, N , such that a plasma streamer is created which 
33 quickly bridges the gap. The streamer propagation 

r -J O / 

Speed is very rapid, between 10 and 10 m/s. The 

breakdown delay is the sum of the time taken for the 

avalanche to reach the critical stage and the time taken 

for propagation of the streamer. The streamer speed is 

- 100 times greater than the avalanche speed so the 

breakdown delay is basically the time associated with 

the avalanche. Assuming a constant avalanche velocity, 
V , the delay is approximately 
a 
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t. = X /v and d c a 

In N - In N 
X = ° 2. 
c V a a 

The streamer mechanism can occur when Pd products 

in excess of 1000 Torr-cm are present. Also, with the 

reduced electric field (i.e. E/P) between 20 and 30 

V/Torr-cm the empirical formula 

a/P ^ (E/P)^*^ 

36 
holds for pure nitrogen. Substituting this into the 

expression for the delay gives 

In N - In N 
t c. 2 ° 
^ V P(E/P)^*^ a 

so that the delay is strongly dependent on the inverse 

of the reduced electric field. The variation in delay 

as a function of (E/P) has been verified as well as 

the variation in delay as a function of P" with E/P 

constant. "̂^ The polarity of the target electrode has 

an effect on the streamer formation. If breakdown is 

initiated at the cathode, electrons at the head of the 

avalanche are attracted to the anode, lowering the 

space charge, so the streamer develops slightly later 

than if the avalanche is initiated at the anode. In 

this case, the electrons are repelled by the cathode so 

the critical value of space charge at the head of the 
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avalanche is reached earlier, leading to earlier streamer 
38 

formation. As mentioned, in coaxial triggering the 

laser pulse leaves a weakly ionized path in the gas. 

This path is followed by the streamer and leads to 

linear arc channeling for the main discharge.^ 



CHAPTER III 

EXPERIMENTAL ARRANGEMENTS 

The intent of this experiment was to measure the 

transient surface charging of insulators in vacuiom, sub

jected to fast rising, high voltage pulses. In previous 

experiments the surface charge was measured with DC or 

slow pulse fields so that the steady state surface 

charge was determined. Interest in the transient sur

face charging developed when the theory was postulated 

that with fast pulse fields flashover occurred while the 

electron avalanche was in progress so that the condition 

of steady state surface charge was never reached. 

This condition exists at the insulator surface 

in a vacuum transmission line used to transfer the 

energy of a pulse forming network to an e-beam diode 

with high efficiency. The insulator-vacuum interface 

is the weak link in the transmission system. This 

system is operated at '̂̂  10" Torr with the insulator 

subjected to pulsed fields of 1-4 x 10 V/m, having a 

risetime of 2 to 3 ns and a duration of between 10 to 

50 ns. In this experiment attempts were made to 

simulate these conditions so that the reported data 

could be applied directly to the described problem. 

30 
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Components 

The basic elements of the experimental arrangement 

were a high voltage pulse generator, a pulsed laser, the 

various test cells, a polarization analyzer, and an image 

converter camera. The experimental setup is shown in 

Fig. III-l. 

FX-15 Line Pulser 

A source capable of providing the previously 

mentioned pulse characteristics is the FX-15 coaxial 

line pulse generator. This device, built by Ion Physics 

Corporation, consists of a Van de Graaff generator 

with the charge collector shaped as a cylindrical column. 

This column is insulated from ground by a twenty stage 

resistive grading network with 10 G ̂  of resistance per 

stage and corona rings. This apparatus is enclosed in 

a cylindrical steel tank capable of withstanding a pres

sure of 400 psi (see Fig. III-2). The dimensions of the 

device give the line a characteristic impedance of 50 Q . 

The charged column is 1.5 m in length so a pulse 3 m in 

length is generated due to the reflection at the open 

circuit end of the line (i.e. the resistive grading). 

The pulse voltage is one half the charge voltage due to 

the two travelling waves on the line. The line is 

pressurized with a mixture of nitrogen, argon and SF^, 

giving an insulating medium with a relative dielectric 
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constant of approximately one. Therefore the pulser 

produces a 10 ns pulse. Breakdown of a coaxial spark 

gap located at the end of the charged column initiates 

the pulse propagation down the line through an insulating 

bushing to an oil filled 50 Q coaxial line in which the 

load is placed. The self breakdown voltage of the gap 

can be adjusted by changing the gas pressure of the sys

tem or the gap distance. The FX-15 is capable of pro

's 

ducing pulses with voltages between 20 and 500 x 10 V, 

a risetime of 2.5 ns with a 57o droop over 5.5 ns, and 

a fall time of 4 ns. A voltmeter on the device is used 

to monitor the voltage on the charged column while a 

capacitive voltage divider probe mounted in the oil 

filled transmission line is used to determine the pulse 

characteristics. The response time of the probe is 

less than 1 ns. 

Pulsed Ruby Laser 

A pulsed laser is used to give the required in

tensity needed to record the electric field variations 

due to transient surface charging which occurs at 

subnanosecond rates. The laser is also used for laser 

triggering of the FX-15 spark gap, thereby initiating 

the test cell excitation pulse. 

The ruby laser, a Holobeam Series 300 oscillator, 

shown in Fig. III-3, consists of a flat rear reflector. 
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a glass plate polarizer, a K*DP Pockel cell Q-switch, 

and a helical flashlamp surrounding a ruby rod of 9.5 mm 

diameter and 7.62 cm length, with a choice of cavity 

pinholes and output mirrors or etalon. The laser pulse 

characteristics are: 35 ns FWHM pulsewidth, 1.3 J 

output energy with no pinholes in the oscillator cavity 

and about .06 J with a cavity pinhole of 2 mm diameter 

in place. The laser is operated with the cavity pinhole 

in place to give the beam a longer coherence length 

and better quality for interferometry measurements. For 

this operation the corresponding laser power is 1.7 x 

10^ W. 

A Spectra Physics 124A He-Ne laser is used for 

alignment of the optical components. The He-Ne laser 

is placed behind the ruby laser and is aligned normal 

to the flat rear reflector of the ruby laser so the 

two laser beams will be .collinear. A quarter-wave 

plate is placed between the He-Ne laser and the ruby 

laser to change the linearly polarized He-Ne beam to 

a circularly polarized beam. This allows a greater 

portion of the He-Ne beam to pass through the crossed 

polarizers of the Q-switched ruby laser, giving greater 

light intensity for the optical alignment. 

Test Cells 

The test cells are crucial parts of this experiment 
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because their designs determine the surface charging 

characteristics which are being measured, or, in other 

words, they are the source of experimental information. 

The design of the test cells was a difficult problem. 

The preliminary designs were continually modified, 

resulting in an improved configuration. The goal was 

to have the test cells compatible with the electro-

optical measurement technique and at the same time ex

hibit flashover potentials comparable to reported values 

for the same geometry and pulse duration. The flash-

over strength of the insulator surface was extremely 

important to insure that the measurements corresponded 

to the correct flashover mechanism. Two test cells 

which represent the final designs are discussed below. 

The KDP test cell, shown in Fig. III-4, consists 

of two electrodes and a 1 cm x 1 cm x 5 cm, 45°, Z-cut, 

KDP crystal with entrance and exit apertures polished 

to A/4 flatness. The crystal length allows the entrance 

and exit apertures to protrude beyond the electrode 

edges to inhibit flashover on these faces. Special 

care was taken to avoid placing mechanical stress on 

the crystal to preclude an anisotropic behavior similar 

to that created by electrical stress. The nylon rods 

are tightened so that the square plate electrode will 

just hold the crystal from slipping. The Pockels 
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effect in the KDP crystal is used to measure the inter

facial fields and the laser light is, therefore, directed 

through the crystal, perpendicular to the one centimeter 

square aperture. The glass vessel containing the KDP 

test cell is evacuated to 1 x 10"^ Torr using a two 

inch, air-cooled diffusion pximp with a liquid nitrogen 

cold trap. The flashover potential of this cell is 

approximately 5 x 10 V. 

The nitrobenzene test cell is constructed in a 

different manner, as shown in Fig. Ill-5. Nylon is used 

as the insulator to avoid reactions with the nitro

benzene, a strong polar solvent. The vacuum-insulator 

interface is constructed by making the nylon insulator 

hollow, with a wall thickness of 1.6 mm, and evacuating 

the interior volume. The dimensions of the nylon in

sulator are 3.18 cm x 1 cm x 1 cm. 0-ring grooves are 

cut in the electrodes to provide the vacuum seals. The 

glass vessel containing the test cell is filled with 

nitrobenzene. The Kerr effect in nitrobenzene is used 

to measure the interfacial fields and the laser light is, 

therefore, directed through the nitrobenzene, along the 

nylon insulator, allowing field measurement 1.6 mm from 

the actual interface, due to the wall thickness of the 

insulator. The cell is evacuated to 5 x 10" Torr and 

has a flashover potential of approximately 1 x 10 V. 



^0 

0 
CQ 
CQ 
0 

> 

CQ 
CQ 
Cd 

H 

0 

c 0 
tsl 
C 
0 

,Q 
O 
U 

-P 
•H 

s 

0 

o 
- p 
CQ 
0 

EH 

0 
C 
0 
Csl 

c: 
0 

^ 
O 
JH 

+̂  •H 
S 

• 

1 

M 
M 
M 

fi 
•H 
PH 



41 

In both the test cell and the electrical feed-

throughs on the glass vessels all abrupt discontinuities 

were eliminated to remove regions of high field stress 

which caused flashover along the glass vessel rather 

than the insulator surface. The glass vessel, con

taining either the KDP or nitrobenzene test cell is 

placed coaxially in the oil-filled transmission line 

of the FX-15, with the test cells acting as a capacitive 

load and becoming a short when flashover occurs. 

Diagnostic Equipment 

The main diagnostic components are the polariza

tion analyzer and the fast streak camera. The polariza

tion analyzer produces a finite fringe pattern (i.e. fringes 

are always visible) with spatial and temporal variations 

due to the spatial and temporal variations of the inter

facial fields. Observing one spot in the fringe pattern 

while the experiment is conducted gives temporal infor

mation about the interfacial field at the spot, while 

observing the entire fringe pattern at a particular 

instant gives spatial information about the entire 

interfacial field at that instant. A streak photo

graph is a compromise between these two extremes, 

because the temporal variation of the spatial information 

in a narrow slit is determined. In this experiment 

all spatial and temporal variations occur within 20 ns, 
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so that a very fast streak camera with a resolution 

of 1 ns or less is needed. 

The polarization analyzer consists of two beam 

splitters, two mirrors, two orthogonally oriented 

polarizers, and a half wave plate as shown in Fig. III-6 

Light enters the analyzer and is divided using the first 

beam splitter with one half transmitted while the other 

half is reflected. The transmitted light enters a 

horizontal polarizer and then proceeds to mirror M.. 

which directs the light to the second beam splitter. 

The reflected light proceeds to mirror M2 which directs 

the light through a vertical polarizer and half wave 

plate to the second beam splitter. Here the transmitted 

and the reflected light are recombined, forming a finite 

fringe interference pattern (see Electro-Optical Field 

Measurement in Chapter II). 

The fast streak camera is a TRW Image Converter 

Camera, Model ID, equipped with the fast streak plug-

in unit. This unit has streaking rates ranging from 

4 ns/mm to 0.4 ns/mm corresponding to streak durations 

of 200 ns and 20 ns, respectively. The experimental 

data were taken at a streaking rate of 1 ns/mm. 

Experimental Setup and Sequence 

The time scale on which this experiment was con

ducted made the positioning of the various components 
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a particular problem. The time taken for the propa

gation of the laser beam and the electrical pulse were 

important considerations when the experimental arrange

ment was determined. 

Optical Layout 

The laser beam follows a complicated path through 

a series of beam splitters, mirrors, and lenses as shown 

in Fig. Ill-7. The beam covers a distance of 13.7 m 

for optical diagnostics and 6 m for laser triggering. 

Losses due to reflections at the various optical com

ponents accounted for the major portion of the laser 

energy with approximately 1% of the total laser energy 

being received at the streak camera and used for 

measurement recording, while 257o of the energy is re

ceived at the FX-15 spark gap and used for laser trig

gering. 

The laser beam first encounters a glass flat 

where 8% of the energy is reflected and sent to an ITT 

planar photodiode used to determine the laser pulse 

characteristics. A small portion of this energy is 

used to trigger a pulse generator which in turn triggers 

the streak camera. After passing through the glass 

flat, the beam is expanded using a negative and positive 

lens combination to provide a size adequate for optical 

measurements and to decrease the power density to 
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protect the mirrors of the system. The laser pulse 

then passes through a beam splitter, where 35% of the 

incident energy is reflected for use in optical diag

nostics. The beam used for diagnostics then proceeds 

through an optical delay line made of a series of 

mirrors which allow the delay to be changed. The measure

ment of the interfacial field requires components of 

light parallel and perpendicular to the applied elec

tric field. Therefore, a linear polarizer is placed 

at an angle of 45° to the applied field. After the 

polarizer the beam enters the test cell through win

dows in the transmission line and glass vessel. The 

optical delay line is adjusted to make the test cell 

excitation coincident with the center of the laser 

pulse at the test cell. This timing provides better 

measurements due to the spatial uniformity of the laser 

pulse in this region. After the beam leaves the test 

cell, having undergone modification, the light is 

directed through a positive, long focal length lens 

(100 cm). The polarization analyzer is placed slightly 

beyond the focal point of this lens so the beam fits 

inside the entrance and exit apertures of the analyzer. 

After passing through the analyzer, the beam size 

increases with distance so the recording streak camera 

is placed wherever a convenient size is reached. 
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The 657o of the incident energy transmitted by 

the beam splitter is used for laser triggering of the 

FX-15 spark gap. After the beam splitter, the beam is 

directed through a positive 60 cm focal length lens and 

then enters the FX-15 through a 1.9 cm thick quartz 

flat. In the FX-15, the converging beam enters the 

ground electrode of the spark gap through a hole in the 

side. Internally, this electrode contains a copper 

mirror, capable of withstanding the increased power 

density, which turns the beam and directs it coaxially 

down a hollow passage to a positive, 5 cm focal length 

lens. This lens is placed 1.5 cm behind the surface of 

the ground electrode. The beam then passes through a 

7 mm hole in the ground electrode face and is focussed 

on the adjacent charged electrode. The focus is adjusted 

by moving the external lens until the minimum spot 

size, with maximum brightness, is achieved using the 

He-Ne alignment laser. As mentioned earlier, 257, of 

the laser energy is received at the gap, which corres

ponds to 4.25 X 10 W of pulsed laser power. The FX-15 

is operated with a mixture of 907, Ar- 57, N2- 57o SF^ 

with pressures between 1750 and 3900 Torr, for this 

experiment. The respective self breakdown voltages 

for the 1.3 cm gap with these pressures are 5 x 10 V 

and 1 X 10"̂  V with a breakdown delay of 10 ns and a 
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jitter of 2 ns. This jitter is larger than reported 

under similar conditions by other investigators and is 

attributed to the system used for focusing the beam. 

The minimum focal spot size is approximately 1 mm in 

diameter, which gives a power density of only 5.4 x 10 

W/cm at the focus, resulting in greater statistical 

variation in the avalanche and subsequent streamer 

formation. The delay is easily adjusted by changing 

the percentage of self breakdown voltage, V , , at which 

the laser is fired. The delay is increased by 5 ns 

(increasing the jitter by 1 ns) by firing the laser at 

857o of V , rather than at 907, of V , , which is the 

normal operating condition. 

Experimental Timing 

The very short duration of the experiment makes 

timing of the events extremely critical. The need for 

a triggered spark gap is therefore apparent. There are 

a number of methods for electrical triggering of spark 

gaps, all requiring the generation of an initiating 

trigger pulse and electrical coupling to the high 

voltage gap. There are problems associated with isola

tion of the pulse generator from the gap, as well as 

with noise reduction. With laser triggering, which 

features optical coupling, these problems are eliminated. 

The pulse generator is not needed and all pulsed electro-
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magnetic fields are contained within the FX-15. As a 

consequence the experiment is essentially noise free. 

Laser triggering also simplifies the experimental timing 

significantly. 

The actual experiment begins when the laser 

Pockels cell is switched and the laser pulse begins. 

The laser pulse is the initiating event so the jitter 

of the Pockels cell switch is of no consequence. Only 

four experimental components are triggered during the 

actual experiment, of which only three have measurable 

jitter. These are the FX-15 spark gap, the streak camera 

trigger generator, and the streak camera itself, with 

respective jitters of 2 ns, 1 ns, And 1 ns. The other 

triggered component, a Tektronix 519 oscilloscope 

with a response time of picoseconds, has essentially 

no jitter on nanosecond time scales. Once the delays 

associated with the FX-15 gap breakdown and streak 

camera have been measured and the delays associated 

with the physical positions of various components cal

culated, the optical and electrical delay lines are 

adjusted to give the proper sequence of events, as shown 

in Fig. III-8. The delay associated with starting the 

streak camera is 24 ns, of which 20 ns is delay in the 

trigger generator and 4 ns is delay in the streak camera. 

The trigger generator is a four stage Marx configuration 
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with avalanche transistors used as the switching 

elements. A small amount of energy from the laser 

pulse activates a photo-transistor which triggers the 

avalanche transistors. 

The procedure prior to Pockels cell switching is 

as follows. The signal from the voltmeter on the FX-15 

is proportional to the voltage of the charged column. 

This signal is monitored on a Tektronix 555 oscilloscope 

using DC coupling with the signal voltage rising until 

the self breakdown voltage of the gap is reached at which 

time the signal voltage drops to zero. After the self 

breakdown voltage is determined, the DC triggering level 

of the time base is set at 907, of the self breakdown 

level. The time base is operated in the single sweep 

mode and reset so that one gate pulse is generated 

when the voltmeter signal passes the preset level. The 

voltmeter signal rises in 20 seconds making the Pockels 

cell switching, which occurs in approximately 1 ms, 

appear to be instantaneous. The gate pulse from the 

oscilloscope triggers a Tektronix 161 Waveform Generator 

which generates a pulse that initiates the ruby laser 

flashlamp pulse. The flashlamp pulse is 1 ms long, 

allowing optical pumping of the ruby rod, after which 

an internal laser control switches the Pockels cell so 

lasing can occur. Most of the energy stored in the rod 
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is dumped quickly, creating a short, high power laser 

pulse. This laser pulse initiates the sequence of 

events discussed earlier. 



CHAPTER IV 

RESULTS AND ANALYSIS 

Fringe Pattern Relationships 

All surface charging data are encoded in the in

terference fringe pattern. Representations of typical 

fringe patterns are shown in Fig. IV-1. The patterns 

obtained using the nitrobenzene test cell are shown in 

Fig. IV-la and b. The fringes for no applied field or 

a spatially uniform field are straight and equally 

spaced while the fringes for a spatially non-uniform 

field are bent and in general not equally spaced. The 

Kerr effect in the nitrobenzene test cell gives a frac

tional fringe shift of 

Ay(x,y) ,!ji!gi.K.,2 
6y 2TT K 

where Ay is the amount of fringe bending observed, 6y 
2 

is the undeviated background fringe spacing and Ê ^ is 

the average of the squared interfacial electric field 

40 
over the length of the light path between the electrodes. 

The KDP test cell produces an interference pattern 

similar to that of the nitrobenzene test cell. The 

fringe pattern produced by the Pockels effect in the KDP 

test cell for a non-uniform electric field is shown in 

53 
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Fig. IV-Ic. The fractional fringe shift is given by 

Ay(x,y) _ ^^^-y) ^o^63^^p 

5y 27T 2A 

where E is the interfacial field strength averaged 

over the length of the light path in the crystal."^-^ 

The position and bending of the fringes is used 

to determine the spatial distribution of the averaged 

electric field strengths between the electrodes in the 

optical medium. Temporal data are obtained by placing 

a slit at the interface (i.e. x = 0 ) and streaking the 

fringe pattern with an image converter camera. The 

relationships between the observed fringe bending and 

the spatial and temporal variations of the interfacial 

fields become 

Ej^(y,t) = Ay(y,t) 

6yK£ 
(1) 

for the Kerr effect and 

E (y,t) = ^ 2 1 _ A y ( y ^ (2) 

for the Pockels effect. 

The test cells act as capacitive loads and thus 

charge with a time constant ZC determined by the trans 

mission line impedance, Z, and the capacitance of the 

test cell, C . The test cell will charge to twice the 

pulse voltage if the pulse duration is equal to or 
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greater than 5ZC (i.e. with a . 67o error or less). 

KDP Test Cell Results 

The typical temporal and spatial behavior of the 

KDP test cell fringe pattern is shown in Fig. IV-2. 

The original streak camera photograph is shown in Fig. 

IV-2A, and a detailed scale drawing in Fig. IV-2b. The 

fringes rise for approximately 7 ns, then begin to fall, 

with flashover occurring immediately afterwards. The 

electric field reaches the peak value at 7 ns which is 

approximately 1 ns before the excitation pulse ampli

tude begins to fall. This indicates that 7 ns is ap

proximately 5ZC so that ZC^j^p-1.4 ns for the KDP test 

cell. One important aspect of the fringe pattern is 

that the maximum fringe shift is not constant from anode 

to cathode. The larger fringe spacing towards the cathode 

indicates the cathode field is enhanced. Measuring the 

fringes and using Eq. (2) the enhanced surface field 

is plotted as a function of anode to cathode distance 

and shown in Fig. IV-3. Another important aspect is 

that the maximum field is reached at the anode 0.6 ns 

before the maximum field is reached at the cathode. 

This cathode field delay is an effect of the preliminary 

negative surface charging of the insulator near the anode 

while positive surface charging is occurring near the 

cathode. The peak pulse voltage (i.e. before the 57o 
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Fig. IV-2. Typical Fringe Pattern for KDP Test Cell 
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Fig, IV-3. Surface Electric Field Plot for KDP Test Cell 
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drop) is 3 X 10 V, determined by dividing the charging 

voltage of the FX-15 by two. The cell charges to 5.8 x 

10 V and the actual applied electric field fringes 

are superimposed on the fringe pattern in Fig. IV-4 to 

make the previously mentioned points more obvious. 

Flashover occurs as the applied electric field is falling, 

making analysis difficult in this area. Therefore, 

the only conclusion drawn is that positive surface 

charging of the KDP insulator occurs very rapidly with 

flashover occurring immediately afterwards. 

Nitrobenzene Test Cell Results 

Typical results obtained using the nitrobenzene 

test cell are shown in Fig. IV-5. The peak electric 

field is reached at approximately 7 ns so that ZC^ ̂  

1.4 ns. Once again the non-uniformity of fringe pattern 

indicates surface charging of the nylon insulator. 

Fringes measurement and Eq. (1) give the surface field 

plot of Fig. IV-6. Also, note that the maximum field 

at the anode is reached 0.5 ns before the maximum at 

the cathode. The peak pulse voltage is 4.5 x 10 V 

and the cell charges to 8.75 x 10 V. The fringes 

corresponding to this applied electric are superimposed 

on the fringe pattern in Fig. IV-7. The same effects 

that were prevalent in the KDP test cell results are 

seen to occur in the nitrobenzene test cell results also. 
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X. 

t (ns) 

Fig. IV-4. Superposition of Actual Applied Field Fringes 
and Measured Fringes for KDP Test Cell 
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Fig. IV-5. Typical Fringe Pattern for Nitrobenzene Test Cell 
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Fringes and Measured Fringes for Nitrobenzene 
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The slow risetime of the test cell voltages 

prevented detailed observation of flashover because 

the applied field had begun to fall rapidly when flash-

over occurred. A modification in the nitrobenzene test 

cell design, which reduced the risetime of the test 

cell voltage to approximately 4 ns, allowed the obser

vation of flashover when the applied electric field was 

relatively constant as shown in Fig. IV-8. Basically, 

the radius of the conductor connecting the cell to the 

outer case of the transmission line was increased by 

a factor of five while the length of the conductor was 

reduced by a factor of two. This modification reduced 

the series inductance associated with the test cell 

by a factor of four, thereby decreasing the risetime. 

Typical results obtained using the modified 

nitrobenzene test cell are shown in Fig. IV-9. For 

this cell ZC^ is 0.8 ns and the reduced risetime gives 

a picture in which the mechanisms leading to flashover 

can be analyzed more easily. Once again, the surface 

charging effects previously discussed are present as 

the fringes rise to their peaks. The surface field is 

plotted for two different times in Fig. IV-10. The 

decrease in the average field with time is caused by 

the 5% drop in the excitation pulse which decreases 

the applied electric field. The peak pulse voltage was 
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4.5 X 10 V so the cell charged to approximately 8.9 x 

4 

10 V. The fringes corresponding to the applied elec

tric field are superimposed on the fringe pattern in 

Fig. IV-11. A difference in the slope of the fringes 

after they reach their peaks is apparent. This dif

ference indicates that positive surface charging of the 

insulator is occurring at different rates along the in

terface. The bulk of the electron avalanche is moving 

toward the anode so the surface charging rate is greater 

in this region. The propagation of this high surface 

charging rate could be correlated to the electron 

avalanche propagation. The time delay between positive 

surface charging beginning at the cathode and anode is 

about 1.6 ns which gives a propagation speed of 6.25 x 

10 m/s or 0.02c, where c is the speed of light. 

The next observation is very important. In 

Fig. IV-11, at time t^, the fringe nearest the cathode 

drops to the applied field value in 0.2ns. This same 

event of fringes returning to the applied field value 

propagates across the fringe pattern in 0.3 ns. This 

fringe behavior indicates the formation of the plasma 

which immediately precedes flashover. The surface 

charging rate near the cathode is reduced because the 

avalanche has moved toward the anode. This reduction in 

charging rate indicates that sufficient energy has been 
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deposited near the cathode by the avalanche current 

to induce gas desorption from the insulator surface. 

At time t^ the gas density reaches a point where ioniza

tion by the field emitted electrons from the triple 

junction causes plasma formation. A significantly 

increased number of free electrons are then available 

for propagation of the plasma by rapidly increased 

ionization of desorbed gases. These electrons are also 

available for annihilation of the positive surface 

charge adjacent to the plasma, by recombination. The 

low-energy free electrons accomplish the cancellation 

of the positive surface charge since they are easily 

captured. The total recombination takes longer near the 

cathode because a greater amount of surface charge 

exists in this region of the insulator. The higher 

energy free electrons determine the plasma growth 

rate. This growth rate is important because Fig. IV-11 

shows that there is a delay of 1.2 ns after positive 

surface charge annihilation before the voltage across 

the test cell collapses. This delay is probably the 

inductive stage of arc formation. The voltage across 

the electrodes is maintained by the inductance of the 

arc until the plasma channel can expand, causing voltage 

collapse with a low impedance ringing discharge. The 

0.3 ns propagation time corresponds to a speed of 
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3 X 10 m/s or 0.1c for the plasma formation. 

The delay of 3.3 ns between the peak of the excita

tion pulse and the collapse of the voltage compares 

closely with results obtained by Anderson^^ for a 

similar excitation pulse. The additional information 

obtained in this experiment is the annihilation of 

the positive charge and the high inductance arc formation 



CHAPTER V 

SUMMARY 

Electro-optical measurements of the interfacial elec

tric fields along insulators have proven extremely helpful 

in analyzing the pre-breakdown mechanisms associated with 

surface flashover. The measurement technique, which is 

based on the phase difference introduced between orthog

onal light components of a linearly polarized laser beam, 

has been found to be very accurate with a time resolution 

of less than 0.5 ns. The data obtained show that prior to 

flashover, the electric field near the cathode is enhanced 

due to positive surface charging of the insulator. The 

data can also be interpreted to show that the electron 
e 

avalanche propagates at a speed of approximately 1,1 x 10 

m/s and that the plasma formation which immediately pre-
n 

cedes flashover propagates at a speed of 3.3 x 10' m/s. 

The data also imply that the annihilation of positive 

surface charge by recombination with free electrons occurs 

in approximately 0.5 ns while the high impedance period 

of vacuum arc formation has a duration of approximately 

1 ns. Assuming that the electric field produced by the 

positive surface charge can be approximated as the field 
72 
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due to a sheet of charge, the field normal to the insulator 

will be directly proportional to the surface charge density 

and no field tangential to the insulator will be produced 

by the surface charge. Therefore, the interfacial tangen

tial field, E^, is equal to the actual applied electric 

field so that the relationship between the measured elec-
->• 

trie field, |E|, and the normal electric field, E , is 
' n' 

I ->-1 2 2 2 E ^ = E ; + E'̂ . ' ' t n 

The surface charge density can be calculated using this 

relationship. A lower voltage excitation pulse with a 

longer duration would help in the analysis since the various 

pre-breakdown mechanisms would occur at a slower rate, 

allowing more detail observations. 

The possibility of applying this technique to sloped 

insulators appears promising. This will give an indica

tion of the modifications in the pre-breakdown mechanisms 

that lead to improved flashover strength for the sloped 

insulators. The surface charging mechanisms will occur 

at a slower rate so a longer excitation pulse will be 

required, but the experimental procedure will remain the 

same. The analysis will be more difficult in that the 

actual applied electric field will no longer be uniform 

due to the insulator geometry. The actual applied field 

will need to be determined from computer solutions of 
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Laplace's equation or may also be determined by using the 

inital non-uniformity of the fringes after their rise as 

an indication of the field before modification by the 

surface charging processes. This method will be accurate 

if the processes occur slowly so that no significant 

surface charging results during the risetime of the field. 

The previous analysis techniques can be used after the 

actual applied field is determined. 
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Dielect. Phenom., î.77-.i|79, (1975). 

19. R. A. Anderson, Appl. Phys. Lett., 2^, 5^-56, (197^). 

20. Op. cit. R. A. Anderson, ̂ 76. 

21. I. P. Kaminow and E. H. Turner, Applied Optics, 5 
1612-1617, (1966). 

22. S. Crepaz and R. Manigrasso, Proc. Int. High Voltage 
Symp., Zurich, Switzerland, Vl, 199-20^, (1975). 

23. F. A. Jenkins and H. E. White, Fundamentals of Optics, 
McGraw Hill, New York, 6o4, (19527"! 

2Ur, G. L. Clark, J. Chem. Phys., 2^, 125-129, (1956). 

25. R. E. Hebner Jr., R. A. Malewski, E. C. Cassidy, 
Proc. IEEE, 6̂ , 153^, (1972). 

26. J. E. Thompson, "Optical Measurements of High Electric 
and Magnetic Fields," Ph. D. Thesis, Texas Tech Univ., 
January, 197^. 

27. W. K. Pendleton and A. H. Guenther, Rev. Sci. Instrum., 
: ^ , 15^8-1550, (1965). 

28. A. H. Guenther and J. R. Bettis, IEEE Jour. Quantum 
Electronics, QE-3, 581-584, (I967). 

29. Op. cit. A. H. Guenther, 581. 

30. C. David, P. V. Avizonis, H. Weichel, C. Bruce and 
K. 0. Pyatt, IEEE Jour. Quantum Electronics, QE-2, 
493.494, (1966). 

31. Op. cit. A. H. Guenther, 582. 

32. J. M. Meek and J. D. Craggs, Electrical Breakdown of 
Gases, Clarendon, Oxford, (1953)• 

33. Op. cit. A. H. Guenther, 582. 

34. L. B. Loeb and J. M. Meek, The Mechanism of the 
Electric Spark, Oxford, London, (194-1). 



11 

35. R. Papoular, Electrical Phenomena in Gases, American 
Elsevier, New York, (1965)• ' 

36. F. H. Sanders, Phys. Rev., lî l, 661-611, (1932). 
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